
The past and future impact of ice tongue loss

on outlet glaciers in northern Greenland

Emily Ann Hill

Thesis submitted for the degree of

Doctor of Philosophy

School of Geography, Politics & Sociology

Newcastle University

Newcastle upon Tyne

United Kingdom

March 2020





Abstract

Ice discharge from fast-flowing outlet glaciers across the Greenland Ice Sheet (GrIS)

has increased in response to 21st century climate warming. These outlets are sensitive to

changes at their terminus, particularly iceberg calving from floating tongues. Many glaciers

have accelerated and thinned in response to recent retreat, but the impact of major calving

events and ice tongue loss on ice discharge and sea level rise remains poorly constrained.

Northern Greenland is the last region with floating ice tongues, but remains understudied

compared to other regions of the ice sheet. The aim of this thesis is to quantify outlet

glacier change across northern Greenland and assess the role of ice tongues in modulating

past and future glacier dynamics. To address this aim I use: i) remote sensing to assess

past glacier change across northern Greenland, and ii) two sets of numerical modelling

experiments to simulate future ice tongue loss at Petermann Glacier. The key findings are

that outlet glacier retreat rates have increased in the last two decades, but the dynamic

response to retreat was dependent on terminus type (grounded vs floating) and glacier

geometry. Grounded outlet glaciers retreated, accelerated and thinned, while the response

of glaciers with ice tongues was more varied, and dependent on tongue confinement and

bed topography inland of the grounding line. Modelling experiments on Petermann Glacier

further corroborate these findings, demonstrating that unconfined portions of the tongue

had little impact on dynamics, but removing confined sections closer to the grounding line

accelerated ice flow. However, the long-term response (up to 100-years) to ice tongue loss

was muted by the absence of a retrograde bed-slope in the grounding zone, which limited

grounding line retreat. Overall, this thesis highlights the complexity of outlet glacier

behaviour in northern Greenland. It also notes the variability between individual glacier

responses to ice tongue loss. These factors require careful consideration when assessing

future glacier sensitivity to ice tongue/shelf loss in both Greenland and Antarctica in order

to accurately project accelerated ice discharge and ultimately global sea level rise.
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Chapter 1

Introduction

1.1 Research Background

1.1.1 Ice sheets and outlet glaciers

The Greenland and Antarctic ice sheets are currently losing mass and contributing sub-

stantially to global sea level rise [Shepherd et al., 2012; Vaughan et al., 2013]. Since the

early 1990s, they have discharged approximately 2900 and 2000 Gt of ice into the ocean

respectively, contributing ∼14 mm to global sea level rise by 2012 (Figure 1.1 Vaughan

et al. 2013). In particular, recent estimates from the GrIS showed mass loss has increased

2.5 times in recent years [2011-2014: Helm et al., 2014] compared to records from 2003 to

2009 [Shepherd et al., 2012]. If accelerated ice loss continues, the Greenland and Antarctic

ice sheets could contribute up to a further 2 m of global sea level rise by 2100 [Bamber

et al., 2019], impacting upon coastal communities across the world. However, future pro-

jections have large uncertainties based on the non-linear and poorly-understood processes

relating to West Antarctic Ice Sheet (WAIS) collapse and accelerated discharge from the

GrIS [Vaughan & Arthern, 2007; Church et al., 2013].

Recent mass loss from the GrIS is via: i) negative surface mass balance (SMB), and

ii) discharge from marine-terminating outlet glaciers [van den Broeke et al., 2016; Rignot

et al., 2008; Sasgen et al., 2012; Rignot et al., 2011]. SMB, is the difference between

accumulation from precipitation, and mass loss from ablation (e.g. surface melting and

runoff). A number of studies have quantified recent changes in the SMB of the GrIS [e.g.,

Khan et al., 2015, 2014; van den Broeke et al., 2016; Enderlin et al., 2014; Box & Colgan,
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(a) Greenland

(b) Antarctica

Figure 1.1: Cumulative ice mass loss (and sea level equivalent SLE) of the Greenland (a) and
Antarctic (b) ice sheets between 1991 and 2012 derived from numerous recent studies incorporated
into the Fifth IPCC report Chapter 4 [Vaughan et al., 2013].

2013; Ettema et al., 2009; Mouginot et al., 2019] and it is clear that SMB has become

increasingly negative since the early 1990s. In total SMB has contributed to around 60% of

recent mass loss from the GrIS [van den Broeke et al., 2016; Fettweis et al., 2017; Enderlin

et al., 2014; Andersen et al., 2015]. As expected, increases in surface runoff were greatest

at lower elevations (Figure 1.2), below 2000 m above sea level [van den Broeke et al., 2016;

Ettema et al., 2009], which also coincides with regions of fast flow and ice-surface thinning

[Krabill et al., 2000; Pritchard et al., 2009].

The second component of mass loss is dynamic ice discharge from marine-terminating

outlet glaciers, which is thought to account for approximately one third to 40% of total ice
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loss [Enderlin et al., 2014; Velicogna et al., 2014; Andersen et al., 2015]. Outlet glaciers

act as fast-flowing conveyor belts, that rapidly drain ice from the interior to the ocean. In

recent years, significant efforts have been made to better constrain the processes by which

outlet glaciers respond to climate warming across Greenland. Some studies have compiled

aerial photographs from the 1940s-1980s to provide long-term estimates (1900 - 2010) of

dynamic mass loss and retreat [Kjeldsen et al., 2015; Bjørk et al., 2012]. These long-term

records show Greenland wide mass loss throughout the 20th century, that contributed to

approximately 25 mm of global sea level rise [Kjeldsen et al., 2015]. A number of studies

have quantified recent outlet glacier retreat at high temporal resolutions [Box & Decker,

2011; Murray et al., 2015; Moon & Joughin, 2008; Bunce et al., 2018; Carr et al., 2017b;

Howat & Eddy, 2011] with a particular focus on the northwest and southeast regions.

Figure 1.2d shows a trend of ice sheet wide glacier retreat between 2000 and 2010 [Murray

et al., 2015]. Alongside widespread glacier retreat, several studies also recorded glacier

acceleration [Moon et al., 2012; Rignot & Kanagaratnam, 2006; Joughin et al., 2010b;

McFadden et al., 2011] and thinning [Pritchard et al., 2009; Thomas et al., 2009; Felikson

et al., 2017] at marine-margins (Figure 1.2). This synchronous acceleration and thinning

is thought to occur as the glacier adjusts to an imbalance of forces associated with retreat

(see discussion in Section 1.1.2). However, compared to SMB, the future of ice loss and

ice discharge remain poorly constrained in model simulations.

Initial observations suggested synchronous glacier speed-up and retreat were related

to a common forcing, likely to be the onset of ocean-climate warming [Vieli & Nick, 2011;

Moon et al., 2012]. Rising air temperatures from the early-mid-1990s over Greenland [Box

et al., 2009; Cappelen et al., 2010] have been linked to the synchronous retreat around

several parts of the ice sheet [e.g., Bevan et al., 2012; Howat & Eddy, 2011; Moon &

Joughin, 2008]. Increased surface melt due to atmospheric warming can contribute to

glacier retreat via three main mechanisms. Firstly, transport of meltwater to the base

of the ice sheet can lubricate and accelerate ice flow [Zwally et al., 2002; Moon et al.,

2015], but this is often only on short time-scales during the summer when the subglacial

drainage system is pressurised [Tedstone et al., 2015; Bartholomew et al., 2010]. Second,

an increase in subglacial discharge at the glacier front via plumes can promote submarine

melt at the front [Jenkins, 2011; Slater et al., 2015]. Finally, increased surface meltwater

could promote crevasse propagation, which enhances calving as they propagate towards

the ice front [van der Veen et al., 2011] and also weakens the ice along the shear margins

[Vieli & Nick, 2011].

Ocean warming has also been strongly linked to recent retreat across many regions of

the ice sheet [Straneo & Heimbach, 2013; Rignot & Mouginot, 2012; Holland et al., 2008;
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Figure 1.2: Modified from the IPCC AR5 report Chapter 4 [a-c: Vaughan et al., 2013] and [d:
Murray et al., 2015]. a) is mean surface mass balance for the period 1989 to 2003 from regional
atmospheric climate modelling [Ettema et al., 2009]. b) ice sheet velocity for 2007 to 2009 from
satellite data where red is fast flow and slower flow is in yellow [Rignot & Mouginot, 2012]. c)
changes in ice sheet surface elevation for 2003 to 2008 from ICESat altimetry, where red is elevation
decrease and blue is increase [Pritchard et al., 2009]. d) changes in frontal position between 2000-
2010 from Murray et al. [2015] for 199 glaciers, where proportional sized circles represent the
magnitude of frontal position change, and red is retreat and blue is glacier advance.

Millan et al., 2018; Murray et al., 2010; Motyka et al., 2011; Johnson et al., 2011; Wood

et al., 2018]. Warm Atlantic waters transported from the continental shelf into the fjords,

promote submarine melt at grounded ice faces or beneath floating ice shelves [Rignot et al.,

2010; Khan et al., 2014; Rignot & Steffen, 2008]. In addition, the recent break up of sea

ice and/or ice mélange, and the associated loss of backstress on the terminus, coincided

with retreat, thinning and acceleration at Jakobshavn Isbræ [Amundson et al., 2010], in

northwest Greenland [Carr et al., 2013b; Moon et al., 2015], and at glaciers draining the

Northeast Greenland Ice Stream (NEGIS) [Khan et al., 2014; Reeh et al., 2001]. While

links between the timing of past ocean-climate warming and terminus change have been

established, there exists high variability between individual regions and glaciers across

the ice sheet. Despite some recent progress towards parameterising glacier retreat under

ocean-climate warming [Cowton et al., 2018; Slater et al., 2019], the mass loss associated

with glacier retreat remains poorly constrained in model simulations of future climate

change and projections of sea level rise.

Ultimately, ocean-climate warming can act as the initial ‘push’ that destabilises marine-

margins but the glacier response to climate-ocean forcing is highly non-linear. Impor-

tantly, the long-term response of any given outlet glacier is also dependent on its geom-
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etry/topography which can modulate the time for a glacier to reach a new equilibrium,

following an initial perturbation. Indeed, a number of studies have attributed hetero-

geneity in glacier response to climate to individual glacier geometry [Bunce et al., 2018;

Catania et al., 2018; Howat et al., 2007; McFadden et al., 2011; Carr et al., 2013b]. The

following section discusses the role of geometry on glacier response to terminus changes

further.

1.1.2 Glacier force balance and terminus change

Glacier flow is driven by the gravitational driving stress (τd) which is a function of local

ice thickness and surface slope [Cuffey & Paterson, 2010]. The glacier driving force is

resisted by basal drag (τb), lateral drag along the glacier side-walls (τw), and longitudinal

resistive stresses (τL) that stretch or compress the ice (Figure 1.3). Glacier force balance

can therefore be written simply as: τd = τb + τw + τL [Cuffey & Paterson, 2010].

Figure 1.3: Glacier forces acting on a block of ice (modified from Cuffey & Paterson [2010]). Glacier
flows in the direction X, the base is irregular to reflect subglacial topography (β), surface slope
is α, and ice thickness is H. Lateral drag (τw) occurs along planes A and A′ (sidewalls), while
longitudinal resistive stress (τL) acts on the front and back of the ice block (planes B and B′).

In the case of fast-flowing marine-terminating glaciers, it is important to consider the

role that changes at the termini exert on the glacier force balance [Cuffey & Paterson,

2010]. Changes in the terminus position or extent of a floating ice shelf (see Section 1.1.3)

can create an imbalance in the glacier forces leading to acceleration (or deceleration) and

dynamic thinning (or thickening). Indeed a number of observational [Thomas, 2004; Howat
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et al., 2005; Joughin et al., 2004] and modelling studies [Nick et al., 2009; Vieli & Nick,

2011] have documented positive feedbacks between terminus retreat and glacier thinning

and acceleration further inland. Perturbations in driving stress due to changes at the

terminus are dependent on three main factors: i) changes in surface slope ii) increasing

basal slipperiness, and iii) glacier width and bed topography.

First, initial retreat and thinning at the glacier terminus forced by air/ocean warming,

sea level rise, or submarine melting of floating termini, increases the surface slope up-

glacier. Ice flow then accelerates down-slope, and thinning propagates inland as a diffusive

wave. This causes longitudinal stretching and thinning of the ice that promotes further

retreat of the terminus and decreases in τb, τL and τw, which leads to a positive feedback.

This process has been observed at several outlet glaciers in Greenland [Joughin et al.,

2008b; Howat et al., 2005, 2007].

Second, regions of slippery bed inland of the glacier terminus/grounding line can reduce

basal drag, making the glacier more sensitive to terminus changes than in the case of a

non-slippery bed. Slippery beds have been identified beneath both Antarctic ice streams

[Alley et al., 1986; Bindschadler et al., 1987], and major outlet glaciers in Greenland

[Shapero et al., 2016; MacGregor et al., 2016]. When thinning occurs, ice overburden

pressure decreases, increasing basal slipperiness [van der Veen et al., 2011], and promoting

greater acceleration and thinning. Shapero et al. [2016] also showed that weak slippery

beds at three major outlet glaciers in Greenland provide little resistance to the driving

stress, allowing fast flow and rapid ice discharge. Ultimately, this means that if thinning

(or some other process) causes glacier beds to become slipperier in the future, it could

increase their ice discharge and contribution to sea level rise.

Finally, as ice at grounded termini is resisted by both side-wall and basal drag, the

geometry of the fjord, i.e. width and bed-slope direction can control the magnitude of

resistive stress lost when the glacier retreats. Indeed, both observations [Carr et al., 2015;

McFadden et al., 2011; Lüthi et al., 2016; Catania et al., 2018; Bunce et al., 2018], and mod-

elling studies [Jamieson et al., 2012; Enderlin et al., 2013; Åkesson et al., 2018; Morlighem

et al., 2016a] have shown that topography can strongly affect glacier dynamic response to

changes at the terminus. Firstly, there is a greater reduction in lateral resistive stresses

when the glacier terminus retreats into a widening fjord, compared to a narrowing one

[Raymond, 1996; Jamieson et al., 2012]. Thereafter, mass conservation requires thinning

and surface lowering in order to maintain the same flux at the grounding line as the ice

moves into the wider fjord [Jamieson et al., 2012; Enderlin et al., 2013; Åkesson et al.,

2018]. This reduction in side drag ultimately leads to an increase in driving stress and

speed-up of inland ice [Cuffey & Paterson, 2010]. Loss of thicker ice, where everything else
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Figure 1.4: Schematic diagrams of changes in force balance at grounded outlet glaciers (left di-
agrams) and glaciers that terminate in a floating ice tongue (right diagrams). Larger arrows
represent greater resistance (lateral and basal) or greater driving stress. Top panels show the
glacier before an initial thinning of the surface at the grounded terminus or along the floating
ice tongue. Bottom panels show the change in glacier force balance due to perturbations of the
terminus: i.e. surface lowering, a reduction in basal and lateral drag, an increase in driving stress
and calving.

remains constant, will cause a larger perturbation in the force balance due to a greater

loss of contract with the side-walls.

After a marine-terminating glacier front has been initially destabilised by external forc-

ing (Section 1.1.1), the likelihood of continued retreat and dynamic instability is strongly

influenced by bed slope. Retreat of the glacier terminus into deeper water has three main

effects on the glacier force balance: i) an increase in ice thickness leads to greater ice flux,

and driving stress, ii) longitudinal stretching at the terminus promotes crevasse formation

and increased calving, iii) effective pressure at the bed decreases due to greater water
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pressure at depth. Collectively, these factors lead to thinning at the terminus, acceler-

ated ice flow, and un-grounding of ice. This causes further down-slope retreat, and the

initiation of a positive feedback [Cuffey & Paterson, 2010], which is termed marine-ice

sheet instability (MISI: see Mercer [1978]; Pattyn et al. [2018]). MISI studies have focused

on the potential future instability of the West Antarctic Ice Sheet [Joughin et al., 2014;

Favier et al., 2014; Pattyn et al., 2018], but conditions for MISI are satisfied at numer-

ous marine-terminating outlet glaciers in Greenland [e.g., Moon et al., 2012], including

those with floating ice tongues [e.g., Khan et al., 2014]. Indeed, a number of studies have

observed rapid retreat down retrograde bed-slopes, for example at grounded glaciers in

northwest Greenland [Porter et al., 2014] and at the formerly floating Zachariæ Isstrøm

in northeast Greenland [Mouginot et al., 2015]. However, in many regions of the GrIS,

glacier sensitivity to bed slope has not been systematically assessed.

1.1.3 Ice shelves and buttressing

Ice shelves or ice tongues are large floating extensions of outlet glaciers that restrain the

flow of grounded ice inland, and are most commonly found in Antarctica (Figure 1.5).

The elevation of the ice shelf/tongue above water level (freeboard) is what drives ice flow

down-slope [Cuffey & Paterson, 2010]. In contrast to grounded ice, the base of ice shelves

are not in contact with the bed (except in the case of local grounding on pinning points),

meaning that there is no basal resistance to ice flow. Therefore, the driving stress is only

resisted by ice shelf backstress that is primarily related to the amount of side-wall drag

exerted along the lateral shelf margins. Buttressing is, therefore, simply the ratio between

ice shelf driving force and the amount of backstress [Cuffey & Paterson, 2010].

Ice is lost from floating ice shelves via fracture driven calving and submarine melting

along the base. Ocean-climate warming has the potential to de-stabilise floating termini by

thinning and/or disintegrating an ice shelf. Such thinning/collapse reduces backstress on

ice in the grounding zone, increases stretching, thinning the ice and ultimately increasing

the driving force. Thinning also brings the ice close to flotation which forces grounding

line retreat, and also reduces basal/lateral drag provided by formerly grounded ice. When

this grounding line retreat occurs into deeper water down a retrograde bed-slope it can

prevent the glacier from reaching a new equilibrium, and instead prolongs glacier instability

via MISI. However, it is important to note that there are some cases where laterally

confined ice shelves provide enough buttressing that the grounding line can be stable on a

reverse slope [Haseloff & Sergienko, 2018; Gudmundsson et al., 2012], and marine ice sheet

instability may not necessarily be the case. One of the key examples of MISI is at Pine
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Island Glacier, Antarctica, where substantial grounding line retreat down a retrograde bed

slope led to inland acceleration, and increased ice loss [Favier et al., 2014]. The NEGIS

may also be susceptible to MISI, because the glaciers rest on a retrograde bed that is

below sea level [Khan et al., 2014]. However the process of MISI remains less studied at

floating termini in Greenland.

In the last two decades several large ice shelves collapsed around the Antarctic Ice

Sheet, particularly from the Antarcitc Peninsula [Rott et al., 2002; Scambos et al., 2004;

Rignot et al., 2004]. As a result, a number of studies have demonstrated the important

impact of ice shelf buttressing on the dynamics of inland grounded ice flow, ice flux, and

ultimately the potential contribution to sea level rise [Schoof, 2007; Goldberg et al., 2009;

Gudmundsson, 2013; Fürst et al., 2016; Favier et al., 2014; Reese et al., 2018a; Miles

et al., 2018; De Rydt et al., 2015; Scambos et al., 2004]. However, similarly detailed work

has not yet been conducted in the Arctic and, particularly Greenland, where smaller,

elongated ice shelves, that are often constrained by fjord walls (and therefore referred to

as ice tongues), exist [Reeh, 2017]. In particular the collapse of Jakobshavn Isbræ’s ice

tongue in the early 2000s drew attention to the role of ice tongue buttressing in Greenland

[Holland et al., 2008; Joughin et al., 2004]. Since then, some recent work has focused on

the floating extensions of the glaciers draining the fast-flowing NEGIS [Khan et al., 2014;

Rathmann et al., 2017; Mouginot et al., 2015; Choi et al., 2017] and on Petermann Glacier

in northwest Greenland [Nick et al., 2012], but otherwise floating ice tongues in Greenland

remain understudied.

1.1.4 Northern Greenland

Northern Greenland represents a large component of the GrIS, collectively draining ap-

proximately ∼40% of the ice sheet by area [Rignot & Kanagaratnam, 2006]. A substantial

portion of these drainage basins also rest below sea level [Morlighem et al., 2017], and

could therefore be inherently unstable. Total mass balance in the region has become in-

creasingly negative since the 1900s, with increasing dynamic discharge from the northeast

and northwest sectors, but remaining relatively constant in the far north [Kjeldsen et al.,

2015]. In the near future northern Greenland is expected to become a greater contrib-

utor to sea level rise in the future [Mouginot et al., 2019]. Outlet glacier behaviour in

the region has not been well studied compared to the central, north-west, and south-east

regions of the ice sheet [e.g., Bunce et al., 2018; Moon & Joughin, 2008; Moon et al., 2012;

Carr et al., 2013b]. As such, our process understanding of recent glacier behaviour remains
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Figure 1.5: Photographs of Antarctic and Arctic ice shelves. (a) Larsen C Ice Shelf and Gipps
Ice Rise, eastern Antarctic Peninsula (Photo: C.W.M. Swithinbank). The ice rise is about 18 km
long. (b) A floating glacier tongue, 2–4 km wide, embedded in sea ice immediately north of the
larger Aviator Glacier Tongue, Victoria Land Coast, Antarctica (Photo: J.A. Dowdeswell). (c)
The floating margin of Daugaard Jensen Gletscher, East Greenland (Photo: J.A. Dowdeswell).
(d) The Ward Hunt Ice Shelf, northern Ellesmere Island, Arctic Canada (Photo: D.R. Mueller).
Taken from Dowdeswell & Jeffries [2017].

poor. Alongside this, it is the last region of the GrIS with floating ice tongues [Reeh, 2017].

Despite the fact that flow speeds along glaciers with floating ice tongues have shown little

change since 2000 [Moon et al., 2012], ice tongue collapse could cause substantial loss of

buttressing, ice acceleration, and increased discharge (see Section 1.1.3), which could add

to northern Greenland becoming a more important contributor to ice loss and global sea

level rise in the future. A more detailed overview of the study region is given in Chapter

2.

1.2 Rationale

To summarise the above, there is an ice sheet wide signal of glacier thinning, retreat and

acceleration across the GrIS which is coincident with 21st century warming. However, high

variability exists in climatic/oceanic forcing between regions and the geometric setting of
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individual glaciers. Hence, there are a number of uncertainties in our understanding of

Greenland outlet glacier behaviour that remain, particularly in the northern regions of the

ice sheet, which impacts our ability to accurately forecast its contribution to 21st century

sea level rise. More specifically, there are a number of key areas of uncertainty that provide

the motivation for this thesis:

• Ice tongues can restrain ice flow, but the buttressing effect of floating ice tongues in

northern Greenland is uncertain. The question remains: how did glaciers respond

to past ice tongue loss, and how might they response to future loss? Hence, there

is a need for improved understanding on the role of tongue loss, using long-term

observations of ice tongue extent, and numerical modelling to simulate future ice

tongue loss and glacier response.

• Ocean-climate warming in the future could force rapid retreat and accelerate ice flow

and ice discharge in northern Greenland. To determine glacier sensitivity to retreat

there is a need for a longer-term context to determine whether recent terminus

changes are dynamically important and part of a sustained trend, or part of a natural

cycle. Despite the fact that northern Greenland constitutes a large region of the

GrIS, recent retreat remains unknown, and there is a need for long-term records of

ice front change, that extend further back in time than satellite records.

• While ocean-climate forcing may initialise retreat, geometry can modulate the du-

ration of glacier instability. Some recent efforts have assessed glacier sensitivity to

geometry [e.g., Catania et al., 2018], but this needs to be extended to other regions

of the ice sheet. Hence, there is a need for quantitative assessment of geometry on

modulating the past behaviour of glaciers with or without ice tongues in northern

Greenland.

1.3 Aim and objectives

The aim of this thesis is to quantify outlet glacier change in northern Greenland and assess

the role of floating ice tongues in modulating past, and potential future dynamic glacier

behaviour. The research targets three main objectives:

1. Review and synthesise the past behaviour of outlet glaciers in north Greenland and

identify gaps in the current understanding of region-wide glacier behaviour.

11
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2. Provide a new long-term record (1948 to 2015) of region-wide outlet glacier change,

with a particular focus on comparing glaciers with or without floating ice tongues,

and on assessing the role of glacier geometry on modulating glacier dynamic be-

haviour.

3. Assess the past and future response of a large ice-tongue terminating glacier in north

Greenland (Petermann Glacier) to ice tongue loss.

1.4 Thesis outline

This thesis is outlined as follows: Chapter 2 provides a review of northern Greenland

glacier behaviour, and Chapters 3 to 5 present new data in which a combination of remote

sensing and numerical modelling are used to address the three main objectives outlined

above. Note that these chapters have been published or prepared as journal papers and

hence, they each include the methods, results and discussion instead of dedicated thesis

chapters for each of these sections. The final Chapters (6 and 7) synthesise the results

and discussion from all of the previous chapters, and provide an outlook for future change

in northern Greenland, and suggestions of areas for further research.

Chapter 2 addresses Objective 1 by providing a comprehensive review of the ‘state-of-

knowledge’ of outlet glacier behaviour in north Greenland and was published in Hill et al.

[2017, Frontiers in Earth Science]. Chapter 3 achieves the second objective of this thesis,

by using remotely sensed imagery in combination with historical map charts to provide

a novel long-term record (1948 to 2015) of terminus change across northern Greenland.

This new dataset was then combined with existing velocity and surface elevation change

records to assess the feedback between terminus change and perturbations on the glacier

force balance, i.e. acceleration and surface thinning. This focused on the key differences

between the two terminus types (grounded and floating), as well as assessing the role of

fjord width and bed topography on the sensitivity of each group of glaciers. This chapter

was published in Hill et al. [2018a, The Cryosphere].

To attain the final objective of this thesis, Chapters 4 and 5 assess glacier sensitivity to

future ice tongue loss. This was achieved by performing two sets of numerical modelling ex-

periments on Petermann Glacier, which is one of the last remaining ice-tongue-terminating

glaciers in northern Greenland. These experiments were done using the existing two hor-

izontal dimensional ice flow model Úa [Gudmundsson et al., 2012, see Chapter 4 Section

4.3.2]. Chapter 4 removes sections of the ice tongue similar in size to previous large calving
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events, to assess the glaciers’ instantaneous sensitivity to the associated loss of buttress-

ing. This chapter was published in Hill et al. [2018b, The Cryosphere]. Chapter 5 follows

on from this, by performing time dependent simulations, in which the glacier geometry

is able to evolve over 100-years in response to a perturbation in ice tongue conditions,

e.g. enhanced submarine melt and ice tongue calving. This chapter therefore assesses the

continued glacier response over time to the loss of buttressing and the role of geometry on

modulating ice loss and grounding line retreat.
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Chapter 2

A review of recent changes in

major marine-terminating outlet

glaciers in northern Greenland

2.1 Chapter summary

Over the past two decades, mass loss from the Greenland Ice Sheet (GrIS) has accelerated

and contributed to global sea level rise. This has been partly attributed to dynamic changes

in marine terminating outlet glaciers. Outlet glaciers at the northern margin of the ice

sheet drain 40% of its area but are comparatively less well-studied than elsewhere on the

ice sheet (e.g. central-west or south-east). This chapter addresses the first objective of this

thesis, which is to review and synthesize outlet glacier behaviour in northern Greenland.

The primary aim of this chapter was therefore to provide an up-to-date record of the

current knowledge on 21 major marine-terminating outlet glaciers in northern Greenland,

and identify gaps in our current understanding. This Chapter was published as a journal

paper in Frontiers in Earth Science in January 2017 (see reference below), in which I

carried out all the analysis, produced all the figures, and wrote the manuscript. Co-

authors helped to develop the research ideas, and provided editorial input.

Hill, E. A., Carr, J. R. & Stokes, C. R. 2017 A Review of Recent Changes

in Major Marine-Terminating Outlet Glaciers in Northern Greenland. Frontiers in Earth

Science 4 (111), 1–23
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The key findings of this chapter were that over the last 130 years, there has been a clear

pattern of glacier retreat, particularly over the last two decades. This was accompanied

by velocity increases on the majority of glaciers for which records exist. Despite a distinct

signal of retreat, however, there is clear variability within the region, which has complicated

efforts to determine the precise drivers of recent changes, such as changes in ice tongue

buttressing, atmospheric and /or oceanic warming, in addition to the possibility of glacier

surging. Thus, there is an important need for further work to ascertain the precise drivers

of glacier change, which is likely to require datasets on recent changes in the ocean-

climate system (particularly sub-surface ocean temperatures) and numerical modelling of

glacier sensitivity to these various forcings. Objective identification of surge-type glaciers

is also required. These findings provided the motivation for the research conducted in the

subsequent chapters of this thesis. Given that Northern Greenland is predicted to undergo

greater warming due to Arctic Amplification during the 21st century, we conclude that

the region has the potential to become an increasingly important source of mass loss.

2.2 Introduction

Mass loss from the Greenland Ice Sheet (GrIS) has doubled in the last two decades [Shep-

herd et al., 2012] as a result of both increased ice discharge and increased surface melt

[van den Broeke et al., 2016]. Together, these processes currently contribute approxi-

mately 0.6 mm per year to global sea level rise [Fürst et al., 2015]. The increased ice

discharge is associated in part with marine-terminating outlet glaciers that have under-

gone thinning, retreat and acceleration since the mid-1990s [Rignot & Kanagaratnam,

2006; Moon & Joughin, 2008; Joughin et al., 2010b]. Their retreat between 2000 and 2010

was considered exceptional over the past half century [Howat & Eddy, 2011], and dynamic

discharge from outlet glaciers was thought to be responsible for approximately 40% of

mass loss from the ice sheet between 1991 and 2015 [van den Broeke et al., 2016]. The

recent rapid outlet glacier retreat and flow acceleration is understood to be in response

to ocean-climate forcing [McFadden et al., 2011; Cook et al., 2014]. Potential mechanisms

by which atmospheric temperatures may promote retreat through glacier calving are the

drainage of supraglacial lakes or water-filled crevasses fracturing through the full ice thick-

ness [van der Veen, 2007; Das et al., 2008]. Alongside this, ocean warming may increase

rates of submarine melting at marine-terminating glaciers [Holland et al., 2008], which

may be further enhanced by submarine meltwater plume discharge [Motyka et al., 2013;

Jenkins, 2011]. In addition, sea ice removal or decline may promote calving and a longer

ice-free season may allow greater volumes of ice to be lost during the year [e.g., Carr et al.,
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Figure 2.1: Location map of Northern Greenland showing the glaciers reviewed in this paper.
The study area has been split into three geographical regions which are Northwest Greenland
(2.3.1), North Greenland (2.3.2) and Northeast Greenland (2.3.3). Colored circles show a first
order classification of potential surge-type glaciers across northern Greenland. Red circles show
glaciers which are likely to be surge type based on clear surge-cycles having been recorded within
the literature. Yellow circles show glaciers at which surging is possible based on glaciers which
may have shown surge-characteristics, but either have not been referred to as surge-type or have
not undergone a large surge event. Green circles show glaciers at which no evidence of surging
has been recorded in the literature. Background image derived from NASA EOSDIS Worldview
(16.07.15 and 21.07.15).

2013b, 2014; Moon et al., 2015].

However, the magnitude of individual glacier responses to these forcings is known to be

modulated by local topographic factors [Howat et al., 2007; Moon et al., 2012; Carr et al.,

2013b]. For example, fjord width is a key local control on glacier retreat, where a narrow

fjord can delay the removal of icebergs from the terminus [e.g., Warren & Glasser, 2006;

Jamieson et al., 2012; Carr et al., 2014]. Another important glacier-specific factor is basal

topography, whereby a reverse inland bed slope can make a glacier vulnerable to feedbacks

between rapid thinning, acceleration and retreat [e.g., Thomas et al., 2009]. The relative

contribution of external factors (oceanic and climatic) versus localized glacier-specific fac-

tors (most notably fjord geometry and basal topography) remains poorly understood and
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identifying their respective influence on outlet glacier retreat is of paramount importance

for estimating future glacier response to climate change and sea level rise [Nick et al.,

2013; Porter et al., 2014; Carr et al., 2015].

Over the last two decades, several areas of the ice sheet have been the focus of regional

to local scale studies of glacier change, particularly Jakobshavn Isbræ in west Greenland

[Joughin et al., 2008b, 2012b; Podrasky et al., 2012], and Kangerdlugssuaq and Helheim

Glaciers in south east Greenland [Howat et al., 2007; Joughin et al., 2008a]. However,

with the possible exception of Petermann Glacier and the NEGIS, major outlet glaciers

in northern Greenland have received much less attention. This is despite several studies

documenting large calving events from northern Greenland ice tongues during the past

decade [Moon & Joughin, 2008; Johannessen et al., 2013; Murray et al., 2015], the most

notable of which was the 270 km2 retreat of Petermann Glacier’s floating tongue in 2010

[Nick et al., 2012; Johannessen et al., 2013]. Thus, there is a paucity of data from northern

Greenland, compared to other areas. It remains unclear how these glaciers are responding

to climate change compared to other areas of Greenland and in the context of their longer-

term behavior over the last 100 years. There is also uncertainty about the forcing of glacier

retreat (atmospheric versus oceanic warming) and how these glaciers might respond to

future changes at their terminus (such as ice tongue losses) and whether these changes

have the potential to trigger substantial inland ice loss and glacier acceleration, similar

to that experienced at Jakobshavn Isbæ [Joughin et al., 2004; Amundson et al., 2010],

and on the Antarctic Peninsula [Scambos et al., 2004]. Further complexity in the region

arises from surge-dynamics and the literature highlights that several glaciers in this region

as potentially surge-type [Mock, 1966; Reeh et al., 1994; Joughin et al., 1996b]. We

define surges here as the periodic fluctuation between long periods of slow glacier flow

(quiescent phase) and short-lived rapid flow, which results in at least an order of magnitude

increase (active phase) [Meier & Post, 1969; Sharp, 1988]. These surge events can be either

thermally or hydrologically controlled [Murray et al., 2003] driven by basal temperatures

[Fowler et al., 2001] or changes in basal hydrology [Kamb et al., 1985] respectively.

Given that northern Greenland glaciers collectively drain 40% of the GrIS by area

[Rignot & Kanagaratnam, 2006] and consist of large catchments, some grounded well

below sea-level up to 100s of km inland [Morlighem et al., 2014], this region has the

potential to be a large contributor to future dynamic change, mass loss, and sea level rise.

Here, we review previous research in this region, with a particular focus on recent

changes in marine-terminating outlet glaciers and their links to ocean-climate forcing.

Our study area is defined by a coastline that is ∼2000 km long (Figure 2.1). This is

drained by around 40 marine-terminating outlet glaciers and we focus on a sample of
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Figure 2.2: A) Location of large floating ice tongues around the northern Greenland study region
based on a review of the literature. Glacier abbreviations relate to Table 2.1. B) Bed topography
data across Greenland displayed as areas below sea level (< 0 m), deep areas in red, shallower
bed topography in blue. Both bed topography and floating ice tongue data were derived from the
IceBridge BedMachine Greenland, Version 2 dataset in 2015 [Morlighem et al., 2014]. C) glacier
velocities (m a−1) during 2009/10 acquired from the MEaSUREs v2 Greenland velocity dataset
[Joughin et al., 2010b] and catchment areas of northern Greenland outlet glaciers derived from
hydrological analysis using the Morlighem et al. [2014] bed elevation and ice thickness datasets.

21 of these glaciers (Figure 2.1), which represent the primary ice drainage routes where

previous work has been undertaken [Higgins, 1990; Rignot et al., 1997, 2001]. Many of

these glaciers have large catchments overlying deep basal topography, and exhibit high ice

velocities [up to 1200 m a−1: Joughin et al., 2010b] that are comparable to fast-flowing

outlets elsewhere on the ice sheet (Figure 2.2). Thus, they have the potential to be large

contributors to dynamic mass loss in the future.
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2.3 Regional changes in glacier dynamics

Early scientific explorations of northern Greenland by [Peary, 1892] and the First (1912)

and Second (1916-1918) Thule expeditions led by Knud Rasmussen [Rasmussen, 1912,

1919] sought to improve understanding of the northern margin of the ice sheet. Subse-

quent studies identified large floating ice tongues, up to 50 km long, on many northern

Greenland glaciers [Koch, 1928; Higgins, 1990]. In this respect, they are unique in com-

parison to other regions of the ice sheet, where floating ice tongues are generally much

shorter or absent. Historically, a significant proportion of northern Greenland glaciers

are documented to have retreated, particularly between 1894 and 1962 [Davies & Krins-

ley, 1962]. More recently, estimates of ice discharge in the late 1990s indicated widespread

thinning [Rignot et al., 1997]. Using historical photographs Kjeldsen et al. [2015] provided

a long-term record (1900-2010) of mass balance changes, which showed relatively constant

(∼ 24 Gt yr−1) dynamic thinning throughout the 20th century in northern Greenland.

Studies by Higgins [1990], Rignot et al. [1997], and Rignot et al. [2001] provided more

comprehensive observations of glacier width, length, the presence of floating tongues, as

well as initial velocity measurements and grounding line positions. Since then, a compre-

hensive analysis of northern Greenland glacier retreat and velocity fluctuations has not

been conducted, although outlet glaciers from this region are often incorporated into GrIS

wide studies [Moon & Joughin, 2008; Joughin et al., 2010b; Box & Decker, 2011; Murray

et al., 2015]. These syntheses reported significant increases in outlet glacier retreat rates

across Greenland (for 1992-2006) [Moon & Joughin, 2008] and that the largest cumulative

area changes (during 2000-2010) occurred in northern Greenland, particularly at glaciers

with the largest floating portions (e.g. Petermann, Humboldt and Zachariæ Isstrøm) [Box

& Decker, 2011].

An outline of the characteristics of each of the outlet glaciers in our study region is pro-

vided in Table 2.1, which also includes glacier catchment sizes delineated using bedrock

topography and ice thickness data [Morlighem et al., 2014] input into the Shreve hy-

dropotential formula [Shreve, 1972] to determine subglacial water routing and thus glacier

drainage catchments. The following sections are a synthesis of previous work on each of

the glaciers by region (Figure 2.1), with a focus on describing the key characteristics of

each glacier and setting recent observations in a broader historical context. For compari-

son between sub-sections, we focus on terminus length changes, but in some cases where

length is not reported in the literature, we refer to terminus change as it is reported in

area.
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2.3.1 Northwest Greenland

Northwest Greenland (Figure 2.1), has recently undergone glacier retreat, particularly be-

tween 2000 and 2010 [Murray et al., 2015]. Most outlets in this region have undergone

long-term thinning (1994-2014) [Csatho et al., 2014] and have accelerated by 28% between

2000 and 2010 [Moon et al., 2012]. Three of the largest outlet glaciers in the far northwest-

ern region are Harald Moltke Bræ, which drains into Wolstenholme Fjord, and Heilprin

and Tracy Glaciers, which terminate in the neighboring Inglefield Bay (Figure 2.3).

Harald Moltke Bræ

Harald Moltke Bræ is an outlet glacier in northwest Greenland that is 6.3 km wide at

its grounded terminus [Koch, 1928; Wright, 1939; Davies & Krinsley, 1962; Rignot et al.,

2001] (Figure 2.2). Early observations suggested that the terminus had two calving lobes

[Wright, 1939] shown in Figure 2.3b. However, recent imagery shows this is no longer the

case (Figure 2.3b). The catchment area of Harald Moltke Bræ is smaller than most other

glaciers in the study area, draining only 1,400 km2 (Table 2.1).

Early studies provided a detailed historical account of terminus change for the period

1916-1965 [Wright, 1939; Davies & Krinsley, 1962; Mock, 1966] (Figure 2.3b). Between

1916 and 1926 the glacier retreated, which was followed by advance until 1932 when it

reached a similar position as in 1916 [Wright, 1939; Davies & Krinsley, 1962; Mock, 1966].

Between 1932 and 1937, the calving of large tabular icebergs was observed [Wright, 1939]

and, by 1959, the terminus had retreated 5.5 km from its 1932 position [Davies & Krinsley,

1962]. It is also known that the glacier underwent net retreat of 2.9 km between 2000 and

2010 [Murray et al., 2015].

From 1916 to 1965 the velocity of Harald Moltke Bræ fluctuated greatly between 30

and 1000 m a−1 [Mock, 1966]. More recently, in 2000/01, the glacier was flowing at 30-

100 m a−1 at the terminus, reaching up to a maximum of 300 m a−1 further up glacier

[Joughin et al., 2010b]. By 2005, the velocity at the terminus increased to 2000 m a−1

[Joughin et al., 2010b]. Several authors have suggested these recent changes in velocity

reflect surge behavior at Harald Moltke Bræ [Rignot & Kanagaratnam, 2006; Moon et al.,

2012]. In particular, velocity increase during 2005 coincided with terminus advance (1.2

km) in 2004/2005 [Murray et al., 2015].

Since the detailed work of Mock [1966], few studies have specifically focused on Harald
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Figure 2.3: A) Location of studied glaciers in Northwest Greenland, including Harald Moltke
Bræ, Heilprin and Tracy Glaciers (green circles) and grounded ice (black line). Velocity data
were acquired from the 2005/2006 MEaSUREs v2 Greenland velocity [Joughin et al., 2010b].
Background imagery is from Landsat 8 (late summer 2015). B) estimated terminus positions
from Wright [1939], showing changes between 1916 and 1932, and its position in 2015 (green).
C) previous terminus positions for Tracy and Heilprin Glaciers [Dawes & As, 2010] and the 2015
position (light blue).

Moltke Bræ. Its surge-like behavior is unusual in comparison to nearby outlet glaciers.

Despite showing marked increases in velocity and advance during proposed surge events

[Rignot & Kanagaratnam, 2006; Joughin et al., 2010b; Murray et al., 2015], the glacier

has undergone large net retreat following surge events [Murray et al., 2015]. This has led

to a retreat of ∼12 km compared to its position in 1916 (Figure 2.3b) and hints that the

glacier has been influenced by longer-term external environmental drivers.
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Heilprin and Tracy Glaciers

Heilprin and Tracy Glaciers are two large outlet glaciers in northwest Greenland that

are 6.7 km and 5 km wide, respectively (Table 2.1), and collectively drain an area of

approximately 12,000 km2 into Inglefield Bay (Figure 2.3a). Davies & Krinsley [1962]

noted that both glaciers had floating ice tongues in 1892, although early observations with

limited data make this difficult to verify. Rignot et al. [2001] later found floating sections

absent from both glaciers, which recent grounding line data confirms [Morlighem et al.,

2014] (Figure 2.2a). Basal topographic data from these glaciers (Figure 2.2b), shows they

both lie below sea level for a distance of 36-42 km inland of the terminus [Morlighem et al.,

2014].

Both Heilprin and Tracy Glaciers have undergone net retreat in the 20th Century

[Kollmeyer, 1980]. Tracy Glacier retreated by 7 km between 1892 and 1959 [Davies &

Krinsley, 1962] and between 1949 and 2009 the glacier retreated a further 15 km away

from Josephine Peary Øer Island (Figure 2.3c) [Dawes & As, 2010]. In contrast, Heilprin

Glacier, retreated only 4 km between 1892 and 2009 [Porter et al., 2014]. The retreat

of Tracy Glacier has increased over the last two decades: between 2000 and 2005, Tracy

Glacier lost 8 km of its terminus (Figure 2.4a, b) followed by 2 km retreat between 2005 and

2013 [Porter et al., 2014]. These differing rates of retreat were attributed at least partly to

fjord geometry, and primarily deeper basal topography below Tracy Glacier which could

allow warm water intrusion [Porter et al., 2014]. Surprisingly, despite an inland-sloping

bed at Heilprin, it is undergoing slower dynamic change than Tracy Glacier [Porter et al.,

2014].

Estimates of ice discharge from European Remote Sensing (ERS) data in the mid-1990s

at these glaciers are given in Table 2.1. Porter et al. [2014] recorded a doubling in thinning

rates between 2011 and 2012 at Tracy Glacier. In terms of ice velocity fluctuations, both

Heilprin and Tracy Glaciers experienced increases in speed between 2000/01 and 2005/06

of 20 and 40%, respectively [Joughin et al., 2010b], and coincided with the large retreat

observed at Tracy Glacier (Figure 2.4). There is no record of surging at these glaciers.

Despite retreat taking place at both glaciers, and aside from study by Porter et al. [2014],

Tracy and Heilprin Glaciers have been subject to little in-depth research in comparison to

other northern Greenland areas. The differing responses of these neighboring glaciers, po-

tentially attributed to fjord geometry, suggests uncertainty remains regarding the controls

on these outlet glaciers.
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Figure 2.4: Several dramatic retreat events observed at northern Greenland outlet glaciers. Panels
a) and b) show Tracy Glacier retreat between 2000 and 2006. Petermann Glacier’s large calving
event in 2010 is shown in c/d. Steensby Glacier retreat in e/f. A significant disintegration of C. H.
Ostenfeld floating ice tongue is shown in g/h. All background Landsat imagery was derived from
USGS Earth Explorer from the years shown in the panels.
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2.3.2 North Greenland

The northern sub-region extends from Humboldt Glacier (79◦22’N, 64◦57’W) to Hagen

Bræ (81◦17’N, 28◦30’W) (Figure 2.1) and contains 13 outlet glaciers.

Humboldt Glacier

Humboldt Glacier drains ∼5% of the GrIS by area [Rignot & Kanagaratnam, 2006] and has

a ∼91 km wide calving front (Table 2.1), making it the widest outlet glacier in Greenland.

The majority of the terminus is thought to be grounded [Higgins, 1989; Joughin et al.,

1999], but the northern bay possesses a floating section [Rignot et al., 2001; Carr et al.,

2015]. The glacier terminus rests significantly below sea level, extending ∼100 km distance

inland (Figure 2.2b).

Early work by Davies & Krinsley [1962] using early expedition maps [Koch, 1928],

suggested that the frontal position changed little between 1922 and 1960. A more recent

synthesis of 2000-2010 calving positions with results from Rignot et al. [2001], concluded

that Humboldt Glacier has been retreating since the 1990s [Box & Decker, 2011]. Carr

et al. [2015] confirmed accelerated retreat since 1999 of 162 m yr-1 compared to only 37

m yr-1 between 1975 and 1999. Between 2000 and 2010, Humboldt Glacier underwent the

largest area change (-311 km2) of the 39 glaciers studied in Box and Decker’s [2011] ice

sheet wide dataset.

Several studies have identified differences between the northern and southern sections

of Humboldt Glacier’s terminus. Ice flow velocities vary spatially across the glacier front

[Rignot et al., 2001; Carr et al., 2015], with up to 4 times faster flow, and increased glacier

thinning in the north section compared to the south [Joughin et al., 1996a; Abdalati et al.,

2001; Rignot et al., 2001] (Figure 2.5a). Joughin et al. [1996a] first hypothesized that this

was due to a bedrock channel beneath this northern section and later work by Carr et al.

[2015] confirmed the presence of a large deep basal trough (>300 m) that extends 72 km

into the ice sheet interior (Figure 2.2b).

Recent modelling suggests that both reduced sea-ice buttressing, particularly in the

northern sector, and enhanced meltwater availability derived from increased surface tem-

peratures are responsible for the recent retreat of Humboldt Glacier’s terminus [Carr et al.,

2015]. Observations and modelling also suggest regional differences in glacier response to

external forcing may occur along the calving front, largely controlled by underlying to-
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pography [Rignot et al., 2001; Carr et al., 2015]. This glacier is significant in terms of its

wide terminus and catchment area. It is hypothesized that if it retreats past a potential

pinning point, which is located close to the northern portion of the terminus, into a deep

trough extending ∼70 km inland, rapid retreat and acceleration and subsequent increased

mass loss may be expected in future [Carr et al., 2015]. Thus, Humboldt Glacier may be

particularly susceptible to external forcing.

Petermann Glacier

Petermann Glacier was first documented during the US Polaris Expedition by Hall in

1871 [Kollmeyer, 1980] and has since become one of the most studied glaciers in northern

Greenland [Johannessen et al., 2013]. The glacier is approximately 21 km wide at the

grounding line (Table 2.1), narrowing down-fjord to between 15 and 20 km at the current

floating terminus [Rignot, 1996; Johannessen et al., 2013] (Figure 2.5a). Its floating ice

tongue is one of the most extensive in northern Greenland, previously up to 70 km long,

[Rignot et al., 2001; Nick et al., 2012], and now 48 km in length (Table 2.1). The glacier

drains approximately 6% of the GrIS by area into Hall Basin [Rignot & Kanagaratnam,

2006] (Table 2.1). Large sections of this catchment are grounded well below sea level

[Rignot & Steffen, 2008; Johnson et al., 2011] and a deep subglacial trough extends far

(100 km) into the ice sheet interior [Morlighem et al., 2014]. The trough is approximately

200-400 m deep and coincides with the fastest ice flow [Joughin et al., 1999] (Figure 2.2).

At the grounding line the ice is approximately 600 m thick [Johannessen et al., 2013],

thinning considerably to 200 m towards the front of the ice tongue [Falkner et al., 2011].

There are large differences in estimated ice discharge, depending on whether calculations

are made at the glacier front [Higgins, 1990] or the grounding line [Rignot et al., 1997].

Estimates at the grounding line, give a value of 13.2 km3 a−1 [Rignot et al., 1997], much

higher than estimated calving fluxes at the glacier terminus (0.59 km3 a−1) [Higgins,

1990]. These different estimates are likely to be due to increasing rates of mass loss

through extreme melting beneath the floating ice tongue [Rignot et al., 1997]. However,

it could also be in part attributed to different measurement accuracy between using aerial

photographs [Higgins, 1990] and radar satellite imagery accompanied by digital elevation

models [Rignot et al., 1997].

The majority of mass loss (80%) at Petermann is via high rates of submarine melting

beneath the floating ice tongue [Rignot et al., 2001; Rignot & Steffen, 2008]. This explains

relatively low iceberg calving rates [Higgins, 1990], despite its large grounding line flux
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[Rignot et al., 1997; Reeh et al., 1999]. Melt rates vary spatially beneath the ice tongue,

from 0 m a−1 at the grounding line, to a peak of 25 m a−1 at 10 km downstream of

the grounding line [Rignot & Steffen, 2008]. Ocean heat transported into the fjord is

likely to account for these high rates of submarine melt [Johnson et al., 2011]. Rignot &

Steffen [2008] also observed several channels on the underside of the tongue, aligned in the

direction of ice flow, which are believed to have formed from submarine melt and warm

ocean water having been transported beneath the ice. Recently, it has been suggested

that ice thinning in these channels may have weakened the ice shelf and been a precursor

to recent calving events in 2010 and 2012 [Münchow et al., 2014].

Terminus retreat normally occurs via the calving of large, tabular icebergs [Johnson

et al., 2011], and early studies observed sporadic calving of tabular icebergs up to 50

m thick and up to 120 km2 [Dunbar, 1978; Kollmeyer, 1980]. The frontal position of

Petermann remained relatively stationary between 1876 [Koch, 1928; Davies & Krinsley,

1962] and the 1980s, which suggests that iceberg calving is an important component of the

longer-term mass balance of the glacier as opposed to solely losing mass via submarine melt

[Higgins, 1989]. A large calving event took place in August 2010 and attracted substantial

scientific attention due to its size [Box & Decker, 2011; Falkner et al., 2011; Nick et al.,

2012; Johannessen et al., 2013]. This event removed 25% of the glacier tongue by area

[Falkner et al., 2011], creating a tabular iceberg approximately 27 km in length and 270

km2 in area [Johannessen et al., 2013] (Figure 2.4c,d). This was followed by another large

retreat in 2012 of 10 km (approx. ∼130 km2 in area) [Johannessen et al., 2013]. To put

these events into context, Johannessen et al. [2013] found that 5 major calving events

occurred over the past 50 years. A particularly large event occurred in 1991 (153 km2),

but the magnitude of the 2010 event exceeds all others in this 50 year record [Johannessen

et al., 2013]. Alongside observed terminus changes, grounding line retreat of 450 m was

observed between 1992 and 1996 [Rignot et al., 2001]. Future grounding line retreat could

allow warm water to be transported greater distances inland, enhancing submarine melt

and increasing the instability of Petermann Glacier [Nick et al., 2012]. That said, large

uncertainty remains over whether large calving events in recent years were part of a natural

cycle or in response to climate-induced forcing [Johannessen et al., 2013].

This glacier is one of the fastest flowing outlets in northern Greenland, with velocities of

1000 m a−1 close to the grounding line [Johnson et al., 2011; Nick et al., 2012; Johannessen

et al., 2013] (see Figure 2.5a). However, mean annual velocity has changed little since early

estimates (950 m a−1) [Higgins, 1990], and has been relatively stable over recent decades

(1985-2011) [Rignot & Steffen, 2008; Johannessen et al., 2013]. Following the 2010 calving

event, only marginal acceleration was observed at the glacier terminus, which could be
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due to weak attachment of the floating ice tongue to the fjord walls, and suggests that

glacier velocities may be largely insensitive to ice tongue retreat [Nick et al., 2012]. Warm

ocean water, accompanied by the absence of sea ice in Hall Basin prior to the 2010 calving

event could be responsible for the magnitude of the 2010 calving event [Johannessen et al.,

2013].

In summary, Petermann Glacier is one of the major outlets in Greenland and has lost

large portions of its floating tongue over the last two decades. The occurrence of several

large calving events over the last 50 years suggest these recent changes may be part of

a natural cycle [Nick et al., 2012; Johannessen et al., 2013]. However, the terminus now

resides at its furthest position inland since 1953 [Johannessen et al., 2013]. This retreat

is likely due to increased submarine melt under the floating portion of its terminus as a

result of recent ocean warming [Nick et al., 2012].

Steensby Glacier

Steensby Glacier is a 4.8 km wide glacier that has a catchment area of 4,700 km2 and has

a 5.1 km long floating tongue (Table 2.1). Previous observations suggested this floating

ice tongue was formerly between 48 and 62 km long [Ahnert, 1963]. Some of the first

observations were made by Ahnert [1963] and terminus changes were later recorded by

Higgins [1990]. Aerial photographs in 1947 showed the terminus to be floating [Ahnert,

1963], and later oblique photographs from 1953 suggested that it advanced between 1947

and 1953 [Higgins, 1990]. By 1996, the grounding line had advanced slightly, and the

glacier thickened between these two studies [Rignot et al., 2001]. Grounding line data

between 1993 and 2013 [Morlighem et al., 2014] showed a more extensive, 16 km-long

floating tongue at Steensby Glacier (Figure 2.2a). However, recent satellite imagery shows

15 km of retreat between 1999 and 2015 (Figure 2.4e, f).

Few records of ice velocities at Steensby Glacier exist. Ice velocities showed little

fluctuation between estimates made in the 1970s (430 m a−1: Higgins [1990]) and in 1996

[Rignot et al., 2001]. More recently, velocities decreased by 10-15% between 2000/01 and

2005/06 [Joughin et al., 2010b]. Steensby Glacier has often been absent from regional to

ice-sheet-wide studies of glacier retreat and flow acceleration, despite having retreated a

substantial 1 km a−1 over the last 15 years (Figure 2.4e, f).
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Figure 2.5: North Greenland region. A) Humboldt and Petermann Glaciers. B) Seven outlet
glaciers in the most northern part of the study region between Steensby Glacier and Henson
Glacier. C) Marie-Sophie, Academy and Hagen Bræ Glaciers. Grounded ice is shown in a black
outline. Velocity is shown on each glacier in m a−1. Velocity data was acquired from the 2008/2009
MEaSUREs v2 Greenland velocity [Joughin et al., 2010b]. Background imagery is from Landsat 8
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Ryder Glacier

Ryder Glacier is a 10 km wide outlet glacier that drains approximately 3.5% of the ice sheet

by area (Table 2.1) into Sherard Osborn Fjord (Figure 2.5b). The glacier comprises two

tributaries that combine at 1000 m elevation [Joughin et al., 1996b, 1999], and it currently

has a 29 km long floating tongue (Table 2.1). An early estimate (1978) of discharge at
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the terminus was 0.66 km3 a−1, making it one of the more important northern Greenland

glaciers [Higgins, 1990]. Later work found a substantially larger grounding line flux of 3.88

km3 a−1, confirming its high discharge [Rignot et al., 2001].

Relatively few records of terminus change are available for Ryder Glacier. Some of the

first observations, from 1917, suggested that the floating tongue extended further north

than at present [Koch, 1928], but then retreated by 5 km between 1947 and 1956 [Davies

& Krinsley, 1962]. The position of the grounding line also showed retreat during 1992-

1996, along with 4 m a−1 of ice surface thinning [Rignot et al., 2001]. Following this

period, the glacier thinned by 2-4 m a−1 between 1997 and 1999 [Abdalati et al., 2001].

More recent observations of terminus change are limited, although Murray et al. [2015]

documented 0.43-0.55 km a−1 of glacier advance between 2002 and 2006, followed by a

substantial retreat of 3 km in 2006/07. This was followed by advance during 2007-2010

[Box & Decker, 2011]. Should observed thinning continue at Ryder Glacier, large areas

of ice may become ungrounded [Thomas et al., 2009; Csatho et al., 2014] making it more

susceptible to retreat and further large ice losses. Recent work by Joughin et al. [2010b],

however, found no notable changes in velocity at Ryder Glacier between the winters of

2000/01 and 2005/06, with flow speeds similar to those of earlier studies [Joughin et al.,

1999; Rignot et al., 2001].

The majority of reported velocity changes recorded at Ryder Glacier focused on a

postulated mini-surge event in 1995 during which velocity increased three-fold [Joughin

et al., 1996b, 1999]. This suggested event occurred between September and October 1995,

when ice velocity in the slower upstream areas of the glacier was recorded to have increased

from 20 m a−1 to 150 m a−1 and then returned to normal in just a seven-week period

[Joughin et al., 1996b]. However, as velocity change for the faster main trunk of the glacier

was not available during this period, uncertainty remains as to the true magnitude of this

mini-surge. It was also unclear if the glacier simultaneously advanced during this interval

[Joughin et al., 1996b, 1999; Rignot et al., 2001], although it was hypothesized that this

acceleration may have caused a substantial increase in ice discharge [Joughin et al., 1996b;

Abdalati et al., 2001]. Whether this ‘mini-surge’ reflects true surge-behavior at Ryder

Glacier is ambiguous and is discussed in more detail in Section 2.4.4.

C. H. Ostenfeld Glacier

C. H. Ostenfeld Glacier is approximately 7.9 km wide (Table 2.1) and has a drainage area

of approximately 14,000 km2. Of the three outlet glaciers draining into Victoria Fjord, it
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is the largest and has the highest ice discharge [Higgins, 1989; Rignot et al., 2001] (Figure

2.5b).

Limited information is available on past terminus changes at C.H. Ostenfeld Glacier.

Over the past two decades, the terminus shows variable periods of advance and retreat

[Box & Decker, 2011; Murray et al., 2015]. The floating glacier tongue previously extended

∼25 km down fjord of the grounding line [Higgins, 1989, 1990]. It still has a floating ice

tongue, but it is now only 1.5 km long (Table 2.1). During 1992-1996, the grounding line

retreated 500 ± 200 m [Rignot et al., 2001]. More recently, an advance of 5.6 km2 occurred

in 2001/02, followed by an annual retreat of 20.6 km2 in 2002/03 [Box & Decker, 2011].

Between the years 2000 and 2006, the majority of the ice tongue disintegrated (Figure

2.4g, h), removing an estimated total area of 350 km2 [Moon & Joughin, 2008]. Following

this, a further 1.2 km retreat occurred (2006 -2007) [Murray et al., 2015].

Ice velocities have shown little increase between 2000/01 and 2005/06 [Joughin et al.,

2010b] and were consistent with earlier velocity values from 1978 and the 1990s of around

800 m a−1 [Higgins, 1989, 1990; Rignot et al., 2001]. Consequently, ice tongue collapse

appeared not to significantly affect up-glacier ice velocities during 2000-2006. This could

be due to its fragmented nature (Figure 2.4g), which would provide little resistive stress

to the grounded inland ice. There are no documented surges at C. H. Ostenfeld Glacier

although a large advance followed by retreat between 2000 and 2003 could suggest surge

activity, but this remains untested.

C. H. Ostenfeld is one of the main outlet glaciers in northern Greenland. A large

area of its floating tongue has been lost over the past two decades, yet ice velocities have

changed little. However, it has recently lost the majority of its floating ice tongue and

it may soon retreat back to become grounded, and then discharge grounded ice into the

ocean. Thus, there is potential for enhanced velocities and ice discharge from the C. H.

Ostenfeld catchment in the near-future, but large uncertainty remains on the glacier’s

current and future behavior.

Harder and Brikkerne Glaciers

Harder and Brikkerne are two outlet glaciers also draining into Victoria fjord (Figure 2.5b)

which are 5.1 and 6.1 km wide, respectively (Table 2.1). Collectively, they drain an area

of ∼3,000 km2 (Table 2.1) from local ice domes. Both glaciers previously coalesced with

the floating tongue of C. H. Ostenfeld, with Harder Glacier merging on the eastern side.

Brikkerne Glacier sits further north, has three branches, and a small floating ice tongue
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which is 1.2 km long (Table 2.1).

Little record of these glaciers exists in the literature and there are no records of ter-

minus change at Harder Glacier. At Brikkerne, the only frontal position data available

show that the northern and central sections of the glacier advanced 11 km and 8 km, re-

spectively, between 1953 and 1978 [Higgins, 1990]. Data from the 1970s showed relatively

low velocities at Harder Glacier (84-122 m a−1) [Higgins, 1990]. At Brikkerne Glacier,

velocity was considered to be very slow in 1947, increasing to 150-360 m a−1 in 1963 and

500 m a−1 between 1971 and 1978 [Higgins, 1990]. This velocity increase coincided with

periods of glacier advance [Higgins, 1990]. No records of surging exist for Harder Glacier,

but Brikkerne Glacier was identified as surge-type glacier on the basis of variable velocity

records [Higgins, 1990; Rignot et al., 2001]. Since the early studies [Higgins, 1990; Rignot

et al., 2001], little attention has been paid to these glaciers, despite their potential dynamic

changes such as surging at Brikkerne Glacier.

Jungersen, Naravana Fjord and Henson Glaciers

Further north from Victoria fjord lie three further outlet glaciers, Jungersen, Naravana

Fjord and Henson, which collectively drain 0.7% of northern Greenland (Table 2.1). Both

Jungersen and Henson Glaciers are approximately 2 km wide [Higgins, 1990] and previously

had floating sections [Rignot et al., 2001], although their length has not been reported in

the literature. Naravana Fjord, located between these glaciers, is 2.5 km wide and has

no floating section. Little is known about terminus changes at these glaciers. Grounding

line data [Morlighem et al., 2014] shows they no longer have floating ice tongues (Figure

2.2a), suggesting their termini have retreated since previous observations [Rignot et al.,

2001]. Ice velocity data are limited, although Jungersen Glacier was estimated to flow at

350 m a−1 in the 1970s, whereas Henson was barely moving (1.7 m a−1: Higgins [1990]).

More recent velocity estimates suggested similar velocities at Jungersen Glacier (395 m

a−1), slower flow at Naravana Fjord (59 m a−1), and a much higher estimate for Henson

Glacier (286 m a−1: Rignot et al. [1997]).

These glaciers have received little research attention and Rignot et al. [2001] suggested

that their significance in terms of ice discharge may have been previously overstated by

[Koch, 1928]. This may explain their absence from the majority of northern Greenland

research. Nevertheless, they collectively drain a similar area to Tracy Glacier (∼3,800

km2), and thus represent an important component of the mass budget of the region.
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Academy and Marie Sophie Glaciers

Academy and Marie Sophie Glaciers collectively drain an area of ∼9,000 km2 into Inde-

pendence Fjord (Figure 2.5c). Academy Glacier has a much wider terminus (8.4 km),

compared to Marie Sophie (3.9 km) (Table 2.1), and neither glacier has a floating ice

tongue (Figure 2.2a) [Higgins, 1990; Rignot et al., 2001]. Relatively few records of ter-

minus change exist for either glacier. At Marie Sophie, early records showed minimal

retreat of 0.06-0.09 km between 1921 and 1956 and sketches by Peary [1892] suggest that

Academy Glacier retreated 12 km between 1892 and 1956 [Davies & Krinsley, 1962]. More

recently, terminus changes showed substantial inter-annual variability between 2000 and

2010 [Murray et al., 2015]. Academy Glacier, in particular, advanced (0.59 km) between

2008 and 2009, and subsequently retreated by a similar magnitude (0.49 km) in the follow-

ing year (2009-2010) [Murray et al., 2015]. Overall, between 2000 and 2010, both Academy

and Marie Sophie Glaciers underwent retreat of 0.9 km and 0.2 km, respectively [Murray

et al., 2015].

Early work in the 1970s estimated velocities of 220 m a−1 at Marie Sophie Glacier

[Higgins, 1990]. This contrasts markedly with more recent values of only 40 m a−1 in

1996 [Rignot et al., 1997] and < 100 m a−1 in 2006 [Joughin et al., 2010b]. Initial velocity

estimates (1970s) at Academy Glacier found values of 256 to 290 m a−1 at the terminus

[Higgins, 1990; Rignot et al., 1997]. It then maintained a steady velocity of 270 m a−1

from the 1970s to the mid-1990s [Rignot et al., 2001], followed by deceleration between

1996 and 2000/01 [Rignot & Kanagaratnam, 2006]. More recently, both Marie Sophie and

Academy Glaciers accelerated between 2000/01 and 2005/06 (from 200 m a−1 to 600 m

a−1 at Academy) [Joughin et al., 2010b]. It has been suggested that recent increases in

glacier velocity could reflect surge behavior on Academy Glacier [Rignot & Kanagaratnam,

2006]. However, as the glacier has not shown multi-year advance (despite reduced retreat

rates between 2004/05 and 2005/06 of approximately 500 m) [Murray et al., 2015], this is

questionable. No record of surging exists for Marie Sophie Glacier.

Both glaciers are significant within northern Greenland in terms of their drainage areas,

and because they have both shown variable ice velocities and retreat rates throughout the

historical record. Whether variable terminus positions and flow speeds are representative of

a cyclic process or surge activity remains unknown. Thus they require future consideration,

particularly in terms of deciphering the impacts of external forcing versus internal glacier

dynamics.
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Hagen Bræ

Hagen Bræ is a large outlet glacier that is 9.4 km wide at the grounding line (Table 2.1) and

drains ∼31,000 km2 of ice area into Hagen Fjord (Figure 2.5c). Previously, the terminus

was pinned on two islands [Higgins, 1989, 1990]. Early studies also documented a floating

ice tongue approximately 18 km in length between 1947 and 1978 [Davies & Krinsley,

1962; Higgins, 1989, 1990], but recent imagery (2015) suggests the floating section is only

2.1 km long (Table 2.1). Academy and Hagen Bræ Glaciers lie within two basal troughs

that deepen inland, approximately 10 km wide that extend approximately 100 km inland

[Morlighem et al., 2014] (Figure 2.2b).

Relatively few studies have considered terminus changes at Hagen Bræ. Early work

by Higgins [1989] found the glacier terminus advanced at 0.5 km a−1 during the 1970s. In

2008/09, Hagen Bræ underwent the largest retreat in a single year out of 199 outlet glaciers

across Greenland during the period 2000-2010 (15 km) [Murray et al., 2015]. However, the

glacier also experienced 3.8 km of total advance between 2001 and 2007 [Murray et al.,

2015].

In 1996, velocities at the terminus were 94 m a−1 [Rignot et al., 2001]. More recently,

the glacier has accelerated substantially close to the grounding line: relatively low velocities

in 2000/01 (200 m a−1 inland and 60 m a−1 at the grounding line) increased to over 600

m a−1 by 2005/06 and 2007 [Joughin et al., 2010b; Moon et al., 2012]. Moon et al. [2012]

hypothesized that these large velocity increases may have been due to glacier surging.

Several other studies have noted potential surge-type behavior at Hagen Bræ [Abdalati

et al., 2001; Rignot et al., 2001]. Ice velocities were higher in the 1970s [Higgins, 1990]

than in 1996 [Rignot et al., 2001]. In 1996, velocity decreased between the equilibrium

line altitude and the glacier terminus [Rignot et al., 2001]. In addition, the grounding line

retreated 400 m [Rignot et al., 2001] between 1992 and 1996. Based on these observations,

Rignot et al. [2001] suggested surging occurred in the 1970s and that the glacier was then

in quiescence between 1992 and 1996. Between 2000 and 2007, large increases in velocity

[Joughin et al., 2010b] coincided with 3.8 km of advance [Murray et al., 2015]. This may

suggest a second surge of Hagen Bræ. Following this potential surge event, however, the

glacier retreated substantially (15 km) [Murray et al., 2015]. However, velocities remained

high (2008/09) (Figure 2.5c). This behavior is not usually associated with the quiescent

phase of a surge-cycle [Meier & Post, 1969]. Thus, it could be that external forcing, or

retreat from a stable position in the fjord, as opposed to internal, surge-related changes

have become the primary control on terminus position at Hagen Bræ in more recent years.
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Recent large retreat at Hagen Bræ and its location in a deep basal trough below sea

level, might suggest the glacier is vulnerable to rapid retreat in the near-future. This

glacier is significant in terms of discharge, draining 6% of northern Greenland by area and

it is surprising that this glacier has not been studied in more detail.

2.3.3 Northeast Greenland

The northeast region (Figure 2.1) consists of five outlet glaciers which are Nioghalvfjerds-

fjorden (also known as 79 North), Zachariæ Isstrøm, Storstrømmen, Kofoed-Hansen Bræ

and L. Bistrup Bræ. These glaciers are associated with the NEGIS, which is a large,

fast flowing portion of the GrIS that rests substantially below sea level (Figure 2.2b) and

drains ice some 600 km into the interior of the ice sheet [Joughin et al., 2001; Reeh et al.,

2001]. The entire NEGIS is considered potentially unstable, having undergone substantial

ice thinning since the beginning of the 21st century [Khan et al., 2014].

Nioghalvfjerdsfjorden (79 North Glacier) and Zachariæ Isstrøm

Nioghalvfjerdsfjorden and Zachariæ Isstrøm are the two main outlets of the NEGIS [Khan

et al., 2014] and collectively drain around 30% of the northern GrIS by area [Rignot

& Kanagaratnam, 2006] (Table 2.1). Nioghalvfjerdsfjorden is 24 km wide, and has an

extensive (approx. 69 km long) floating ice tongue (Figure 2.2a), that widens down-fjord

to 30 km at the terminus [Thomsen et al., 1997]. Zachariæ Isstrøm is 27 km wide and

terminates in an embayment typically surrounded by calved icebergs [Box & Decker, 2011].

Zachariæ Isstrøm previously terminated as a floating ice tongue (Figure 2.2a), but this

dramatically disintegrated between 2000 and 2006, meaning that the glacier terminus is

currently grounded [Khan et al., 2014]. Both glaciers lie above deep basal troughs, which

rest significantly below sea level [Mayer et al., 2000], and have a reverse bed slope [Bamber

et al., 2013] (Figure 2.2b).

Information on the frontal positions of these two glaciers has been comparatively lim-

ited due to year-round ice mélange in the fjords, resulting in an ambiguous calving region

and therefore making it difficult to accurately identify the true calving front [Bevan et al.,

2012; Murray et al., 2015]. In 1976, the two glaciers were thought to have coalescing ice

tongues [Weidick et al., 1995], which suggests they have since retreated substantially and

become separated [Rignot et al., 2001]. Early records from Nioghalvfjerdsfjorden found 20

km of retreat between 1950 and 1963 [Thomsen et al., 1997]. Subsequently, the terminus
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Figure 2.6: Northeast Greenland region that includes Nioghalvfjerdsfjorden (79North), Zachariæ
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2008/2009 MEaSUREs v2 Greenland velocity [Joughin et al., 2010b]. Background imagery is from
Landsat 8 (late summer 2015).

retreated 5-7 km during 1978-2003 [Khan et al., 2014]. Zachariæ Isstrøm, lost 1400 km2

of its ice shelf between 2000 and 2006 [Moon & Joughin, 2008] and its grounding line

has begun to rapidly retreat downslope [Mouginot et al., 2015]. Both glaciers underwent

similar ice loss in 2004/05, with 60 km2 of ice lost at Nioghalvfjerdsfjorden and 67 km2 at

Zachariæ Isstrøm [Box & Decker, 2011]. Two years later, during 2006/07, both glaciers

advanced, although of differing magnitudes: 8.4 km2 at Nioghalvfjerdsfjorden and 45.8

km2 at Zachariæ Isstrøm [Box & Decker, 2011]. Subsequently, between 2009 and 2012,

sections of the Nioghalvfjerdsfjorden retreated by a further 2-3 km [Khan et al., 2014].

Nioghalvfjerdsfjorden and Zachariæ Isstrøm were considered slow-moving in the early

1950s [Helk & Dunbar, 2014], although no specific velocity values were given. However,

more recent data show that they are relatively fast-flowing reaching speeds of >1 km a−1
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at their termini [Khan et al., 2014] (Figure 2.6). No significant acceleration or deceleration

was detected between 2000 and 2006 on Nioghalvfjerdsfjorden [Rignot & Kanagaratnam,

2006; Joughin et al., 2010b]. However, a more recent study observed an acceleration of 100

m a−1 between 2000 and 2011 [Khan et al., 2014]. Zachariæ Isstrøm has been accelerating

since the early 2000s, increasing by up to 200 m a−2, following the disintegration of part of

the ice shelf in 2004/05 [Rignot & Kanagaratnam, 2006; Moon & Joughin, 2008; Joughin

et al., 2010b]. Acceleration then continued, although more steadily, until 2012 [Khan et al.,

2014; Mouginot et al., 2015]. Since 2012, ice velocities on Zachariæ Isstrøm have increased

by 25%, accompanied by accelerated frontal retreat [Mouginot et al., 2015].

Estimates suggest that these glaciers must have experienced submarine melt rates of

between 6-8 m a−1 to explain their 1996 ice flux [Rignot et al., 1997]. This is similar to

submarine melt rates recorded at other northern Greenland outlet glaciers e.g. Petermann

Glacier [Rignot & Steffen, 2008]. The break-up of fast ice offshore of Nioghalvfjerdsfjorden

in 1997 was followed by a large glacier calving event and is thus considered an important

control on the rates of calving [Reeh et al., 2001].

More generally, the NEGIS is thought to be undergoing dynamic thinning as a result

of climate change, losing mass at a rate of >10 Gt a−1 [Khan et al., 2014]. As the NEGIS

extends far into the ice sheet interior [Khan et al., 2014] (Figure 2.2c) and sits on a reverse

bed slope, these glaciers have the potential to discharge large volumes of ice. Should retreat

continue at the present or increased rates (particularly at Zachariæ Isstrøm) [Khan et al.,

2014], subsequent ice flow speed-ups could cause significant mass loss from a large inland

area of the GrIS [Csatho et al., 2014]. This could further destabilize this region and

increase its contribution to 21st century sea level rise.

Storstrømmen, Kofoed-Hansen Bræ and L. Bistrup Bræ

Storstrømmen is another large outlet of the NEGIS that, along with Kofoed-Hansen Bræ,

drains ∼120,000 km2 (Table 2.1). The catchment extends to the summit of the GrIS [Reeh

et al., 2003] (Figure 2.2c). Kofoed-Hansen Bræ is the northeastern branch of Storstrømmen

which discharges approximately 25% of the Storstrømmen ice flux [Mohr et al., 1998].

Storstrømmen has a two-lobed calving front, one of which drains directly into the ocean and

the other of which joins with L. Bistrup Bræ to the south (Figure 2.6) [Khan et al., 2014].

L. Bistrup Bræ terminates alongside Storstrømmen and is approximately 11 km wide with

a catchment of ∼20,000 km2 (Table 2.1). Within this embayment, both Storstrømmen

and L. Bistrup Bræ have floating ice sections (Figure 2.2a) that are 8.4 and 6.2 km long,
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respectively, whereas data suggests Kofoed-Hansen Bræ is grounded [Morlighem et al.,

2014].

Relatively little is known about frontal position changes at these glaciers. Available

data show that all three glaciers retreated between 2001 and 2005 [Seale et al., 2011]. In to-

tal, this resulted in retreat of 0.3 km at Storstrømmen, and 0.76 km at both Kofoed-Hansen

Bræ and L. Bistrup Bræ [Seale et al., 2011]. However, during this period Storstrømmen

underwent a short term advance of 0.4 km2 in 2001/02 [Box & Decker, 2011]. Later,

between 2005 and 2008, only Storstrømmen glacier continued to retreat, while L. Bistrup

Bræ and Kofoed-Hansen Bræ both advanced by 0.29 km [Seale et al., 2011].

The velocity of Storstrømmen was thought to be approximately 230 m a−1 in 1996

[Rignot et al., 2001]. L. Bistrup Bræ is considered slow moving, although specific values

were not documented in the literature [Rignot et al., 2001], with almost zero velocity

between 2000/01 and 2009/10 at the terminus [Joughin et al., 2010b]. However, further

inland the glacier flows at ∼100 m a−1 in 2008/09 (Figure 2.6). During this same period

(2000/01 – 2009/10) Storstrømmen Glacier decelerated by 60 m a−2 [Joughin et al., 2010b].

Evidence of surging exists for all three glaciers. A surge was documented at Storstrømmen

between 1978 and 1984 [Reeh et al., 1994], when the glacier advanced approximately 12

km. By the 1990s it was considered to be quiescent [Mohr et al., 1998], and has remained

so since that time [Reeh et al., 2003; Rignot & Kanagaratnam, 2006]. L. Bistrup Bræ is

also likely to be a surge-type glacier, based on thickening at the grounding line, although

there is no direct evidence of an actual surge event. The glacier is instead hypothesized to

have surged in the past and now be quiescent [Rignot et al., 2001]. Both L. Bistrup Bræ

and Storstrømmen have experienced very low flow speeds over the past decade, potentially

indicative of quiescence [Moon et al., 2012], as well as a characteristic pattern of thickening

inland, where the surge may have initiated, and thinning towards the terminus [Abdalati

et al., 2001; Csatho et al., 2014]. Surveys between 1995 and 1999 found thinning rates of

2 m a−1 in the lower reaches of both glaciers and thickening up to 3 m a−1 further inland

[Thomas et al., 2009]. Following this, however, thickening rates on the upper reaches of

Storstrømmen began to decrease [Thomas et al., 2009].

Despite these three outlet glaciers collectively draining an area (27%) of the GrIS, which

is far greater than the well-studied Petermann Glacier (Table 2.1), little previous work

has focused on their dynamics. Considerable variability in terminus positions have taken

place over the last two decades, particularly at Storstrømmen and L. Bistrup Bræ, which

has been linked to surge activity. These glaciers are important in terms of draining a large

proportion of the NEGIS and it is necessary for further work to better understand their

surge-nature and their implications for increased ice discharge from potentially unstable
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regions.

2.3.4 Summary of northern Greenland outlet glacier changes

Overall, substantial changes have taken place in northern Greenland, particularly during

the past two decades, and there has been considerable variability between sub-regions

and individual glaciers. Figure 2.7 summarizes the events recorded from the literature

at the selected outlet glaciers in northern Greenland between 1880 and 2015. For all

glaciers where records exist (17 out of 21 in Figure 2.7), retreat has occurred at some

stage between 2000 and 2015, with the most substantial at Humboldt, Tracy, Hagen Bræ,

C. H. Ostenfeld, and Petermann Glaciers. In the case of the latter three glaciers, this

retreat resulted in substantial loss of their floating ice tongues. For example, Petermann

Glacier lost 27 km of its floating ice tongue in 2010 [Falkner et al., 2011], and Hagen Bræ

lost a 15 km floating section in 2008/09 [Murray et al., 2015]. However, glacier retreat is

not uniform across the region, and several glaciers underwent advance between 2000 and

2010 (e.g. L. Bistrup Bræ, Kofoed-Hansen Bræ, and Harald Moltke Bræ). This could

either reflect surge behavior (which has been hypothesized at all three of these glaciers) or

a differing response to external environmental forcing, perhaps due to local topographic

controls. Nevertheless, over the last 20 years, all glaciers have experienced some retreat,

which would suggest a common response to external forcing.

Alongside terminus changes, our review has shown that several of the study glaciers

have accelerated, particularly over the last two decades (Figure 2.7). However, this has not

been the case at all study glaciers. This is evident in Figure 2.8, which uses MEaSUREs

velocity data [Joughin et al., 2010b] from 2000/01 and 2008/09 to show changes in velocity

between these two periods across northern Greenland. These two datasets are winter

velocities, between 3 September and 24 January 2000 - 2001 and 1 December and 28

February 2008 - 2009. Instead, velocity change is highly variable, with several glaciers

accelerating substantially (e.g. Hagen Bræ and Academy Glacier) and others slowing (e.g.

Petermann and Ryder Glaciers’). Recent velocity increases were often accompanied by

glacier retreat (Figure 2.7), namely at Hagen Bræ, Academy, Marie Sophie, Tracy, and

Heilprin Glaciers. Apart from Hagen Bræ, the retreat of large floating ice tongues (e.g.

Petermann and C.H. Ostenfeld) did not appear to coincide with increased velocities. The

impact of major ice tongue losses on ice velocities is therefore complex.

Figure 2.7 also shows that there are several glaciers in northern Greenland for which

measurements of retreat, advance, and other glacier changes have not been made, par-
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Figure 2.7: A summary of recorded changes at northern Greenland outlet glaciers based on a
review of the literature. Key events of terminus change (circles, red for retreat, blue for advance),
velocity change (triangle), grounding line retreat (cross) and glacier thinning (square), that have
occurred at all northern Greenland focus glaciers between 1880 and present (2015) are recorded.
Data points are shown in the middle of study periods and the grey lines show the duration over
which the change refers to. All data points are converted to m a−1 across the study period and
the size of all data points are based on m a−1 magnitude. The legend shows the symbol sizes and
their corresponding values for each category of data shown.

ticularly at the smaller glaciers such as Henson, Naravana Fjord, Jungersen, Brikkerne

and Harder. Several other glaciers have very few measurements. Further research into

these large and potentially important outlet glaciers including frontal retreat and ice ve-

locity measurements would help to improve understanding of region wide drivers on glacier

retreat.

2.4 Discussion

In the following sections we discuss the potential factors which may have driven recent

changes in the dynamics of outlet glaciers in northern Greenland. This begins with external

forcing via increasing atmospheric and oceanic temperatures, and the impact of reductions

in sea ice. Following that we consider the role of glacier-specific factors as well as the

potential surge-dynamics of several of the study glaciers in this region. we also assess the

future implications of mass loss in northern Greenland.
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Figure 2.8: Velocity change between winters 2000/01 and 2008/09 using MEaSUREs v2 Greenland
velocity data [Joughin et al., 2010b]. Orange and red colors show velocity increase, and green and
blue show velocity decrease.

2.4.1 Atmospheric and oceanic forcing

Recently observed changes at northern Greenland outlet glaciers may have been driven

by changes in atmospheric and oceanic temperatures. Here we discuss these potential

external controls on surface ice and submarine melting and their links to observed outlet

glacier change across northern Greenland.

2.4.1.1 Subaerial ice melt

Atmospheric temperatures over the GrIS have increased significantly since the early 1990s,

increasing by 1.7oC between 1991 and 2006 [Hanna et al., 2008; Box et al., 2009], which ap-

pears to have coincided with widespread glacier retreat [Moon & Joughin, 2008]. Northern

Greenland experienced negative mass balance between 2006 and 2012 [Khan et al., 2015],

primarily due to enhanced surface melting and runoff [van den Broeke et al., 2009]. Carr

et al. [2013a] showed air temperatures at NW and NE Greenland meteorological stations

between 1990 and 2010 increased linearly which coincides with the dominant pattern of

retreat at outlet glaciers in the region (Figure 2.7). In particular, the northeast region

of Greenland has experienced increased discharge and melting between 2003 and 2012,
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which has been correlated to atmospheric warming [Khan et al., 2014]. This coincides

with substantial retreat of both Nioghalvfjerdsfjorden and Zachariæ Isstrøm. While the

majority of glaciers have shown retreat, the response is clearly non-uniform. Several of the

study glaciers showed large variability in their terminus positions and sometimes advance

(Storstrømmen, Kofoed-Hansen Bræ and L. Bistrup Bræ) [Box & Decker, 2011]. Others

showed a velocity increase of a factor of ten (e.g. Harald Moltke Bræ and Hagen Bræ).

Some of this behavior (e.g. periods of order of magnitude increased velocities accompanied

by glacier advance) may be attributed to internal surging dynamics (Section 2.4.4). Thus,

whilst it is likely that increased air temperatures in northern Greenland have influenced

glacier retreat over the last two decades, there has not been a coherent response.

In northern Greenland, greater surface meltwater production due to increased air tem-

peratures has been linked to inter-annual retreat at Humboldt Glacier [Carr et al., 2015].

Here, hydrofracture of crevasses a few kilometers inland of the glacier terminus may have

caused weakening and promoted calving once the ice reached the terminus [Carr et al.,

2015]. At several glaciers, the presence of supraglacial lakes has also been noted (Hum-

boldt, Ryder, Nioghalvfjerdsfjorden) [Joughin et al., 1996b; Thomsen et al., 1997; Carr

et al., 2015], and they are likely to be present on other outlet glaciers across northern

Greenland. These lakes may enhance rates of calving through hydrofracture [e.g., Sohn

et al., 1998; van der Veen, 1998; Carr et al., 2015], and the role of supraglacial lakes in

northern Greenland, particularly across the NEGIS, could become increasingly important

in the future [Ignéczi et al., 2016].

In other areas of the ice sheet it was initially thought that increased meltwater inputs

led to seasonal-scale velocity increases [Zwally et al., 2002; Pimentel & Flowers, 2010].

However, more recent work has linked increased meltwater production to a net annual

slowdown in velocity, due to the drainage systems capacity to adjust and more efficiently

drain adjacent high pressure areas via larger subglacial channels [Sole et al., 2013; Tedstone

et al., 2015]. Numerical modelling results suggest that the influence of meltwater inputs on

seasonal velocity variations at Peterman Glacier is substantial [Nick et al., 2012], but little

is known about this effect elsewhere in northern Greenland. To date, the potential impact

of supraglacial lakes on northern Greenland outlet glaciers and their floating ice tongues

has not been assessed. Based on observations from Antarctic ice shelves [Banwell et al.,

2013], supraglacial lake drainages may play a role in calving events from large floating ice

tongues by fracturing and weakening the ice. Further work to measure the occurrence,

volume, and timing of supraglacial lake drainages is required due to the abundance of

floating ice tongues in northern Greenland.
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2.4.1.2 Submarine melt

Alongside the role of surface meltwater induced changes discussed above, rates of subma-

rine melt, primarily along the base of floating ice tongues, is likely to be an important

control on glacier dynamics in northern Greenland. Submarine melt is likely to depend

on both ocean temperature trends and topographic controls, whereby fjord configuration

and depth control the access of sub-surface waters to glacier fronts. Submarine melt may

be further enhanced by submarine meltwater plumes discharged at the grounding line

[Motyka et al., 2003; Jenkins, 2011], where the more buoyant freshwater discharge pro-

motes the circulation of deep warm water towards the grounding line [Motyka et al., 2003,

2011]. Subglacial discharge is considered another primary control on submarine melt rates

[Jenkins, 2011; Xu et al., 2012; Motyka et al., 2013; Sciascia et al., 2013], which could be

strongly influenced by the amount of meltwater produced at the glacier surface and thus

ultimately forced by atmospheric temperature changes.

Across the study region, ocean temperatures have been identified as a key control on

outlet glacier behavior and ice tongue disintegration. In contrast to other areas of the

GrIS, ice loss is thought be dominated by submarine melting on large floating ice tongues

[Reeh et al., 1999; Rignot et al., 2001]. At Nioghalvfjerdsfjorden and Zachariæ Isstrøm,

recent retreat rates may be due to high rates of submarine melt (approx. 6-8 m a−1)

[Rignot et al., 1997]. Similarly, at Petermann and Tracy Glaciers, the intrusion of warm

ocean water beneath floating ice tongues could have contributed to high rates of submarine

melting, reaching up to 25 m a−1 beneath Petermann Glacier [Rignot & Steffen, 2008], and

subsequent ice tongue disintegration [Johnson et al., 2011; Johannessen et al., 2013; Porter

et al., 2014]. At Petermann Glacier, it was hypothesized that warmer ocean waters may

have been a precursor to the large calving event in 2010 [Johannessen et al., 2013], where

basal channels beneath the floating ice tongue underwent the greatest thinning [Münchow

et al., 2014]. Thus, Petermann Glacier’s floating ice tongue is considered vulnerable to

the temperature of relatively warm subsurface water entering the fjord [Johnson et al.,

2011]. We thus suggest the interaction between floating ice tongues and the ocean could

have important implications for submarine-melt induced ice tongue collapse elsewhere

in northern Greenland. However, limited in-situ measurements of submarine melt rates,

ocean temperatures [Thomsen et al., 1997], fjord circulation, and meltwater plumes means

the extent of this process across northern Greenland remains unknown.

Forecasts suggest that ocean temperatures and submarine melt rates are likely to in-

crease with future climate warming [e.g., Collins et al., 2013]. As submarine melt rates

of between 6-25 m a−1 dominate mass loss at several northern Greenland outlet glaciers
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(e.g. Petermann, Nioghalvfjerdsfjorden, and Zachariæ Isstrøm) [Rignot et al., 2001], and

have the potential to greatly influence glacier stability, there is need for improved fjord

temperature data to better estimate submarine melt rates and the role of subglacial melt-

water plumes [Nick et al., 2012]. Systematic measurements of surface mass balance versus

submarine melting and calving are also required to better understand the importance of

these processes of mass loss for many glaciers in northern Greenland. Northern Greenland

glaciers are likely to be particularly vulnerable to ocean warming, due to the presence

of extensive floating ice tongues, with large surface areas susceptible to submarine-melt

induced collapse.

2.4.2 Sea ice influence

Sea ice has previously been identified as an important control on glacier stability and calv-

ing rates, both in Greenland [Joughin et al., 2008b; Amundson et al., 2010] and elsewhere

[e.g., Miles et al., 2016]. Northern Greenland glaciers may be particularly susceptible to

this control, as they have long floating ice tongues, which are likely to be more sensitive

to changes in buttressing provided by sea ice than grounded glaciers [Reeh et al., 2001].

Indeed, this was first hypothesized in northern Greenland by Higgins [1989], who sug-

gested that icebergs discharged from outlet glaciers in this region are held in place by

semi-permanent sea ice for extended periods of time. Northern Greenland is characterized

by multi-year sea ice, which undergoes periodic disintegration events. These are thought

to allow the release of icebergs and to reduce back stress, thus promoting calving events

and glacier retreat [Higgins, 1990; Reeh et al., 2001]. Subsequent studies at Humboldt

[Carr et al., 2015] and Petermann [Johannessen et al., 2013] have partly supported this

theory, although the relationship appears to be more complex. At Petermann, the impact

of sea ice buttressing appears to be less important than surface melt on seasonal velocity

increases [Nick et al., 2012], whilst at Humboldt, icebergs were able to move away from

the terminus, despite the formation of winter sea ice [Carr et al., 2015].

The outlets of the NEGIS are thought to be particularly susceptible to the effects of

sea ice buttressing [Khan et al., 2014]. At Nioghalvfjerdsfjorden, evidence suggests that

sea ice holds icebergs in place at the calving front [Helk & Dunbar, 2014; Reeh et al., 2001],

and that sea ice disintegration led to a large calving event in August 1997 [Reeh et al.,

2001]. 10 km of frontal retreat occurred at Zachariæ Isstrøm during 2002-2003, which

led to the complete loss of its floating ice tongue [Mouginot et al., 2015]. Khan et al.

[2014] linked this to reduced sea ice concentration, due to high atmospheric temperatures,

however, others have suggested it was primarily due to warmer subsurface temperatures
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[Mouginot et al., 2015]. With Arctic sea ice predicted to decrease in the near-future [e.g.,

Collins et al., 2013], there is clear potential for reduced sea ice buttressing on glacier

termini to allow for faster, enhanced ice discharge from the northern regions of the ice

sheet. However, uncertainty remains as to the importance of sea ice buttressing on all

outlet glaciers in northern Greenland. There is therefore a need for more detailed study

of the impact of these processes on glacier retreat and inland ice velocities.

2.4.3 Glacier-specific factors

Across the GrIS, glacier-specific factors (basal topography and fjord geometry) have been

identified as the cause of differing glacier responses to external climatic forcing [Howat

& Eddy, 2011; Enderlin et al., 2013], and research suggests that this is also the case in

northern Greenland [e.g., Carr et al., 2015; Porter et al., 2014]. This section presents

evidence for the effect of glacier geometry, the presence of floating ice tongues, and basal

topography, on outlet glacier dynamics in northern Greenland.

2.4.3.1 Fjord width

Fjord width has been shown to have a strong influence on glacier dynamics [e.g., Jamieson

et al., 2012; Enderlin et al., 2013; Carr et al., 2015]. Fjord width variations can influ-

ence the stability of marine-terminating outlet glacier front positions by either promoting

equilibrium or advance in a narrowing fjord, or rapid retreat in a widening fjord [e.g.,

Benn et al., 2007; Carr et al., 2014]. At Petermann Glacier, the narrow fjord is thought

to hinder the movement of icebergs away from the glacier front, which may facilitate ice

mélange formation, which, also referred to as sikussak, is defined as a mixture of calved

icebergs and sea ice. This mélange may ‘choke’ the fjord with icebergs, which could exert

resistive back-stress on the glacier tongue [Johnson et al., 2011]. This ice mélange has

been identified as a key control on iceberg calving rates elsewhere in Greenland [Amund-

son et al., 2010; Cassotto et al., 2015]. Narrow fjords may also result in more ice contact

with the fjord walls and, consequently, greater lateral drag exerted on the glacier sides

[Raymond, 1996]. These processes may apply to other glaciers in the region, several of

which also terminate in narrow fjords (e.g. Ryder, Steensby, and Hagen Bræ), and there

is large variability in fjord geometries across northern Greenland, ranging from the wide

Humboldt Glacier to the narrow sinuous fjord at Steensby Glacier. Thus, contrasting fjord

widths between glaciers in northern Greenland could contribute to their varying response

to external drivers.
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2.4.3.2 Floating ice tongues

Changes in the floating ice tongues in front of several outlet glaciers in northern Greenland

are another glacier-specific factor which could have influenced past glacier dynamics in

northern Greenland. Table 2.1 highlights glaciers in the region which still have floating ice

tongues and those where they have been lost. Changes in buttressing forces provided by

floating ice tongues can influence glacier velocities [Howat et al., 2007; Nick et al., 2009,

2012]. Floating ice shelf collapse led to increased glacier velocities at the Larsen B ice

shelf in Antarctica [Scambos et al., 2004] and there is potential for this process to occur

at floating ice tongue terminating outlet glaciers in northern Greenland. However, little

increase in velocities at Petermann Glacier [Nick et al., 2012; Johannessen et al., 2013] and

C. H. Ostenfeld Glacier [Joughin et al., 2010b] were found following ice tongue collapse,

suggesting this may not be the case. This is of key consideration in the future, as further

ice tongue retreat at northern Greenland outlet glaciers could substantially increase ice

velocities, although modulated by ice shelf and fjord specific characteristics.

2.4.3.3 Basal topography

In contrast to most of the rest of the ice sheet [Bamber et al., 2013; Morlighem et al., 2014],

a large proportion of northern Greenland rests below sea level and is characterized by deep

fjords beneath outlet glaciers (Figure 2.2b). The regions with the greatest areas below

sea level are at Nioghalvfjerdsfjorden and Zachariæ Isstrøm, Humboldt, and Petermann

Glaciers (Figure 2.2b). At Nioghalvfjerdsfjorden and Zachariæ Isstrøm, the basal trough

extends ∼130 km to the interior of the ice sheet and reaches up to 550 m below sea level

(Figure 2.2b). Evidence from Humboldt Glacier also shows that basal topography can have

a major impact on glacier retreat and ice velocities [Carr et al., 2015]. Here, retreat and

ice velocities are an order of magnitude greater in the northern sector, which is underlain

by a deep basal trough (up to 475 m deep) and an inland-sloping bed. The southern

section, is comparatively shallow (∼220 m deep) and slopes upwards inland [Rignot et al.,

2001; Carr et al., 2015]. Petermann Glacier also has a deep channel that extends to the

interior of the ice sheet [Bamber et al., 2013; Morlighem et al., 2014] which could have a

substantial impact on ice dynamics.

At some of the smaller glaciers in northern Greenland, basal topography has also been

identified as a potentially important control on dynamics. In particular, contrasting basal

topography may have been responsible for the differing rates of retreat at Heilprin and

Tracy Glaciers, where a deeper bed beneath Tracy Glacier allows a greater ice area to
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be subject to warmer ocean waters and associated increased submarine melt rates [Porter

et al., 2014]. Similarly, at Hagen Bræ and Academy Glaciers, deep basal troughs could

be susceptible to ocean warming and linked to glacier instability [Morlighem et al., 2014].

However, an alternative explanation for increased flow velocities at Hagen Bræ, may be the

loss of resistance as the glacier retreated from being in contact with an island pinning point

[Joughin et al., 2010b]. Basal topography is also important at Ryder Glacier, through its

impact on water storage and short-term velocity variations [Joughin et al., 1996b; Abdalati

et al., 2001]. Thus, basal topography is likely to be an important control on observed

glacier retreat and could have important implications for future instability in northern

Greenland.

Of further consideration is the nature of the bed, which can have a key influence on

ice-sheet dynamics. In particular, beneath the NEGIS, a weak, deforming bed has been

suggested responsible for its streaming flow [Joughin et al., 2001; Layberry & Bamber,

2001], similar to that observed at ice streams in Antarctica [e.g., Bindschadler et al.,

2001]. More recent work supports this hypothesis that water-saturated till contributes

to the flow speed on the NEGIS [Christianson et al., 2014]. However, this, alongside the

effect of subglacial geology, remain under-studied in Greenland in contrast to Antarctica

[Walter et al., 2014], and deserves further research.

Differences in bed topography, fjord geometry, and the presence of floating ice tongues

at outlet glaciers across northern Greenland are likely to partly explain the varying re-

sponses in glacier dynamics observed. However, little examination of glacier specific fac-

tors on outlet glacier retreat have been conducted in northern Greenland and we therefore

identify this as a key area for future research.

2.4.4 Glacier surging

Some changes in northern Greenland glacier dynamics may not be driven by climatic

forcing, and instead relate to surge behavior. Whilst the majority of northern Greenland

glaciers have retreated over the last two decades, a number have undergone periods of

advance (Figure 2.7).

Several glaciers within the study region have been previously identified as surge-type

and, based on the evidence presented in this review, we have classified the study glaciers

according to their potential surge likelihood (Figure 2.1). i) Glaciers where surge-type

cycles have been observed are defined as ‘Likely’; ii) Glaciers which have shown surge

characteristics but either have not been referred to as surge-type or have not undergone
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a large surge event (e.g. Ryder) are defined as ‘Possibly’, and iii) glaciers at which no

evidence has been recorded in the literature about surging are classed as ‘No Evidence’.

Eight of the twenty-one glaciers reviewed have been referred to as surge-type within

the literature (Table 2.1: Figure 2.1), although the evidence for surging varies from glacier

to glacier. Harald Moltke Bræ, Brikkerne, Storstrømmen and L. Bistrup Bræ have all

undergone periods of advance, alongside an order of magnitude increase in glacier velocity

[Mock, 1966; Higgins, 1990; Reeh et al., 1994; Seale et al., 2011], and we therefore consider

it likely these are true surge-type glaciers, which fit the above definition (Figure 2.1). A

potential surge event in northern Greenland that received notable research attention was

a ‘mini-surge’ at Ryder Glacier in 1995, during which velocity increased at least three-fold

over a seven-week period [Joughin et al., 1996b]. However, as no further or larger surge

events have been recorded, we deem it ‘Possibly’ surge-type. We assign the same classi-

fication to Hagen Bræ (Figure 2.1). Here, past acceleration has been attributed to surge

behavior, but it is unclear whether surging persists today and recent velocity increases

may instead be attributed to reduced resistive stresses at the terminus, due to retreat

from basal pinning points [Joughin et al., 2010b]. The neighboring Academy Glacier also

experienced an order of magnitude increase in ice velocity between 2000 and 2006 [Joughin

et al., 2010b], which is suggestive of surge behavior [Rignot & Kanagaratnam, 2006]. How-

ever, the glacier continued to retreat during this period, albeit at a reduced rate [Murray

et al., 2015].

As previously stated, glacier surges may either by thermally or hydrologically controlled

[Murray et al., 2003]. At Ryder Glacier, it is likely the mini-surge was hydrologically

induced due to its underlying topography. Two transverse subglacial ridges beneath the

glacier were suggested to have allowed water ponding upstream and, once it reached a

critical pressure threshold, could have initiated the surge [Joughin et al., 1996b, 1999;

Rignot et al., 2001]. However, the drainage of supraglacial lakes and water-filled crevasses

may also have been at least partly responsible for the surge event [Joughin et al., 1996b].

Given recent advances in our understanding of GrIS dynamics [Das et al., 2008; Sole et al.,

2013; Bougamont et al., 2014], we hypothesize that it is unlikely the ‘mini-surge’ event

at Ryder Glacier [Joughin et al., 1996b] satisfies a strict definition [Meier & Post, 1969;

Sharp, 1988] of surging. Instead it may reflect a seasonal speed up event, similar to which

has been seen on the west coast of Greenland [Palmer et al., 2011; Doyle et al., 2015].

Such acceleration events appear to be followed by an extra slowdown [Meier et al., 1994],

which offsets the annual average [Sole et al., 2013]. However, more recent work recorded

substantial glacial advance during several years between 2000 and 2010 [Box & Decker,

2011; Murray et al., 2015], which may suggest surging is continuing at Ryder Glacier.
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Thus it remains unclear whether these advances were internally or externally controlled

and whether Ryder Glacier is of true surge-type requires further study.

Generally, surge-type glaciers have not been systematically identified across Greenland,

apart from in eastern Greenland [Jiskoot et al., 2003; Pritchard et al., 2005]. As such,

large uncertainties remain as to the nature of surge-type glaciers in northern Greenland,

and the possible surge mechanisms have been little-studied. Thus, with several glaciers

in northern Greenland having been referred to as ‘surge type’ there is an important need

for further research to provide a comprehensive account of surge behavior in northern

Greenland and to separate this behavior from changes driven by external forcing.

2.5 Future changes

An important consideration in northern Greenland is the region’s sensitivity to future

climate change. During the period 2081-2100, average Arctic air temperatures are expected

to be 4.2oC warmer than present under Representative Concentration Pathway (RCP) 4.5

and 8.3oC warmer under RCP8.5 [Collins et al., 2013].

As northern Greenland experiences the lowest accumulation rates across the ice sheet

[Goelzer et al., 2013] and warming in these high latitudes is expected to be greatest [Gre-

gory & Huybrechts, 2006], it is likely the northern regions of the ice sheet could be more

sensitive to future climate change. However, this will also be dependent on how much

additional precipitation may be delivered by a warmer atmosphere. Of particular concern

to northern Greenland is that simulations of surface melt show the largest amplification

in northern Greenland [Fettweis et al., 2013], due to reduced sea ice cover as a result of

increased air temperatures [Mernild et al., 2009; Franco et al., 2011]. Recent work has

also shown an exceptional atmospheric ridge led to greater runoff, low albedo, and higher

surface temperatures in the northern regions of the GrIS during 2015 [Tedesco et al.,

2016]. Goelzer et al. [2013] also showed large negative surface mass balance anomalies

to occur around the north coast of Greenland between 2091 and 2100 obtained from a

positive degree day model relative to 1989-2008 reference period. Recent studies in north-

ern Greenland have also suggested that increased temperatures and subsequent enhanced

surface melt have the potential to weaken floating ice tongues [Johannessen et al., 2013].

While several of the glaciers in northern Greenland have shown acceleration and retreat

(Figure 2.7), this is not ubiquitous and ambiguity exists as to the velocity response of

northern Greenland outlet glaciers to ice tongue loss in the future.
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At Petermann Glacier, future projections driven by atmospheric warming (A1B sce-

nario) show the glacier to primarily lose mass by surface melt between 2000 and 2100,

which is in contrast to Helheim and Kangerdlugssuaq glaciers, which instead lose mass via

dynamic mechanisms [Nick et al., 2013]. Further projections between 2100 and 2200, how-

ever, showed dynamic mass losses through increased rates of submarine melt to become far

greater at Petermann [Nick et al., 2013]. Few other studies have considered outlet glacier

response to future climate change at specific outlets in northern Greenland. Thus, sub-

stantial uncertainty remains as to the regions sensitivity to future atmospheric and oceanic

temperature changes. We therefore suggest further consideration of terminus changes, par-

ticularly the loss of floating ice tongues across the entirety of northern Greenland, their

effect on ice dynamics, and their relationship to atmospheric/oceanic temperatures, is

necessary to better understand and predict future changes under a warmer climate.

2.6 Conclusions

Northern Greenland is an important region of the GrIS because it consists of large fast-

flowing marine-terminating outlet glaciers, draining a significant area of the ice sheet

(collectively, around 40% of the ice sheet area is drained by 21 glaciers), of which a large

proportion sits below sea level. This paper reviewed previously published work focusing

on 21 major outlet glaciers in northern Greenland to provide a synthesis of changes in

their dynamics between the late 19th century and 2015, and potential links to changes

in the ocean-climate system. A clear conclusion from this analysis is that all glaciers

have retreated over the last century and that this retreat has accelerated in the last two

decades.Indeed, several glaciers have shown kilometer-scale retreat (> 10 km) over the last

two decades, in particular at Petermann, Hagen Bræ, Tracy, Zachariæ Isstrøm and C. H.

Ostenfeld Glaciers. The flow velocity of a number of outlets has also accelerated during

this period (e.g. Academy and Hagen Bræ). Despite an overall pattern of retreat, however,

we also note variability in glacier response, which likely results from differing sensitivity

to various forcings (e.g. air versus ocean temperatures) and/or local factors, such as fjord

geometry or the presence of floating ice tongues. Indeed, the impact of ice tongue retreat on

glacier velocity remains uncertain because some glaciers experienced enhanced velocities

(e.g. Hagen Bræ), but others showed only a limited response (Petermann and C. H.

Ostenfeld). In addition, dynamic ice discharge in northern Greenland remained relatively

constant throughout the 20th century Kjeldsen et al. [2015], which suggests that some

outlets may have been insensitive to recent retreat. However, the precise links between

retreat and dynamic thinning remain poorly understood in the region. There is also some
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confusion surrounding the possibility of surge-type glaciers in northern Greenland, which

add further complexity when attempting to elucidate the precise drivers of glacier change.

Given the above, large uncertainty surrounding glacier responses to external factors in

northern Greenland remain. While several studies have focused on the major calving event

at Petermann Glacier in 2010, it remains unclear whether this was exceptional or part of

a long-term cyclical trend. Studies of a similar nature, comprising detailed measurements

of frontal retreat and ice velocity are needed for surrounding outlet glaciers in northern

Greenland to improve our understanding of the factors that are forcing recent outlet

glacier retreat in the region. Future work could usefully focus on improving high resolution

data, in particular fjord bathymetry and ocean temperatures, alongside assessing the role

of glacier specific factors (e.g. through numerical modelling), to better understand the

links between climatic-oceanic forcing and local topographic factors. Further work is also

required to systematically classify surge-type glaciers in the region, and help distinguish

externally-driven retreat from internally-driven surge cycles that may not be related to

changes in the ocean-climate system.
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Chapter 3

Dynamic changes in outlet glaciers

in northern Greenland from 1948

to 2015

3.1 Chapter summary

The Greenland Ice Sheet (GrIS) is losing mass in response to recent climatic and oceanic

warming. Since the mid-1990s, tidewater outlet glaciers across the ice sheet have thinned,

retreated, and accelerated, but recent changes in northern Greenland have been compara-

tively understudied. Consequently, the dynamic response (i.e. changes in surface elevation

and velocity) of these outlet glaciers to changes at their termini, particularly calving from

floating ice tongues, is poorly constrained. The primary motivation for this Chapter was

to understand the regional signal of terminus change over long-time scales to assess the

exceptional or cyclic nature of recent glacier change in northern Greenland. This Chap-

ter therefore addresses the second objective of this thesis, and uses satellite imagery and

historical maps to produce an unprecedented 68-year record of terminus change across 18

major outlet glaciers. These data were then combined with previously published surface

elevation and velocity datasets to determine the dynamic glacier response to changes at

the terminus. In addition, this chapter analysed the differences in behaviour depending on

whether the glacier was grounded or floating at the terminus, and the geometric controls

upon glacier sensitivity to terminus change. This Chapter was published as a journal

paper in The Cryosphere in August 2018 (see reference below), in which I carried out all

the analysis, produced all the figures, and wrote the manuscript. Co-authors helped to
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develop the research ideas, and provided editorial input.

Hill, E. A., Carr, J. R., Stokes, C. R. & Gudmundsson, G. H. 2018a Dynamic

changes in outlet glaciers in northern Greenland from 1948 to 2015. Cryosphere 12 (10),

3243–3263

To summarise, recent (1995-2015) retreat rates were higher than at any time in the

previous 47 years (since 1948). Despite increased retreat rates from the 1990s, there was

distinct variability in dynamic glacier behaviour depending on whether the terminus was

grounded or floating. Grounded glaciers accelerated and thinned in response to retreat over

the last two decades, while most glaciers terminating in ice tongues appeared dynamically

insensitive to recent ice tongue retreat and/or total collapse. We also identify glacier

geometry (e.g. fjord width, basal topography, and ice tongue confinement) as an important

influence on the dynamic adjustment of glaciers to changes at their termini. Recent

grounded-outlet glacier retreat and ice tongue loss across northern Greenland suggests

that the region is undergoing rapid change and could soon contribute substantially to sea

level rise via the loss of grounded ice.

3.2 Introduction

Mass loss from the Greenland Ice Sheet (GrIS) has accelerated since the early 2000s,

compared to the 1970s and 80s [Kjeldsen et al., 2015; Rignot et al., 2008], and could

contribute 0.45-0.82 m of sea level rise by the end of the 21st century [Church et al.,

2013]. Recent mass loss has been attributed to both a negative surface mass balance

and increased ice discharge from marine-terminating glaciers [van den Broeke et al., 2016;

Enderlin et al., 2014]. The latter contributed ∼40% of total mass loss across the GrIS

since 1991 [van den Broeke et al., 2016], and increased mass loss was synchronous with

widespread glacier acceleration from 1996 to 2010 [Carr et al., 2017b; Joughin et al., 2010b;

Moon et al., 2012; Rignot & Kanagaratnam, 2006]. Coincident with glacier acceleration,

dynamic thinning has occurred at elevations <2000 m on fast flowing marine-terminating

outlet glaciers [Abdalati et al., 2001; Krabill et al., 2000], particularly in the south-east and

north-west of the GrIS [Csatho et al., 2014; Pritchard et al., 2009]. Alongside thinning and

acceleration, terminus retreat has been widespread since the 1990s [e.g., Box & Decker,

2011; Carr et al., 2017b; Jensen et al., 2016; Moon & Joughin, 2008], and several studies

have identified terminus retreat as a key control on inland ice flow acceleration and dynamic

thinning [Howat et al., 2005; Joughin et al., 2004, 2010b; Nick et al., 2009; Thomas, 2004;

Vieli & Nick, 2011].

53



Chapter 3. Dynamic changes in outlet glaciers in northern Greenland from 1948 to 2015

Ice sheet wide dynamic changes have been linked to 21st century atmospheric/ocean

warming, and the loss of sea-ice [e.g., Bevan et al., 2012; Cook et al., 2014; Holland et al.,

2008; McFadden et al., 2011; Moon & Joughin, 2008]. However, tidewater glaciers can

also behave in a cyclic manner, which is not always directly related to climate forcing

[Meier & Post, 1987; Pfeffer, 2007], but instead relates to their fjord geometry [Carr et al.,

2013b; Enderlin et al., 2013; Howat et al., 2007; Powell, 1990]. These glacier cycles are

characterised by slow periods of advance (up to centuries) followed by rapid unstable

retreat [Meier & Post, 1987; Post, 1975; Post et al., 2011]. Once initiated, terminus

retreat can initiate dynamic adjustments independent of climate and instead modulated

by local outlet glacier geometry and associated resistive stresses. However, differences in

the nature of calving and basal/lateral resistive stresses acting at tidewater glaciers with

either grounded or floating termini can alter their dynamic response to retreat. Continuous

small magnitude calving events and the loss of basal and lateral resistance at grounded-

termini, can prolong the dynamic readjustment at the terminus. In contrast to continuous

calving, large episodic calving events often occur at floating ice tongues, which can decrease

buttressing forces on grounded ice, and also increase driving stress and accelerate ice flow

[e.g., MacGregor et al., 2012]. In the case of floating ice tongues, the response of inland

ice to large calving events depends on the amount of lateral resistive stress provided by

the tongue prior to calving: the loss of portions of ice tongues that are highly fractured

and/or have limited contact with the fjord margins are unlikely to substantially influence

inland ice dynamics.

Most previous work at tidewater glaciers in Greenland has concentrated on the central-

west and south-east regions, and notably at Jakobshavn Isbræ, Helheim, and Kangerd-

lugssuaq Glaciers [e.g., Howat et al., 2005, 2007; Joughin et al., 2004; Nick et al., 2009].

Observations at all three glaciers showed acceleration and surface thinning following ter-

minus retreat. Dynamic changes at Jakobshavn, have been linked to the gradual collapse

of its floating ice tongue [Amundson et al., 2010; Joughin et al., 2008b; Krabill et al.,

2004]. In northern Greenland, several glaciers have thinned [Rignot et al., 1997], accel-

erated [Joughin et al., 2010b], and retreated, losing large sections of their floating ice

tongues between 1990 and 2010 [Box & Decker, 2011; Carr et al., 2017b; Jensen et al.,

2016; Moon & Joughin, 2008; Murray et al., 2015]. Floating ice tongue retreat does not

directly contribute to sea level rise. However, with amplified warming and surface melt

forecast in northern Greenland [Fettweis et al., 2013; Franco et al., 2011; Mernild et al.,

2009], floating ice tongues across the region could soon collapse entirely. As a consequence,

northern Greenland could become a more substantial contributor to dynamic mass loss

and sea level rise. However, fewer studies have focused specifically on northern Greenland,

with the exception of more detailed work at Petermann and the NEGIS [e.g., Khan et al.,
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2015; Nick et al., 2012]. As such, few long-term records of frontal positions exist in the

region, and their potential impact on inland ice flow remains unclear.

Here we present changes in frontal position, ice velocity and surface elevation over the

last 68 years (1948 to 2015) in northern Greenland. We couple a multi-decadal annual

terminus position record between 1948 and 2015 with recently published surface elevation

and ice velocity datasets. We then use these datasets to evaluate dynamic responses (i.e.

acceleration and thinning) to frontal position change and examine disparities in the context

of glaciers with floating or grounded termini. Finally, we assess local topographic setting

(i.e. fjord width and depth) as a control on glacier behaviour.

3.3 Methods

3.3.1 Study region

We define Northern Greenland as the region of the GrIS located north of 77oN (Figure 3.1).

This region drains ∼40% of the ice sheet by area [Hill et al., 2017; Rignot & Kanagaratnam,

2006] and includes 18 major marine-terminating outlet glaciers, which emanate from 14

major catchments (Figure 3.1). Aside from at Petermann Glacier and the NEGIS, little

work has focused on the other glaciers in northern Greenland, where the presence of

floating ice tongues could alter the dynamic response of inland ice to calving events.

Here, we use the ice-ocean mask from the Operation IceBridge BedMachine v3 product

(nsidc.org/data/IDBMG4) to categorise glaciers in northern Greenland based on either

grounded or floating termini [Howat et al., 2014; Morlighem et al., 2017]. We also use the

grounding line in this dataset to assess the location of past ice tongues. Currently, five

glaciers in northern Greenland terminate in floating ice tongues (Figure 3.1), which range

between 0.5 and 70 km long [Hill et al., 2017]. An additional four glaciers have lost their

ice tongues entirely over the last two decades (1995 to 2015). The study region includes a

further nine outlet glaciers, which are grounded at their termini. We note that Humboldt

glacier is classified as grounded as the majority of the ∼100 km long terminus is grounded,

despite a small floating ice tongue in the northern section [Carr et al., 2015].
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Figure 3.1: Study region of northern Greenland. Green circles show the location of each of 18
northern Greenland study outlet glaciers. Average glacier velocities (m a−1) are shown between
1993 and 2015 derived from the multi-year mosaic dataset [Joughin et al., 2010b]. Black outlines
show glacier drainage catchments. Symbols represents the state of the glacier terminus. Stars
show glaciers which currently have floating ice tongues, circles represent glaciers which lost their
ice tongues (during 1995 to 2015), squares denote glaciers which have some previous literature
record of a floating ice tongue, and triangles are glaciers which are grounded at their termini and
have been throughout the study record.

3.3.2 Terminus change

3.3.2.1 Data sources

The terminus positions of 18 study glaciers in northern Greenland (Figure 3.1) were man-

ually digitised from a combination of satellite imagery and historical topographic naviga-

tional charts between 1948 and 2015 (Table 3.1). From 1975 to 2015 we used Landsat 1-5

MSS (1975-1994), Landsat 7 TM (2000-2013) and Landsat 8 (2013-2015). These scenes

were acquired from the United States Geological Survey (USGS) Earth Explorer website

(earthexplorer.usgs.gov). To reduce the influence of seasonal changes in terminus po-

sition, one scene per year was selected from late summer, and 70% were within one month

of the 31st August. Several Landsat MSS images required additional georeferencing and

were georeferenced to 2015 Landsat 8 images, as these have the most accurate georeferenc-
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ing. Early Landsat scenes (1970-1980s) were supplemented with SPOT-1 imagery from

the European Space Agency (ESA) (intelligence-airbusds.com). These scenes cov-

ered 8 of 18 study glaciers in 1986/87, and were also selected from late August. SPOT-1

scenes were also georeferenced to 2015 Landsat Imagery. Additionally, we used aerial pho-

tographs (2 m resolution), which were provided orthorectified by Korsgaard et al. [2016].

These covered all study glaciers between Humboldt east to L. Bistrup Bræ in 1978, and

Harald Moltke Bræ, Heilprin and Tracy Glaciers in NW Greenland in 1985 [Korsgaard

et al., 2016].

To extend the record of glacier terminus positions further back in time, declassified spy

images from the Corona satellite were acquired from the USGS Earth Explorer website

(Table 3.1), which covered 5 of 18 glaciers in 1962/63 and Petermann and Ryder Glaciers

in 1966. These images were georeferenced to a Landsat 8 scene from 2015, with total

RMSE errors of 105 to 360 m. Frontal position changes smaller than this error value were

discounted from the assessment. To further assess the historical terminus positions of the

glaciers we used navigational map charts from the United States Air Force 1:1,000,000

Operational Navigation Charts from 1968/69 (lib.utexas.edu/maps/onc/). These were

made available through the Perry-Castañeda Library, courtesy of the University of Texas

Libraries, Austin. Data from 1948 comes from AMS C501 Greenland 1: 250,000 To-

pographic Series maps distributed by the Polar Geospatial Centre (pgc.umn.edu/data/

maps/). All maps were georeferenced to 2015 Landsat 8 imagery using a minimum of 10

ground control points (GCPs), which were tied to recognisable stationary features such as

on nunataks and fjord walls. RMSE errors across all glaciers ranged between 150 and 510

m.

3.3.2.2 Front position mapping

Changes in glacier frontal positions were measured using the commonly adopted box

method, which accounts for uneven calving front retreat [e.g., Carr et al., 2013b; Howat

& Eddy, 2011; Moon & Joughin, 2008]. For each glacier, a rectilinear box was drawn

parallel to the direction of glacier flow (Figure 3.2), and extending further inland than the

minimum frontal position. Due to Steensby Glacier’s sinuous fjord, a curvilinear box was

used [see Lea et al., 2014]. Glacier frontal positions were digitised in sequential images and

the difference between successive terminus polygons give area changes over time within

the box. Dividing these areas by the width of the reference box derives width-averaged

relative glacier front positions.
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Aside from georeferencing errors outlined in the previous section, the main source of

error was attributed to manual digitisation [e.g., Carr et al., 2013b; Howat & Eddy, 2011;

Moon & Joughin, 2008]. We quantified this by repeatedly digitising a ∼3 km section of

rock coastline 20 times for each image type or map source. The resultant total mean

errors were: 3.6 m for Landsat 8, 19 m for Landsat 7 ETM, 17 m for Landsat MSS, 20

m for SPOT-1, 16 m for Orthophotographs, 21 m for Corona, and 27 m for historical

maps. Overall, the mean total error associated with manual digitising was 19 m, which is

below the pixel resolution of all imagery sources except the 15-m panchromatic Landsat

band. The presence of sea ice and highly fractured glacier termini made terminus picking

at Steensby, C. H. Ostenfeld and glaciers draining the NEGIS more difficult [Bevan et al.,

2012; Howat & Eddy, 2011; Murray et al., 2015]. Re-digitising all 1999-2015 Landsat

terminus positions yielded additional errors of ± 13% for these glaciers. At these glaciers,

similar inaccuracies in identifying the true glacier terminus may have occurred by the

authors of the earliest map charts (1948 and 1969), and we therefore consider these to be

a broad estimate of the past location of glacier termini rather than exact frontal positions.
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Figure 3.2: Rectilinear box method used to measure glacier terminus positions. An example at
Harald Moltke Bræ, NW Greenland. This includes: reference box (pink), and roughly decadal
terminus positions (green to red). The glacier centreline profile is shown in white and the location
of 500 m sample points (white circles). Background image is Landsat 8 band 8 from the USGS
Earth Explorer.
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3.3.2.3 Changepoint analysis

‘Changepoint’ analysis can be used to objectively identify significant breaks in time series

data at which a statistical property of the data changes suddenly[Bunce et al., 2018; Carr

et al., 2017a]. Here we used changepoint analysis to detect statistically significant breaks

in the time-series (1948 to 2015) of terminus position change for each of the 18 study

glaciers in northern Greenland. We then compare the timing and duration of these breaks

to determine if distinct patterns of terminus change behaviour exist based on terminus

type (grounded or floating). To do this we use the ‘findchangepts’ function in MATLAB

software which employs the methodology of Killick et al. [2012] and Lavielle [2005]. This

tool allows for automatic detection of when a change point occurs, without giving the

algorithm any prior knowledge about when we are expecting a change to occur. It does so

by splitting the time series into two at a point and then estimating the statistical prop-

erty e.g. mean either side of that point. Then at each data point either side of this,

the algorithm determines how much the value deviates from the statistic of choice and

calculates the residual error. This process is repeated until the minimum total residual

error is found, at which point a significant change is identified. Firstly, changepoint anal-

ysis requires continuous data, so we filled missing data points using the nearest neighbour

method. Similar to Carr et al. [2017a] we then chose to determine change points using lin-

ear regression. This approach detects significant breaks in the continuous frontal position

time where there was a significant change in the mean and regression coefficients (slope

and intercept) of the linear regression equation on either side of a data point. In addition,

to allow for the fully automatic estimation of the number of changepoints, we included a

minimum threshold penalty value, which we set as the mean terminus position for each

glacier. This penalty only allows a changepoint to occur when the time-series deviates

significantly from the threshold value. Using these automatically-identified changepoints

we can determine if statistically different changes in the rate of terminus position change

exists for study glaciers in northern Greenland according to their terminus type.

Changepoint analysis lets us identify significant breaks in the frontal position time

series for each glacier. Using these breaks and the frontal position data we qualitatively

identify distinct patterns of behaviour (see Figure 3.3) that align with the different ter-

minus types. Category 1 displays periods of minimal frontal retreat, or in some cases

minimal advance, followed by a period of steady and continuous glacier retreat (average =

-150 m a−1). The second category shows that the majority of glacier experienced minimal

frontal position change, followed by a switch to a period of short-lived high magnitude

rapid retreat (average = -5500 m a−1). To ensure that these categories of terminus be-

haviour were distinct, we use a two-paired t-test between glacier retreat rates during these
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Figure 3.3: Schematic diagram of terminus position behaviour in northern Greenland. Two cat-
egories of behaviour determined from changepoint detection, which align to the differences in
terminus type. The first (a) is an example of a glacier front position switching from minimal ter-
minus change to a period of steady terminus retreat (grey), the second (b) shows a glacier which
undergoes a period of rapid retreat (grey) after minimal terminus change.

respective periods of steady or rapid retreat (categories 1 and 2 respectively). Retreat

rates between these categories are significantly different to a 99% confidence level (p-value

0.009), supporting the distinct nature of these models of terminus behaviour.

3.3.3 Ice velocity and surface elevation

Previously published datasets of annual ice velocity and surface elevation change were

compiled to assess dynamic glacier changes in northern Greenland. Velocity and surface

elevation change datasets are generally only available from 1990 onwards. The earliest

velocity maps from winters 1991/92 and 1995/96 were acquired from the European Re-

mote Sensing (ERS) satellites (1 and 2), as part of the ESA GrIS CCI (Climate Change

Initiative) project [Nagler et al., 2016]. The earlier (1991/92) covers northern Greenland

drainage basins from Humboldt and then east to Hagen Bræ, and the later (1995/96)

covers all 18 study glaciers. Using dataset error maps we estimated average errors in ve-

locity magnitude across all northern Greenland drainage basins, which were 2.5 m a−1 for

1991/92 and 10 m a−1 for 1995/96.

Subsequent velocity datasets were primarily acquired from the NASA MEaSUREs

program [Joughin et al., 2010b]. These velocity maps were derived from 500 m resolution
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Interferometric Synthetic Aperture Radar (InSAR) pairs from the RADARSAT satellite in

winter 2000/01, and then annually from winter 2005/06 to 2009/10 [Joughin et al., 2010b].

Using the dataset error values [Joughin et al., 2010b], we estimate mean velocity errors

across all years and study drainage catchments to be 6.3 m a−1. For 7 study glaciers,

additional annual velocity data, derived from ERS1, ERS2 and Envisat satellites, were

available annually between 1991/92 to 1997/98 and between 2003/04 to 2009/10 from the

ESA Greenland CCI project [Nagler et al., 2016]. Winter velocities from these data were

calculated from October to April.

For the winters of 2010/11, 2011/12 and 2012/13, glacier velocity maps were also

acquired from InSAR (TerraSAR-X image pairs) for 11 of 18 study glaciers [Joughin

et al., 2010b]. Despite higher spatial resolution (100 m), these maps are limited to the

grounding line and extend 27-56 km inland. Mean error for these data is 23 m a−1 across

all years [Joughin et al., 2010b]. Winter velocities for 2013/14 were derived from intensity

tracking of RADARSAT-2 satellite data, and from offset tracking of Sentinel-1 radar data

for 2014/15 and 2015/16, as part of the ESA CCI project [Nagler et al., 2016]. The

published mean error of these data from a central section of northern Greenland is 7.3 m

a−1 [Nagler et al., 2015]. Using the earliest full regional velocity map (1995/96) and the

most recent record (2015/16), the rate of annual velocity change was calculated over this

20-year period.

We use surface elevation change data from ERS-1, ERS-2, Envisat, and Cryosat-2

radar altimetry for 1992 to 2015, which were made available by the ESA’s GrIS CCI

project [Khvorostovsky, 2012; Simonsen & Sørensen, 2017; Sørensen et al., 2015]. Data

from 1992 to 2011 were acquired from the ERS-1, ERS-2 and Envisat satellites, using a

combination of cross-over and repeat track analysis, which have then been merged to create

a continuous dataset across satellites [Khvorostovsky, 2012]. These data are provided in

5-year running means from 1992-1996 to 2007-2011 and at a resolution of 5 km. For

the most recent elevation change (2011 to 2015), we used Crysosat-2 satellite elevation

change which are provided in 2-year means [Simonsen & Sørensen, 2017]. These data were

generated using the Least Mean Squares method, where grid cells were subtracted from

the Greenland Ice Mapping Project (GIMP) DEM [Howat et al., 2014] and corrected for

backscatter and leading edge width [Simonsen & Sørensen, 2017]. Calculations were made

at a 1 km grid resolution and resampled to 5 km to conform with 1992-2011 datasets

[Simonsen & Sørensen, 2017]. Using error estimates [Simonsen & Sørensen, 2017], we

calculated mean errors across all years and across all northern Greenland drainage basins

to be ±0.14 m a−1. Elevation changes from 1992-1996 were compared to elevation changes

for 2014-2015 to assess how changes in surface elevation have evolved during the study
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period.

Velocity and surface elevation time series were extracted along each glacier centreline,

which were drawn following Lea et al. [2014]. To draw these centrelines we first calcu-

lated euclidean distance between parallel fjord walls that were digitised in 2015 Landsat

8 imagery. The maximum distance line (i.e. centreline) was then traced from the furthest

terminus extent back to the inland end of the glacier fjord. Annual average velocities

were calculated within 5 km inland of the grounding line of each glacier, and elevation

change rates were averaged across the entire centreline profile due to poorer/coarser data

resolution (Figure 3.2).

3.3.4 Fjord width and basal topography

To assess the control of fjord geometry on outlet glacier behaviour we calculate fjord width

and depth. Fjord width was measured perpendicular to glacier centrelines following Carr

et al. [2014]. Points were extracted at 500 m intervals along each fjord wall and joined by

lines that crossed the fjord. The length of these lines is the width between the fjord walls,

and changes along each fjord were fitted with a linear regression model to determine if

the fjord widens or narrows with distance inland. To determine the fjord bathymetry of

each study glacier in northern Greenland, regional basal topography was taken from the

Operation IceBridge BedMachine v3 dataset which is derived from ice thickness and mass

conservation [Morlighem et al., 2017]. Basal topography was sampled at 500 m points

along glacier centrelines. Using the error map from BedMachine v3 (Figure A.2), we

calculated errors along the grounded and non-grounded portions of each glacier centreline

profile (Table A.1 in Appendix A). Mean grounded bed topography errors at 14 of 18

study glaciers range between 25 and 87 metres. These glaciers are well constrained by

the mass conservation method, which works best for fast flowing areas near the glacier

terminus [Morlighem et al., 2014, 2017]. The remaining four glaciers (Storstrømmen, L.

Bistrup Bræ, Kofoed-Hansen Bræ, and Brikkerne Glacier) have higher errors (from 112 to

215 m), owing to poor data coverage and kriging interpolation [Morlighem et al., 2017].

Mean errors in bathymetry data are greater at all glaciers, averaging 156 metres and

ranging from 15 to 283 m. To assess bed slope direction, we fit each glacier profile from

the grounding line to 20 km inland with a linear regression model. These sections of

each bed profile and model fit are presented in Figure A.1, while entire bed profiles, and

landward/seaward direction are presented in the results. Errors in basal topography do

not significantly affect the assessment of bed slope direction, and we only use topography

along the grounded portion of the glacier where errors are lowest. We treat basal profiles
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in the far east of the study region with caution due to their higher errors. Finally, to

estimate drainage catchment areas and the percentage of each catchment below present sea

level for each study glacier, surface drainage catchments (Table 3.4) were delineated using

the GIMP surface DEM [Howat et al., 2014] and topographic analysis functions within

TopoToolbox in MATLAB [Schwanghart & Kuhn, 2010]. We calculated each drainage

area using catchments constrained by gradients in the surface DEM.

3.4 Results

3.4.1 Changes in glacier frontal position (1948-2015)

Across northern Greenland, 13 of the 18 study glaciers underwent net retreat between 1948

and 2015, while the remaining five advanced (Figure 3.4). However, long-term frontal re-

treat rates (1948-2015) varied between glaciers across northern Greenland (Table 3.2),

and ranged from -15 m a−1 at Marie-Sophie Glacier, to twenty times greater at Peter-

mann Glacier (-311 m a−1). At outlet glaciers in northern Greenland, we expect terminus

changes and dynamic response to be different dependent on terminus type (i.e. floating

or grounded). Nine outlet glaciers were grounded at their terminus throughout the study

period, while at the end of the study period another nine still had ice tongues or lost them

during the last two decades (1996 to 2015: Figure 3.1, Table 3.2). Statistical changepoint

analysis compared the duration and magnitude of frontal position changes at all study

glaciers: this confirms that, in general, there are two different types of frontal position

behaviour and dynamic response to calving based on terminus type (grounded or floating).

In addition to the long-term record of frontal position change (1948-2015), we further

assess the variability of retreat rates across northern Greenland, by presenting mean retreat

rates across five decadal time periods (1976-1985, 1986-1995, 1996-2005, 2006-2015) in

Figure 3.5 (a-e), except for the earliest epoch (1948-1975) which spans 27 years due to

image availability. We also present mean decadal frontal position change based on terminus

type in Table 3.3. During the first epoch (1948 to 1975) small advances and retreats took

place across the region (< 500 m a−1 magnitude). This was followed by a decade (1976-85)

dominated by glacier advance, in particular at glaciers with floating ice tongues (Table

3.3), which had high retreat rates when averaged over the entire study period (e.g. Hagen

Bræ, Zachariæ Isstrøm, Petermann: Table 3.2). In the subsequent epoch (1986 to 1995),

a mixture of advance and retreat occurred and the range of frontal position changes was

great, from -780 m a−1 retreat at C. H. Ostenfeld to 750 m a−1 advance at Storstrømmen
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Figure 3.4: Overall mean rate of terminus change (m a−1) at 18 outlet glaciers in northern Green-
land from 1948 to 2015. Green circles represent glaciers which have undergone overall advance
during the record, while yellow to red circles represent increasing retreat rates from 0 to larger
than -300 m a−1

(Figure 3.5c). During the last two decades of the study period (1996 to 2015), retreat rates

were substantially higher than in the previous three epochs. However, variability in the

magnitude of frontal position change over this period appears to be particularly related

to terminus type (grounded or floating). Decadal mean retreat rates at glaciers with ice

tongues (-745 to -835 m a−1) were substantially higher than at grounded-outlet glaciers

(-99 to 165 m a−1: Table 3.3). Based on the differences in terminus behaviour observed

over the long-term and decadal time series based on terminus type (grounded or floating),

we now treat these as separate categories for the remainder of the results, during which

we describe short-term trends derived from the changepoint analysis (Figure 3.6).

65



Chapter 3. Dynamic changes in outlet glaciers in northern Greenland from 1948 to 2015

North Greenland Terminus change Velocity change Difference in surface
outlet glaciers (1948-2015) (1995/96-2015/16) elevation change rates

(m a−1) (m a−1) (1992-1996 and
2014-2015) (m a−1)

G
ro

u
n
d
e
d

te
rm

in
u
s Tracy −173 36.8 −0.11

Kofoed-Hansen Bræ −169 −0.06 0.12
Harald Moltke Bræ −156 22.6

Humboldt −111 0.32 −0.51
Heilprin −45 7.16 −0.15

Academy −31 −4.87 −0.97
Harder −25 0.58 −0.89

Marie-Sophie −15 1.03 −0.43
Brikkerne 82 −2.56

F
lo

a
ti

n
g

ic
e

to
n
g
u
e Petermann −311 3.78 −1.34

Zachariæ Isstrøm −282 20.3 −2.98
Hagen Bræ −162 6.45 −0.83

C.H. Ostenfeld −58 2.96 −1.26
Nioghalvfjerdsfjorden −28 1.62 −1.99

Steensby 2 2.59 −0.33
L.Bistrup Bræ 39 −3.89 0.57
Storstrømmen 41 −1.11 −0.18

Ryder 43 −0.08 0.47

Table 3.2: Mean decadal frontal position change for all study outlet glaciers in northern Greenland,
and split based on our two glacier categories of terminus type: grounded terminus or terminating
in a floating ice tongue.

3.4.2 Frontal position change according to terminus type

Grounded-terminus outlet glaciers

Calving-induced retreat of grounded marine-terminating outlet glaciers, contributes to

dynamic mass loss and directly to sea level rise. At grounded outlet glaciers in northern

Greenland (nine of the study glaciers: Figure 3.6), retreat rates increased substantially

during the last two decades (1996 to 2015) of the study period. At the beginning of the

record, grounded outlet glaciers went through an initial period of minimal frontal position

change averaging -26 m a−1 and ranging from +24 m a−1 advance at Kofoed-Hansen Bræ to

-105 m a−1 retreat at Tracy Glacier (Figure 3.6). Frontal position change then switched to

a period of higher magnitude retreat at eight glaciers (excluding Brikkerne), which lasted

for an average of 26 years. During this period, frontal position change averaged -150 m a−1,

and net retreats ranged from -0.6 to 8 km. The greatest total terminus changes took place

at Tracy Glacier (8 km retreat: 1981-2015), Harald Moltke Bræ (5 km retreat: 1988-2015),

and Kofoed-Hansen Bræ (4.6 km: 1973-2015: Figure 3.7a-c). The timing of this switch

from minimal change to steady retreat was not uniform, but most glaciers began steadily

retreating from the 1990s to 2000s and continued at the same rate thereafter (Figure 3.6).

The exception to this pattern of behaviour is Brikkerne glacier, which instead advanced by
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Figure 3.5: Mean decadal rates of terminus change across northern Greenland. These are shown for
five epochs between 1948 and 2015. Increasing red circles represent glacier retreat rates between 0
and exceeding -1000 m a−1. Increasing blue circles represent advance rates between 0 and exceeding
+1000 m a−1.

9 km between 1968 and 1978 before returning to minimal terminus change (Figure 3.7i).

67



Chapter 3. Dynamic changes in outlet glaciers in northern Greenland from 1948 to 2015

Figure 3.6: Retreat rates during identified periods of either minimal frontal position change or
periods of either steady or rapid retreat and displayed by either grounded or floating termini.
Glaciers are then ordered based on their overall (1948-2015: Table 3.2) frontal position change
rates within each of these categories. Grey bars show their periods of minimal/variable terminus
change (in some cases advance) and turquoise bars show the period of higher magnitude frontal
position change.

Glaciers with floating ice tongues

The retreat of floating glacier termini can reduce the resistive stresses at the terminus

and increase the dynamic glacier response to calving. Rapid retreat in the form of large

episodic calving events removed substantial floating ice sections (11.6-26 km net retreat:
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Mean terminus 1948–1975 1976–1985 1986–1995 1996–2005 2006–2015
change (m a−1)
All (n = 18) −63.65 503.36 −7.83 −454.99 −467.06
Grounded (n = 9) −167.35 93.87 −112.07 −164.50 −99.23
Floating (n = 9) 40.05 912.84 126.19 −745.49 −834.88

Table 3.3: Mean decadal frontal position change for all study outlet glaciers in northern Greenland,
and split based on our two glacier categories of terminus type: grounded terminus or terminating
in a floating ice tongue.

Figure 3.8) from several northern Greenland outlet glaciers (Zachariæ Isstrøm, Petermann

and Steensby, C. H. Ostenfeld, and Hagen Bræ) between 1995 and 2015. However, frontal

position changes at some glaciers with floating ice tongues were instead cyclic. At the

beginning of the study period, six of the nine study glaciers with floating ice tongues

showed minimal terminus change/advance (93 m a−1), followed by short-lived rapid re-

treat, lasting less than 6 years on average (Figure 3.6). During the phases of rapid retreat,

rates ranged between -700 m a−1 at Nioghalvfjerdsfjorden to -8997 m a−1 at Petermann

Glacier (Figure 3.6), and were on average 40 times greater (-4536 m a−1) than during

the steady retreat phases at glaciers grounded at their terminus (-150 m a−1). During

this period, large calving events led to complete ice tongue loss at Zachariæ Isstrøm by

2011/12, and at C. H. Ostenfeld, Steensby and Hagen Bræ by 2016 (Figure 3.8). Rapid

retreat was often followed by another period of relative minimal terminus change (-437 m

a−1) compared to order of magnitude earlier retreat (e.g. Petermann Glacier and Hagen

Bræ: Figure 3.6). Similar to glaciers with grounded-termini, the timing of the switch to

rapid retreat was not synchronous, but mainly occurred after 1990 (Figure 3.6). At most

glaciers, the duration of rapid retreat was short-lived (< 5 years) in comparison to the

duration of steady retreat (> 13 years) at grounded-glaciers.

Several glaciers with floating ice tongues (Storstrømmen, L. Bistrup Bræ, and Ryder)

have instead shown cyclic periods of advance and retreat between 1948 and 2015 (Figure

3.8g-i). Periods of terminus advance at these glaciers averaged ∼420 m a−1 and lasted for

an average of 18 years (Figure 3.6). Adjacent glaciers Storstrømmen and L. Bistrup Bræ

advanced during a similar period (from 1973 to 1990), and for ∼13-17 years. After this,

both glaciers underwent relatively limited terminus change from 2000 onwards (Figure

3.6). Despite synchronous advance, their advance rates differed by almost an order of

magnitude (89 m a−1 at L. Bistrup Bræ, and 725 m a−1 at Storstrømmen, Figure 3.6).

At Ryder Glacier, there were four main cycles of glacier advance and retreat during the

record. These took place between 1948-1966, 1968-1986, 1999-2006, and 2008-2015 and

advance rates ranged from 183 to 750 m a−1 (Figure 3.6). Periods of advance (7-48 years)

were separated by shorter periods (2-13 years) of higher magnitude retreat (ranging from

-960 to -1950 m a−1) (Figure 3.6).
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Figure 3.7: Front position, velocity and elevation change at nine outlet glaciers grounded at their
terminus in northern Greenland. Left axes show relative front position (black line) between 1948
and 2015 relative to their initial position in 1948. Grounding line velocities (purple) on right axes
one between 1996 and 2015. Surface elevation changes averaged across the glacier centreline profile
(green) for 1996 to 2015.

3.4.3 Ice velocity change

Grounded-terminus outlet glaciers

Overall, most grounded outlet glaciers in northern Greenland accelerated along their cen-

treline profiles (ranging from 0.32 to 37 m a−1) from 1996 to 2016 (Table 3.2). Acceleration

at these glaciers was also greatest (averaging 27%), during periods of steady retreat (Fig-

ure 3.6). This was particularly the case in northwest Greenland at Heilprin, Tracy, and

Harald Moltke Bræ. At Heilprin Glacier this resulted in a 49% increase (from 458 to

681 m a−1) in grounding line velocity from 2001 to 2016 (Figure 3.7e), during which the

glacier retreated at -110 m a−1 (Figure 3.6). Substantially greater acceleration (89%) took

place at Tracy Glacier from 1996 to 2016 (Figure 3.7a), which was associated with higher

magnitude retreat rates (-263 m a−1: Figure 3.6). Harald Moltke Bræ also accelerated

between 1990 and 2016 (22 m a−1: Table 3.2), and retreated at -196 m a−1 (Figure 3.6).

However, it underwent two very large velocity increases (> 1000 m a−1) between 2001 and
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2006 and again during winter 2013/14, both of which coincided with short-lived glacier

advance (0.5-0.8 km: Figure 3.7c). Slower flowing grounded outlet glaciers in the region (<

400 m a−1: Humboldt, Harder, and Marie-Sophie Glaciers) also accelerated by 27-108%

during steady retreat (Figure 3.7). By contrast, some grounded-terminus outlet glaciers

did not show substantial acceleration following retreat: Kofoed-Hansen Bræ and Academy

Glacier had sustained periods of steady retreat, but showed no net trend in velocity and

high variability (Figure 3.7b,f), which did not coincide with periods of increased retreat

rates (Figure 3.6). Brikkerne Glacier decelerated from 1996 to 2016, while the terminus

position changed little (Figure 3.7i).

Glaciers with floating ice tongues

Despite major retreat episodes and ice tongue disintegration, most glaciers in northern

Greenland that terminate in floating ice tongues (except Zachariæ Isstrøm) showed min-

imal net velocity change between 1996 and 2016 (Table 3.2). In contrast to grounded-

outlet glaciers, the velocity response to retreat was also more variable between individual

glaciers. However, we identify two main patterns in velocity change following periods of

rapid retreat: 1) short-lived, minimal glacier acceleration, followed by some deceleration,

2) continuous acceleration following initial terminus retreat. The first pattern of velocity

change encompasses seven of nine glaciers with floating ice tongues, the clearest examples

of which are at C. H. Ostenfeld, Hagen Bræ, Petermann Glacier and Steensby Glacier.

In all cases, rapid ice tongue retreat was followed by short-lived (< 3 year) low magni-

tude (<8% acceleration, but ∼25% at Steensby) grounding-line acceleration. After retreat

ceased, ice flow decelerated, ranging from 2% at Petermann to 28% at Hagen Bræ. In

addition, prior to rapid retreat some glaciers advanced. In the year preceding rapid retreat

(2005 to 2006), Hagen Bræ showed higher magnitude acceleration (∼52%) alongside some

glacier advance. This was also the case at Ryder Glacier, which showed cyclic behaviour,

of grounding line acceleration (∼8%: 4.7-5.5 m a−1) during both 7-year periods of ter-

minus advance, followed by deceleration (11%) during high magnitude retreat (∼2 years)

in-between periods of advance. Storstrømmen and L. Bistrup Bræ also show evidence

of some acceleration immediately following retreat, later followed by deceleration (Figure

3.8h.i) from 2010 to 2016. However, in contrast to most tidewater glaciers which flow

fastest at their terminus, velocities at both glaciers are fastest inland, and decrease with

distance towards the terminus (Figure 3.9). Grounding line terminus velocities accelerated

by 350% and 150% at Storstrømmen and L. Bistrup Bræ throughout the record (1996 to

2016: Figure 3.8); and velocities ∼20-40 km inland decelerated by 10-15 m a−1 (> 54%).
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Figure 3.8: Front position, velocity and elevation change at nine outlet glaciers which terminate
in floating ice tongues in northern Greenland. Left axes show relative front position (black line)
between 1948 and 2015 relative to their initial position in 1948. Grounding line velocities (purple)
on right axes one between 1996 and 2015. Surface elevation changes averaged across the glacier
centreline profile (green) for 1996 to 2015.

The second pattern of velocity change occurred at both glaciers draining the NEGIS

where ice tongue retreat was followed by gradual glacier acceleration in the subsequent

decade (2006 to 2016: 43% at Zachariæ Isstrøm and 10% at Nioghalvfjerdsfjorden). This

prolonged glacier acceleration following retreat, is more similar to patterns observed on

grounded termini, rather than the other floating tongues. Further, the removal of the

entire ice tongue at Zachariæ Isstrøm in 2011/12 was followed by glacier acceleration (125

m a−2: 2012 to 2016, Figure 3.8g), whereas other glaciers (e.g. C. H. Ostenfeld and

Hagen Bræ) underwent a similar collapse, but changes in velocities were limited. Despite

this behaviour in the northeast of the study region, the majority of glaciers in northern

Greenland showed negligible acceleration in response to retreat and/or collapse of their

floating ice tongues.
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3.4.4 Surface elevation change

Grounded-terminus outlet glaciers

Alongside continuous retreat and acceleration at outlet glaciers with grounded-termini,

thinning rates increased between 1992-1996 and 2014-2015 (Table 3.2). In most cases,

surface lowering was synchronous with the start of their steady retreat (Figure 3.7). Ex-

amples of this were at Marie-Sophie and Academy Glaciers, where small increased thinning

or reduced thickening rates (1999 to 2000: Figure 3.7f,h), were followed by high retreat

rates in the following years at both Marie-Sophie (-130 m a−1: 2001 to 2004) and Academy

Glacier (-205 m a−1: 2001 to 2003). Periods of greater retreat (2001 to 2003/04) were

followed by dramatically increased thinning rates at both glaciers to -0.3 m a−1 (Academy)

and -0.16 m a−1 (Marie-Sophie: Figure 3.7f,h). Thinning rates similarly increased strongly

from -0.19 m a−1 to -0.78 m a−1 at Humboldt Glacier from 1996-2005 to 2005-2012, which

coincided with increased retreat rates (-98 to -160 m a−1: Figure 3.7d). Limited data

prevent us from commenting in depth on elevation changes at glaciers in NW Greenland.

However, the few years of data available at Harald Moltke Bræ show increased thinning

between 2012 and 2015, coincident with retreat (Figure 3.7c). Within this record lies an

anomalous year of reduced thinning rates (2013 to 2014), which were coincident with an

order of magnitude increase in velocity (∼1000 m a−1) and 0.8 km terminus advance.

Glaciers with floating ice tongues

In general, glaciers with floating ice tongues had higher thinning rates than grounded

termini from 1992-1996 to 2014-2015 (Table 3.2), and were characterised by short-lived

increases in thinning rates following ice tongue retreat. In several cases (e.g. Peter-

mann, Hagen Bræ, and Zachariæ Isstrøm), slight thickening occurred before ice tongue

retreat/collapse, followed by a switch to thinning immediately before large calving events

(Figure 3.8). For example, Petermann Glacier switched from negligible thickening in 2008

(0.03 m a−1) to thinning (-0.22 m a−1) in 2009, before the removal of 27 km of floating ice

in the following three years (2010 to 2013: Figure 3.8a). At Zachariæ Isstrøm a switch to

thinning was synchronous with the onset of rapid retreat in 2003 (Figure 3.8b), although

thinning rates were greater once the entire ice tongue was lost (2011 to 2012). During

or immediately after floating ice tongue retreat, thinning rates increased from minimal

change (< -0.2 m a−1 thinning) to -0.8 m a−1 at Petermann Glacier (2010 to 2013), -1.7 m

a−1 at Hagen Bræ (2007/11 to 2012/13), and -2 m a−1 at Zachariæ Isstrøm (2011/12 to

2012/13: Figure 3.8). This increased thinning was also coincident with acceleration during
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the years following ice tongue removal (Figure 3.8). Other glaciers showed more gradual

and smaller increases in thinning rates (Figure 3.8). For example, at C. H. Ostenfeld the

removal of 21 km of floating ice between 2002 and 2003 was followed by a steady and low

magnitude increased thinning rates at a rate of -0.15 m a−1 from 2006 to 2014 (Figure

3.8d). In this case, velocity increases alongside increased thinning rates were also gradual,

but minimal in comparison to other glaciers. Ryder Glacier also showed increased thinning

rates prior to retreat (2005-2006) but was followed by a rapid switch to thickening as ice

flow accelerated, and the calving front advanced (Figure 3.8i).

Two glaciers with floating ice tongues in northeast Greenland showed a different pat-

tern of elevation change to the rest of the region: Storstrømmen and L. Bistrup Bræ

thinned at the glacier terminus and thickened inland from 1996 to 2015 (Figure 3.9). Pe-

riods of glacier advance (∼1970s-80s) at both Storstrømmen and L. Bistrup Bræ preceded

the earliest record of elevation change and, following this, their terminus positions under-

went minimal change (Figure 3.6). Between 1996 and 2015, inland elevation change was

minimal (Figure 3.9), whereas greater thinning took place at the terminus. Large retreat

events of 2.1 km at Storstrømmen and 0.7 km at L. Bistrup Bræ between 2011 and 2013

coincided with increased terminus thinning rates of -0.8 m a−1 at Storstrømmen (2011

to 2012) and -1.76 m a−1 at L. Bistrup Bræ (2011 to 2013: Figure 3.9). These spatial

patterns of elevation change were synchronous with velocity variations: deceleration and

thickening occurred inland, while acceleration, thinning, and retreat were synchronous at

the terminus (Figure 3.9).

3.4.5 Topographic factors

Grounded-terminus outlet glaciers

Distinct variability in glacier geometry exists between individual outlet glaciers in northern

Greenland. At many outlet glaciers with grounded termini (Harald Moltke Bræ, Heilprin,

Tracy and Humboldt), deep inland sloping beds are associated with higher retreat rates

(averaging -121 m a−1), and greater increases in velocity (Table 3.2). These glaciers rest

between -33 and -370 m below sea level (Figure 3.10) and appear to have been retreating

down steep bed-slopes (Figure A.1) away from topographic ridges at the end of their fjords

(Figure 3.10). However, variability in fjord width (widening/narrowing) does not appear

to be a main determinant of higher retreat rates (Table 3.4). Additionally, some grounded

outlets (Harder, Academy, and Marie-Sophie) have shallower seaward sloping topography

which correlated with lower magnitude retreat rates (-24 m a−1: Table 3.2).
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Figure 3.9: Annual surface elevation change, annual velocity and surface/bed topography for two
outlet glaciers in northeast Greenland: Storstrømmen (a) and L. Bistrup Bræ (b). Blue to green
coloured lines represent annual surface elevation through time (1992-96 to 2014-15) and yellow
through to red lines represent annual winter velocity from 1991/92 to 2015/16.

Glaciers with floating ice tongues

Basal topography beneath floating ice tongues does not impact on their dynamic response

to retreat. Instead, we examine bed topography inland of the grounding line, which may

have implications for grounding line retreat and associated instability once ice tongues

collapse. Deeper bed topography (-73 to -1000 m below sea level: Figure 3.11) exists at

floating ice tongues, and most (seven of nine) also have inland sloping topography within

20 km of their grounding lines (Table 3.4). Unlike grounded outlet glaciers there is no

obvious link to higher retreat rates or fjord widths between these glaciers. However, the

current grounding line position along glacier bed profiles appear to be associated with

differences in the dynamic response of glaciers to either large calving events or entire ice

tongue collapse. Grounding line positions at Petermann, C. H. Ostenfeld and Hagen Bræ,

rest on relatively flat topography (Figure 3.11a,c,d), rather than retrograde slopes. In all

cases, either large calving events at Petermann Glacier or entire ice tongue collapse at
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Figure 3.10: Basal topography from Operation IceBridge BedMachine v3 [Morlighem et al., 2017]
beneath nine study glaciers with grounded termini in northern Greenland. Red points represent the
position of the terminus/grounding line at each glacier from our most recent record of their terminus
position (2015). Black lines are glacier centreline profiles. Profile plots show basal elevations along
each glacier centreline profile and solid red lines nearest to zero show the terminus location.
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C. H. Ostenfeld and Hagen Bræ, coincided with limited glacier acceleration. In contrast,

the grounding lines of glaciers draining the NEGIS (Nioghalvfjerdsfjorden and Zachariæ

Isstrøm), rest on steeper inland sloping beds (Figure 3.11), which correlates with their

gradual ice tongue retreat and prolonged glacier acceleration. Since losing its ice tongue

in 2011/12, Zachariæ Isstrøm retreated down its steep basal trough, past the recorded

(nominal date of 2007 in BedMachine dataset) grounding line position (Figure 3.11b).

A possible exception to this pattern of grounding line instability on retrograde slopes is

Ryder Glacier. It too has a deep basal trough (∼800 m below sea level) 20 km inland of

the grounding line, but further inland (∼50 km from the terminus) it has a steep seaward

sloping bed, and a large topographic ridge immediately seaward of the current grounding

line position (Figure 3.11c).

3.5 Discussion

3.5.1 Timing of glacier change between 1948 and 2016

Decadal terminus changes at all 18 study glaciers (Figure 3.5), showed a transition from

slow low magnitude advance and retreat (averaging +72 m a−1) between 1948 and 1995 to

rapid high magnitude retreat (averaging -445 m a−1) between 1996 and 2015. The latter

period included the onset of steady retreat at most grounded outlet glaciers in northern

Greenland, and the occurrence of large, rapid retreat events at floating ice tongue glaciers

(Figure 3.6). While this switch from minimal terminus change/advance to more rapid

retreat is perhaps similar to the cyclic behaviour of tidewater glaciers [Meier & Post, 1987;

Pfeffer, 2007], it is unlikely that this pattern of widespread retreat is driven by internal

factors alone [e.g., Nick et al., 2007]. Instead, climate-induced dynamic thinning at outlet

glacier margins [Khan et al., 2014; Pritchard et al., 2009], may have been the initial forcing

for increased glacier retreat rates in northern Greenland. The switch to terminus retreat

in the 1990s was coincident with: increased air and ocean temperatures across the GrIS

[e.g., Box et al., 2009; Hanna et al., 2008; Luckman et al., 2006], ice marginal thinning

(< 2000 m elevation) since the 1990s [Abdalati et al., 2001; van den Broeke et al., 2016;

Krabill et al., 2000], and with Arctic-wide increased retreat rates [Carr et al., 2017b;

Moon & Joughin, 2008; Jensen et al., 2016]. Previous studies in northern Greenland have

suggested that climate-ocean forcing at glacier termini i.e. increased air temperatures,

reduced sea ice concentration, and ocean warming induced basal melt, triggered dynamic

thinning, retreat, and mass loss from outlet glacier margins [Khan et al., 2014; Reeh

et al., 2001; Rignot et al., 2001; Rignot & Steffen, 2008]. Here, we do not assess in detail
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Figure 3.11: Basal topography from Operation IceBridge BedMachine v3 [Morlighem et al., 2017]
beneath nine study glaciers which terminate in floating ice tongues in northern Greenland. Red
points represent the most recent recorded terminus position (2015) from this study. Green points
represent the location of the grounding line along the centreline profile from the GIMP DEM mask
[Howat et al., 2014]. Profile plots show basal elevations along each glacier centreline profile, where
closest to zero red lines show the terminus locations, and further inland green lines shown the
grounding line.
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the climate-ocean forcing mechanisms that may have influenced recent terminus change

behaviour in northern Greenland, partly due to lack of data and partly because the focus

of this paper is on glacier dynamics and their interaction with topography. However, we

note that surface thinning preceded rapid terminus retreat at many northern Greenland

glaciers (Figures 3.7 and 3.8). Therefore, we suggest that dynamic thinning could have

been the initial process that accelerated glacier retreat in northern Greenland since the

1990s [cf. Felikson et al., 2017; Nick et al., 2009; Price et al., 2011]. However, in line with

tidewater glacier cyclic behaviour, it is likely that after an initial change in dynamics at

the terminus triggered by climate forcing, fjord width and depth become more important

controls (see Section 3.5.3) on the duration and magnitude of retreat at individual glaciers

[Benn et al., 2007; Catania et al., 2018; MacGregor et al., 2012].

3.5.2 Dynamic glacier response to terminus change

Our analysis of termini behaviour shows that the dynamic glacier response (acceleration

and thinning) to a frontal position change is highly dependent on whether the terminus is

grounded or the glacier terminates in a floating ice tongue [Benn et al., 2007]. Informed

by changepoint analysis, we infer two dominant calving behaviours in northern Green-

land based on these terminus types: 1) low magnitude continuous calving events/terminus

retreat at grounded outlet glaciers, 2) large episodic tabular calving events at glaciers

with floating ice tongues. Independent of these styles (continuous vs episodic), calving

at both categories of terminus type is influenced by the velocity structure of the glacier,

and ice velocity itself is sensitive to changes in terminus position and alterations to the

force balance, i.e. decreased basal/lateral resistance and increased driving stress [Benn

et al., 2007]. In the previous section, we hypothesised that increased thinning at the

glacier terminus (∼1990s), may have initiated enhanced retreat and accelerated terminus

velocities in the following two decades (1996 to 2015), similar to other regions of the ice

sheet [e.g., Luckman et al., 2006; McFadden et al., 2011; Moon & Joughin, 2008]. Such

thinning could cause downstream increases in velocity, which stretches the ice, promotes

crevasse propagation induced calving, and propagates the dynamic response (i.e. acceler-

ation) up-glacier. However, the coarse resolution of the elevation change datasets limits

our ability to deduce the initial cause of accelerated retreat, so instead we focus on the

trends in dynamic glacier changes (acceleration and thinning), after the onset of retreat.

Following an assumed initial change in terminus conditions (∼1990s), outlet glaciers

in northern Greenland that are grounded at their terminus, underwent prolonged periods

of steady terminus retreat (on average -150 m a−1), that usually lasted for two to three
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decades (Figure 3.6). Like grounded-outlet glaciers elsewhere, e.g. Helheim and Kangerd-

lugssuaq [Howat et al., 2005, 2007, 2008] and in west Greenland [McFadden et al., 2011],

periods of steady and continuous retreat at grounded-terminus outlet glaciers in northern

Greenland were accompanied by increased annual ice velocities (27-110%), and dynamic

thinning (Figure 3.7). From this dynamic response we suggest that continuous calving

and retreat, and the associated reduction in resistive stresses at the terminus, substan-

tially altered the force balance by increasing longitudinal stretching and driving stress.

This prolonged stress perturbation at the terminus of most grounded outlet glaciers in

northern Greenland, allowed acceleration and thinning to propagate inland and continue

for a longer period as most glaciers may have not reached a stable geometry [McFadden

et al., 2011; Nick et al., 2009, Section 3.5.3]

In contrast, terminus changes at most glaciers with floating ice tongues were char-

acterised by short-lived (<6 years), significantly higher magnitude retreat events that

averaged -4536 m a−1 (after ∼1990s). These high magnitude retreat events were often

due to the calving of large tabular icebergs, initiated by rift propagation [e.g., MacGregor

et al., 2012]. However, these large calving events were followed by minimal/and or short-

lived increases in annual velocity, and short-term increases in ice surface thinning rates

(Figure 3.8). From these velocity records we infer that in most cases large calving events,

appeared not to substantially perturb the glacier force balance by neither increasing lon-

gitudinal stretching, nor driving stresses on grounded ice, which would lead to annual

acceleration (Figure 3.8). This was particularly the case at Petermann, Hagen Bræ and

C. H. Ostenfeld, in response to ice tongue collapse or large calving events. This con-

trasts with the behaviour of ice-tongue terminating glaciers elsewhere in Greenland [e.g.,

Joughin et al., 2004, 2008b] and glaciers draining into Antarctic ice shelves [e.g., Scambos

et al., 2004], which instead showed prolonged acceleration and dynamic thinning following

the loss of substantial parts of floating ice. At some glaciers short-lived acceleration was

followed by reduced retreat, and deceleration (e.g. Hagen Bræ), which represents a rapid

re-adjustment at the terminus, and that calving at floating ice tongue glaciers in northern

Greenland appear to limit the dynamic glacier response to large calving events. This could

be due to limited lateral resistance provided by floating ice tongues (Section 3.5.3).

However, Zachariæ Isstrøm was a notable exception to this pattern. At Zachariæ

Isstrøm, sustained annual calving was accompanied by a longer period of glacier accel-

eration and thinning (Figure 3.8b). This is comparable to the behaviour of grounded

outlet glaciers in northern Greenland, and ice-tongue terminating glaciers elsewhere [e.g.,

Jakobshavn Isbræ: Joughin et al., 2004, 2008b]. In this case, continuous retreat is likely

to have gradually reduced resistive forces (i.e. backstress) acting on inland grounded ice,
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causing higher magnitude and prolonged flow acceleration. Apart from Zachariæ Isstrøm,

the data shows that outlet glaciers in northern Greenland have been largely insensitive

to either entire ice tongue loss (C. H. Ostenfeld, Steensby and Hagen Bræ), or large ice-

berg calving events (Petermann, Nioghalvfjerdsfjorden). Thus, despite some similarities

(e.g. Zachariæ Isstrøm to grounded-behaviour), region wide glacier behaviour in northern

Greenland appears dependent on whether the terminus is grounded or floating, due to

their calving nature and dynamic response to perturbations of their termini. This high-

lights the need to consider terminus type when assessing the long-term response of outlet

glaciers to changes at their terminus.

3.5.3 Influence of glacier geometry

While climate-ocean forcing may have triggered a change in glacier dynamics at the ter-

minus of outlet glaciers in northern Greenland [e.g., Khan et al., 2014; Reeh et al., 2001],

glacier geometry (e.g. width and depth of fjords) may have determined the duration and

extent of the resultant retreat. Indeed, variations in basal topography and fjord width have

been previously identified as an important control on the dynamic response of glaciers in

many regions of the GrIS [e.g., Carr et al., 2013b, 2017b; Howat & Eddy, 2011; McFadden

et al., 2011; Millan et al., 2018; Thomas et al., 2009]. Collectively these factors could ex-

plain differences between grounded-terminus and floating ice-tongue glaciers [McFadden

et al., 2011], as well as individual glacier variability.

Calving from grounded outlet margins is controlled by both basal and lateral drag,

and both reduce as a glacier retreats into a deeper and wider fjord [Benn et al., 2007].

At grounded outlet glaciers in northern Greenland, prolonged acceleration and thinning

following retreat suggests that these glaciers were still adjusting to terminus change by

the end of the study period in 2015. This is likely due to deep basal topography (> 200

m below sea level), and retrograde bed slopes (∼20 km of their grounding zones) beneath

most grounded-terminus glaciers (Figure 3.10). We suggest grounded-terminus retreat into

deeper water contributed to: (i) buoyancy driven feedbacks, as the ice thinned to flotation

[van der Veen, 1996], (ii) the penetration of basal crevasses through the full ice thickness

[van der Veen, 1998, 2007], and (iii) subsequent enhanced rates of calving and continued

retreat [e.g., Joughin et al., 2008b]. Our results showed grounded-outlet glaciers which

retreated into deeper fjords, had higher retreat rates (e.g. Tracy, Harald Moltke Bræ, and

Heilprin), than those with shallower basal troughs (e.g. Academy and Marie-Sophie). The

former three glaciers also appear to be retreating downslope from topographic highs at

the edge of their fjords (Figure 3.10a,c,e).
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Unlike grounded-termini, floating ice tongues predominantly provide resistive stresses

through their contact with the lateral fjord margins. Consequently, lateral resistive stresses

are the main control on the glacier force balance and driving stresses, and hence the impact

of terminus retreat on inland ice dynamics. Our data have shown variability in glacier

response to ice tongue loss (Figure 3.8), and we suggest that this could be due to differences

in the lateral resistance the floating ice tongue provides when it is in place. Once the ice

tongue has entirely collapsed, the terminus becomes grounded, at which point basal drag

becomes an important control, and basal topography at and immediately inland of the

grounding line becomes more significant.

At most glaciers with floating ice tongues in northern Greenland, the minimal dynamic

response to ice tongue retreat and/or collapse (Figure 3.8), may be due to limited lateral

resistance provided by their floating ice tongues. In particular, C. H. Ostenfeld and Hagen

Bræ, have heavy rifting along their shear margins, appear relatively un-confined by their

fjord walls, and weakly attached to the grounded terminus (Figure 3.12b,c). Indeed, both

glaciers showed no significant increase in flow speeds following large calving events. This

suggests that, in both cases, the buttressing provided by the tongues was minimal, and

large ice tongue retreats caused a limited change in the inland force balance. By contrast,

Steensby Glacier showed some acceleration (∼25%) following ice tongue retreat, which

could be due to both a greater loss of lateral resistive stresses from a well-confined ice

tongue, and retreat past a narrower sinuous section of the fjord (Figure 3.12a).

As well as the lack of resistive stress provided by their ice tongues, the limited response

of Hagen Bræ and C. H. Ostenfeld to terminus retreat (Figure 3.8) may result from their
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Figure 3.12: Landsat imagery of three glaciers which terminate in floating ice tongues in northern
Greenland before their ice tongue collapse. (a) Steensby Glacier in 2013, (b) C. H. Ostenfeld
Glacier in 2002, (c) Hagen Bræ in 2005. Purple lines denote the location of the grounding line.
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basal topography: following retreat, both grounding lines retreated into shallow water

(Figure 3.11). This may have supressed retreat rates, as it reduces grounding line thickness

and therefore discharge. In turn, this would reduce the impact on inland ice velocities and

surface thinning rates [Vieli & Nick, 2011]. The flat sections of basal topography beneath

the grounding lines of Petermann Glacier and Nioghalvfjerdsfjorden may also control their

future response to ice tongue collapse, as their grounding lines would need to retreat ∼20

km inland to sit on a retrograde slope (Figure 3.9b, g). In contrast, ice tongue collapse

at Zachariæ Isstrøm, was followed by continued acceleration, retreat, and more dramatic

thinning (Figure 3.8b). Here, the deep retrograde bed-slope that extends ∼20 km inland of

the grounding line, is likely responsible for continued retreat [Khan et al., 2014; Mouginot

et al., 2015]. Retreat into deeper water, gradually reduced buttressing forces, and caused

continuous glacier acceleration and surface thinning following ice tongue collapse, similar

to Jakobshavn Isbræ [Vieli & Nick, 2011].

3.5.4 Glacier surging

Surge-type behaviour has been previously documented at several outlet glaciers in northern

Greenland [e.g., Hill et al., 2017; Rignot et al., 2001; Weidick et al., 1994], but detailed

evidence for surging is rare. Here we briefly discuss how the surge-nature of several

glaciers in northern Greenland may have altered their dynamic behaviour independent of

their terminus type.

Our results provide further evidence for the presence of three surge-type glaciers in

northern Greenland (Storstrømmen, L. Bistrup Bræ, and Harald Moltke Bræ). This is

based on the following characteristics: 1) substantial periods of glacier advance (> 90 m

a−1) followed by retreat during the study period, 2) accelerated ice flow coincident with

periods of advance, and 3) surface thickening inland and thinning at the terminus position

indicative of a quiescent surge-phase. Both Storstrømmen and L. Bistrup Bræ have floating

ice tongues which began advancing in the 1970s [Reeh et al., 1999], and continued until

1985 at Storstrømmen, and 1998 at L. Bistrup Bræ (Figure 3.6). While velocity and surface

elevation change datasets do not cover this period, dynamic changes later on (1992 to 2016:

Figure 3.9) were indicative of quiescence [Abdalati et al., 2001; Csatho et al., 2014; Thomas

et al., 2009]. In this respect, these glaciers have behaved differently to the majority of

glaciers in the region with floating ice tongues i.e. thickening and deceleration inland, and

thinning and acceleration at the terminus (Figure 3.9). In northwest Greenland, Harald

Moltke Bræ has been previously considered surge-type. Here we record an additional surge

event from 2013 to 2014, based on high magnitude acceleration (∼1000 m a−1) and glacier
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advance (0.8 km: Figure 3.7c). This glacier fits the conventional definition of surging, i.e.

a short active phase, which included an order of magnitude increase in velocity. However,

it has a short surge-cycle (< 10 years) compared to most other glaciers in the Arctic, and

underwent overall retreat from the late 1980s to 2015 (Figure 3.6). This suggests that

despite short-lived surge events, recent climate-ocean forcing may be altering its cyclical

behaviour.

Finally, we draw attention to Ryder Glacier as it appears to be behaving dissimilarly to

the rest of the study glaciers in northern Greenland. It too has been referred to as surge-

type in the past [Joughin et al., 1996b, 1999; Rignot et al., 2001], and has shown some

surge-like behaviour during the study period (1948–2015): several cycles of advance (∼7-

years) and retreat (2-years), and some acceleration during advance. Additionally, previous

studies also identified near-terminus thinning (2-4 m a−1: 1997 to 1999) and, at ∼50 km

inland, a similar magnitude of thickening [Abdalati et al., 2001], which is indicative of the

quiescent phase of surge-type glaciers [Kamb et al., 1985; Meier & Post, 1969; Sharp, 1988].

However, the behaviour of Ryder Glacier appears to be more characteristic of a tidewater

glacier cycle, which may be controlled by basal topography. In contrast to the role of basal

topography at most other outlet glaciers in northern Greenland (i.e. unstable retreat down

inland sloping beds), a large basal ridge (Figure 3.11i) or terminal moraine/moraine shoal

at Ryder Glacier may have promoted periods of glacier advance [Alley, 1991; Nick et al.,

2007; Powell, 1990]. Nevertheless, further investigation on the cyclic nature and precise

controls on Ryder Glaciers’ dynamic behaviour is needed.

3.6 Conclusions

Outlet glaciers in northern Greenland drain ∼40% of the ice sheet by area but remain

understudied compared to other regions of the ice sheet. We have analysed the dynamics

of 18 major marine-terminating outlet glaciers in northern Greenland between 1948 and

2015. Overall, long-term glacier retreat rates ranged from -15 to -311 m a−1 over the

entire study period. Between 1948 and 1995 glaciers exhibited generally low magnitude

advance and retreat, with an average frontal position change of +72 m a−1 (advance)

across the 18 study glaciers. Following this, there was a regional transition to more rapid

and widespread retreat, when average frontal position change was -445 m a−1 (1995 to

2015). This was coincident with accelerated retreat in other regions of the ice sheet [Carr

et al., 2013b; Howat et al., 2008; Howat & Eddy, 2011]. From 1996 to 2015, most glaciers

also experienced accelerated ice flow and increased dynamic thinning.
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While increased retreat rates from the mid-1990s were near-ubiquitous, we observe

distinct differences in glacier behaviour depending on whether the terminus is grounded

or floating. Three factors play a role in the dynamic behaviour of these two types of

glacier; i) different methods of calving (i.e. continuous small magnitude calving vs large

episodic calving); ii) differences in resistive stresses at the terminus; iii) glacier geome-

try. Continuous retreat into deep fjords at grounded-terminus glaciers led to a greater

reduction in basal/lateral resistive stresses, and caused high magnitude acceleration and

dynamic thinning. In contrast, large episodic calving events, from unconfined ice tongues

that provided little lateral resistance meant that most glaciers with floating ice tongues

appear dynamically insensitive to the retreat of their terminus. We note there are excep-

tions; continuous ice tongue retreat at Zachariæ Isstrøm caused prolonged acceleration

and thinning, and several glaciers with ice tongues went through cycles of advance and

retreat during the study record (e.g. Ryder Glacier). At Zachariæ Isstrøm this can be

explained by the method of glacier calving (continuous rather than episodic), and a deep

wide fjord that promoted unstable retreat. Glacier advance can be explained by surging, or

topographic controls which allow cyclic advance and retreat. We provide further evidence

for surging at three glaciers (Harald Moltke Bræ, Storstrømmen and L. Bistrup Bræ) in

northern Greenland, and an explanation for the cyclic behaviour of Ryder Glacier, which

is likely related to topographic controls (e.g. moraine shoal), that allowed the re-advance

of the terminus. While we have shown that northern Greenland has begun to undergo

rapid dynamic change over the last two decades (1996 to 2015), we highlight variability

between individual glaciers and the importance of considering terminus type and glacier

geometry (basal topography, fjord width and ice tongue confinement) when considering

future glacier response to climate change across this region of the ice sheet. Currently,

ice tongue retreat does not appear to substantially affect inland ice dynamics. However,

once these glaciers become grounded, they may accelerate, thin, and increase the volume

of grounded ice discharge into the ocean.
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Chapter 4

Velocity response of Petermann

Glacier, northwest Greenland to

past and future calving events

4.1 Chapter summary

Dynamic ice discharge from outlet glaciers across the Greenland ice sheet (GrIS) has

increased since the beginning of the 21st century. Calving from floating ice tongues that

buttress these outlets can accelerate ice flow and discharge of grounded ice. However,

little is known about the dynamic impact of ice tongue loss in Greenland compared to

ice shelf collapse in Antarctica. The rapidly flowing (∼1000 m a−1) Petermann Glacier

in north-west Greenland has one of the ice sheet’s last remaining ice tongues, but it lost

∼50-60% (∼40 km in length) of this tongue via two large calving events in 2010 and 2012.

The glacier showed a limited velocity response to these calving events, but it is unclear

how sensitive it is to future ice tongue loss. This chapter addresses the third objective

of this thesis and the primary motivation was to assess the sensitivity of a large outlet

glacier in northern Greenland (Petermann Glacier) to changes in the extent of its floating

ice tongue. To assess this sensitivity, I use an ice flow model (Úa) to perform a series

of numerical modelling experiments that instantaneously removed large sections of the

tongue and calculated the velocity change, due to a loss of buttressing. This chapter was

published as a journal paper in The Cryosphere in December 2018 (see reference below),

in which I carried out all the analysis, produced all the figures, and wrote the manuscript.
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The results of these experiments confirm that the glacier was dynamically insensitive

to large calving events in 2010 and 2012 (<10% annual acceleration). We then simulate the

future loss of similar sized sections to the 2012 calving event (∼8 km long) of the ice tongue

back to the grounding line. We conclude that thin soft sections of the ice tongue >12 km

away from the grounding line, provide little frontal buttressing, and removing them is

unlikely to significantly increase ice velocity or discharge. However, once calving removes

ice within 12 km of the grounding line, loss of these thicker and stiffer sections of ice tongue

could perturb stresses at the grounding line enough to substantially increase inland flow

speeds (∼900 m a−1), grounded ice discharge, and Petermann Glacier’s contribution to

global sea level rise.

4.2 Introduction

Dynamic ice discharge from marine-terminating outlet glaciers is an important compo-

nent of recent mass loss from the Greenland Ice Sheet (GrIS) [van den Broeke et al., 2016;

Enderlin et al., 2014]. Since the 1990s, tidewater outlet glaciers in Greenland have been

thinning [Pritchard et al., 2009; Krabill et al., 2000], retreating [e.g. Carr et al., 2017b;

Jensen et al., 2016; Moon & Joughin, 2008], and accelerating [Joughin et al., 2010b; Moon

et al., 2012], in response to climate-ocean forcing. Marine-terminating glaciers are influ-

enced by ocean warming [e.g. Holland et al., 2008; Mouginot et al., 2015; Straneo et al.,

2013], increased surface air temperatures [Moon & Joughin, 2008], and reduced sea ice

concentration in the fjords [Amundson et al., 2010; Shroyer et al., 2017; Reeh et al., 2001].

However, glacier response to ocean-climate forcing is highly variable between regions and

between individual glaciers, due to differences in glacier topography and fjord geometry

[e.g. Bunce et al., 2018; Carr et al., 2013b; Porter et al., 2014]. Moreover, changes at the

terminus of these glaciers (i.e. calving or thinning), can reduce basal and lateral resistance

which alters the force balance at the terminus, and causes inland ice flow to accelerate.

Indeed, 21st century retreat at two large outlet glaciers in south-east Greenland (Heilheim

and Kangerdlugssuaq) was followed by acceleration and ice surface thinning [Howat et al.,

2005, 2007; Nick et al., 2009].

88



Chapter 4. Velocity response of Petermann Glacier, northwest Greenland to past and
future calving events

Floating ice shelves or tongues that extend out from outlet glacier grounding lines

can also control a glacier’s response to calving events [Schoof et al., 2017]. Floating ice

adjacent to the glacier grounding line can buttress inland ice, depending on the amount

of shear and lateral resistance provided along the ice shelf margins [Pegler, 2016; Pegler

et al., 2013; Haseloff & Sergienko, 2018]. Consequently, thinning and retreat of ice shelves

can reduce backstress, which can perturb the stresses at the grounding line and propagate

increases in driving stress inland causing accelerated ice flow. Understanding how glaciers

may respond to ice shelf loss is therefore important for estimating future flow speeds and,

ultimately, their increased contributions to grounded ice discharge and global sea level

rise. Considerable work has focused on the role of buttressing ice shelves on grounded

ice dynamics in Antarctica [e.g. Schoof, 2007; Gudmundsson et al., 2012; Goldberg et al.,

2009; Reese et al., 2018b], but less work has been done on floating ice tongues in Greenland,

where large calving events have recently taken place [Hill et al., 2017; Box & Decker, 2011;

Rignot et al., 2001].

One of the last remaining ice tongues in Greenland is at Petermann Glacier, northwest

Greenland. Petermann Glacier is fast flowing (∼1000 m a−1: Figure 4.1), and drains

approximately 4% of the GrIS by area [Rignot & Kanagaratnam, 2006; Hill et al., 2017].

Mass loss is predominantly via high melt rates (10-50 m a−1) beneath the ice tongue

[Rignot & Steffen, 2008; Wilson et al., 2017], and also occurs via large episodic calving

events [Johannessen et al., 2013]. Formerly the glacier terminated in a 70 km long floating

ice tongue, but two well-documented large calving events in 2010 and 2012 removed ∼40

km of the tongue [Johannessen et al., 2013; Nick et al., 2012; Falkner et al., 2011; Münchow

et al., 2014]. Contrary to the behavior of glaciers terminating in floating ice elsewhere,

large calving events at Petermann Glacier were noted to be followed by minimal glacier

acceleration (<100 m a−1) [Nick et al., 2012; Münchow et al., 2014, 2016; Ahlstrøm et al.,

2013], suggesting that calving from the seaward parts of the ice tongue appear to have

limited impact on flow upstream of the grounding line.

Several ice tongues have been lost from neighboring glaciers in northern Greenland

since the early 2000s (C. H. Ostenfeld, Zachariæ Isstrøm, Hagen Bræ: Rignot et al. 2001;

Hill et al. 2017; Mouginot et al. 2015), and with Arctic air and ocean temperatures pre-

dicted to increase in a warming climate [Gregory et al., 2004], the question remains: at

what point will Petermann Glacier lose its ice tongue and how might its complete removal

impact on ice dynamics? Petermann’s tongue has been retreating from the end of the fjord

(∼90 km from the present grounding line) since the beginning of the Holocene [Jakobsson

et al., 2018] and currently resides at its most retreated position in recent history [Jakobs-

son et al., 2018; Falkner et al., 2011; Hill et al., 2018a]. More recently (2016), another large
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Figure 4.1: Study location, Petermann Glacier, northwest Greenland. Observed ice speeds from
the MEaSUREs program (winter 2009/10: Joughin et al. 2010b) across the Petermann Glacier
catchment, which corresponds with the model domain. White lines show 300 m ice surface contours
across the catchment. The thick black line is the glacier centerline and the thick red line is the
glacier grounding line. Inset shows the location of newly prescribed terminus positions for each
diagnostic perturbation experiment (A-H). Light green shows floating ice, and white is grounded
ice.

rift formed across the ice tongue [Münchow et al., 2016], suggesting another large calving

event is imminent. As Petermann Glacier is fast flowing and drains a large area of the GrIS

(∼4%), it has the potential to contribute to increased ice discharge and ultimately sea level

rise, once it becomes grounded. Here, we attempt to answer the question: at what point

do large calving events from the Petermann ice tongue cause substantial acceleration (i.e.
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> 100 m a−1 that propagates inland of the grounding line) and increased ice discharge?

To do this we use the community finite-element ice flow model Úa [Gudmundsson et al.,

2012] to:

i). Infer the stress conditions beneath the glacier catchment and along the ice tongue

walls

ii). Test whether the recent small changes in velocity following calving events in

2010 and 2012 can be replicated

iii). Assess the future response (acceleration and ice discharge) of Petermann Glacier

to further calving events, and eventual entire loss of the remainder of the ice tongue

(Figure 4.1)

First, we initialize the model using observational datasets of surface and basal topog-

raphy. We then invert observed ice velocities prior to the 2010 calving event to determine

the initial basal conditions (slipperiness and rheology of the ice). Finally, we perform

a series of diagnostic perturbation experiments where we remove sections of the Peter-

mann Glacier ice tongue and assess the instantaneous glacier acceleration and increase in

grounding line ice flux.

4.3 Methodology

4.3.1 Data Input

To initialize the model, we used several observational datasets of glacier geometry and

ice velocity. Ice surface topography of Petermann Glacier was taken from the GrIS Map-

ping Project (GIMP) Digital Elevation Model (DEM) [Howat et al., 2014]. The surface

topography was also used to calculate the surface drainage catchment, using flow routing

hydrological analysis in the MATLAB TopoToolbox [Schwanghart & Kuhn, 2010]. The

defined catchment is ∼85,000 km2, extends approximately 550 km inland of the grounding

line, and encompasses the tributary glaciers flowing into the east side of the Petermann

Glacier ice tongue (Figure 4.1). Ice thickness and basal topography were taken from the

Operation IceBridge BedMachine v3 dataset [Morlighem et al., 2017]. These data were

generated from radar ice thicknesses, ice motion, and the mass conservation method, to

resolve the basal topography and ice thickness of the GrIS [Morlighem et al., 2017]. This
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version also includes high resolution bathymetry of Petermann Glacier fjord seaward of the

ice tongue [Jakobsson et al., 2018; Morlighem et al., 2017]. All three topographic datasets

have a resolution of 150 m, and a nominal date of 2007, which precedes the large calving

event in 2010.

Firstly, to initialize the model via inversion (see Section 4.3.3), we required annual

ice velocities prior to the first experiment, which is the calving event in 2010 (Table 4.1).

These were taken from winter 2009/10 from the Greenland MEaSUREs dataset (Table

4.1: Joughin et al. 2010b). This dataset has a resolution of 500 m, and an average error

of 8 m a−1 across the entire Petermann catchment, which increases to 18 m a−1 along

the floating ice tongue (Table 4.1). To validate the modeled velocity changes in response

to calving events in both 2010 and 2012, we required observed velocities from the years

preceding and succeeding these events. Velocities from winter 2009/10 (used for inversion),

also acted as the baseline velocities that we compared with observed velocities after each

calving event. However, Greenland wide velocities for the winter following the 2010 calving

event (2010/11) were not readily available. Instead a series of datasets exist that cover

select regions of the ice sheet, derived from feature- or intensity-tracking of optical Landsat

imagery [Howat, 2017; Rosenau et al., 2015], or synthetic aperture radar (SAR) imagery

[Joughin et al., 2010b]. We do not use optical Landsat 7 ETM+ derived velocities, because

their coverage is restricted to mid-summer, which may reflect seasonal speedups rather

than the inter-annual impact of large calving events on ice velocity. Additionally, Landsat

derived velocities may have errors associated with cloud cover and or the scanning line

correction image banding from May 2003 onwards. Instead, we used a combination of SAR

derived velocities (TSX and PALSAR) which are not limited to the summer months, and

benefit from higher resolution, and more frequent repeat pass imagery (Table 4.1). High

resolution TSX imagery (100 m) was acquired from the MEaSUREs program [Joughin

et al., 2010b], but is limited to 11-45 km inland of the grounding line at Petermann

Glacier. To supplement this we also used PALSAR derived velocities (Table 4.1: Nagler

et al. 2016), which provided additional coverage along the western half of the floating ice

tongue. Average errors across the catchment are 4 m a−1 and 16 m a−1 for TSX and

PALSAR respectively (Table 4.1). Greenland wide, winter 2012/13 (post-2012 calving

event) velocities were also acquired from the MEAsUREs program (Table 4.1: Joughin

et al. 2010b).

To determine observed velocity change, we differenced velocity fields after each calving

event (2010/11 and 2012/13) from initial baseline velocities (2009/10) (Figure 4.2). For

2009/10 to 2010/11 speedup along the ice tongue averaged 29 m a−1, but further inland

of the grounding line, noisy and unphysical velocity differences (Figure 4.2) indicate that
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Dataset Year Sensor(s) Resolution Catchment Use
(m) Error (m)

MEaSUREs Greenland wide ALOS Model inversion
winter velocity NSIDCa 2009/10 TerraSAR-X 500 8 m a−1 Baseline initial

velocities
MEaSUREs Greenland Ice Validate modeled
Velocity: Selected Glacier Site 2010/11 TerraSAR-X 100 4 m a−1 change post-2010
Velocity Maps from NSIDCa calving
ESA GrIS CCI Validate modeled
project IV Greenland margin 2010/11 PALSAR 500 16 m a−1 change post-2010
winter velocitiesb calving
MEaSUREs Greenland wide RADARSAT-1 Validate modeled
winter velocity 2012/13 TerraSAR-X 500 3 m a−1 change post-2012
NSIDCa TanDEM-X calving

Table 4.1: Velocity data sources for Petermann Glacier. a is from [Joughin et al., 2010b] and b is
from [Nagler et al., 2016]

there was no coherent velocity change, and it is unlikely velocity changes propagated far

inland. For clarity we present centerline velocity profiles in Figure 4.3, which show that

increases in speed were limited to the lower portions of the ice tongue. Observed velocity

estimates presented here after the calving event in 2010, are within the range of previous

studies, which showed a 30-125 m a−1 speed increase along the ice tongue [Johannessen

et al., 2013; Nick et al., 2012; Münchow et al., 2016], and limited change further inland

[Nick et al., 2012]. After the calving event in 2012, velocity increases averaged 79 m a−1

along the ice tongue, and propagated further towards the grounding line (Figures 4.2 and

4.3).

4.3.2 Model Initialization

To model the response of Petermann Glacier to ice tongue loss we used the finite-element

model Úa [Gudmundsson et al., 2012]. Úa solves equations of ice dynamics using the

shallow ice-stream approximation (SSA) [MacAyeal, 1989; Morland, 1987], a Weertman-

sliding law, and Glen’s flow law. The momentum equation of the vertically integrated SSA

can be written in the form

∇xy · (hT) − τbh = ρigh∇xys+
1

2
gh2∇xyρi, (4.1)

where

∇xy = (∂x, ∂y)T , (4.2)

and T is the resistive stress tensor defined as

T =

(
2τxx + τyy τxy

τxy τxx + 2τyy

)
. (4.3)
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Figure 4.2: Spatial distribution of observed and modeled changes in flow speeds across the Peter-
mann Glacier ice tongue after calving events in 2010 and 2012. Left two plots show the observed
changes in speed between initial pre-calving observed speed (winter 2009/10, MEaSUREs Joughin
et al. [2010b]) and observed speeds after the 2010 calving event (top) and 2012 calving event (bot-
tom). Right hand plots show the corresponding modeled change in speed between initial modeled
flow speeds and speeds after removing sections of the ice tongue in 2010 (top) and 2012 (bottom).
xpsn and ypsn are x and y kms in polar stereographic north projection, respectively

In the above equation s is the surface topography, h is the ice thickness, pi is vertically

averaged ice density, g is the gravitational acceleration, and τbh is the horizontal part of

the bed-tangential basal traction τb.

Úa has been previously used to understand glacier behavior following ice shelf loss

in Antarctica [De Rydt et al., 2015], and ice tongue collapse at the NEGIS [Rathmann

et al., 2017]. It has also been used to assess the impact of buttressing ice shelves around
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Antarctica [Reese et al., 2018a]. Previous modeling studies at Petermann Glacier have

been conducted using a one-dimensional flowline approach [Nick et al., 2012]. Here we

aim to expand on earlier work at Petermann to assess if Úa, a two horizontal dimensional,

vertically integrated approach, can also replicate the observed velocity response to calving

events in 2010 and 2012, and then be used to estimate the impact of future calving events

on ice flow and discharge. This model is advantageous over a flowline approach, as it allows

us to account for stresses in both horizontal dimensions, which can better assess the impact

of ice shelf changes on the force balance at the glacier grounding line [Gudmundsson, 2013].

To set-up the model, we used the surface velocity catchment (Figure 4.1) as the outer

computational boundary, and imposed Dirichlet (essential) boundary conditions by fixing

velocities to zero inland of the ice divide. Nunataks and rock outcrops along the east side

Figure 4.3: Observed and modeled velocities along the Petermann Glacier centerline before and
after calving events in 2010 a) and 2012 b). Observed initial speed (MEaSUREs InSAR winter
2009/10) is shown with a solid black line. Observed post-calving speeds after the 2010 calving event
(PALSAR and TerraSAR-X winter 2010/11) and the 2012 calving event (MEaSUREs InSAR winter
2012/13) are shown with solid purple lines. Modeled initial speeds are shown in dashed black, and
speeds after each respective modeled calving event are shown in dashed purple. Note the small
change in both observed and modeled velocities, particularly inland of the grounding line.
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of the ice tongue were digitized using Landsat 8 imagery and treated as holes within the

mesh. Ice velocities along the nunataks’ boundaries were set to zero, i.e. no-slip boundary

condition. Initially, it was less clear what type of boundary condition to impose along the

margins of the ice-shelf where it is in contact with the side walls. We began by imposing a

free-slip boundary condition along the ice tongue margins, but conducted further runs with

no-slip boundary conditions along the side walls to determine which boundary conditions

were most appropriate (see Section 4.3.4).

The initial calving front boundary was the location of the terminus in 2009, digitized

from Landsat 7 ETM+ imagery, and in all cases a Neumann (natural) boundary condition

was imposed along the terminus. Using this computational domain, and the finite element

mesh generator Gmsh [Geuzaine & Remacle, 2009], we generated a high resolution mesh,

with 58,000 linear (3-node) elements, and ∼30,000 nodes (Figure 4.4). The unstructured

mesh capabilities of Úa allowed us to refine the mesh based on the observed velocity

field. Where ice speeds are fastest (> 500 m a−1), primarily along the ice tongue, element

sizes are 0.75 km, whereas element sizes inland have a maximum size of 2.7 km. Overall

the mean element size is 1.52 km, with a median of 1.4 km. We also increased the

mesh resolution of the slower flowing (<500 m a−1) tributary glaciers to the east of the

Petermann Glacier ice tongue to 0.75 km. Topographic datasets (surface, bed, and ice

thickness), and pre-calving observed ice velocities (winter 2009/10) were mapped onto this

mesh using linear interpolation.

4.3.3 Model Inversion

Before modeling changes in the flow speed of Petermann Glacier due to perturbations in

the calving front position, we must first estimate the prior stress conditions. We used Úa

to invert the known velocity field (winter 2009/10) before the calving event to estimate the

basal slipperiness (C) and ice rate factor (A) across the catchment. We simultaneously

invert for parameters of C and A. To estimate these parameters, Úa uses a standard

methodology whereby a cost function involving a misfit term and a regularization term is

minimized. The gradients of the cost function with respect to A and C are determined

in a computationally efficient way using the adjoint method. Here we used Tikhonov

regularization involving both amplitude and spatial gradients of A and C. Values of

regularization parameters were varied by orders of magnitude between 1 and 10,000, and

then within range. We also experimented with different sliding law exponent values of m

(1,2,3,4,5,7,9) and found the results of the diagnostic experiments to be insensitive to the

value of m (see Figure B.1). We set the stress exponent in Glen’s Flow law to n = 3.
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Figure 4.4: Finite element mesh for Petermann Glacier. The inset shows the mesh across the entire
Petermann catchment and the red square highlights the areas shown in the main figure. Element
sizes are smallest in the areas of fastest flow (see Figure 4.1), and larger towards the slower flowing
inland regions of the glacier catchment. The thick black line is the model domain.

To begin with, we inverted the model using a fixed zero velocity condition along the

outer catchment boundary only, and we allowed the Petermann Glacier ice tongue to

have free-slip boundary conditions (Section 4.3.2). In the following section we discuss two

additional inversion experiments where we varied the boundary conditions along the ice

tongue. The model was inverted until the misfit converged which was after 120 iterations.

Resultant model velocities (Umod) are in good agreement with observations (Uobs) as shown

in Figure 4.5. The mean percentage difference between observed and modeled velocities

is 26%, which equates to an absolute difference of 11 m a−1 (Table 4.2). Absolute mean

velocity difference increases to 28 m a−1 in areas flowing faster than 300 m a−1 and to 66

m a−1 along the floating ice tongue, which is only 7% of the average ice tongue speed (967

m a−1). Flow velocities are not well resolved along the far north-eastern tributary glacier

which is due to thin ice thicknesses and poorly resolved bed topography from interpolation

(errors of ∼150 m).

By inverting the known velocity field (winter 2009/10), we can infer the basal con-
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ditions beneath Petermann Glacier. To our knowledge, a catchment scale assessment

of the basal slipperiness and ice stiffness has not been previously documented for this

region. Some studies have examined the basal thermal state [MacGregor et al., 2016;

Chu et al., 2018], or provided Greenland wide slipperiness estimates [Lee et al., 2015].

However aside from these, little is known on the stress conditions of Petermann Glacier.

Here, we provide a new record of the basal conditions beneath Petermann Glacier, which

are important for understanding dynamic glacier behavior. For the initial inversion, the

distribution of basal slipperiness (C), ice rate factor (A), and the misfit between ob-

served and modeled velocities are shown in the first line of Figure 4.6. Basal slipper-

iness was on average two orders of magnitude greater within 10 km of the grounding

line (C ≈ 7.2 × 10−2 m a−1 kPa−3) than the rest of the grounded glacier catchment

(mean C ≈ 1.47 × 10−4 m a−1 kPa−3: Figure 4.6). Grounded ice across the Petermann

catchment is on average stiffer (A ≈ 1.2 × 10−8 a−1 kPa−3) than along the ice tongue

(A ≈ 7.4 × 10−8 a−1 kPa−3). However, the misfit between observed and modeled ve-

locities is highest along the ice tongue (Figure 4.6g), which suggests that ice rheology

parameter (A) may not reflect the true stress conditions along the ice tongue. The dis-

tribution of basal slipperiness and ice rheology parameter (A) for the initial inversion are

discussed in more detail in the following section.

4.3.4 Boundary Conditions

In an attempt to improve the misfit between observed and modeled velocities, and accu-

rately replicate the lateral resistive stresses along the ice tongue margins, we conducted

Figure 4.5: Observed (Uobs) winter velocities 2009/10 (a) in the proximity of the grounding line,
(b) Modeled (Umod) velocities. (c) shows a normalized bivariate histogram of the velocity residuals
which are the difference between modeled and observed velocities in the vicinity of the grounding
line (magenta). ∆u = umod − uobs and ∆v = vmod − vobs. u and v are x and y components of the
velocity vectors, respectively.
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Mean Mean Mean Mean
percentage velocity velocity velocity

Boundary Condition Scenario difference difference difference difference
(%) (m a−1) (>300 m a−1) ice tongue

(m a−1)
1. Natural ice tongue boundary 26 11 28 66
2. Fixed west ice tongue margin to zero 24 12 34 77
3. Fixed both ice tongue margins to zero 20 9.4 25 51

Table 4.2: Misfit between observed and modeled velocity for each boundary condition scenario

runs with both no-slip and free-slip boundary conditions along the side walls. We then

tested which produced the best fit to observed velocities. Alongside the additional inver-

sion (Scenario 1), where no velocity condition was imposed along the ice tongue margins,

we inverted the model using two further sets of boundary conditions. These are: Sce-

nario 2) fixed velocities along the western margin of the ice tongue to zero (no-slip) and

leave the east margin as free-slip, Scenario 3) fixed velocities to zero (no-slip) along both

margins of the floating ice tongue. We then based the assessment of these boundary con-

dition scenarios on three criteria: i) the misfit between observed and modeled velocities,

ii) observations of the confinement and attachment of the ice tongue to the fjord walls

in satellite imagery (i.e. heavy rifting or not), iii) the ability of each set of boundary

conditions to replicate the observed velocity response following the 2010 calving event.

The former two criteria are discussed in this section, and the third criterion is discussed

alongside the model experiments in the following section (Section 4.3.5). As before, we

perform each inversion for 120 iterations until the misfit has converged, and use the same

values of: m, n, and regularization parameters for each scenario. The slipperiness (C),

ice rate factor (A) and misfit distributions (|Uobs| − |Umod|) are shown for each boundary

condition scenario in Figure 4.6. Mean misfits between observed and modeled velocities

for each scenario are in Table 4.2.

Slipperiness values showed a similar spatial distribution across all boundary condition

scenarios, i.e. increasing towards the grounding line and decreasing further inland (Figure

4.6 a-c), and do not vary substantially within 10 km of the grounding line (range: (3.8−
7.2)×10−2 m a−1 kPa−3) or across the entire grounded catchment (range: (1.47−2.18)×
10−4 m a−1 kPa−3). In contrast, spatial variations in ice stiffness (A) were more obvious

between each scenario, which corresponds to differences in the misfit distributions (Figure

4.6). Average A values along the ice tongue varied by three orders of magnitude between

scenarios 1 (A ≈ 7.4 × 10−8 a−1 kPa−3) and 3 (A ≈ 1.4 × 10−5 a−1 kPa−3). Scenarios 1

and 2 show stiff ice across the entire ice tongue, which does not reflect the stiff ice tongue

center and weaker margins we would expect from lateral reductions in longitudinal strain

rates and ice velocity associated with shearing along the fjord walls [Raymond, 1996]. In
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Figure 4.6: Inversion experiments using three sets of boundary conditions along the floating ice
tongue. a-c show logarithmic calculated basal slipperiness (C) for boundary condition Scenarios
1 to 3 respectively, where orange represents highly slippery areas. Glen’s flow law rate factor A
(d-f), where light blue represents soft ice, and brown is stiff ice. The final column (g-i) is the
absolute difference between observed (Uobs) and modeled velocities (Umod) after inversion using
each set of boundary conditions.

both cases, velocities do not well reproduce observations along the lateral margins and

lower portion of the ice tongue (criterion i: Figure 4.6 g-h).

In contrast, areas of softer ice (A ≈ 4.6× 10−5 a−1 kPa−3) exist along the lateral mar-

gins of the lower portion of the ice tongue (Figure 4.6f) when we used a no-slip boundary

condition along both ice tongue margins during inversion (Scenario 3). In accordance with

previous studies [Nick et al., 2012] and our own observations of satellite imagery, this repli-
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cates the apparent weak attachment of floating ice to the fjord walls in the lower/eastern

parts of the tongue prior to the 2010 calving event (criterion ii). In Scenario 3, overall

mean percentage difference between Uobs and Umod was also improved by 6% and absolute

difference reduced by 15 m a−1 along the ice tongue (Table 4.2). We found that by im-

posing a no-slip boundary condition along both side-walls of the ice tongue (Scenario 3)

allowed the inversion procedure to automatically resolve the weak margins of the tongue.

Based on criteria i and ii, this Scenario (3) therefore provides the most realistic distribution

of ice softness along the ice tongue (criterion ii) and the best model fit to observed veloci-

ties (criterion i). These experiments have shown the importance of considering boundary

conditions, particularly along floating ice margins in this study, for accurately determining

lateral resistive stresses and replicating the observed velocity field.

4.3.5 Model Experiments

Following model initialization and inversion, we performed a series of diagnostic exper-

iments (Figure 4.1) that perturb the calving front position to replicate previous large

calving events and potential future loss from the Petermann Glacier ice tongue. We then

examine the instantaneous velocity change with respect to the initial modeled velocities.

As the focus of this paper is the impact of large calving events on glacier velocity, we

do not incorporate ice loss via surface and/or basal melting. For each perturbation ex-

periment, we removed all elements from the mesh downstream of the new calving front

position, and mapped all topographic datasets onto the new mesh. We then performed a

forward-diagnostic model run, which solves the shallow ice-stream equations (see Eq. 4.1)

independent of time. In each case, the model is restarted from the previous experiment set

up. During all experiments, grounding line position, boundary conditions, and ice thick-

ness remained fixed. We also use initially inverted parameters of basal slipperiness and

ice rheology as inputs to all experiments. We acknowledge that in reality there is likely

to be a period of relaxation and geometric adjustment after each individual calving event.

Thus, by performing these sequential calving experiments in a diagnostic time-independent

mode, we are modeling the immediate velocity change in response to a perturbation in

buttressing at the terminus. We therefore do not allow any relaxation/adjustment or devi-

ation from initial stress conditions (slipperiness or rheology) in between subsequent events.

It is therefore possible that these estimates of ice flow and discharge may be higher than

the transient glacier response over longer timescales.

We started by removing sections of the ice tongue that calved in 2010 and 2012 (Figure

4.1), for which the new terminus positions were digitized from Landsat ETM+ imagery
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from 31st August and 21st July respectively. We then assumed that the next iceberg

to calve from the tongue will follow the path of the rift that formed in 2016. Then, we

estimated the glacier response to future calving events, following two assumptions: i)

Petermann Glacier will continue to calve episodically, via rift propagation, back to the

grounding line, ii) that future icebergs will be similar sized to previous calving events (∼
8 km long: Figure 4.1). Each segment along the ice tongue acted as the new prescribed

terminus position, which has a natural boundary condition. In reality, the size and nature

of future calving events may vary (e.g. may be a series of small icebergs), but we conduct

these experiments to assess the impact of future events similar in magnitude to previous

calving. After each diagnostic experiment we calculated the vertically and horizontally

integrated flux across the grounding line in Gt a−1 with respect to pre-calving flux. We

then convert to sea level equivalent (mm) by dividing by the volume of ice needed to raise

global sea levels by 1 mm (361.8 Gt).

For the first diagnostic experiment, we used all three sets of boundary conditions

(Scenarios 1-3) proposed in Section 4.3.4 to fulfill the third criterion (iii) of which scenario

best replicates the small increase in velocity observed after the 2010 calving event (Figure

4.7). Basal slipperiness (C), ice rate factor (A), and boundary conditions for each scenario

were input into this first experiment (2010 calving) and the instantaneous increase in

speed presented in Figure 4.7. We found that the differences in modeled velocity changes

due to calving, using different sets of boundary conditions, were relatively small. Hence,

our results are insensitive to the type of boundary condition applied (see also Section

4.3.4). This insensitivity to the type of side-wall boundary conditions can be understood

to be related to the inverse methodology (see Section 4.3.3), where A is inferred from

measured velocities. In all cases the inversion was able to converge and provide a good fit to

observations. Despite this, applying no resistance along the ice tongue margins (Scenario

1: free slip), produces no change in velocity along the tongue, which does not reflect

observations (Figure 4.3). However, when applying no-slip side-wall boundary conditions,

modeled speed increases along the ice tongue (Scenarios 2 and 3) were closer to observed

changes i.e. acceleration at the terminus that did not propagate far inland, and average 45

and 37 m a−1 respectively. While both Scenarios 2 and 3 appear to adequately reproduce

the observed velocity response after the 2010 calving event, we discount Scenario 2 due

to the high misfit between modeled and observed velocities (Table 4.2), and unrealistic

ice stiffness along the tongue (Figure 4.6). Thus, boundary conditions and parameters of

basal slipperiness (C) and ice rate factor (A) calculated in Scenario 3 are input into the

subsequent diagnostic experiments post-2010.
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Figure 4.7: Diagnostic perturbation experiments for the 2010 calving event, using three scenarios
of boundary conditions applied along the floating ice tongue (a-c). Graduated white to red shows
speed increase between initial modeled velocities (Uinitial) and modeled velocities post-2010 calv-
ing (Ucalving). Bottom plots show observed velocities (Uobs) post-calving (winter 2010/11), and
modeled velocities (Umod) post-2010 calving along the glacier centerline.

4.4 Results

4.4.1 Response to 2010 and 2012 calving

We have shown that the 2-HD model Úa can reproduce the flow of Petermann Glacier

before the large calving event in 2010. Following this we removed sections of the ice

tongue, to replicate large calving events in 2010 and 2012, and compare the model results

with observed changes in flow speeds (Figure 4.8a and b).

The iceberg that calved away from Petermann Glacier in 2010 was ∼214 km2 and on

average 83 m thick (Figure 4.8). Inverted ice rate factor A reveals that this section of the

tongue is softer (A ≈ 2.1× 10−5 a−1 kPa−3) by three orders of magnitude than the rest of

the ice tongue (Figure 4.9b) or grounded glacier catchment (A ≈ 1.2× 10−8 a−1 kPa−3).

Model results show that removing this section of the tongue was followed by a slight

instantaneous increase in speed, ranging from ∼65 m a−1 (6% increase of tongue speed) at

the terminus, to<20 m a−1 between 60 and 80 km along the centerline (Figure 4.8a). These

modeled velocity changes are in very good agreement with observed velocities presented

here (Figure 4.3), and documented in previous studies [Nick et al., 2012; Münchow et al.,

2016]. After the 2010 calving event increases in speed across the entire ice tongue averaged
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Figure 4.8: Diagnostic perturbation experiments at Petermann Glacier. Top panel shows a cross-
sectional centerline profile of Petermann Glacier from the BedMachine v3 dataset [Morlighem et al.,
2017]. Letters A to H represent the points along the glacier centerline at which sections of the
terminus were removed for each experiment. A is the 2010 calving event, B is the 2012 calving
event, and C is the location of a large rift that formed in 2016. D to G are successive 8 km splices
and H is the current grounding line location. Bottom panels (a-h) show the modeled instantaneous
increase in speed after each experiment with respect to initial pre-calving (before 2010) speeds.

29 m a−1 and 37 m a−1 in observed and modeled velocities respectively (Figure 4.3).

Modeled perturbations in flow speeds did not propagate far inland and averaged only +6

m a−1 inland of the grounding line, which is below the average misfit between observed

and modeled velocities (9.4 m a−1: Table 4.2) and therefore indistinguishable from errors.
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Prior to the calving event, the modeled grounding line flux of 10.12 Gt a−1 was within the

range of previous estimates by Rignot & Steffen [2008] (12 ± 1 Gt a−1) and Wilson et al.

[2017] (10.8 ± 0.52 Gt a−1). Limited changes in speed following the 2010 calving event

were accompanied by little change in modeled grounding line flux (+0.14 Gt a−1) and a

negligible increase in sea level rise contribution (Figure 4.9b).

In the next experiment, we removed a 96 km2 section of the ice tongue to replicate

a subsequent large calving event in July 2012. Importantly this calving event removed

a thicker section of the ice tongue that averaged 111 m (Figure 4.9a). Similar to the

modeled dynamic response after 2010, ice flow speeds increased along the ice tongue after

the 2012 calving event, and did not propagate far inland of the grounding line (Figure

4.8b). These modeled velocity changes are consistent with observed velocities in 2012/13

(Figures 4.2 and 4.3). Both modeled and observed speeds increased within the range of

3-5% at the terminus, and showed limited change inland of the grounding line (Figure 4.3).

The 2012 calving event was <50% of the 2010 iceberg area, and almost four times softer

(A ≈ 9.7 × 10−5 a−1 kPa−3), suggesting it should provide less resistive stress. However,

speed increases were 46% greater along the ice tongue than in 2010 (averaging 59 m a−1)

and propagated further towards the grounding line. Despite some acceleration, the 2012

calving event had a limited impact on grounding line flux, increasing it by only 0.35 Gt

a−1 (3.4%) compared to initial ice flux, and increased sea level rise contribution to 0.029

mm a−1 (Figure 4.9b).

4.4.2 Response to future calving events

Calving events in 2010 and 2012 had a limited dynamic impact on the ice flow of Petermann

Glacier and were followed by <10% acceleration along the ice tongue, and <2% at the

grounding line (Figure 4.3). These modeled findings are consistent with observed velocity

change (Figure 4.3) and previous modeling of the 2010 calving event [Nick et al., 2012].

After accurately replicating the observed velocity response to large calving events in 2010

and 2012, we were confident in the model’s ability to estimate the instantaneous velocity

response of Petermann Glacier to a change in stress conditions at the grounding line

associated with removing large sections of the ice tongue.

We conducted six further experiments to analyze the glacier dynamic response (in-

stantaneous change in flow speeds) and grounding line flux, to large calving events. Each

of the new calving front positions were approximately 8 km apart along the tongue, and

ice loss area averages 125 km (Figure 4.9a). First, we assume that the next calving event
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Figure 4.9: Modeled experiment parameters for Petermann Glacier, for each diagnostic experiment
(A-H), also shown in Figure 4.8. (a) Black line shows iceberg area lost between each experiment
[km2] and magenta is the average ice thickness [m] of each section of ice removed. (b) green is the
average ice rate factor [log10A] across the section of ice removed in each diagnostic experiment.
Orange and purple lines represent the cumulative grounding line flux with respect to an initial ice
flux of 10.12 Gt a−1 and sea level equivalent contribution after the removal of each section of ice.
(c) Average increases in ice speed across the entire ice tongue (red) and average ice speed within
10 km inland of the grounding line (blue) after each diagnostic experiment.

from Petermann Glacier will fracture along the path of a large rift that formed in 2016,

removing a ∼154 km2 section of the ice tongue (Experiment C: Figure 4.8). This segment

is also on average 35 m thicker and sturdier (A ≈ 8.3× 10−6 a−1 kPa−3) than the down-

stream section of the tongue that collapsed in 2010 and 2012 (Figure 4.9b). In this case,

average increases in speed along the ice tongue were greater (94 m a−1) and propagated

further (∼30 km from the terminus) towards the grounding line than after previous calving

events (Figure 4.8). Acceleration 10 km inland of the grounding line more than doubled

to 24 m a−1 compared to acceleration after the 2012 calving event (10 m a−1). Despite

this, acceleration inland of the grounding line remained 75% smaller than increases along

the ice tongue (Figure 4.9c), and did not propagate far into the glacier catchment (Figure

4.8c). After this experiment grounding line flux increased to 11 Gt a−1 (+0.87 Gt a−1)

and sea level equivalent rose to 0.03 mm a−1 (Figure 4.9b).
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Over the subsequent diagnostic calving experiments (D-H), there was a linear increase

in average speed change across the ice tongue, as well as a near doubling of average speed

increases immediately inland of the grounding line (within 10 km) between each experiment

(Figure 4.9). After removing the 164 m thick section D from the tongue, average ice tongue

speeds increased by 21% compared to initial velocities (∼954 m a−1), but increases inland

of the grounding line (within 10 km) remained small in comparison (∼+57 m a−1). During

the following three experiments (E-G), instantaneous average velocity increases across the

tongue were more substantial than after previous calving events ranging from 304 m a−1

after removing segment E, to increasing by +1000 m a−1 (> 100% of initial flow speeds)

across the small remaining section of the ice tongue after experiment G. Throughout these

experiments, higher magnitude increases in speed propagated further into the catchment

(∼10-15 km inland of the grounding line) than after previous calving events (Figure 4.8).

Simultaneous to increases along the ice tongue, average speed increases inland of the

grounding line (10 km) went from 103 m a−1 (experiment E) to 453 m a−1 (experiment

G: Figure 4.9). Once the last remaining section of the ice tongue was removed (54 km2:

H), speed increases were double that of experiment G, reaching +900 m a−1 immediately

inland of the grounding line (10 km). Removing the entire ice tongue, and consequently

detaching it from any tributary glaciers also led to a ∼530 m a−1 speed up at the terminus

of Porsild Glacier (Figure 4.8h).

Alongside linear increases in speed after large calving events, we also note positive

trends in the thickness of each calved iceberg, grounding line discharge, and sea level

equivalent (Figure 4.9). Ice thickness along the Petermann Glacier tongue increases from

∼50 m towards the terminus to ∼500 m at the grounding line (Figure 4.8: Münchow et al.

2014). In our experiments, the ice thickness of each segment increased by an average

of 221 m (Figure 4.9a). At the same time, grounding line discharge increased by an

average of +2.17 Gt a−1 after each experiment and once the entire ice tongue was removed,

cumulative grounding line flux reached 25 Gt a−1 and the glacier contribution to sea level

rise increased to approximately 0.07 mm per year (Figure 4.9b). As well as increases in

ice thickness along the ice tongue, there is also a general increase in the stiffness of the

ice back towards the grounding line. The ice is generally soft in the lower ∼40 km of the

tongue (Figure 4.6f) before ice rate factor (A) values decrease by 1-2 orders of magnitude

during the last five experiments (E-H: Figure 4.9b). Importantly grounded ice immediately

inland of the grounding line (within 10km) is stiffer than the entire ice tongue.
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4.5 Discussion and Conclusions

Here, we expand on previous work and provide new insight into the velocity response

of Petermann Glacier to past and future large calving events, and eventual ice tongue

collapse. In contrast to the removal of buttressing ice shelves elsewhere in Greenland (e.g.

Jakobshavn Isbræ: Joughin et al. 2008b; Zachariæ Isstrøm: Mouginot et al. 2015) and

from the Antarctic Peninsula (e.g. Larsen B: De Rydt et al. 2015; Scambos et al. 2004),

we show that Petermann Glacier was dynamically insensitive to the removal of ∼310 km2

of the ice tongue via calving events in 2010 and 2012 (Figure 4.8). After both calving

events there was a limited increase in speed (< 10% of initial flow speeds: Figure 4.3),

that remained below the ∼22-25% seasonal variability in flow speeds observed between

2006 and 2017 [Nick et al., 2012; Lemos et al., 2018]. This insensitivity of ice velocities to

large calving events can be explained by weak resistance provided by the lower portion of

the ice tongue along its lateral margins (Figure 4.6f: Nick et al. 2012). From this, we can

conclude that the section of the ice tongue that calved away in 2010 and 2012 provided

little frontal buttressing on grounded ice.

Given that several floating ice tongues have been lost from neighboring glaciers in

northern Greenland [Hill et al., 2018a], and the rapid nature of Petermann Glacier’s

Holocene retreat from the fjord mouth [Jakobsson et al., 2018], it is possible that the

ice tongue will continue to calve episodically, and in the not too distant future collapse

entirely. We set out to determine at what point future calving events at Petermann Glacier

(similar in magnitude to past calving) will cause substantial acceleration and increased ice

discharge. The key conclusion of this work is that future calving events (C-E) from the

lower portions of the ice tongue (> 12 km from the grounding line) appear to be passive.

We attribute the small modeled velocity response (< 100 m a−1 increase at the grounding

line) to calving events from this lower portion of the tongue to be due to thinner (<200 m)

and an order of magnitude softer ice, which provides limited buttressing on grounded ice.

Indeed, if the next calving event takes the path of the 2016 rift formation, it is unlikely

to substantially accelerate ice flow (Figure 4.8c), or increase the glacier contribution to

grounded ice discharge and sea level rise (Figure 4.9). However, we find that removing

sections of the ice tongue within 12 km of the grounding line (F-H) has a larger impact

on ice flow speeds, increasing them by an average of 900 m a−1 (96%) after the entire ice

tongue is removed (Figure 4.8h). Alongside this, cumulative ice flux across the grounding

line increases from 11 Gt a−1 (Experiment C) to 25 Gt a−1 (H: Figure 4.9b) and cumulative

sea level rise could reach 0.07 mm a−1 (for event H). Importantly, within 12 km of the

grounding line, the thickness and stiffness of the ice tongue increase dramatically (Figure

4.9). As such, this part of the ice tongue provides greater lateral resistance along the fjord
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walls and is therefore more effective at buttressing grounded ice. Removing these sections

of ice is thus likely to alter the resistive stresses at the grounding line enough to cause a

greater increase in flow speeds that propagate further inland.

Overall, our findings show that Petermann Glacier has not responded dynamically

to previous calving events in 2010 and 2012, and is unlikely to accelerate substantially

after imminent future calving events (Figure 4.8c). However, future large episodic calving

events closer to the grounding line have the potential to perturb the stresses acting on

grounded ice, and substantially increase flow speeds and ice discharge (Figure 4.9). Despite

substantial increases in speed forecast after the ice tongue is removed, the question remains

as to whether acceleration will be short-lived, and the glacier will re-stabilize at the current

grounding line position or retreat inland. Similar to when the glacier was buttressed by

an ice shelf at the end of the fjord [Jakobsson et al., 2018], it may be that the current

ice tongue has allowed grounding line stability, and its collapse will similarly lead to

unstable grounding line retreat. Indeed, the eastern portion of the current grounding line

lies within a deep bedrock canyon [Bamber et al., 2013; Morlighem et al., 2017], which

may allow for marine ice sheet instability. However, we cannot discount the possibility

that an ice tongue may regrow in the future [Nick et al., 2012]. Here, we have estimated

the instantaneous response of Petermann Glacier’s ice flow to the immediate removal of

sections of the ice tongue. Importantly, future work incorporating the transient evolution

of the glacier geometry and grounding line position in between these large calving events

is needed to assess the long-term response of Petermann Glacier to future ice tongue loss.
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Chapter 5

Grounding line stability limits

21st century sea level rise from

Petermann Glacier in response to

ice tongue loss

5.1 Chapter summary

Ice shelves restrain flow from the Greenland and Antarctic ice sheets. Climate-ocean

warming could force thinning or collapse of floating ice shelves, and subsequently accelerate

flow, increase ice discharge, and raise global sea levels. Petermann Glacier recently lost

large sections of the tongue, but its response to future collapse remains uncertain. This

chapter also addresses the third objective of this thesis and follows on from the previous

Chapter by conducting additional numerical modelling experiments on Petermann Glacier.

The main motivation for this follow-on-work was to assess the long-term (100 yr) response

of Petermann Glacier to changes in ice tongue extent, and to estimate potential mass

loss and sea level rise contribution. These experiments are therefore transient, and allow

the geometry of the glacier to evolve through time in response to ice tongue loss. This

chapter has been written in short-format for pending submission to Geophysical Research

Letters. However, for the purposes of this thesis the supplementary information has been

incorporated into the main body of the text. Our results suggest that under enhanced

basal melt and episodic calving, Petermann Glacier will contribute to only 0.87 mm of
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global sea level rise over the next 100-years. Grounded ice loss was limited by grounding

line stability at a topographic high approximately 12 km inland. Further inland, the

absence of a widening and deepening fjord suggests that Petermann Glacier will remain

insensitive to terminus changes in the future.

5.2 Introduction

Fast-flowing outlet glaciers draining the GrIS, are dynamically coupled to changes at their

terminus [Nick et al., 2009]. Many outlet glaciers have thinned and accelerated [e.g.,

Howat et al., 2007; Joughin et al., 2008b; Moon et al., 2012] in response to 21st century

terminus retreat. Laterally confined ice shelves at marine termini can provide strong

backstress (i.e. buttressing) on grounded ice [Schoof et al., 2017; Haseloff & Sergienko,

2018]. However, floating ice shelves could be destabilised under future climate-ocean

warming, reducing resistive stress at the terminus that accelerates ice flow, increases ice

discharge, and ultimately raises global sea level. Ice shelf buttressing has been the focus of

recent work on ice shelf collapse/stability in Antarctica [e.g., Reese et al., 2018a; De Rydt

et al., 2015; Paolo et al., 2015], but has received limited attention in Greenland, largely

because there are so few floating tongues.

Petermann Glacier is a fast flowing (∼ 1 km yr−1) outlet glacier in northwest Greenland

that drains approximately 4% of the ice sheet [Münchow et al., 2014]. The catchment

contains 1.6×105 km3 of ice volume above flotation (VAF), equivalent to 0.41 m of global

sea level rise. Petermann Glacier terminates in one of the last remaining ice tongues in

Greenland (hereafter PGIT), that has been retreating since the early Holocene [Jakobsson

et al., 2018]. More recently, two large well-documented calving events in 2010 and 2012

[Johannessen et al., 2013; Münchow et al., 2014; Nick et al., 2012], shortened the ice tongue

from ∼70 km to 46 km. Petermann Glacier was in steady state prior to these calving

events [Rignot & Steffen, 2008], but speeds increased by ∼12% after 2012 [Münchow et al.,

2016; Rückamp et al., 2019]. Alongside episodic calving, PGIT is controlled by ice-ocean

interactions that force high basal melt rates (∼35 m yr−1) beneath the tongue [Rignot &

Steffen, 2008]. Recent ∼0.2oC warming of Atlantic water (2002 to 2016) [Washam et al.,

2018; Münchow et al., 2011], accompanied by stronger ocean circulation and the break up

of sea ice, are likely to have promoted warm water transport into the Petermann fjord and

beneath the ice tongue [Washam et al., 2018; Shroyer et al., 2017; Johnson et al., 2011].

In response to recent ocean warming and increased subglacial discharge, basal melt rates

are estimated to have increased by +8.1 m yr−1 from the 1990s to early 2000s [Cai et al.,

2017]. The most recent estimates revealed -50 m yr−1 of basal melt at the grounding line
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between 2011 and 2015 [Wilson et al., 2017].

Thinning and calving of the PGIT could reduce buttressing forces at the grounding

line and accelerate ice flow, as observed on the Antarctic Peninsula [Scambos et al., 2004;

De Rydt et al., 2015]. It is therefore important to quantify the impact of losing the PGIT

on future ice discharge and sea level rise. Previous work used a flowline model at Peter-

mann Glacier to examine both the short term response to ice tongue collapse [Nick et al.,

2012], and the long-term sea level rise contribution under scenarios of future climate change

[Nick et al., 2013]. However, one horizontal dimensional (1HD) models do not account for

lateral stresses and buttressing in both horizontal directions which limits the accuracy of

sea level rise projections [Bondzio et al., 2017; Gudmundsson, 2013]. More recently, Hill

et al. [2018b] used a 2-horizontal dimensional (2HD) model Úa [Gudmundsson et al., 2012],

to examine the time-independent response of Petermann Glacier to large calving events.

While this showed ice tongue collapse could cause a 96% instantaneous speed-up, it did not

examine the transient response of Petermann Glacier to a loss of ice-tongue buttressing.

Thus, no study has yet assessed the impact of ice tongue thinning/collapse on Petermann

Glacier’s future contribution to sea level rise, using a 2HD vertically integrated approach.

Here, we use an ice flow model (Úa) to assess the long-term dynamic response and

sea level contribution of Petermann Glacier (100-yrs) to changes in ice tongue extent. To

investigate the importance of basal melting and/or iceberg calving we performed three

forward-in-time experiments: 1) enhanced basal melt rates from steady state conditions

[Rignot & Steffen, 2008] to those of recent observations [Wilson et al., 2017], but left the

terminus position fixed; 2) immediately removed the entire ∼ 885 km2 ice tongue at the

start of the experiment; and 3) enhanced basal melt rates and episodically removed the ice

tongue over the first 25 years. These experiments were designed to assess the sensitivity of

Petermann Glacier to changes downstream of the grounding line, and to bracket potential

future mass loss.

5.3 Methods

5.3.1 Model set-up

Úa is a vertically integrated ice flow model that solves the ice dynamics equations using the

shallow ice-stream approximation [MacAyeal, 1989; Morland, 1987], a Weertman-sliding

law, and Glen’s flow law. The model has been used to understand grounding line dynamics
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Figure 5.1: a) Bed topography [m] across the lower portion of the Petermann Glacier catchment,
b) is initially perscribed steady-state melt rates beneath the ice tongue (red) and green is observed
surface elevation change (SEC) from Cryosat-2 between 2011 and 2016, both of which are in m
yr−1. Inset map shows Greenland ice flow speed [m day−1] in orange and the Petermann catchment
outlined in black.

[Pattyn et al., 2012; Gudmundsson et al., 2012] and the impact of ice shelf buttressing

and collapse on outlet glacier dynamics in both Antarctica [Reese et al., 2018a; De Rydt

et al., 2015] and Greenland [e.g., Hill et al., 2018b].

To set-up the model we use 150m resolution bedrock geometry, fjord bathymetry, ice

thickness, and surface topography from the Operation IceBridge BedMachine v3 dataset

[Morlighem et al., 2017]. The model domain extends from the ice tongue front in 2016

across the ice surface drainage catchment of Petermann Glacier (∼85,000 km2: Figure

5.1). We used the Mesh2D Delaunay-based unstructured mesh-generator [Engwirda, 2014]

to create a linear triangular finite-element mesh with 111391 elements and 56340 nodes

(Figure 5.2). The mesh was refined anisotropically based on three criteria: i) flotation

mask, ii) surface elevation, and iii) measured flow speeds. Element sizes range from ∼0.3

km across the ice tongue, where flow speeds are >250 m a−1, and surface elevation is <750

m, to a maximum of 15 km inland, where flow speeds are <10 m a−1 and surface elevation

exceeds 1.2 km (Figure 5.2). Nunataks on the eastern side of PGIT were digitized in 2016

Landsat-8 imagery and treated as holes within the mesh. Topographic parameters were

linearly interpolated onto this mesh. A free-slip natural boundary condition was applied

along the terminus. Along the inland catchment boundary we use a fixed (no-slip) zero

velocity condition to avoid unrealistic gradients in flow out of the domain. Velocities were

113



Chapter 5. Grounding line stability limits 21st century sea level rise from Petermann
Glacier in response to ice tongue loss

Figure 5.2: Initial finite linear-element mesh across the Petermann Glacier catchment (black line)
which acts as our model domain. This mesh has 111391 elements, and 56340 nodes, and is refined
in areas of low elevation, along the floating ice tongue, and where the ice is flowing fastest. Inset
shows the mesh refinement along the ice tongue (300 m element size) and around the grounding
line (100 m element size) shown in green.

also fixed to zero along the lateral ice tongue margins as this optimally replicates lateral

stresses and ice flow along the PGIT [see Hill et al., 2018b].

We used inverse methodology to initialize the model. Initial observed velocities were

taken from the most recent 2016/17 MEaSUREs Greenland annual ice sheet velocity mo-

saic [Joughin et al., 2010b] derived from both optical (Landsat-8) and synthetic aperture

radar data (TerraSAR-X, TanDEM-X,Sentinel-1A and 1B). These data have an average

error of 0.62 m yr−1 across the Petermann Glacier catchment. We invert observed ve-

locities to estimate parameters of basal slipperiness (C) and an ice rheology parameter

(A) using n = 3 and m = 3 (Figure 5.3). We also performed experiments using different

values of m (2,3,4) and found our results are insensitive to the value of m (see Appendix

B). Inversion was done by minimizing the cost function of a misfit and regularization term
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using the commonly-adopted adjoint method and Tikhonov regularization. We tested a

series of regularization parameter values and selected final values based on an L-curve

analysis. Our resultant model velocities provide a good fit to observations (see Figure 5.3

top right) and after a total of 900 iterations, the mean difference between modeled and

observed velocities was 9.5 m yr−1 (15%). This increased to 14 m yr−1 where speeds are

>300 m yr−1 and to 23 m yr−1 along the PGIT.

Figure 5.3: Results from model inversion. Top left panel shows observed ice flow speeds, where
flow speeds reach up to 1200 m a−1 along the ice tongue. Top right panel shows the misfit
between observed and modeled ice flow speeds after inversion. The bottom left panel shows basal
slipperiness (C) using m=3. Light blue through to light and dark orange show areas of slipperiest
ice. Note the slippery bed within ∼10 km inland of the grounding line. Bottom right panel shows
ice rheology parameter (A) from Glen’s flow law using n=3. Areas of light to dark turquoise
represent the softest ice, while dark brown is the areas of stiffest ice.
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Estimates of basal slipperiness (C) and ice rheology (A) are shown in the bottom plots

of Figure 5.3. Note we set slipperiness values below the ice tongue to be the same as

the average C value within 10 km inland of the grounding line. In the case of grounding

line advance during our experiments, this prevents advance into unrealistically stiff bed

conditions. Within 10 km inland of the grounding line slipperiness values are three orders

of magnitude greater (averaging C ≈ 1.8× 10−2 kPa−3 m a−1) than across the rest of the

Petermann Glacier catchment. Further inland, areas of streaming fast flow (between 300

and 700 m a−1) are also slippery and average C ≈ 4.7× 10−3 kPa−3 m a−1. Ice rheology

(A) reveals areas of weak ice in the downstream section of the ice tongue and along the

lateral margins, which is consistent with observations of satellite imagery [Nick et al., 2012;

Hill et al., 2018a]. Here, ice is an order of magnitude softer (A ≈ 1 × 10−7 a−1 kPa−3)

than ice in the central parts of the tongue (A ≈ 7.4× 10−8 a−1 kPa−3). We also note that

our inversion procedure has picked out weak ice along the very centre of the ice tongue

which represents the location of a persistent supraglacial stream [Macdonald et al., 2018;

Münchow et al., 2016]. Further inland of the grounding line our inverted ice rheology also

reproduces a complex pattern of frozen and thawed ice identified in earlier studies [Chu

et al., 2018; MacGregor et al., 2016]. These results demonstrate that we are able to get

high levels of detail on ice conditions from inverting the observed velocity field over a high

resolution mesh.

Annual surface mass balance (SMB) for all of our experiments was incorporated from

the RACMO2.3 downscaled 1-km product [Noël et al., 2016], averaged over the 5-year

period 2011 to 2016, to reflect current mass balance conditions (Figure 5.1). Basal melt

rates beneath the PGIT are known to be correlated with ice thickness and enhanced either

side of basal channels [Wilson et al., 2017; Rignot & Steffen, 2008]. Initial basal melt rates

were prescribed as a linear-function of ice thickness and are consistent with steady-state

melt values in previous studies [Rignot & Steffen, 2008; Cai et al., 2017]. Melt rates were

highest at the grounding line (-37 m yr−1) and either side of basal channels, decreasing to

-1 m yr−1 at the minimum ice tongue thickness of 1 m near the terminus (Figure 5.1).

5.3.2 Model initialization and control run

For forward transient experiments, Úa allows for a fully implicit time integration, where, at

each time-step, changes in geometry, grounding line position and velocity are calculated im-

plicitly. During each forward run, we incorporated automated adaptive time-stepping and

automated time-dependent mesh refinement around the grounding line, which is known to

improve estimates of stress distributions and migration rates of the grounding line [Schoof
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et al., 2017; Goldberg et al., 2009; Durand et al., 2009; Pattyn et al., 2012]. Within 2 km

of the grounding line, we locally refined element sizes to 100 m.

Using initially input SMB, basal melt rates, and estimates of slipperiness and ice

rheology, we performed a reference run (hereby ‘control run’) forward in time for 100

years. This was designed to reflect current non-steady state conditions [Münchow et al.,

2016], i.e. small amounts of thinning (Figure 5.1) inland of the grounding line, but with

no perturbation in melt rates or ice tongue extent. Thus we prescribe near balance melt

rates that bring the mass balance close to 0, but remains slightly negative to reflect the

current negative mass balance. We calculate the approximate total mass balance (Mtotal)

at the beginning of this run, based on the total melt flux (Mbasal and Msurface) minus

the approximate calving flux (Mcalving) based on width× height× velocity at the glacier

terminus (equation 5.1).

Mtotal = Mbasal +Msurface −Mcalving (5.1)

At time=0 our estimated calving flux is 0.99 Gt a−1, total melt flux is -3.2 Gt a−1 and

total mass balance is therefore -4.19 Gt a−1. The ice flux across the grounding line was

9.48 Gt a−1 which is similar to previous measurements [Wilson et al., 2017]. Thinning

rates were similarly distributed to Cryosat 2.2 elevation changes from 2011 to 2016, but

were slightly lower due to imposing steady-state melt rates (see Figure 5.4). Over the

entire control run (0-110 years) there is almost no change from our initial mass balance

(on average 4.79 10−4 %: Figure 5.5). However, there were some small changes in mass

balance within the first 10-years of our experiment (Figure 5.5). As a result we allowed

for a short period of model relaxation, as experience has shown that transient runs tend

to exhibit a short period of anonymously high rates-of-change following initialization. We

found that after 10-years values stabilized and this was the starting point (time=0) for all

further experiments. However, our final results are not sensitive to the selected duration

of this initial relaxation period as a) our total modelling time is several times larger, and

b) all our main results are based on calculated differences with respect to the control

run, and the impact of the initial relaxation period cancels out. During this control

run, the grounding line position was stable, thinning rates remained small (-0.17 m a−1),

acceleration was limited (0.26 m a−2: Figures 5.7 and 5.8), and the total contribution to

sea level rise over 100 years was only 0.43 mm (Figure 5.9).

To test the robustness of our Control run results with respect to mesh resolution

around the grounding line, we repeat the experiment with a series of different element

sizes around the grounding line. We do this for 50 m, 100 m (our initial element size), 150

m, 200 m, 250 m and 300 m. As element sizes were refined to 300 m across the ice tongue
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Figure 5.4: Observed and modelled thinning rates of elevation change. Left plot is observed surface
elevation change from the Cryosat 2.2 satellite averaged between 2012-2016, which is similar to
the date range of our input SMB from RACMO (2011-2016). Middle plot shows modelled surface
elevation change at the beginning of our control run (10-11 yrs). As expected, due to prescribing
lower basal melt rates than observed during 2012-2016 [Wilson et al., 2017], our thinning rates
underestimate observations. As way of comparison, the right hand plot shows thinning rates during
our enhanced basal melt rates (at the point at which the glacier begins to respond dynamically to
higher melt rates: 30yrs), which show a better fit to observed elevation changes.

Figure 5.5: Percentage change (10−3 %) in total mass balance relative to initial conditions (time=0)
during the model relaxation period of 10-years.

any further increases in grounding line element size (>300) would no longer be refining

elements around the grounding line. Figure 5.6 shows the change in ice volume above

flotation (VAF) in Gt between time=0 an time=100 for each mesh size refinement. This

shows that there is little variability between ice volume loss based on the refinement of

the mesh size around the grounding line. VAF for all mesh size experiments were within

the range of ±2.2 Gt, which is only 1.4% of the mean ice loss for all experiments (-155.7

Gt). This demonstrates that our transient experiments were insensitive to the size of the
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Figure 5.6: Change in ice volume above flotation (VAF) over 100 yrs in Gt for control runs executed
using different sized elements within 2 km of the grounding line.

grounding line mesh refinement. Finally, in a post-processing step, and for illustrative

purposes, annual width-averaged grounding line retreat was then calculated using the

commonly adopted box method.

5.4 Results

Our first experiment raised basal melt rates beneath the PGIT by a factor of 1.5 from

steady-state conditions [Rignot & Steffen, 2008] to values similar to recent estimates [Wil-

son et al., 2017]. These ranged from -50 m yr−1 at the grounding line to ∼ -5 m yr−1 near

the terminus. It is possible that ocean warming may enhance melt rates further, but given

the uncertainties associated with projecting future basal melt rates, we merely assess the

impact of current melt conditions over the next 100-years. As a result, these estimates

may well be the low-end member response of Petermann Glacier to future ice tongue melt.

Nevertheless, under these higher melt conditions, the ice tongue thinned by ∼100 to 300

m (Figure 5.7c), accelerated by 300 m yr−1 (Figure 5.7h), and thinning rates were great-

est close to the grounding line (approx. 2 m yr−1) and either side of streamlined basal

channels (Figure 5.7m). Greater basal melt induced thinning of the tongue resulted in a

48% increase in ice volume loss above flotation (VAF) after 100 years (-233 Gt) compared
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Table 5.1: dhdt, speed and acceleration calculated within a square upstream of the grounding line.
Acceleration is relative to initial velocities after 10-year relaxation period (after 0-10 CtrlRun).
Flux is average GL flux for 0-100 yrs. Total mass loss is the volume of ice above flotation lost by
the end of the 100 year period.

dh/dt Speed Acceleration Flux Total VAF Total
[m yr−1] [m yr−1] [m yr−2] [Gt yr−1] mass loss SLR
0-100 yrs 0-100 yrs 0-100 yrs 0-100 yrs [Gt] [mm]

Control run -0.17 691 0.26 9.845 157 0.43
Enhanced basal melt -0.54 763 1.03 10.86 233 0.65
Ice tongue collapse -0.70 831 1.22 11.17 293 0.81
Retreat & basal melt -0.89 841 1.71 11.64 313 0.87

to our control run (Table 5.1). But overall the impact on global sea level rise was limited

to only +0.65 mm (Figure 5.9, Table 5.1).

During the first 20-years there was limited inland surface lowering or acceleration.

However, some grounded ice loss (24 km2) and 0.2 km of grounding line retreat (Figure

5.9), initiated positive feedbacks (e.g. acceleration, thinning and retreat) over the following

20-years. Un-grounding of ice increased the area afloat and thus subject to melt, which

led to greater thinning closer to the grounding line (188 m between 20 and 40 years)

compared to our control run (Figure 5.8b). Crucially, this thinning decreased buttressing

at the grounding line, causing it to retreat rapidly (6.8 km), and propagate reductions

in longitudinal stresses inland. This led to a 13% increase in flow speeds and greater

thinning (to -1 m yr−1). With it there was a 16% increase in the ice flux across the

grounding line and 134 km2 of grounded ice loss (Figure 5.9). However, acceleration and

thinning were only confined to ∼10 km inland of the initial grounding line (Figures 5.7

and 5.8). Between 60 and 100 years acceleration and thinning rates decreased, and the

grounding line appeared to stabilise ∼9 km inland (Figure 5.9). Thus, with no further

perturbation of the ice tongue i.e. no further increase in basal melt rates or fracture driven

calving, Petermann Glacier approached stable conditions after 60-years.

Since the early 2000s, several floating ice shelves have collapsed, across both Antarctica

[e.g., Scambos et al., 2004] and Greenland [Hill et al., 2018a]. At Petermann Glacier,

Washam et al. [2018] highlight an incised channel close to the grounding line (Figure

5.8c), where thinning could cause the PGIT to fracture, removing it entirely. Our second

experiment showed that if the PGIT were to instantly collapse from its current state

in 2016, Petermann Glacier would experience some increased thinning and acceleration

(Figure 5.7d, i, and n) but the global impact of ice tongue collapse would be quite limited.

The glacier would lose about 293 Gt of ice after 100-years in response to a sudden and

complete ice-tongue loss (Table 5.1). While this is nearly double the ice loss from our
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control run, and greater than our basal melt experiment, it is equivalent to a global sea

level rise of only 0.81 mm (Figure 5.9a, Table 5.1).

As expected, removing the entire ice tongue in contact with the grounding line, caused

a greater instant loss of buttressing and force imbalance than gradual sub-tongue thinning.

In 5-years the grounding line retreated 7.7 km (Figure 5.9c), and with it there was a 63%

increase in ice flux that transported an additional 1.5 Gt yr−2 across the grounding line

(Figure 5.9d). This loss of back-stress also led to substantial ice thinning (18 m yr−2)

and a 114% (+1715 m yr−1) increase in flow speeds at the terminus, that reached a peak

of ∼2900 m yr−1 after 3-years (Figure 5.8c). Stress imbalances at the terminus diffused

inland, where thinning rates increased 5 fold (averaging -5.5 m yr−1) and speeds increased

by 31% over the first 5-years. However, our results show that the dynamic glacier response

was short-lived and after ∼10-years Petermann Glacier appeared to have re-adjusted to

the loss of buttressing. After initial acceleration, flow speeds at the terminus rapidly

decelerated at 91 m yr−2 from 3 to 7 years. Thereafter speeds remained high (>2000 m

yr) but relatively constant (Figure 5.8c). As the terminus region decelerated, grounding

line retreat slowed (by 1.5 km yr−1), and after 30-years it stabilized to within 1 km of its

position after 100 years in our basal melt experiment (Figure 5.9c). Importantly, terminus

deceleration and grounding line stability reduced the driving forces acting on Petermann

Glacier. This caused inland flow speeds to decelerate (0.86 m yr−2 from 10-100 yrs),

thinning rates to subside (averaging -0.32 m yr−1 during 10-100 yrs) and a reduction in

ice discharge to below our basal melt experiment (Figure 5.9).

In our final experiment we applied increased basal melt rates from experiment one,

and we removed five large sections of the ice tongue (∼180 km2) at 5-year intervals from

5-25 years (Figures 5.7e and 5.8d). This assumes that Petermann Glacier will continue to

lose its ice tongue via episodic calving, similar in size to large calving events in 2010 and

2012 [Münchow et al., 2014]. Indeed, a large a rift formed in 2016 suggesting calving is

imminent [Münchow et al., 2016]. Here, gradual loss of buttressing associated with both

staggered ice tongue collapse and enhanced ice tongue thinning caused a larger stress

perturbation at the grounding line than either of our previous experiments. This led to

greater inland thinning and acceleration (Figure 5.7j and o) and a total ice volume loss

of 313 Gt (Table 5.1). Despite greater ice loss, the impact on global sea level was still

limited to <1 mm of increase after 100 years (Figure 5.9a).

Consistent with earlier work [Hill et al., 2018b; Nick et al., 2012], our results show that

the glacier response to calving differs between removing the lower or upper portions of the

PGIT. After removing the first three sections of the ice tongue (at 5, 10, and 15 years), ice

flow at the terminus accelerated by only 5-10% in the 5-years between each calving event
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Figure 5.8: Annual speed (blue) and elevation change (red) along the Petermann Glacier centerline
(sampled at 100 m intervals) for each of our model experiments (a-d). Pale to dark blue and pale
to dark red represent each year between 0 and 100 for speed and elevation respectively. The dotted
grey line represents the initial grounding line position and the ice ocean and bed extents are from
the Operation IceBridge BedMachine v3 dataset [Morlighem et al., 2017]. In plot d, the grey lines
are sections of the PGIT removed at 5 year intervals between 5 and 25 years.
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Figure 5.9: Model results for each of our experiments; control run (green), enhanced basal melt
(purple), ice tongue collapse (orange) and retreat and enhanced basal melt (pink). a) change
in volume above flotation (VAF) in mm of global sea level equivalent. b) change in grounded
area [km2]. c) width-averaged grounding line retreat [km], note some advance associated with
re-grounding downstream of the main grounding line position. d) annual ice flux [Gt yr −1] across
the grounding line. e) average annual ice flow speeds [m yr−1] within a 134 km2 square ∼ 17 km
inland of the grounding line (Figure 5.1). f) average annual thinning rates (change in thickness
(h) over time (t)) in m yr−1 within our sample square.

(Figure 5.8d). The grounding line simultaneously retreated at 60 m yr−1 (total of 1.2 km),

which is similar to retreat in the early stages of our basal melt experiment (Figure 5.9c).

With it there was 46 km2 of grounded ice loss, equivalent to only 0.1 mm of sea level rise.

Perturbations in stresses at the grounding line did not propagate far inland, with only 6%

flow acceleration and 0.05 m yr−2 increase in thinning rates (Figure 5.9). This indicates

that the glacier force balance was not significantly altered by removing these sections of

the tongue. In addition, the lower ice tongue includes the large fracture that formed in

2016 [Münchow et al., 2016], which is likely to have already de-coupled the lower PGIT

from altering the stress balance at the grounding line [Borstad et al., 2013; Rückamp et al.,

2019].

However, removing thicker (Figure 5.8) and stiffer (Figure 5.3) sections of the PGIT

closer to the grounding line, caused greater loss of contact with the side-walls, and thus

a larger reduction in lateral resistive stress acting on grounded ice. Removing the fourth
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section of the tongue led to terminus acceleration of 41%, which was four-fold the accelera-

tion after previous calving events. Some terminus deceleration occurred from 23-25 years,

but speeds remained high further inland (Figure 5.9e), and increased by a further 330 m

yr−1 at the terminus after the final calving event. Crucially, losing these upper sections of

the tongue caused the grounding line to retreat a further ∼8 km by 30-years (Figure 5.9c).

This increased driving forces further inland, leading to a 240% increase in thinning rates,

25% flow acceleration and a 31% increase in ice flux during 19-30 years (Figures 5.7 and

5.9). Importantly, this period of dynamic readjustment (inland acceleration, thinning, and

grounding line retreat) lasted ∼10 years longer than under basal melting alone (Figure

5.9). However, after 70-years, Petermann Glacier appeared to have reached a new stable

state, indicated by slow deceleration (-0.67 m yr−2), thinning rates returning to initial

levels (-0.12 m yr−1), and the grounding line stabilizing at only 3 km further inland of our

previous experiments (Figure 5.9c).

5.5 Discussion

Here, our modelling experiments show that future changes in the extent of PGIT (via

melt, collapse, or calving) can alter the glaciers force balance, and double the sea level

rise contribution from 0.43 mm under control conditions to up to 0.87 mm after 100 years

(Table 5.1). In all cases, acceleration and thinning propagated inland and the grounding

line retreated (Figure 5.7). Immediate ice tongue removal caused the greatest initial

response which is consistent with observed inland thinning and acceleration of Jakobshavn

Isbræ [Thomas, 2004; Joughin et al., 2004], and glacier acceleration following the Larsen B

ice shelf collapse [Scambos et al., 2004; De Rydt et al., 2015]. However, Petermann Glacier

rapidly re-adjusted to the instant loss of buttressing, and without an increase in calving

after collapse, the glacier tongue may regrow [Nick et al., 2012]. We do not assess that

here, but suggest it warrants further investigation. Alternatively, experiments one and

three, that incorporated enhanced basal melt and therefore gradual ice tongue thinning,

perturbed the glacier dynamic response for up to 60-70 years. The response to basal

melt alone was relatively muted, primarily due to leaving the calving front position fixed,

where in reality sub-tongue thinning is likely to act as a precursor to calving [Münchow

et al., 2014]. Therefore, calving of the PGIT (particularly closer to the grounding line)

in combination with sub-tongue thinning, caused the greatest loss of buttressing and

extended the duration of Petermann Glacier’s dynamic imbalance.

Despite some dynamic change at Petermann Glacier, the global impact on sea level

rise remains limited. Hence, the key conclusion from these experiments is that in all
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Figure 5.10: Left panel shows the basal slipperiness from our inversion (C), where orange represents
high basal slipperiness, and blue is low basal slipperiness. The right panel shows the bed topography
from the Operation IceBridge BedMachine v3 dataset [Morlighem et al., 2017], where blue is
elevation below sea level and green-brown is above sea level. The initial grounding line position at
time=0 is shown in black. Grounding line positions after 100 years for each model run are: control
run (green), enhanced basal melt (purple), ice tongue collapse (orange), and retreat and enhanced
basal melt (pink).

cases ice tongue perturbations were unable to force long-term instability of Petermann

Glacier, i.e irreversible thinning, acceleration, and grounding line retreat. We attribute

this insensitivity primarily to a stabilization of the grounding line. In all experiments the

grounding line position retreated to within 3 km of each other (Figures 5.9c and 5.10).

Crucially, this stabilization limits the sea level rise contribution of Petermann Glacier to<1

mm over the next 100-years. This is three times smaller than projections from Jakobshavn

Isbræ (2.77 mm) by 2100 [Bondzio et al., 2017] and similar to the lowest emissions scenario

(A1B) projections at Petermann and Kangerdlugssuaq [∼ 1 mm: Nick et al., 2013]. We

discuss two controls that could have allowed the grounding line to become stable, and

thus limit further ice loss. These are: i) bed topography and ii) lateral confinement/fjord

width.

Bed slope is known to control stable positions of glacier grounding lines [Schoof, 2007;

Choi et al., 2017] in the absense of additional buttressing [Haseloff & Sergienko, 2018;

Gudmundsson et al., 2012]. Initial retreat of Petermann Glacier’s grounding line was

over a shallow retrograde slope 5 km inland (-0.15◦). However, the final grounding line

positions rest on a steeper (+0.33◦) seaward sloping portion of the bed (∼57 km inland

of the current grounding line: Figure 5.8). This suggests that both retreat into shallower

water, and the prograde slope further inland, forced the grounding line to stabilise at this

position. This is consistent with the observed stability of grounding lines on prograde
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bed slopes in west Greenland [Catania et al., 2018], and previous suggestions that seaward

sloping bed topography at Petermann Glacier limited past [Hogg et al., 2016] and potential

future grounding line retreat [Nick et al., 2013]. Elsewhere in north Greenland, Choi

et al. [2017] showed that Nioghalvfjerdsfjorden’s grounding line retreat and thus sea level

rise contribution (1.12 mm by 2100) was similarly limited by a step in bed topography.

Alongside slope, the slipperiness of the bed can also be sensitive to ice shelf buttressing

[Gudmundsson, 2003; Schoof, 2007]. We acknowledge that our inversion method means

our slipperiness estimate is fixed in time and consequently does not allow for regions of low

basal drag to migrate inland. However, we have shown that mass loss is not dependent on

slipperiness distribution (Appendix B) and is therefore expected to be a lesser control than

a retrograde bed-slope, that would ultimately have promoted rapid and unstable retreat.

In addition to the role of bed topography, channel width can also modulate grounding

line retreat [Jamieson et al., 2012; Åkesson et al., 2018], and has been identified as a

key control on the retreat of numerous glaciers [e.g., Steiger et al., 2018; Catania et al.,

2018]. PGIT is well-confined within it’s narrow fjord, and hence, its collapse leads to a

loss of lateral resistive forces and buttressing. Indeed, the modelled response of Petermann

Glacier to ice tongue collapse here, is greater than observations at glaciers (Hagen Bræ

and C.H. Ostenfeld) with laterally unconfined ice tongues elsewhere in northern Greenland

[Hill et al., 2018a]. However, after an initial inland push of the grounding line in response

to an ice tongue perturbation, the fjord width further inland does not vary substantially

(< 2 km: Figure 5.10). Hence, there was no significant reduction in lateral drag as the

grounding line retreats, nor an increase in the area subject to basal melt [Åkesson et al.,

2018], to promote a positive feedback of continued grounding line retreat.

Our results have shown that glacier geometry prevented Petermann Glacier from un-

stable rapid retreat or a substantial contribution to global sea level rise in response to

the loss of its ice tongue. We acknowledge that we do not consider the indirect impact of

losing the ice tongue, i.e. once the the tongue is lost, what is the response to calving at a

grounded terminus? However, unlike Zachariæ Isstrøm, where a deep retrograde bed and

widening fjord allowed for sustained retreat once the terminus became grounded [Mouginot

et al., 2015; Choi et al., 2017], Petermann Glacier’s inland geometry, (steepening seaward

bed and narrow fjord) does not suggest that grounded ice calving will force rapid unstable

retreat.
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5.6 Conclusions

Here, we present the results of three modelling experiments that perturb the extent of

the Petermann Glacier ice tongue to assess the dynamic response and potential sea level

rise contribution over the next 100-years. Our findings show that under the most likely

scenario, in which the tongue is removed via both enhanced basal melt and episodic

calving, Petermann Glacier will lose approximately 313 Gt of ice above flotation. However

the global impact is limited to a sea level rise of only 0.87 mm. Irreversible retreat

and further ice loss was limited by a stabilization of the grounding line at a rise in bed

topography ∼12 km inland of its current position. Further inland the bed steepens in a

seaward direction, and the channel remains narrow, suggesting that Petermann Glacier is

geometrically constrained from becoming sensitive to calving in the future.
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Discussion

6.1 Recent retreat of glaciers in northern Greenland and

the role of ocean-climate forcing

Future changes in outlet glacier dynamics are likely to increase northern Greenland’s con-

tribution to sea level rise [Mouginot et al., 2019]. Despite this, Chapter 2 highlighted that

records of outlet glacier change in northern Greenland are sparse, particularly prior to the

1990s. This currently limits our ability to assess recent outlet glacier change or potential

glacier sensitivity to future ocean-climate warming. To address the limited number of

records of outlet glacier behaviour pre-1990s, one of the aims of this thesis was to quantify

outlet glacier change across northern Greenland over multidecadal timescales (1948-2015)

and to determine if recent change (predominantly retreat) is part of a tidewater glacier

cycle, or is exceptional (Chapter 3). One of the key findings is that in the mid-1990s

there was a region-wide switch from variable advance and retreat (during 1948 to 1995)

to predominantly high magnitude retreat (Figure 3.5, and Table 3.3). These high retreat

rates during the last two decades (1995 to 2015) were primarily due to large calving events

from floating ice tongues [Rignot et al., 2001; Box & Decker, 2011; Hill et al., 2018a]. This

strongly suggests that recent retreat is exceptional in nature, and that ice tongues or

grounded outlet glaciers are unlikely to advance back to their former extents.

The timing of the switch to high magnitude retreat in the 1990s was coincident with

increased retreat rates across the Arctic [Carr et al., 2017b; Cook et al., 2019], including

acceleration and retreat in south-east Greenland [Howat et al., 2008; Seale et al., 2011],

and northwest Greenland [e.g., Carr et al., 2013b; Moon et al., 2012]. This suggests that
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either ocean or climate warming forced a change in conditions at glacier margins that

initiated recent retreat. However, the relative contribution of these forcing factors differs

between regions of the GrIS and elsewhere in the Arctic. Indeed, regional studies in

Greenland have previously determined increased air temperatures [Thomas et al., 2011;

Luckman et al., 2006], ocean warming [Khan et al., 2014; Wood et al., 2018; Straneo et al.,

2013], or a reduction in sea ice concentration [Moon et al., 2015; Carr et al., 2013b; Khan

et al., 2014] to be the dominant driver of glacier retreat. Unfortunately, ocean-climate

data in northern Greenland is limited and so has not been analysed in detail in this thesis.

Nevertheless, it is now worth considering some proposed mechanisms, and which factors

may have been important for accelerating retreat in northern Greenland. The final section

of this Chapter (Section 6.4) also presents some directions for future research to better

determine the precise drivers of recent retreat in the region.

Recent increased air temperatures across the GrIS [Mernild et al., 2009; Box et al.,

2009; Cappelen et al., 2010] could have caused thinning close to glacier termini, subse-

quently steepening the ice surface slope, increasing the driving stress, and accelerating ice

mass loss. Indeed, increased thinning has taken place in the ablation areas (< 2000 m ele-

vation: Figure 1.2) around the GrIS since the 1990s [Abdalati et al., 2001; van den Broeke

et al., 2016; Pritchard et al., 2009; Krabill et al., 2000]. At several glaciers (e.g. Jakobshavn

[Thomas et al., 2011], Helheim, and Kangerdlugssuaq [Howat et al., 2008; Luckman et al.,

2006]), linearly increasing air temperatures after the 1990s were linked to thinning in the

ablation zone that instigated terminus retreat. Elsewhere in the Arctic, Cook et al. [2019]

also showed that greater surface melt and runoff due to increased air temperatures, was the

main driver of glacier retreat in the Canadian Arctic. In Chapter 3, it was suggested that

such ice marginal thinning may also have been the initial forcing for widespread retreat

across northern Greenland, based on observations from surface elevation change datasets.

Using changepoint analysis (similar to as described in Chapter 3 Section 3.3.2.3) Figure

6.1 shows that there was a significant change in mean annual air temperatures ca. 2000

at weather stations in northwest and northeast Greenland, which had already begun to

increase from 1990 onwards. This follows some initial thinning at glacier termini (Figures

3.7 and 3.8) and was coincident with the onset of region-wide increased glacier retreat.

Overall, this suggests that warmer air temperatures across northern Greenland are likely

to have played an important role in forcing thinning at glacier termini, which in turn may

have triggered initial terminus retreats.

In addition to thinning in the terminus region, increased air temperatures may also

have promoted increased calving in northern Greenland via increased surface melt and

runoff [Phillips et al., 2010; van der Veen et al., 2011] and the feedbacks between subglacial
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discharge and submarine melt rates [Motyka et al., 2003, 2013; Schild & Hamilton, 2013].

Firstly, increased surface melt and runoff could have promoted fracture penetration to the

bed, either via water filled crevasses [Benn et al., 2007; Nick et al., 2010; van der Veen

et al., 2011] or supraglacial lake drainages [Banwell et al., 2013; Carr et al., 2015]. This can

both increase calving and lubricate the bed, thereby accelerating ice flow, increasing the

driving stress, and increasing mass loss. In northern Greenland, satellite imagery observed

in this thesis revealed water-filled crevasses along ice tongues at Zachariæ Isstrøm and C. H.

Ostenfeld, and supraglacial lakes close to the terminus at Humboldt Glacier [see also: Carr

et al., 2015], which are likely to have pre-conditioned these glaciers for retreat. However,

this was not the case at Petermann Glacier, where supraglacial lakes on the ice tongue

had a limited impact on instability due to rapid water evacuation by a large supraglacial

river [Macdonald et al., 2018]. Thus, the role of water-filled crevasses and supraglacial

lake drainages is likely to vary on an individual glacier basis across northern Greenland.

Hence, further work is needed to assess the importance of supraglacial lake drainages, and

water filled crevasses for forcing calving at outlets in northern Greenland.

Secondly, subglacial discharge, in the form of buoyant meltwater plumes mixes with

fjord water, and enhances melt at the glacier front [Jenkins, 2011; Straneo et al., 2013;

Xu et al., 2012]. Under warmer conditions, increased volumes of surface melt and thus

subglacial discharge can force greater rates of submarine melt [Jenkins, 2011; Xu et al.,

2012; Motyka et al., 2013]. While this thesis has not considered this, previous work at

Humboldt Glacier linked subglacial plumes to enhanced calving and retreat [Carr et al.,

2015]. This could also be important beneath floating ice tongues, where Cai et al. [2017]

recently found that increased subglacial runoff at Petermann Glacier contributed to a 24%

increase in submarine melt. To summarise, alongside thinning at the terminus, increases

in surface runoff and subglacial discharge (due to increased air temperatures), are likely

to have also forced recent retreat in northern Greenland. This is likely to have been the

primary driver of submarine melt and retreat in the far northern regions, as they are not

subject to warm ocean waters. With increased air temperatures in the future, this effect

could become more profound, with the potential to force further regional retreat.

Alongside increased air temperatures, ocean warming could have also forced recent

dynamic change in northern Greenland. Elsewhere in Greenland, increased ocean temper-

atures have coincided with glacier retreat, thinning, and acceleration [Moon & Joughin,

2008; Straneo et al., 2013; Holland et al., 2008; Christoffersen et al., 2011; Wood et al.,

2018; Walsh et al., 2012; Straneo et al., 2013]. Despite not being exposed to warm subtrop-

ical waters (e.g. east Greenland Seale et al. [2011]), relatively warm ocean waters around

the northern margins of the GrIS have the potential to increase submarine melt rates at
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Figure 6.1: Climate data for northern Greenland provided by the Danish Meteorological Institute.
A) Annual (dark blue) and summer June July August (light blue) air temperatures from the Pituffik
(PK) (76o32’N, 68o45’W) automatic weather station in northwest Greenland. B) Annual (dark
blue) and summer June July August (light blue) air temperatures from the Danmarkshavn (DK)
(76o46’N, 18o40’W) automatic weather station, in northeast Greenland. For both plots the black
line represents the 5-year moving average of air temperature time series and solid vertical lines
(blue and red) represent a statistically significant change point between the mean air temperature
either side (shown in grey). Blue and red bars represent positive degree days from available daily
air temperatures from both weather stations.

grounded glacier fronts [Rignot et al., 2010; Straneo et al., 2013; Joughin et al., 2012a]

or along the underside of floating ice tongues [Mouginot et al., 2015; Reeh et al., 1999;

Rignot et al., 2001, 1997; Motyka et al., 2011]. Ultimately, increased rates of submarine

melt can promote undercutting at the grounding line or calving front, which enhances

rates of retreat and calving [O’Leary & Christoffersen, 2013; Box & Colgan, 2013; Rignot

et al., 2015].

Submarine melting along the base of floating ice tongues is an important component

of mass loss in northern Greenland [Rignot & Steffen, 2008; Wilson et al., 2017]. Thinning

of the ice shelf/tongue increases the glacier driving stress, and accelerates grounded ice

discharge. Indeed, this has occurred at ice shelves in Antarctica, which have thinned and

undergone accelerated mass loss due to enhanced submarine melt, primarily related to

ocean warming [Paolo et al., 2015; Jenkins et al., 2018; Liu et al., 2015; Pritchard et al.,

2012; Rignot et al., 2013]. However, the role of ocean temperature induced melt beneath

floating ice tongues in Greenland has not received much attention [Joughin et al., 2012a].
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Wilson et al. [2017] recently inferred melt rates beneath the three remaining ice tongues in

northern Greenland (Nioghalvfjerdsfjorden, Petermann and Ryder) using a flux divergence

approach. This revealed high melt rates of up to ∼ 50 m a−1, that accounted for 80% of

the total melt flux [Wilson et al., 2017]. These estimates are greater than previous values

at Petermann Glacier [Rignot & Steffen, 2008], suggesting that submarine melt rates in

northern Greenland have increased. Submarine melting could therefore become a more

important source of mass loss across the remaining ice tongues if warming continues.

In addition to inferred melt rates beneath the remaining ice tongues, some in-situ mea-

surements of ocean conditions also exist in northern Greenland. Data from Petermann

Glacier from 2002 to 2016 recorded ∼ 0.2oC Atlantic ocean warming which, alongside

stronger circulation, is likely to have promoted warm water circulation beneath the ice

tongue [Washam et al., 2018; Münchow et al., 2011; Shroyer et al., 2017], enhancing basal

melt rates, and preconditioning the glacier for calving. In northeast Greenland, obser-

vations at Nioghalvfjerdsfjorden show the presence of warm (1oC) Atlantic water [Mayer

et al., 2000; Wilson & Straneo, 2015], which is likely to have forced recent retreat at the

neighbouring Zachariæ Isstrøm [Mouginot et al., 2015]. Alongside ocean-induced melt of

floating ice tongues, a number of grounded terminus glaciers have been subject to ocean

warming/submarine melt, driving recent retreat in northwest Greenland [Wood et al.,

2018; Willis et al., 2018]. In the study region of this thesis, warm water intrusion at

Tracy and Helprin Glaciers promoted thinning at the terminus, followed by retreat [Willis

et al., 2018], but these rates differed between the two glaciers due to their contrasting bed

depth/topography [see Section 6.3: Porter et al., 2014; Willis et al., 2018]. Ocean warming

is likely to be the most important driver of recent glacier change in the northwest and

northeast regions of Greenland [Rignot & Mouginot, 2012; Wood et al., 2018; Khan et al.,

2014], primarily as they are subject to warm ocean water that reaches the fjords. Instead,

at glaciers in the far north that are not subject to warm North Atlantic water (e.g. Peter-

mann), it may be that submarine melt is driven primarily by subglacial discharge, related

to air temperature induced surface melt [Cai et al., 2017]. Warming of North Atlantic

deep water in the future could enhance melt at grounded glacier fronts and beneath float-

ing ice tongues, and ultimately lead to further glacier retreat. Improved measurements of

ocean temperatures e.g. via submarines, are needed in the future to quantify the effect of

warming water on glacier melt and retreat.

Another key impact of warmer air/ocean temperatures across northern Greenland is

the removal of sea ice from the fjords. Sea-ice buttressing has been identified as an impor-

tant control on glacier calving rates both in northern Greenland [Higgins, 1990; Johan-

nessen et al., 2013; Khan et al., 2014; Reeh et al., 2001, see Section 2.4.2] and elsewhere
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[Miles et al., 2016, 2018; Moon et al., 2012, 2015; Amundson et al., 2010]. For example,

sea ice stiffened the ice mélange at Jakobshavn Isbæ and held it in place against grounded

ice. Crucially, sea ice retreat then weakened the ice mélange, which reduced terminus

backstress and promoted calving [Amundson et al., 2010]. Glaciers in northern Greenland

are susceptible to a similar process under future warming and decreasing concentrations

of sea-ice. Indeed, early work by Reeh et al. [2001] suggested that the retreat of fast-ice

in northeast Greenland, promoted calving at Nioghalvfjerdsfjorden, which was supported

by later work using improved satellite derived sea ice concentrations [Khan et al., 2014].

Sea-ice retreat has also been identified as a key driver of retreat and glacier acceleration

in northwest Greenland [Moon et al., 2015; Carr et al., 2013b]. These data suggest that

the loss of backstress associated with sea ice retreat is likely to be an important control on

northern Greenland outlet glaciers. Arctic sea ice concentrations have shown a negative

trend since 1978 [Serreze & Meier, 2019], and if this continues in the future an increase in

sea-ice free days may allow for more calving and retreat to occur across the region.

This thesis has identified an important increase in the retreat, acceleration, and thin-

ning of outlet glaciers in northern Greenland which appears synchronous with recent ocean-

climate warming around other parts of the GrIS. Importantly, the precise ocean-climate

drivers of retreat may differ between sectors of northern Greenland. It is likely that the

northwest and northeast parts of the study region are subject to warmer ocean waters,

that propagate northward via the North Atlantic and Irminger currents. Such increases

in ocean heat, are likely to have promoted submarine melt at grounded calving fronts

or beneath the ice tongues at glaciers draining the NEGIS. However, the far northern

regions of the ice sheet are not subject to warm deep water, and here it is more likely

that warmer air temperatures were the main driver of: thinning, fracture-driven calving,

submarine melting (due to increases in subglacial discharge rather than ocean heat), and

sea ice retreat. Overall, these results show that like other regions of the ice sheet, northern

Greenland has begun a period of rapid glacier retreat that is likely to continue as air and

ocean temperatures are forecast to increase in the future.

6.2 Glacier sensitivity to ice tongue loss

Although recent outlet glacier retreat across northern Greenland can be considered ex-

ceptional on decadal timescales, Chapter 3 identified that variability exists between the

calving nature and magnitude of retreat between individual glaciers. The main aim of

this thesis was to quantify the role of ice tongues in modulating outlet glacier response

to changes at the terminus. To do this, the temporal pattern of retreat, acceleration,
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and thinning of glaciers with grounded termini was compared to those that terminate

in floating ice tongues (Chapter 3). The key finding of this work is that the termini of

outlet glaciers with floating portions behaved significantly differently to those that are

grounded, which led to differences in their dynamic response to terminus perturbations.

However, there was also variability in behaviour within these two categories of terminus

type (grounded vs floating). For example, some glaciers appeared more sensitive than

others to the loss of their floating ice tongues.

Firstly, grounded outlets were characterised by sustained but lower magnitude retreat,

owing to gradual calving, followed by acceleration and thinning over approximately two

decades. In contrast, glaciers with floating ice tongues exhibited high magnitude episodic

calving and/or ice tongue collapse due to rift propagation, which either forced some short-

lived acceleration and thinning, or did not cause a change in stresses inland (see discussion

in Chapter 3, Section 3.5.2). Therefore, although glaciers with floating ice tongues showed

higher magnitude retreat, they generally appeared insensitive to calving in comparison

to grounded termini. This is consistent with knowledge of resistive stresses acting on

grounded ice [Cuffey & Paterson, 2010]. Grounded ice retreat causes a loss of both basal

and lateral resistance which can cause a greater perturbation than in the case of calving

or removing an ice shelf, which only restrains flow via lateral resistance [McFadden et al.,

2011]. It appears that the collapse of several ice tongues in northern Greenland did not

substantially affect inland ice dynamics (e.g. at C. H. Ostenfeld and Hagen Bræ), but

calving from their now grounded termini could become more important in the future.

Due to the key differences presented in this thesis it is important to consider the role of

terminus type in modulating the glacier response when quantifying outlet glacier change

in other regions of the Arctic and Antarctic.

This thesis has identified key differences between the dynamic behaviour of glaciers

with either grounded or floating termini. In addition to this, observations of ice tongue

extent and glacier dynamics presented in Chapter 3, and sensitivity experiments conducted

on Petermann Glacier (in Chapters 4 and 5) were used to further assess the role of ice

tongues in modulating glacier behaviour. These results revealed that there are distinct

differences between the sensitivity of individual glaciers to ice tongue loss in northern

Greenland.

Ice tongue buttressing is primarily controlled by the amount of lateral resistance pro-

vided by ice shearing along the glacier side-walls [Cuffey & Paterson, 2010; Haseloff &

Sergienko, 2018; Pegler et al., 2013]. Observations within Chapter 3 showed that a number

of glaciers in northern Greenland (e.g. C. H. Ostenfeld and Hagen Bræ) were insensitive

to recent ice tongue collapse. Fragmented, unconfined ice tongues at these glaciers (Figure
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3.12) provided limited lateral resistance and as a result were probably already decoupled

from grounded ice prior to collapse. This means that they were largely passive, providing

little backstress, which was indicated by little to no acceleration or inland propagation

of surface thinning in the years following ice tongue loss. This insensitivity to ice tongue

retreat could also explain why, despite high magnitude ice tongue retreat in the last two

decades, Kjeldsen et al. [2015] found limited increase in dynamic ice discharge from the far

north. Unlike large ice shelves in Antarctica [Paolo et al., 2015; Fürst et al., 2016; Reese

et al., 2018a], this suggests that most ice tongues recently lost from northern Greenland

provided limited buttressing on inland ice, and their collapse did not lead to substantial

increases in ice discharge.

However, some glaciers in northern Greenland still possess ice tongues (Nioghalvfjerds-

fjorden and Petermann) and uncertainty remains as to their response to future ice tongue

collapse. As both of these ice tongues are laterally confined their collapse could cause a

greater stress perturbation on grounded ice [Jamieson et al., 2012; Haseloff & Sergienko,

2018; Åkesson et al., 2018; Goldberg et al., 2009]. Indeed, this was the case at Zachariæ

Isstrøm, which unlike most glaciers with ice tongues in northern Greenland was dynami-

cally sensitive to ice tongue loss. In this sense the glacier behaved similarly to grounded

outlets i.e. gradual calving accompanied by prolonged acceleration and thinning. This

behaviour is also consistent with the response to laterally confined ice shelf collapse of

Jakobshavn Isbræ [Joughin et al., 2004; van der Veen et al., 2011; Steiger et al., 2018], and

the glaciers draining into the Larsen ice shelves [Rott et al., 2002; Scambos et al., 2004;

Rignot et al., 2004; De Rydt et al., 2015].

To support this further, both diagnostic and transient simulations at Petermann Glacier

(Chapters 4 and 4) showed that lateral confinement was a primary control on the glaciers

future response to ice tongue loss. In a similar way to the recent calving event from

the Larsen C Ice Shelf [Hogg & Gudmundsson, 2017], the lower portions of Petermann

Glacier’s ice tongue can be considered passive, providing little resistance to inland flow

[Nick et al., 2012; Hill et al., 2018b]. However, calving from thicker and more laterally

confined sections of the tongue in the future are likely to cause a greater increase in inland

velocity and surface thinning rates. This is in contrast to the observed response to un-

confined ice tongue loss elsewhere in northern Greenland (e.g. C. H. Ostenfeld and Hagen

Bræ). This highlights the non-linearity of ice tongue calving on glacier dynamics, and

disparity between individual glaciers depending on the geometry of the ice tongue/shelf.

It could be that similar to Petermann Glacier, calving closer to the grounding line at

Larsen C could cause increased ice loss [Hogg & Gudmundsson, 2017], but this requires

further investigation. Due to the important role of lateral resistive stresses on restraining
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grounded ice flow, it is important that more model studies are conducted in the future

on individual outlet glaciers using 2-horizontal dimensions as a minimum. Such models

will be able to capture the important role of spatially variable lateral resistive stress on

ice shelf buttressing that is often not fully captured in more simplistic flowline models

[Nick et al., 2009; Åkesson et al., 2018]. Overall, at glaciers with ice tongues elsewhere

in the Arctic, and that drain into ice shelves in Antarctica, it is important to consider

both their individual glacier response to a loss of buttressing at the grounding line, and

their potential response once they begin to calve grounded ice directly into the ocean.

Both of these factors have important implications for accurately projecting mass loss from

marine-terminating outlet glaciers both in the Arctic and the Antarctic.

6.3 Role of bed geometry in modulating glacier dynamics

The previous section discussed the role that ice tongues play in modulating the dynamic

response to glacier terminus changes, which is primarily related to varying levels of lateral

resistance provided by the ice tongues. Alongside this, glacier sensitivity to grounded ice

retreat or ice tongue collapse can be controlled by the glaciers bed topography, which can

either limit or promote terminus perturbations to propagate inland [Felikson et al., 2017;

Enderlin et al., 2013]. This was the motivation for assessing the role of glacier geometry

on northern Greenland outlet glacier behaviour in this thesis. The results of Chapter 3

identified that bed topography modulated the magnitude of retreat at grounded termini,

and had the potential to limit or enhance grounding line retreat before and after ice

tongue collapse. This was further supported by future transient experiments of the future

dynamics of Petermann Glacier (Chapter 5), which showed bed topography was a key

limiting factor for unstable rapid downslope retreat.

Calving from grounded termini removes ice in contact with the bed, and causes a loss of

basal resistance, which subsequently increases the glacier driving force [Cuffey & Paterson,

2010; McFadden et al., 2011]. In the case that calving/terminus retreat occurs down a

deepening bed, grounding line discharge increases as the ice rapidly thins to flotation

[Schoof, 2007]. This allows a positive feedback to initiate, further increasing driving stress,

acceleration, and ice discharge. A number of studies have shown this occurs in Greenland,

for example at Helheim Glacier which rapidly retreated into a bedrock depression [Howat

et al., 2007; Nick et al., 2009], and via sensitivity experiments based on the geometry of

Helheim Glacier, Kangerdlugssuaq Glacier, and Jakobshavn Isbræ [Enderlin et al., 2013].

In northern Greenland, the four grounded outlet glaciers with the highest rates of
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terminus change all retreated down retrograde bed slopes (see Table 3.4). In general,

these glaciers also showed the greatest acceleration during periods of retreat (Table 3.2),

suggesting a greater perturbation on inland ice. This is consistent with significantly higher

magnitude retreat rates over retrograde bed slopes in northwest [Carr et al., 2013b; Porter

et al., 2014], southeast [Bunce et al., 2018], and central west Greenland [Catania et al.,

2018]. For example, within the same fjord in northwest Greenland there were notable

differences in the magnitude of retreat and thinning at neighbouring Tracy and Heilprin

Glaciers (Figure 3.6), which is primarily related to bed depth [Bunce et al., 2018; Porter

et al., 2014; Willis et al., 2018]. Retreat down a deeper and steeper bed at Tracy Glacier is

likely to not only have increased the glacier driving stress due to increases in ice thickness,

but also have allowed more ocean water to access and thus melt the calving face [Porter

et al., 2014]. In the future, these factors could promote further terminus retreat at Tracy

and Heilprin Glaciers, and also at glaciers with deep retrograde beds elsewhere in northern

Greenland. Meanwhile, our results show that grounded outlet glaciers resting in shallower

water and on prograde slopes (e.g. Harder, Academy, and Marie-Sophie: Chapter 3) were

less sensitive to retreat, evident in lower magnitude retreat rates (averaging -24 m a−1

from 1948 to 2015) and little to no acceleration (Table 3.2). In line with previous studies,

this suggests that the magnitude of retreat and adjustment to the glaciers force balance

in northern Greenland is primarily controlled by bed slope. This substantiates previous

findings that highlight the importance of bed topography on modulating glacier sensitivity

to past and future retreat [Catania et al., 2018]. Ultimately, this means that improved

estimates of bed topography at the grounding lines of outlet glaciers not only in Greenland,

will provide more accurate projections of retreat and associated mass loss under future

scenarios of climate warming.

Alongside the influence of lateral resistance provided by ice tongues on grounded ice,

the bed topography at the grounding line can either enhance or limit the positive glacier

feedback to a loss of buttressing [Joughin & Alley, 2011; Enderlin et al., 2013]. In the case

of unconfined ice shelves like C. H. Ostenfeld and Hagen Bræ, bed slope is likely to be

the primary control on grounding line stability [Gudmundsson et al., 2012; Åkesson et al.,

2018; Schoof, 2007]. Taken together, the limited lateral resistance and thus buttressing

provided by these ice tongues, and the absence of a retrograde bed slope at the grounding

line, are likely to have limited the glacier response to ice tongue collapse. The grounding

line may have already been stable on a rise in bed topography prior to collapse, and the

bed topography immediately inland did not promote retreat after ice tongue loss at these

two glaciers. As a result, there was a reduction in annual retreat rates at both glaciers

to < 200 m a−1 after they became grounded (Figure 3.6 in Chapter 3). Their inland bed

topography also suggests that they are unlikely to be prone to rapid retreat in the future,
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unlike glaciers elsewhere [e.g., Catania et al., 2018; Brough et al., 2019].

In the case of well-confined ice tongues, however, a loss of lateral resistance causes

a greater initial perturbation in stresses at the grounding line, forcing initial retreat.

Thereafter, where the bed is retrograde, retreat into deeper water can sustain the initial

perturbation, leading to a positive feedback, and ultimately marine ice sheet instability

[Joughin et al., 2012a; Pattyn, 2018]. This positive feedback mechanism has been both

observed and modelled in the Amundsen Sea region of West Antarctica [Favier et al.,

2014; Joughin et al., 2010a, 2014; Rignot et al., 2014], and also at Jakobshavn Isbræ,

in response to ice shelf/tongue loss [Vieli & Nick, 2011]. However, research conducted

in northern Greenland to date has not specifically assessed the potential for marine-ice

sheet instability. At Zachariæ Isstrøm, retreat of the ice tongue between 2002 and 2015

forced the grounding line to retreat down a deepening section of the fjord (see Figure

3.11 in Chapter 3), which prolonged the dynamic imbalance and positive feedback once

it became grounded [Mouginot et al., 2015]. Numerical simulations also suggest unstable

downslope retreat will continue to the end of the 21st century, with the potential to cause

mass loss equivalent to 16 mm of global sea level rise under high rates of frontal melt [6

m day−1: Choi et al., 2017]. Similarly, the modelling experiments conducted in Chapter

5 at Petermann Glacier showed that ice tongue loss, particularly close to the grounding

line, was able to perturb grounding line stresses and force it to retreat ∼12 km inland

(see Figure 5.9 in Chapter 5). However, retreat past this point was prevented by a rise

in bed topography, which limited the potential for marine-ice sheet instability in response

to ice tongue loss. Crucially, this also limited the global sea level rise contribution to < 1

mm after 100 years (Figure 5.9), which is less than future estimates at other glaciers that

terminated in ice tongues [Bondzio et al., 2017; Choi et al., 2017]. However, this grounding

line stability is consistent with future simulations at Nioghalvfjerdsfjorden, which drains

the NEGIS [Choi et al., 2017]. Projections at Nioghalvfjerdsfjorden also showed that mass

loss over the next century (equating to only 1.12 mm of sea level rise by 2100), was limited

by a step in bed topography and pinning points at the front of the tongue [Choi et al.,

2017]. In general, the results presented here show that bed topography at a number of

outlets in northern Greenland prevented unstable retreat in response to ice tongue loss. In

addition, prograde sloping beds further inland at the remaining ice tongues (Petermann

and Nioghalvfjerdsfjorden) could also limit grounding line retreat in the future. Overall,

this highlights the important role of bed topography on future glacier retreat and mass

loss, and the need to assess bed topography at the grounding lines of glaciers elsewhere.

Alongside the role of bed topography it is also important to consider the nature of

the ice flowing over the bed, i.e. basal slipperiness and ice rheology, which can also
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control the glacier dynamic response to a perturbation at the terminus. Firstly, slippery

beds can reduce effective pressure, leading to acceleration and glacier thinning [Cuffey

& Paterson, 2010]. Indeed, basal sliding accounts for the majority of ice flow across

the GrIS [Rignot & Mouginot, 2012; MacGregor et al., 2016; Shapero et al., 2016]. Ice

rheology indicates the viscosity of ice flow that can also govern the amount of stress

provided by the ice. In the case of removing stiff, viscous ice, there is greater loss of

resistance and subsequent perturbation to flow. Some previous studies have examined the

ice conditions across Greenland. For example Lee et al. [2015] estimated ice sheet wide

basal slipperiness and ice rheology as part of model initialisation. In addition, estimates

of bed temperature have been made [MacGregor et al., 2016; Chu et al., 2018]. While

ice-bed conditions were not considered on a region wide scale in this thesis, inversions of

surface velocities at Petermann Glacier gave some insight into the basal conditions (see

Figure 5.3 in Chapter 5). This revealed a region of slippery ice inland of the grounding line

which is likely to have promoted rapid grounding line retreat over this portion of the bed.

In addition, the temperature-dependent ice rheology parameter (A), revealed alternating

bands of stiff/soft ice approximately 60 km inland of the grounding line (Figure 5.3) that

coincide with regions of frozen/thawed ice identified by Chu et al. [2018]. These bands

are thermally controlled due to frictional heating and meltwater availability, which means

the onset region of Petermann Glacier is susceptible to inland migration under future

warming [Chu et al., 2018]. Crucially, bed strength is an important additional control

(to bed topography) on glacier dynamics [Shapero et al., 2016], and future work could

use numerical models to invert for ice/bed conditions to better assess glacier dynamics in

northern Greenland.

6.4 Future work

While this thesis has provided new insight into the behaviour of outlet glaciers in northern

Greenland, a number of key areas for future research are also highlighted below:

• Drivers of northern Greenland glacier retreat. Determining the precise drivers

of regional/individual glacier retreat in northern Greenland is an important area of

future research. In the far northern regions, improved air temperature measurements

and estimates of surface melt and subglacial discharge would help to better determine

the link between subglacial discharge and submarine melt rates beneath floating

ice tongues. In the northwest and northeast regions of Greenland, improved in-

situ measurements of ocean temperatures would aid calculations of melt rates at
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calving faces or along the underside of the remaining floating ice tongues. Alongside

this, coupled ice-ocean model experiments at individual glaciers would be useful to

quantify the impact of varying ocean conditions on glacier dynamics. Crucially,

both observations and modelling of glacier sensitivity to a whole range of ocean

or climate forcing in northern Greenland would provide valuable insight into their

potential response to future climate warming.

• Assessing the role of bed topography and grounded ice calving. This

thesis has assessed the role of ice tongues and showed that a number of glaciers

were insensitive to recent ice tongue loss, primarily due to their unconfined nature,

and steep bed topography inland of the grounding line. However, their response

to further retreat (now they have become grounded) remains uncertain. Firstly,

this requires improved observations (radar flight lines) to help better constrain bed

topography in northern Greenland. This will allow a better assessment of the inland

topography which may promote or limit glacier retreat, depending on the depth and

slope of the bed [Catania et al., 2018]. Bathymetric surveys in fjords in northern

Greenland will also improve understanding of how deep ocean water is transported

to glacier fronts, similar to recent surveys at Petermann Glacier [Jakobsson et al.,

2018]. In addition, modelling studies of individual glaciers are needed to examine

their dynamic response to further retreat/calving forced by varying levels of external

climate forcing, e.g. will these glaciers remain stable due to their bed topography

despite extreme warming? Ultimately, improved understanding of glacier sensitivity

to bed topography and future warming will improve future projections of sea level

rise from these outlets.

• Improved measurements of ocean temperatures and submarine melt rates.

There are currently three remaining ice tongues in northern Greenland. Some recent

work has modelled their potential future response to ice tongue loss [Choi et al.,

2017; Rathmann et al., 2017; Nick et al., 2012] including the experiments presented

in Chapters 4 and 5 of this thesis [Hill et al., 2018b]. However, additional studies are

needed that take into account varying ocean conditions and submarine melt rates.

Wilson et al. [2017] recently estimated single average melt rates beneath these ice

tongues during 2011 to 2015, which built upon previous steady-state estimates of

melt beneath Petermann Glacier’s ice tongue [Rignot & Steffen, 2008]. However,

recent estimates of melt rates are isolated in time and there is a need for temporally

resolved melt rates to determine links between recent ocean-climate warming and

melt and thinning of ice tongues. In addition, forward modelling experiments are

needed to determine the future response of these glaciers once they become grounded.
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• Predictions of future sea level rise from northern Greenland and the entire

ice sheet Alongside improved process understanding at individual glaciers, there

is a need for improved predictions of sea level rise from both northern Greenland

specifically and across the whole Greenland ice sheet. Current model simulations

often exclude glacier retreat and calving in response to external forcing, due to the

complex nature, and heterogeneity between individual glacier response. In northern

Greenland, the presence of ice tongues complicates this further, as for example, the

response to ocean warming and submarine melt is different underneath an ice tongue

vs direct melt along a calving face. Given the distinct differences between grounded

and floating termini identified in this thesis (Chapter 3), it is appropriate for glacier

specific studies to examine the response of remaining ice tongue loss. Indeed this

has been in part addressed with the work in Chapters 4 and 5. While it would be

desirable to perform detailed glacier specific studies to determine their response to

external forcing, perhaps even using coupled ice-ocean simulations, it is not feasible

to conduct individual glacier studies on an ice sheet wide scale. Hence, new simple

parameterizations have been developed to force tidewater glacier retreat as a simple

linear function of changes in submarine melt [Cowton et al., 2018; Slater et al., 2019].

Indeed if the remaining ice tongues are lost in the near future (potentially without

significant impact on inland ice), it may then be possible to model the response

of these glaciers in the same way as tidewater outlets elsewhere on the ice sheet.

However, the oversimplified nature of these paramaterizations mean they are unable

to capture non-linearity in glacier retreat. Instead it may be more appropriate to

parameterize frontal melt rates, and use calving laws to allow for fully dynamic

evolution of the terminus position through time [Morlighem et al., 2016a; Bondzio

et al., 2016]. While this may provide a more complete picture of marine-terminating

glacier retreat, it is computationally expensive on a continent wide scale. It remains

an active field of research to balance computational expense and accurate projections

of marine-terminating outlet glacier retreat across Greenland.

• Glacier surging in northern Greenland. This thesis has identified the role of

glacier surging in northern Greenland (see Sections 2.4.4 and 3.5.4), and how this

complicates the signal of retreat in response to climate-forcing. Some recent work has

examined surging in northeast Greenland [Mouginot et al., 2018], but there remains

a need to provide a more comprehensive analysis of the role of glacier surging in

Greenland. In particular, future work could usefully focus on Ryder Glacier, which

unlike other glaciers in northern Greenland has not recently retreated. Instead, it

has been referred to as surge-type, and showed a periodic advance and retreat of

its floating terminus (see Figure 3.8). Hence, more detailed analysis is needed to

determine if it is indeed surge-type, or is undergoing a tidewater glacier cycle.
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Conclusions

Northern Greenland is an important region as it drains a substantial portion of the ice

sheet [∼40% by area: Rignot & Kanagaratnam, 2006] and has the potential to become

destabilised by the amplified warming that the Arctic will experience in the future [Gregory

& Huybrechts, 2006; Born & Nisancioglu, 2012]. It is also the last region of the GrIS where

a number of glaciers terminate in long floating ice tongues, but remains poorly studied in

comparison to other areas of the ice sheet. The first objective of this thesis was achieved

by providing a review of previously published work on outlet glacier behaviour in northern

Greenland (Chapter 2). This concluded that while there appeared to have been increased

retreat, and in some cases accelerated ice flow, the region-wide glacier response to forcing

(ocean-climate), local geometry (fjord width and depth) and, in particular, the collapse of

floating ice tongues remained uncertain. Hence, more detailed observations and analysis

were needed, which provided the motivation for the rest of the work conducted in this

thesis. Thus, the primary aim of this thesis was twofold: 1) quantify outlet glacier change

across northern Greenland, and 2) determine the role of floating ice tongues in modulating

past and future glacier behaviour.

Quantifying regional outlet glacier change was achieved by using a combination of his-

torical map charts and satellite imagery sources to provide a novel long-term record of

terminus behaviour from 1948 to 2015 (Chapter 3). These data were then supplemented

with annual ice velocities and elevation change datasets to assess the dynamic glacier re-

sponse to changes at the terminus. The key conclusion is that accelerated retreat has

occurred over the last two decades across northern Greenland, coincident with other re-

gions of the ice sheet [e.g., Carr et al., 2017b], and with the onset of regional ocean-climate

warming. During 1948 to 1995 outlet glacier retreat rates averaged +72 m a−1 (advance).
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However, after 1995 there was a clear switch to higher magnitude retreat averaging -445

m a−1 until 2015. Recent retreat over the last two decades (1995 to 2015) was dominated

by the retreat and/or collapse of several ice tongues. By putting these recent changes

into context over a longer timescale, this thesis shows that recent change was exceptional,

rather than related to a cyclic advance and retreat of the glacier termini. This suggests

that northern Greenland is undergoing rapid and likely irreversible change, which is largely

in response to the onset of increased air and ocean temperatures in the region.

Despite region-wide accelerated retreat, the results presented in Chapter 3 also high-

lighted that terminus behaviour was heterogeneous. To determine the role of floating ice

tongues in modulating glacier behaviour this thesis compared the dynamics of glaciers

that are either grounded at their terminus or extend out into a floating ice tongue. This

comparison showed that the magnitude and duration of retreat, alongside the dynamic

response to terminus change was dependent on terminus type. This was primarily due

to variations in resistive stresses acting on grounded ice depending on calving from a

grounded or floating front.

Grounded outlets were characterised by sustained low magnitude retreat, alongside

inland thinning and acceleration. This was due to a loss of basal resistance, during calv-

ing/retreat, which was amplified at glaciers where the terminus retreated down a retro-

grade bed slope. In general, glaciers terminating in floating ice tongues instead showed

short-lived high magnitude stochastic retreat events. These calving events were followed

by limited acceleration or thinning inland of the grounding line, suggesting that changes in

ice tongue extent did not perturb the glacier force balance. This insensitivity to ice tongue

loss is attributed primarily to limited lateral resistance and thus backstress provided by

ice tongues that are weakly attached to their fjord walls. For example, satellite imagery

revealed that ice tongues at C. H. Ostenfeld and Hagen Bræ were highly fragmented prior

to collapse, suggesting they were already dynamically decoupled from grounded ice. In

addition, the absence of a retrograde bed slope at the grounding lines prevented unstable

downslope retreat during or after ice tongue loss. This highlights the importance of local

glacier topography on modulating the glacier response to changes at the terminus. From

these results, one of the key conclusions of this thesis is that unlike large ice shelves in

Antarctica, outlet glaciers in northern Greenland were generally insensitive to recent col-

lapse. However, now these glaciers have become grounded, it is important to focus on their

future response to calving at a grounded terminus, that could accelerate ice flow, increase

ice discharge and cause northern Greenland to become a more important contributor to

sea level rise in the future.

While glaciers in northern Greenland appeared insensitive to past ice tongue loss, the
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laterally confined nature of the remaining ice tongues (Petermann and Nioghalvfjerdsfjor-

den), suggests that they may respond more dynamically to future retreat and/or collapse

[Nick et al., 2012; Choi et al., 2017], which could accelerate mass loss from these outlets.

To assess this future sensitivity, and support the observations presented in Chapter 3, this

thesis also used an ice flow model to simulate ice tongue loss (Objective 3: Chapters 4 and

5). These experiments were conducted on Petermann Glacier, which terminates in one of

the last remaining floating ice tongues in Greenland. Two main conclusions can be drawn

from these experiments. First, in line with our observations elsewhere in northern Green-

land, the dynamic response of Petermann Glacier to ice tongue loss is primarily related to

varying amounts of lateral resistance that apply buttressing to grounded ice. The lower

fragmented parts of the tongue were passive, i.e. removing them did not perturb stresses at

the grounding line. However calving from laterally confined portions of the tongue closer

to the grounding line, is likely to cause thinning, acceleration, and an increase in grounded

ice discharge. Secondly, while acceleration and thinning are likely to follow ice tongue loss

at Petermann Glacier, the long-term response over 100-years appears muted. Compared

to the response to ice shelf collapse in Antarctica the impact of losing Petermann Glaciers

ice tongue may be minimal in terms of sea-level rise (< 1 mm). This limited response is

attributed to stability of the grounding line at a rise in bed topography. Overall, in line

with the conclusions drawn from Chapter 3, these results suggest that Petermann Glacier

may too be relatively insensitive to future collapse. However, future work could usefully

focus on simulating varying levels of ocean-climate forcing on Petermann Glacier to see

whether the glacier can retreat further inland, if it remains stable, or if the floating ice

tongue could regrow.

Overall this thesis has provided new insight into the behaviour of marine-terminating

outlet glaciers in northern Greenland and their sensitivity to changes in the extent of their

ice tongues. Taken together, the findings from our observational record and numerical

modelling highlight that glaciers in northern Greenland were generally insensitive to recent

ice tongue collapse. Importantly this was due to their unconfined nature, and limiting

inland bed topography, i.e. the absence of a deepening bed at the grounding line. Loss

of the remaining ice tongues in northern Greenland may cause a greater perturbation on

grounded ice, and increase ice discharge but, in the long-term their bed topography may

limit further ice loss. Ultimately, it is now important to focus on the glacier response once

previously floating termini become grounded and calve directly into the ocean. Crucially,

this has the potential to increase the region-wide contribution to ice loss and global sea

level rise over the 21st century.
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Bed slope direction and errors in

basal topography

Chapter 3 of this thesis considers the role of basal topography in governing a glaciers

dynamic sensitivity (i.e. acceleration and thinning) to terminus retreat. While bed to-

pography datasets have improved greatly in recent years, errors still remain, and as part

of assessing glacier sensitivity to bed topography, it is important to examine the possible

errors. Firstly, errors in bed topography were assessed using error maps provided in the

BedMachine v3 dataset [Morlighem et al., 2017]. Figure A.1 shows the source of bed to-

pography for northern Greenland alongside the errors. Bed topography is well constrained

at the majority of outlets in northern Greenland, where errors along the glacier centerline

profiles are generally < 100 m (Table A.1). Exceptions are glaciers in northeast Green-

land (Kofoed-Hansen Bræ, Storstrømmen, and L. Bistrup Bræ), which have higher errors

due to being derived from Kriging interpolation rather than being well constrained by the

mass conservation method. While recent improvements in fjord bathymetry [Morlighem

et al., 2017] and in particular topography at the transition from grounded ice to the ocean

[Williams et al., 2017] have been made, errors in fjord baythemetry are greater than on

grounded ice at all glaciers in northern Greenland. This highlights the need for improved

measurements of fjord bathymetry across the region, in line with recent surveys as part

of NASA’s Ocean Melting Greenland project elsewhere around the ice sheet [Morlighem

et al., 2016b].

Chapter 3 also presented the nature of the bed slope (inland or seaward sloping: see

Table 3.4) along the first 20 km inland of the grounding line of each study glacier in north-

ern Greenland. This was done by fitting the bed topography along each glacier centerline
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with a linear regression model to determine the slope of the linear fit (see Figure A.2).

Glacier Mean grounded bed Mean bathymetry
topography error (m) error (m)

Harald Moltke Bræ 40.94 252.64
Heilprin 53.62 75.30
Tracy 86.54 184.60
Humboldt 31.36 188.82
Petermann 25.14 111.86
Steensby 44.84 194.99
Ryder 33.88 196.03
Ostenfeld 70.82 283.94
Harder 78.93 143.33
Brikkerne 146.45 236.65
Marie Sophie 87.14 85.82
Academy 46.48 181.31
Hagen Bræ 63.24 245.75
Nioghalvfjerdsfjorden 42.94 15.57
Zachariae Isstrøm 52.59 17.47
Kofoed-Hansen Bræ 215.93 104.88
Storstrømmen 116.07 117.54
L. Bistrup Bræ 112.36 169.52

Table A.1: Mean elevation error for each glacier across either the grounded portion of the glacier
centreline profile, or the seaward (bathymetry) section of the glacier centreline profile

Figure A.1: (a) categorised source data of bed topography from the BedMachine v3 for northern
Greenland (b) bed elevation error (m) map from the BedMachine v3 dataset. Grey outlines show
glacier surface drainage catchments, and black lines show glacier centreline profiles.
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Sensitivity of our model results to

the slipperiness exponent value

(m) in the Weertman sliding law

The ice flow model used in this thesis (Úa) inverts for the basal slipperiness parameter C

by employing a Weertman sliding law which takes the form

τb = C−1/m|νb|1/m−1νb (B.1)

where C is the basal slipperiness, τb is the tangential basal traction, νb is the basal velocity,

and m is the stress exponent.

The flow of fast flowing glaciers and ice streams is primarily controlled by basal motion

i.e. deformation. However, estimates of basal slipperiness (C) and the stress exponent

in the Weertman sliding law (m) have not been directly observed and instead rely on

numerical estimates, often from inverting surface velocity measurements. In particular,

the most appropriate value for m remains uncertain. To assess whether our results are

independent of the value of m input into our sliding law, we repeated both our diagnostic

and transient modelling experiments at Petermann Glacier using different values of m.
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B.1 Diagnostic experiments

To assess impact of varying the value of m the velocity response of Petermann Glacier to

perturbations of its calving front we repeated two of the previous diagnostic experiments:

1) removing the iceberg that calved in 2010, 2) removing the entire ice tongue. First,

we invert pre-calving observed velocities (winter 2009/10) for basal slipperiness where we

varied the stress exponent (m) between 1 and 9 (m = 1, 2, 3, 5, 7, 9). We then input each

estimate of basal slipperiness into a diagnostic forward experiment. To assess the impact

of different slipperiness distributions on inland ice flow speeds, we look at the normalized

change in speed across a centerline profile from the grounding line to 40 km inland for

each value of m and for both 2010 calving and entire ice tongue loss (left and middle

panels of Figure B.1). In both cases, velocity increases are greatest at the grounding line

and decrease with distance inland. The final panel shows the percentage change in speeds

at the grounding line relative to initial flow speeds for both experiments. Importantly

the impact of removing the entire ice tongue is distinctly different to removing the 2010

iceberg. Therefore, we can conclude that varying the value of m does not impact the

results of our diagnostic experiments.

Figure B.1: Left two panels show normalized increase in speed along the Petermann Glacier cen-
terline from the grounding line to 40 km inland where ∆U(x) is the change in velocity at each point
along the transect and ∆U(GL) is the change in speed at the grounding line. Each colored line is a
different value of m. The final panel shows the percentage change in speed at the grounding line
∆U(GL) for each slipperiness exponent value of m. Circles show percentage change after the 2010
calving event and squares after removing the entire ice tongue

B.2 Transient experiments

As with our diagnostic experiment, we first invert the model using several different values

for m (2,3,4). As for our initial inversion (see Section 5.3.1), we set the slipperiness
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beneath the ice tongue to the average value 10 km inland of the grounding line to avoid

an unrealistic sharp transition to high basal drag in the case of grounding line advance.

We then input estimates of slipperiness (C) and ice rheology (A) into both our control run

and most extreme scenario run (basal melt and episodic calving) to assess the variability

in ice volume above flotation depending on the value of m used. Figure B.2 show the

results of these sensitivity experiments. During the the early stages of each run there was

little variability in VAF, although this increased with time. In the control run, final VAF

values after 100 years ranged from -160 to -196 Gt, with an average difference of 20%.

While the perturbed run showed greater variability in VAF depending on the value of m

used, importantly the different distributions of basal slipperiness were not able to force

grounding line retreat further inland, and in fact limited the VAF lost in comparison to

using m = 3.

Figure B.2: Left panel shows volume above flotation (VAF) loss during our control run for different
values of m. Right panel, same as left but for our perturbed model run, incorporating both
enhanced basal melt rates and episodic calving of Petermann Glacier’s ice tongue.
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