
Detecting and monitoring subglacial
lakes beneath the Greenland Ice Sheet

Jade S. Bowling, BSc (Hons), MRes
Lancaster Environment Centre

Lancaster University

A thesis submitted for the degree of
Doctor of Philosophy

November, 2022



Declaration
I declare that the work presented in this thesis is, to the best of my knowledge and
belief, original and my own work. The material has not been submitted, either in
whole or in part, for a degree at this, or any other university. This thesis does not
exceed the maximum permitted word length of 80,000 words including appendices
and footnotes, but excluding the bibliography. A rough estimate of the word count is:
48957

Jade S. Bowling

i



Detecting and monitoring subglacial lakes beneath the Greenland Ice Sheet
Jade S. Bowling, BSc (Hons), MRes.

Lancaster Environment Centre, Lancaster University
A thesis submitted for the degree of Doctor of Philosophy. November, 2022

Abstract
In this thesis I develop novel methods and datasets, using airborne radio-echo
sounding and high-resolution satellite-derived digital elevation models, to improve the
understanding of subglacial lake distribution and activity beneath the Greenland Ice
Sheet.

First, I use 23 years of airborne radio-echo sounding data, totalling over 500,000
km, to conduct the first systematic ice sheet-wide survey of subglacial lakes beneath
the Greenland Ice Sheet. Following classification of basal reflector properties, I detect
over 50 new stable subglacial lakes beneath the Greenland Ice Sheet. Surface elevation
data also revealed 2 previously unidentified collapsed ice-surface basins indicative of
subglacial lake activity. The results indicate that subglacial lakes are more common
than previously thought and differ from those found beneath the Antarctic Ice Sheet
both in their size and spatial distribution.

Next, I develop a new automated technique using statistical analysis of high-
resolution, satellite-derived surface elevation data to detect localised elevation changes
which are characteristic of subglacial lake drainage events. I then apply this framework
to the Greenland Ice Sheet within 50 km of the ice margin to classify 7 potential
active subglacial lakes which could be used as candidates for future geophysical surveys
and further monitoring to understand to understand the role they play within the
subglacial hydrological system.

Finally, using the results from the previous chapter, I utilise a variety of satellite
datasets to analyse a unique active subglacial lake in Northern Greenland. From the
observational record, the subglacial lake appears to have drained twice in the past
36 years, in 1990 and 2014, but each event with differing drainage characteristics. In
particular, observations of downstream ice surface fracturing and excavation of ice
blocks 20 m tall in 2014, suggests that drainage event caused a subglacial outburst
flood which propagated to the ice surface. This is the first observation of supraglacial
emergence of subglacial flood water in Greenland, indicating more varied drainage
mechanisms that are currently not accounted for in numerical ice sheet models.
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Chapter 1

Introduction and background

In this chapter, I introduce the Greenland Ice Sheet and the importance of

understanding its complex hydrological system for predicting future mass balance and

contribution to sea level rise. I then review the production, pathways, storage and

discharge of meltwater as it �ows throughout the complex system, and its importance

for ice dynamics and marine ecosystems and environments. I then explore the history

of subglacial lake identi�cation and monitoring, examine the types of subglacial lakes,

their distribution and relationship with ice masses, as well as their importance for

understanding ice dynamics, microbial communities, landscape evolution, and past

environments and climates.

1.1 The Greenland Ice Sheet

The present-day Greenland Ice Sheet has a volume of� 2.6 million km3, making

it the largest reservoir of frozen freshwater in the Northern Hemisphere. The ice

is up to 3.2 km thick in the interior, where the bedrock beneath is relatively �at

and close to sea level (Morlighem et al., 2017) (Figure 1.1a). Coastal mountains

surround most of the periphery, through which outlet glaciers and ice streams drain

the interior (Figure 1.1b). The largest, fastest-�owing glaciers with velocities of about

102 - 104 m a� 1, such as Jakobshavn Isbræ in western Greenland and Helheim Glacier

in southeastern Greenland, terminate in marine settings, whereas, land-terminating

glaciers, such as Russell Glacier in southwestern Greenland, have typical velocities
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1.1. The Greenland Ice Sheet

Figure 1.1: (a) Bed topography and (b) surface topography of the Greenland Ice Sheet (Morlighem et al., 2017).
(c) MEaSUREs Annual ice sheet velocity from 2018 (Joughin et al., 2017) with key glaciers labelled (NEGIS -
North East Greenland Ice Stream; JA - Jakobshavns Isbræ; RU - Russell Glacier; KA - Kangerlussuaq; HE -
Helheim Glacier.

of � 101 m a� 1 (Joughin et al., 2017) (Figure 1.1c). The >600 km long North East

Greenland Ice Stream (NEGIS) drains a large portion of the ice sheet (>20%; Rignot

and Kanagaratnam, 2006), reaching velocities of about 500 m a� 1 at the terminus

(Joughin et al., 2001), and 20 m a� 1 less than 150 km from the ice divide (Joughin

et al., 2010).

1.1.1 Mass balance and climate

Ice mass in Greenland is constantly changing due to exchanges at its boundary. At the

surface, due to interactions with the atmosphere, snow and ice is either lost through

ablation processes, including surface melt, surface meltwater runo� and sublimation

(change of solid ice to vapour), or accumulated due to precipitation (mainly snowfall),

wind-blown snow and avalanching. The net di�erence between accumulation and

ablation is known as surface mass balance (SMB ). At the ice base, basal melting

(B) is driven by frictional heat produced by ice sliding over the bed, geothermal

heat �ux from the interior of the Earth, and heat generated by turbulent surface

meltwater input into the subglacial system, with each of these contributing factors

vary spatially (Karlsson et al., 2021) (Figure 1.2). In the interior of the ice sheet, basal
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1.1. The Greenland Ice Sheet

melt is negligible as basal ice temperatures are likely below the pressure melting point

(MacGregor et al., 2016) and there are is a lack of surface meltwater input to the bed.

On the other hand, basal melt rates on the order of 10� 1 m a� 1 are typically found

beneath fast-�owing ice, for example the NEGIS (Fahnestock et al., 2001; Karlsson

et al., 2021). Basal melt production in Greenland is estimated to be� 21 � 4 Gt

a� 1 between 2000 and 2010, with frictional melt making up about half of this volume

(Karlsson et al., 2021). At the lateral margins where the ice sheet meets the ocean, ice

is lost through the calving of icebergs and submarine melting, together referred to as

solid ice discharge (D).

The total mass balance of the Greenland Ice Sheet can be determined by several

methods: satellite and airborne altimetry in order to measure surface elevation changes

to estimate ice volumetric change (e.g., Sandberg Sørensen et al., 2011; McMillan

et al., 2016; Smith et al., 2020b; Simonsen et al., 2021), gravimetry to estimate ice

mass changes (e.g., Barletta et al., 2013; Velicogna et al., 2014; Groh et al., 2019;

Velicogna et al., 2020), or the Input-Output method (e.g., Rignot et al., 2008; Colgan

et al., 2019; Mouginot et al., 2019) which uses the calculation below to determine the

rate of mass change (M):

M = SMB � D (1.1)

Inter-annual climate variability in�uences the rate of mass change, both in terms

of air temperature and precipitation (Box, 2005; Hanna et al., 2006, 2008; Tedesco

et al., 2008; Noël et al., 2014), which in turn in�uences global sea-level and ocean

thermohaline circulation changes. Much of this variability has been attributed to

changes in large-scale atmospheric circulation patterns, namely the North Atlantic

Oscillation (NAO), which modulates moisture and heat transport to the ice sheet.

The negative phase of the NAO re�ects a weakening and southward migration of the

jet stream (Hall et al., 2015; Lim et al., 2016), enabling anomalously high pressure

(Fettweis et al., 2013b) and atmomospheric blocking (Hanna et al., 2016) over the

Greenland Ice Sheet (de�ned as a persistent (>5 days) anticyclonic high pressure

system that de�ects migratory cyclones (Rex, 1950)). The positive phase of the NAO

has the opposite e�ect, corresponding to colder winters over Greenland. In the early
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1.1. The Greenland Ice Sheet

Figure 1.2: Sources and rates of basal melt beneath the Greenland Ice Sheet (Karlsson et al., 2021). (a)
Average geothermal heat �ux (GHF) derived from 3 GHF models (Shapiro and Ritzwoller, 2004; Fox Maule
et al., 2009; Martos et al., 2018). (b) Satellite-derived ice surface velocity from MEaSURES (Joughin et al.,
2008). (c) Heat produced from surface meltwater as it enters the subglacial system. (d) Basal melt rates
generated by geothermal heat. (e) Basal melt rates generated by frictional heat. (f) Basal melt rates generated
by surface meltwater entering the subglacial system.
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2000s, the NAO shifted to a negative phase (Angelen et al., 2014), which has been

associated with increased annual mass losses through three main processes: (1) reduced

summer snowfall leading to increased bare ice exposure, (2) increased solar radiation

(Hofer et al., 2017) which enhances surface melting, and (3) an increased transport of

warm air, particularly along the west coast of the Greenland Ice Sheet, which augments

surface sensible heat �uxes (Tedesco et al., 2016). These impacts are particularly

apparent in western Greenland as warm southerly air masses are advected along the

western coast (Fettweis et al., 2013a).

Large volcanic eruptions can indirectly impact Greenland Ice Sheet mass balance by

causing perturbations in air and surface ocean temperature and precipitation (Abdalati

and Ste�en, 1997; Evan et al., 2009; Otterå et al., 2010; Booth et al., 2012b; Seo

et al., 2015). Sulfate aerosols produced during explosive volcanic eruptions scatter

a signi�cant amount of incoming solar radiation, causing a reduction in radiative

forcing at the top-of-atmosphere (TOA) and global cooling at the surface (Robock,

2000; Kremser et al., 2016). For example, the 1992 Mount Pinatubo eruption in the

Philippines has been associated with signi�cant cooling over Greenland (Box et al.,

2009). Whilst climate variability lasts about 2-3 years, it is thought that strong volcanic

cooling could intensify vertical mixing processes in the upper ocean, causing changes

to the North Atlantic ocean circulation that may persist for decades (Stenchikov et al.,

2009; Otterå et al., 2010; Mignot et al., 2011; Zanchettin et al., 2013; Swingedouw et al.,

2015). Volcanic eruptions are also a source of light-absorbing impurities, impacting

the radiative properties of ice masses around the globe by lowering the albedo, and

therefore enhancing meltwater runo� (Dumont et al., 2014; Gabrielli et al., 2014;

Möller et al., 2014; Young et al., 2014).

1.1.2 Past ice sheet evolution

The Greenland Ice Sheet has undergone major advances and recessions throughout

history. Palaeoglaciological studies and records reveal that the ice sheet was much

more extensive, an estimated� 65% more area than present (Funder et al., 2011),

during the Last Glacial Maximum (LGM) between 26.5 and 19 ka BP (Clark et al.,

2009). Large portions of the surrounding continental shelves were glaciated (Funder
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1.1. The Greenland Ice Sheet

Figure 1.3: Centennial average rate of Greenland ice mass change between 12,500 ka and 2100 AD (solid
black line), with simulated outputs shown by grey bars. General climate warming has occurred since the
Little Ice Age (1290 - 1850 AD), with a short cool period, subsequently followed by Arctic warming in the
19th century. Inset shows modelled rate of ice mass change between 1850 and 2100, with coloured lines
representing predictions under various Representative Concentration Pathway (RCP) scenarios corresponding
to low to high greenhouse gas projections. Histogram on the right shows all Holocene rates of ice mass change
(n=1,125). Source: Briner et al., 2020.

and Hansen, 1996; Bennike and Björck, 2002; Weidick et al., 2004), likely due to low

accumulation and climatic cooling, similar to present-day Antarctic conditions (Cu�ey

and Clow, 1997). The ice sheet experienced considerable recession, further inland

than the present day extent, during the Holocene Thermal Maximum (9-5 ka) when

temperatures were about 3� 1°C warmer than the pre-industrial period (Briner et al.,

2016; Lecavalier et al., 2017; McKay et al., 2018; Pendleton et al., 2019). A decline in

orbitally-induced summer insolation eventually led to a general cooling trend (albeit

with oscillations) and regrowth and advance of the ice sheet during the Neoglacial

period (� 4 ka - present day) (Figure 1.3), with the coldest temperatures and maximum

ice extent occurring during the Little Ice Age (1290 - 1850 AD) (Dahl-Jensen et al.,

1998).
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1.1. The Greenland Ice Sheet

Figure 1.4: Spatial distribution of rate of elevation change over the Greenland Ice Sheet using satellite
measurements (top row) and SMB from a regional climate model (bottom row). Negative trends, particularly
along the western and northern margins have intensi�ed in the last decade. Source: Shepherd et al., 2020.

1.1.3 Contemporary ice sheet changes

Since the culmination of the Little Ice Age there was a short-lived cooling period,

followed by the onset of industrial-era Arctic warming in the mid-nineteenth century

(Abram et al., 2016). Greenland Ice Sheet mass balance was positive between 1972 and

1980 (Colgan et al., 2015; Mouginot et al., 2019), and stayed in quasi-equilibrium in

early 1990s (Hanna et al., 2013; Khan et al., 2015) (Figure 1.3). However, nearly 5,000

Gt of ice has been lost between 1992 and 2018, mostly concentrated along the western

and southeastern margins (Figure 1.4), contributing a total of� 14 mm to global sea

level rise (Shepherd et al., 2020). Several extreme annual mass losses (>460 Gt a� 1)

have occurred in the last two decades, for example in 2010, 2012 and 2019 (Nghiem

et al., 2012; Tedesco et al., 2013; Keegan et al., 2014; Khan et al., 2015; Sasgen et al.,

2020; Shepherd et al., 2020; Velicogna et al., 2020). The substantial increase in rate of

ice mass loss in the past two decades (Shepherd et al., 2020) is unprecedented, and

a recent switch in the dominant driver of these ice mass losses has become apparent

(Mouginot et al., 2019; Goelzer et al., 2020; Payne et al., 2020; Shepherd et al., 2020),

with relative contribution of SMB increasing from� 42% between 2000-2005 to� 68%
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between 2009-2012 (Enderlin et al., 2014). These processes are likely to be exacerbated

with predicted increases in Arctic warming throughout the 21st Century (Barnes and

Polvani, 2015; Dai et al., 2019). General circulation model (GCM) outputs from

the Coupled Model Intercomparison Project (CMIP) Phase 5 and 6 suggest that the

Greenland Ice Sheet could contribute between 79-167 mm to sea level by 2100 under

representative concentration pathways (RCP) 8.5 (intermediate emissions scenario)

and shared socioeconomic pathways (SSP) 585 (extreme emissions scenario) (Choi

et al., 2021). However, whilst progress has been made to improve Greenland Ice

Sheet mass change models, there is still large uncertainty due to the complexity and

contentiousness of the physical processes that govern mass balance, moreover our

future human behaviour and climate policy remains a large unknown (Stearns and

Van der Veen, 2018; Minchew et al., 2019; Sutherland et al., 2019).

1.2 Greenland bed topography

About 20% of Greenland is ice-free, which is predominantly composed of crystalline

rocks (mostly gneiss and granite) of the Precambrian shield (Figure 1.5), which formed

during several large-scale tectonic events and were welded together (Escher and Watt,

1976). The highest peak is 3,733 m, with rocks as old as 3.9 billion years in the Isua

region in southwestern Greenland (Escher and Watt, 1976). The Precambrian shield

acted as a stable, coherent base for younger sediments (deposits from the break up of

Columbia) to accumulate in eastern Greenland, and has persisted due to its resistance

to glacial erosion, unlike sedimentary deposits thought to underlie much of Antarctica

(Drewry, 1976; Studinger et al., 2001).

The remaining 80% of Greenland's bed topography is concealed beneath the vast

ice sheet and is inaccessible. We largely rely on ice-penetrating radar (see Section 2.0.2)

and remote-sensing techniques to characterise and map the landscape beneath the ice

mass (e.g., Bamber et al., 2013a; Morlighem et al., 2017, 2020). Albeit challenging to

elaborate the bed elevation, particularly at the margins where the ice is temperate and

crevasses at the surface which causes signal scattering in the radar and attenuation

can prevent the signal from reaching the true bed. Furthermore, the deep entrenched

valleys may create signal echoes from adjacent valley sides. Several studies have

8



1.2. Greenland bed topography

Figure 1.5: Geological map of Greenland. Inset map shows geological correlations with Canada. Source:
Dawes, 2009.
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mapped the bed topography beneath the entire ice sheet at various resolutions e.g., 5

km gridded maps of ice thickness and bed elevation (Bamber et al., 2001) which was

then updated with di�erent data sources to create a 1 km grid (Bamber et al., 2013a).

Morlighem et al., 2017 later produced a 150 m resolution map of the bed topography

including bathymetry of the ice margins to provide data for the ice-ocean interface.

Detailed knowledge of the bed elevation is important because it is required in ice sheet

numerical models to predict the evolution of the ice sheet in response to a changing

climate. Furthermore, it allows subglacial hydrological pathways and drainage basins

(area of ice drained by a single outlet glacier, which can be aggregated to form sectors)

to be delineated and modelled (e.g., Livingstone et al., 2013).

Models of the subglacial terrain beneath the Greenland Ice Sheet reveal that

the landscape is relatively �at and >500 m below sea level in the ice sheet interior,

corresponding to ice approximately 3 km thick. Here, the ice is largely frozen to the

bed (MacGregor et al., 2016). Towards the periphery, the bed terrain becomes more

complex, gradually rising to become becomes rougher and steeper, with deep troughs

and peaks beneath the ice (Morlighem et al., 2017). Prior to glaciation, river erosion

is thought to have played an important part of the early formation of valleys in which

glaciers lie today, and other subglacial structures e.g., large channels (Cooper et al.,

2016; Livingstone et al., 2017) and the "mega canyon" (Bamber et al., 2013b). These

channels provide drainage for meltwater at the base, and as such the bed topography

can in�uence the dynamics of ice �ow (Werder et al., 2013), as well as have implications

for grounding line migration and calving dynamics in marine-terminating glaciers.

1.3 The Greenland Ice Sheet hydrology

Each melt season, temperatures rise above zero over a proportion of the Greenland

Ice Sheet surface, causing melting of the snow, �rn and ice. Meltwater can �ow over

the ice surface (supraglacially), through the ice (englacially), along or within the bed

(subglacially), or though a combination of these �ow paths (Figure 1.6). Water can

also be retained supraglacially, englacially or beneath the ice sheet as a liquid or as ice

following refreezing (Jansson et al., 2003). The production, storage and transport of

water in�uences ice sheet and glacier behaviour, therefore it is crucial to understand
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Figure 1.6: Illustration showing the primary supraglacial, englacial and subglacial meltwater pathways and
storage for typical (a) land-terminating and (b) marine-terminating sectors of the Greenland Ice Sheet (Chu,
2014).

its �ow throughout the entire hydrological system, and how its behaviour might evolve

under a warming climate.

1.3.1 Supraglacial hydrology

The Greenland Ice Sheet is generally divided into the accumulation zone and the

ablation zone. The accumulation zone is characterised by three main regions: (1)

the dry snow zone in the interior of the ice sheet, where neglible melting occurs and

therefore there is no supraglacial drainage, (2) the percolation zone, where limited

surface meltwater in�ltrates into snow and �rn (partially compacted snow from previous

years) in the melt season, and (3) the wet snow zone, where accumulation since the

previous melt season is fully saturated (Benson, 1960). The equilibrium line altitude

(ELA) is found at the lower limit of the wet snow zone. The ablation zone is where the

previous years accumulation completely melts during summer, resulting in exposed

bare ice.
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At the beginning of the melt season, solar radiation warms the ice/ snow surface and

produces meltwater. In the upper percolation zone, surface meltwater may percolate

downwards into the porous snow and �rn (permeabilites in the range 10� 9 - 10� 10 m2;

(Albert and Perron Jr, 2000)), through preferential �ow paths (Marsh and Woo, 1984;

Pfe�er and Humphrey, 1998; Williams et al., 2010; Humphrey et al., 2012). Meltwater

in�ltrating the �rn layer, which can be up to 80 m thick (Herron and Langway, 1980),

can be retained as liquid by capillary forces (Colbeck, 1974; Humphrey et al., 2012),

stored in perennial �rn aquifers (Forster et al., 2014), or refreeze at depth (Pfe�er

et al., 1991; Braithwaite et al., 1994; Harper et al., 2012). Where melting is moderate,

refreezing may form ice slabs (several metres thick), layers (0.1-1 m thick) or lenses

(<0.1 m thick) (de la Peña et al., 2015; Machguth et al., 2016; MacFerrin et al., 2019;

Culberg et al., 2021). As the melt season progresses, ine�cient surface drainage occurs

due to low �ow rates (<3 mm h� 1) (Fountain and Walder, 1998), and ultimately

becomes a slush �ow (Onesti and Hestnes, 1989). Metamorphic processes transform

�rn into ice which is impermeable to water �ow, thus initiating surface runo�.

The proportion of surface meltwater that subsequently refreezes within the snow

and �rn, which is governed by pore space, cold content (the energy required to

bring �rn to melting temperature), and hydraulic permeability (Verjans et al., 2019;

Vandecrux et al., 2020), can in�uence Greenland ice dynamics and mass balance. If

deep, heterogenous in�ltration and localised refreezing dominate (Brown et al., 2011;

Humphrey et al., 2012), then critical saturation must be reached for runo� to begin.

This temporary storage can delay the onset of surface melting and the start of runo�

(Harper et al., 2012). Widespread perennial �rn aquifers (covering 20-90,000 km2

between 1200-2000 m elevation; Forster et al., 2014; Miége et al., 2016; Steger et al.,

2017) can store water year-round and persist over multiple years (Forster et al., 2014;

Munneke et al., 2014; Miége et al., 2016), postponing the delivery of meltwater to

the terminus, and consequently impacting the contribution to sea level rise (Harper

et al., 2012). On the other hand, ice horizons can prevent meltwater from reaching

greater depths, inducing lateral surface water runo� more rapidly (Pfe�er et al., 1991;

Machguth et al., 2016; Mikkelsen et al., 2016; MacFerrin et al., 2019) and lowering the

surface albedo (Charalampidis et al., 2015). Models indicate that projected Arctic

warming could cause increased �rn temperature, density and near-surace ice layers
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throughout the percolation zone (Angelen et al., 2013; de la Peña et al., 2015; Machguth

et al., 2016; Noël et al., 2017; MacFerrin et al., 2019). This could have a knock-on

e�ect by reduction the capacity of meltwater storage, and potentially drive a change

from meltwater retention to surface runo�, and thus increased contribution to sea-level

rise. As melt migrates further inland, areas at higher elevations that were previously

una�ected by melt may experience meltwater in�ltration and ice layer development.

1.3.1.1 Supraglacial channels

Streams form on the ice surface if the channel incision rate exceeds the melt rate

(Marston, 1983; Nolin and Payne, 2007). An arborescent network of supraglacial

channels (collective term for both supraglacial streams and rivers) convey meltwater

across the ice surface, similar in drainage pattern to terrestrial river systems (Ferguson,

1973) (Figure 1.7). Water routing is controlled by surface topography, therefore the

position of larger supraglacial streams is relatively constant between melt seasons

(Hagen et al., 1991). Supraglacial streams can �ow for many kilometres, before entering

englacial connections (Section 1.3.2), supraglacial lakes (Section 1.3.1.2) or can drain

directly o� the ice into terrestrial hydrological systems or the ocean (Poinar et al.,

2015; Yang and Smith, 2016). The extent, density and discharge of a supraglacial

stream network depends on surface melt rates and catchment area (which is controlled

by surface topography and distribution of crevasses and moulins).

1.3.1.2 Supraglacial lakes

Supraglacial meltwater ponds in undulations in the ice surface, forming supraglacial

lakes within regions with high ablation rates, such as western Greenland (Echelmeyer

et al., 1991; Box and Ski, 2007; McMillan et al., 2007; Sneed and Hamilton, 2007;

Sundal et al., 2009; Lampkin and van der Berg, 2011; Selmes et al., 2011; Tedesco

and Steiner, 2011; Howat et al., 2013) (Figure 1.8). Their location is determined by

bedrock topography, therefore they reform in the same locations in successive years

(Echelmeyer et al., 1991; Box and Ski, 2007; Selmes et al., 2011), with lake coverage

and frequency progressing from near the margin to further inland over the melt season

(McMillan et al., 2007; Sneed and Hamilton, 2007; Sundal et al., 2009; Liang et al.,
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