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Abstract

Ice sheets, large masses of glacial ice covering polar regions, influence global sea

level and ocean currents. The study of surface water on these ice sheets,

supraglacial hydrology, is essential to understand the effects of climate change on

ice sheet stability, sea-level rise, and climate systems. This thesis examines

supraglacial hydrological systems in Antarctica and Greenland by developing

novel methods to classify them using optical satellite imagery (Sentinel-2 and

Landsat-8).

Chapter 2 reveals the presence of supraglacial hydrology features, such as lakes

and channels, on the West Antarctic Ice Sheet through a novel dual-NDWI and

k-means clustering approach. A total of 10,478 features covering 119.4 km² were

identified, broadening our knowledge of Antarctica’s supraglacial hydrology.

Chapter 3 uses random forest and radiative transfer models to analyse the

extent and volume of surface meltwater on the Greenland Ice Sheet from 2014 to

2022. This study assesses supraglacial hydrological features Greenland wide, on a

decadal scale, for the first time. The results imply that reductions in firn air content

and increases in ice slab content are drivers of increasing meltwater in various

drainage basins, particularly in the north, east, and south.

Chapter 4 presents an innovative algorithm that quantifies uncertainty in the

prediction of supraglacial hydrology using Bayesian inference with spatial

statistics. This probabilistic approach provides predictions for the presence of water
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at the pixel level with associated standard deviations, which signify uncertainty. By

quantifying uncertainty, this approach is important for understanding the quantity

and trends of meltwater flowing into the ocean.

This research advances our understanding of the distribution and dynamics of

supraglacial hydrology on ice sheets, providing data and tools for the wider

scientific community. These findings contribute to our understanding of the

impacts of climate change on polar regions and support machine learning models

to map surface water.
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Chapter 1

Introduction

In this chapter, I provide an overview of Earth's two major ice sheets, Antarctica

and Greenland, and the hydrological system that links their supra-, en- and

subglacial environments. I examine the signi�cance and known networks of

supraglacial hydrology and its impact on ice sheets. Additionally, I explain the

techniques used to map supraglacial features and outline the available remote

sensing options. I identify knowledge gaps in the literature and discuss the

dif�culties we face as a community. Lastly, I outline the thesis aims and objectives,

before introducing the structure of the rest of the thesis.

1.1 Ice sheets

Ice sheets are a signi�cant part of the Earth system, in�uencing global sea level,

ocean currents, and biogeochemical processes. An ice sheet is a large mass of glacial

ice that covers an area of more than 50,000 km2. Currently, there are only two ice

sheets on Earth, the Antarctic Ice Sheet (AIS) and the Greenland Ice Sheet (GrIS).

The melting of these two ice sheets is expected to be the main contributor to the

rise in sea levels in the near future (Fox-Kemper et al., 2021). I begin by providing an
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1.1. Ice sheets

overview of the geography and climate of each ice shelf. Following this, I discuss the

processes by which the ice sheet interacts with its environment and the observations

of mass balance change and sea level rise. Finally, I examine the factors that are

causing the current imbalance of the ice sheet.

1.1.1 Physical geography and climate

The AIS covers an area of approximately 14 million km 2, which is almost the whole

continent. The average thickness of the ice is more than 2 km, and it holds 61% of

the world's fresh water, or the equivalent of 58 m of potential sea level rise (Bamber

et al., 2018; Fretwell et al., 2013; D. Vaughan et al., 2013). The AIS is usually divided

into three geographic regions: the East Antarctic Ice Sheet (EAIS), the West Antarctic

Ice Sheet (WAIS), and the Antarctic Peninsula (AP) (Figure 1.1). Ice that is on top

of bedrock and therefore has land at its base is known as grounded ice. Around

the grounding line, where the grounded ice meets the ocean, there is �oating ice.

Floating ice around the coast of Antarctica forms features known as ice shelves. The

largest of these, Ross and Filchner-Ronne, are more than 400,000 km2. Ice streams,

which are corridors of fast-�owing ice, transport ice from the interior to the coastline,

�owing through glaciers to the ice shelves or directly into the sea.

The GrIS covers an area of approximately 1.7 million km 2, which is equivalent to

around 80% of the surface of Greenland. The average thickness of the ice is 1.5 km,

and it holds 7% of the world's fresh water, which is the equivalent of 7 m of potential

sea level rise (Bamber et al., 2018; D. Vaughan et al., 2013). In the interior, the ice can

be up to 3.2 km thick (Figure 1.2), while coastal mountains encircle most of the ice

sheet's edge (Morlighem et al., 2017). There are no ice shelves, as the ice sheet reaches

the sea and drains the interior through outlet glaciers and ice streams. These two

types of glaciers are determined by the settings in which they end, either marine or
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1.1. Ice sheets

Figure 1.1:Labelled map of Antarctica. Image credit: Landsat Image Mosaic of the

Antarctica team https://lima.usgs.gov/documents/LIMA_overview_map.pdf

land-terminating. Large marine-terminating glaciers, such as the Petermann glacier

in northwest Greenland, form �oating ice tongues before calving into the sea. Ice

streams, such as the 600 km long North East Greenland Ice Stream (NEGIS), also

drain a considerable amount of the ice sheet.

The atmospheric conditions of Antarctica and Greenland are shaped by their

polar locations and expansive ice sheets, yet they have distinct characteristics due

to their different geographies and surrounding oceans. Antarctica, the
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1.1. Ice sheets

Figure 1.2:Map of Greenland with ice sheet thicknesses. Image credit: Eric Gaba

– Wikimedia Commons user: Sting

southernmost continent, has an extreme polar climate with prolonged periods of

polar day and night, and temperatures that can drop to -80°C during winter

(Antarctic weather 2019). Coastal areas tend to be warmer and receive more
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1.1. Ice sheets

precipitation than in the interior (Lenaerts et al., 2019), with an average annual

temperature ranging from around -10 °C near the coast to -60 °C on the highest

peaks (Antarctic weather2019). The Southern Ocean is known for its extreme

conditions and is encircled by the Antarctic Circumpolar Current, which plays a

major role in redistributing heat and nutrients throughout the world's oceans and

regulating global climate (Marshall and Speer, 2012; Rintoul, 2018). Its frigid waters

are kept close to freezing point due to the in�uence of the Antarctic ice sheet, which

facilitates the formation of sea ice during winter (Comiso and Nishio, 2008;

Gloersen, 1992; Massom and Stammerjohn, 2010). Katabatic winds, which originate

in the interior of the ice sheet, can reach high speeds and affect local weather

conditions (Barral et al., 2014; Grazioli et al., 2017; M. R. van den Broeke, 1997).

Although coastal areas receive some precipitation, the interior is exceptionally dry,

making Antarctica the coldest and driest continent on Earth ( How cold is the

Antarctic? 2017). Greenland, on the other hand, is classi�ed as tundra, which means

it has at least one month with average temperatures high enough to melt snow, but

no months when the average temperature exceeds 10°C, around the ice-free coast

(Kottek et al., 2006). It has an Arctic climate with milder temperatures than

Antarctica and also experiences polar day and night, with winter temperatures

dropping to -50 ° C or below (Hanna et al., 2021), while the average summer

temperature ranges from +8 °C near the coast to -16 °C at the highest interior peaks

(Hanna et al., 2021). The region is in�uenced by the Arctic Ocean, which moderates

coastal temperatures (Buch, 2002). It is bordered by the Atlantic Ocean to the south

and the Arctic Ocean to the north. The boundary currents of the Arctic Ocean, the

East Greenland Current and the West Greenland Current, transport cold, nutrient

rich waters from the Arctic Ocean southward until they mix with warmer Atlantic

waters, creating a dynamic transition zone with varying temperatures and salinities

(Buch, 2002; Gou, Pennelly, and Myers, 2022; H	avik et al., 2017; Münchow, Falkner,
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and H. Melling, 2015). Sea ice also forms seasonally during Arctic winter (Comiso

and Nishio, 2008; Gloersen, 1992).

A study of 17 Antarctic weather stations showed that 13 of them had a positive

(warming) trend in their annual mean temperature from 1979 to 2018, with the

Vernadsky station on the western Antarctic Peninsula warming at a rate of 0.46 �

0.15 °C per decade (Turner et al., 2020). Warming was most noticeable in spring

(Turner et al., 2020). In Greenland, overall temperature trends for 2001-2019 are

generally insigni�cant due to a cooling period for 2013-2019; however, signi�cant

coastal warming � +1.7 °C in summer and � +4.4 °C in winter has been observed

for the period 1991-2019 (Hanna et al., 2021).

1.1.2 Interactions between ice sheets and the Earth system

The relationship between the ice sheets and their surrounding climate is important.

Ice sheets interact directly with four main components: atmosphere, lithosphere,

ocean, and sea ice (Table 1.1, Fyke et al., 2018). The interactions that are not relevant

to this thesis are not discussed here, and only those that are essential for

understanding supraglacial hydrology processes are examined. This interaction is a

two-way system; i.e. each component exerts its effect on the ice sheet, while,

properties of the ice sheet also exert an effect on the components. These interactions

determine how external forces (such as human-induced climate change) affect

changes in the ice sheet (Fyke et al., 2018). The complex relationship between ice

sheets and climate can be explained by the concept of mass balance. The mass

balance is the net difference between the mass gained through accumulation

processes (e.g. precipitation) and the mass lost through ablation processes (e.g.

melting at the surface and bed, sublimation). The contribution of Earth's ice sheets

to the global rise of sea level depends on the ice sheets' mass balances.
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Table 1.1: Interaction between ice sheets and surrounding Earth system

components. Source: adapted from Fyke et al., 2018.

Interface Direction Interaction

Surface Energy Fluxes

To Ice Sheet

Ice Sheet - Atmosphere Surface Mass Fluxes

Surface Topography

From Ice Sheet Ice Sheet Extent

Surface Type

Geothermal Heat Flux

To Ice Sheet Subglacial Water Pressure

Ice Sheet - Lithosphere/Mantle Bed Elevation and Type

Ice Base Normal Stress-

From Ice Sheet -and Mass Loading

Ice Basal Velocity

Sub-Ice Shelf Energy Fluxes

To Ice Sheet

Sub-Ice Shelf Mass �uxes

Ice Sheet - Ocean Ice Melt Runoff

From Ice Sheet Ice Shelf Geometry

Iceberg Calving

Gravitational Sea Level Effects

Ice Sheet - Sea Ice To Ice Sheet Sea Ice Back Stress

From Ice Sheet Ice Shelf Displacement

The thickness and size of the GrIS is determined by current climate conditions,

which are responsible for the accumulation of mass from precipitation, the loss of

mass from melting and sublimation, and the loss of ice to the oceans by the calving
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or melting of the icebergs. The Antarctic Ice Sheet (AIS) is also affected by climate,

but there are some important differences due to the higher elevation of the ice sheet,

the more uniform atmospheric circulation, and the cold temperatures of the

Southern Ocean (Fyke et al., 2018). In recent times, almost all (90%) of the

precipitation over the Greenland Ice Sheet (GrIS) has been in the form of snow,

corresponding to the accumulation of mass (Ettema et al., 2009). The remaining 10%

of precipitation has been in liquid form (rainfall) at lower altitudes of the ice sheet

during summer. However, these proportions can vary signi�cantly from year to

year due to internal climate variability (B. No ël et al., 2015). At present, the mass

gain of the AIS is almost entirely due to snowfall, as the atmosphere is not warm

enough for rainfall even in the summer months (van Wessem et al., 2014).

Surface melting is caused by a net positive surface energy balance over

snow/ice at 0°C. In their respective summers, the incoming solar energy is at its

peak, and the amount of solar energy absorbed by the ice or snow is largely

determined by the surface albedo, which is higher in winter due to the presence of

highly re�ective snow. Once liquid water is produced at the surface, the porosity of

the surface and subsurface, its temperature, and its density determine its fate. Ice is

virtually impermeable, leading to the formation of supraglacial meltwater lakes

(e.g., M. Moussavi et al., 2020; Stokes et al., 2019; Sundal et al., 2009; K. Yang et al.,

2021) or englacial �rn aquifers (Montgomery et al., 2020) that store water locally

and supraglacial channels (or moulins) that transport water across (or through) the

ice surface (Hoffman et al., 2018; Leidman et al., 2023; Spergel et al., 2021).

Compared to GrIS, Antarctic surface melt extent, and its contribution to the mass

balance, is much smaller (Fyke et al., 2018; Picard and Fily, 2006).

Surface Mass Balance (SMB) is a component of the overall mass balance. SMB is

the net difference between accumulation and ablation on the surface of the ice sheet

(Kittel et al., 2021). The mass loss from basal melting and iceberg calving is known
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as ice discharge. The contribution to the rise of global sea level for the respective

ice sheets is the net difference between ice discharge and SMB. Systems that have a

negative mass balance lose mass; for grounded ice, this mass loss directly contributes

to sea-level rise. Mass loss from �oating ice shelves and tongues does not directly

contribute to sea level rise, as ice has a lower density than water and therefore �oats,

displacing the water below.

Similarly, sea ice does not directly contribute to sea level rise; however, it has a

major effect on the dynamics of Arctic and Antarctic ice sheets. During winter, it

serves as a protective cover over the ocean, acting as an insulator to limit the

exchange of heat between the warmer ocean and the ice sheets (Cornish et al., 2022;

Fuerst et al., 2016; Jenkins et al., 2010; Notz, 2009). This helps to maintain lower

temperatures at the base of the ice sheet, reducing the extent of basal melt (Bintanja

et al., 2013; Hellmer, 2004; Pritchard et al., 2012) and the thinning of Antarctic ice

shelves (Jenkins et al., 2010; Massom et al., 2018; T. A. Scambos et al., 2004;

D. J. Wingham, Wallis, and Shepherd, 2009). Sea ice also acts as a physical barrier to

restrain the �ow of ice from the interior of the ice sheet into the ocean and provides

structural support to icebergs and �oating ice tongues (Fuerst et al., 2016;

Gudmundsson, 2013; Sun, Riel, and Minchew, 2023). Furthermore, sea ice has a

high albedo, meaning that it re�ects a signi�cant portion of incoming solar

radiation away from the ice sheet, cooling it and reducing surface melting (Curry,

Schramm, and Ebert, 1995; Kashiwase et al., 2017).

The balance of interactions between ice sheets and climate is signi�cantly

different for the two ice sheets: the atmosphere has a greater in�uence on the GrIS,

while the ocean plays a more critical role in the alteration of the AIS (Fyke et al.,

2018; Picard and Fily, 2006). Understanding climatic variability is crucial to

understanding how ice sheets respond to changing climate conditions.
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1.1.3 Observations of mass balance change & sea level rise

Figure 1.3: Cumulative ice sheet mass changes. The estimated uncertainty 1s of

the cumulative change is shaded. The dashed lines show the results of previous

assessments (IMBIE-2) (Otosaka et al., 2022; Shepherd et al., 2018, 2020).

The total mass of ice on AIS and GrIS has decreased considerably in the last few

decades (Madsen et al., 2022; Moon et al., 2020; Otosaka et al., 2022; Rignot et al.,

2019; Shepherd et al., 2018, 2020; Slater et al., 2021). The Input-Out�ow method

is used to calculate the difference in mass between SMB and ice discharge (Rignot

et al., 2008a; Rignot et al., 2008b). Satellite altimetry and gravimetry measurements

are used to estimate the mass balance of the ice sheet. From 1992 to 2020, AIS has lost

2671� 530 Gt of ice (� 92� 18 Gt yr-1), and GrIS has lost 4892� 699Gt (� 169� 16 Gt

yr -1), resulting in a global sea level rise of 7.4 � 1.5 mm and 21 � 2 mm, respectively

(Figure 1.4). The greatest mass loss in Antarctica is due to ice discharge from WAIS

(Figure 1.4), which peaked at � 131� 21 Gt yr-1 between 2012 and 2016 and slowed to

� 94 � 25 Gt yr-1 from 2017 to 2020 (Otosaka et al., 2022). The collapse of the Larsen

B ice shelf in the 2000s was a major factor in the mass changes on the AP, reaching
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its peak at � 21 � 12 Gt yr-1 between 2007 and 2011 (Cook and D. G. Vaughan, 2010;

Otosaka et al., 2022; Rignot et al., 2004). The mass change for EAIS has remained

relatively stable at + 3 � 15 Gt yr-1 over the 30-year period from 1992 to 2021 (Otosaka

et al., 2022). In comparison, the rate of mass loss in Greenland is much greater and

more variable, ranging from � 35 � 29 Gt yr-1 in the period from 1992 through 1996

to � 280� 38 Gt yr-1 between 2007 and 2011, while 2019 is the year with the highest

mass losses due to increased surface melting (� 444� 93 Gt yr-1, Otosaka et al., 2022;

Tedesco and Fettweis, 2020).

Figure 1.4: Mass loss from Greenland and Antarctic Ice Sheets in metres of ice

equivalent per year from 2003 to 2019. Adapted from B. Smith et al., 2020.

1.1.4 Drivers of ice sheet imbalance

Ice sheets are sensitive to temperature changes, and the annual cycle of warmer

summers has an effect on the amount and intensity of surface melting (Clarkson,
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Eastoe, and A. Leeson, 2021; D. Liang et al., 2021; Vermeer and Rahmstorf, 2009). As

temperatures rise, the level of surface meltwater runoff, surface melting, basal

melting, and precipitation also increases (Lenaerts et al., 2019; Rignot et al., 2019;

B. Smith et al., 2020). Research has shown that for every 1 °C of summer warming,

the Greenland Ice Sheet (GrIS) loses 91 Gt yr-1 of surface mass and experiences a 26

Gt yr -1 increase in solid ice discharge (Hanna et al., 2021). Surface melting is much

more widespread in Greenland than on the Antarctic Ice Sheet (AIS), where it

occurs only around the margins and on ice shelves. Similarly, runoff is only present

around the coast of GrIS, while on AIS, most meltwater is thought to refreeze in the

�rn (Lenaerts et al., 2012, 2017, Figure 1.5). Precipitation is a major factor in the

growth or loss of ice sheets. More snowfall can lead to an increase in ice thickness,

while less snowfall or more rainfall can cause a decrease (Boening et al., 2012;

McIlhattan et al., 2020; Medley and E. R. Thomas, 2019; B. Nöel et al., 2015).

Generally, precipitation, which is mostly snow in areas higher than 500 metres

above sea level, increases from the centre of the ice sheet to the edges (Figure 1.5).

Values of less than 20 mm of water per year are seen in the interior of the East

Antarctic Ice Sheet, while areas such as the Antarctic Peninsula and southeast

Greenland have more than 2000 mm of water per year (Koenig et al., 2016; Mi�ege

et al., 2013).

Wind patterns can in�uence snow redistribution and snowdrift formation,

which affects the surface characteristics of ice sheets. Strong winds can lead to

increased sublimation, where the ice is transformed directly from the solid state to

water vapour (Bintanja et al., 2013; Box and Steffen, 2001; Cullen et al., 2014).

Sublimation occurs in coastal regions and is negligible or negative in areas of the

interior (Figure 1.5). In addition, the North Atlantic Oscillation and the Southern

Annular Mode are two atmospheric circulation patterns that can have a major

impact on the ice sheet mass balance (Chylek, Box, and Lesins, 2004; Johannessen
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Figure 1.5: Annual mean (mm w.e./year, 1980–2015) SMB Regional Atmospheric

Climate Model (RACMO2) modelled components in GrIS (left) and AIS (right).

(a) Precipitation; (b) Sublimation (surface + drifting snow); (c) Surface melt rate;

(d) Meltwater runoff. (Lenaerts et al., 2019).

et al., 2005; Verfaillie et al., 2022; Walker and Gardner, 2017). Due to warming

temperatures in the Arctic and Antarctic, the extent of sea ice cover in the waters

around both ice sheets has decreased (Bi, Y. Liang, and X. Chen, 2023; Comiso et al.,
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2008; Hao et al., 2021; Purich and Doddridge, 2023; Stroeve et al., 2007). This

exposes more of the ocean's surface to direct sunlight and warmer air temperatures,

which accelerates the melting of the ice sheet's marine-terminating glaciers and

contributes to sea level rise (Holland et al., 2008; Shepherd, D. Wingham, and

Rignot, 2004; L. Zhang et al., 2022). Both regions are vulnerable to climate change,

Greenland's sensitivity to warming temperatures has signi�cant implications for

sea level rise and Arctic ecosystems, and although Antarctica has not yet

demonstrated that level of mass balance change, its unique characteristics

contribute to understanding global climate systems and sea level rise (Fyke et al.,

2018; Hanna et al., 2013).

1.2 Hydrology

Positive degree (°C) temperatures cause the melting of snow, ice, and �rn (partially

compacted snow from previous years, but not yet formed ice) on the AIS and GrIS.

These melting conditions lead to the formation of liquid water, hydrology, on the

surface of the ice (supraglacial), within the ice (englacial), and under the ice along

the bed (subglacial). The composition of this meltwater is decided by the

characteristics of the ice sheet. These characteristics decide if the melted water will

refreeze within the snowpack or become runoff, if it will accumulate in supraglacial

lakes or move across or through the ice sheet in channels, crevasses, or moulins,

thus playing an important role in determining the highly dynamic transient

hydrological system (Figure 1.6). Here, I detail how liquid water in�uences the ice

sheets of Antarctica and Greenland and why it is critical to know more about the

behaviour of this phenomenon in a warming world. I will begin by introducing the

components of supraglacial, englacial, and subglacial hydrology. Section 1.3 will

focus on the importance of supraglacial hydrology and its effects on ice sheet
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systems. Section 1.4 will examine the known networks and extent of hydrology.

Section 1.5 will analyse the available remote sensing data. Finally, Section 1.6 will

investigate the techniques used to map supraglacial hydrology.

Figure 1.6:Visualisation of the interconnected hydrological system.

1.2.1 Supraglacial hydrology

When spring arrives, the sun's radiation and warmer air cause the surface of the ice

and snow to heat up, leading to melting when there is enough energy available

(Langley et al., 2016). The start and end of the melt seasons differ geographically on

each ice sheet and can be affected by factors such as latitude, altitude, and local

weather patterns (Johansson, Jansson, and Brown, 2013; Langley et al., 2016;
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L. Liang et al., 2023; McMillan et al., 2007; Sundal et al., 2009; Trusel, Frey, and Das,

2012). Initially, the melt is absorbed into the snowpack, experiencing daily refreeze

cycles on the surface and persistent melt deeper within the �rn (Colliander et al.,

2023). As the summer months bring higher temperatures, a higher melt intensity

leads to a higher surface meltwater production (Trusel, Frey, and Das, 2012).

Furthermore, when the air temperature is above 0 °C, there is a strong correlation

between the surface air temperature and the melting rate on the surface of the ice

(Braithwaite, 1995). When the meltwater gathers in undulations on the surface of

the ice sheet, supraglacial lakes form (Bell et al., 2018; Box and Ski, 2007;

Echelmeyer, Clarke, and Harrison, 1991; Langley et al., 2016; Selmes, Murray, and

James, 2011). The production of meltwater is ultimately dependent on a complex

combination of factors and conditions. During summer, increasing air temperatures

cause surface melting (Langley et al., 2016). Solar radiation is an important factor,

with sunlight being absorbed by the surface of the ice sheet, particularly when the

albedo decreases due to melting (Leidman et al., 2021). Atmospheric circulation

patterns can bring warm or cold air masses, which can in�uence temperature and

precipitation on ice sheets (Liu, Wang, and Jezek, 2006). Furthermore, the wind

redistributes heat and moisture and can increase sublimation and heat exchange

(Laf�n et al., 2022; Laf�n, 2022).

As temperatures start to cool in autumn, the intensity of surface melting

decreases and eventually stops. Supraglacial lakes begin to freeze over, and the

surface of the ice sheet largely returns to a frozen state. However, the presence of

wintertime buried lakes has recently been discovered (Dunmire et al., 2020;

Dunmire et al., 2021; Koenig et al., 2015; K. E. Miles et al., 2017). During the winter

months, the temperatures in the polar regions are usually very cold, often below

freezing. As a result, the surface of ice sheets and glaciers remains frozen, with little

or no melting (Langley et al., 2016; L. Liang et al., 2023).
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Figure 1.7: Ice sheet accumulation (made up of wet-snow, percolation, and dry-

snow zones) and ablation zones (M. Payne and A. Nolin, 2008).

The surface of the ice sheets is divided into two distinct areas: the accumulation

and ablation zones. The boundary between them is known as the Equilibrium-Line

Altitude (ELA), which is a critical concept in glaciology. It is the elevation on a

glacier or ice sheet where the mass balance is zero over a long period, usually a

year. In other words, it is the line on a glacier where the amount of ice accumulated

is equal to the amount of ice lost (Box et al., 2022; Braithwaite and Raper, 2009). The

accumulation zone, located above the ELA, is composed of three distinct regions

(Figure 1.7): the interior or dry-snow zone, where little melting occurs and

hydrological activity is minimal; the percolation zone, where a limited amount of

meltwater is produced during the melt season and in�ltrates the snow and �rn

layers; and the wet snow zone, where the snow from the previous winter is

completely saturated with meltwater (A. W. Nolin and M. C. Payne, 2007). The

ablation zone, where more ice is lost than gained, is where the snow from the

previous winter melts completely during the summer and exposes bare ice (Figure

1.7, A. W. Nolin and M. C. Payne, 2007).
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In order for meltwater to accumulate on the surface of an ice sheet, it must be

impeded by saturated �rn or impermeable ice formed from refrozen water in the

englacial environment (K. E. Alley et al., 2018; J. Harper et al., 2012; B. Hubbard et al.,

2016; Lenaerts et al., 2017). The water then percolates downward through the porous

snow and �rn, following the preferred �ow paths (Humphrey, J. T. Harper, and

Pfeffer, 2012; Pfeffer and Humphrey, 1998). Once within the �rn layer, the meltwater

can be retained as liquid water (Humphrey, J. T. Harper, and Pfeffer, 2012), stored

in perennial �rn aquifers (Forster et al., 2014; Machguth et al., 2018), or refrozen

(J. Harper et al., 2012; Machguth et al., 2018; Pfeffer, Meier, and Illangasekare, 1991).

In Greenland, water refreezing can create three different types of features: thin ice

lenses (< 0.1 m thick), ice layers (0.1-1.0 m thick), or ice slabs (over 1 m to several m

thick) (Culberg, Schroeder, and Chu, 2021; de la Pẽna et al., 2015; MacFerrin et al.,

2019; Machguth et al., 2016). In Antarctica, repeated freezing and thawing cycles

can lead to an increase in grain size and the potential formation of ice layers (Picard

and Fily, 2006). Ice is impermeable to water �ow, thus slowing or even stopping

drainage and causing surface runoff, which can form supraglacial lakes, channels,

or slush �ows (Onesti and Hestnes, 1989). Supraglacial hydrology is the study of the

intricate network of lakes and channels on the surface of the ice sheet (Figures 1.6,

1.9, 1.8). In the following sections, I will give an extensive overview of the elements

and formation of the supraglacial hydrological network. I will then discuss how

surface meltwater can move over the ice surface and directly enter the ocean (Bell

et al., 2018), or be directed into sub- and englacial environments through fractures,

crevices, and moulins (Hoffman et al., 2018; McGrath et al., 2012; van der Veen, 2007).

In these areas, the meltwater can refreeze or eventually be routed into the ocean.

18



1.2. Hydrology

Figure 1.8: A temporal composite of seven dates revealing seasonal evolution of

supraglacial lakes and rivers on the southwest Greenland Ice Sheet as mapped

from seven Landsat 8 OLI satellite images acquired throughout the 2015 melt

season. Isortoq and Water river basins are overlaid (K. Yang et al., 2021).

1.2.1.1 Supraglacial lakes

Supraglacial lakes, or SGLs, form when meltwater accumulates in depressions on

the surface of an ice sheet (Echelmeyer, Clarke, and Harrison, 1991). The position of

Surpraglacial Lakes (SGL)s on grounded ice is determined by the underlying

topography of the bedrock, and they tend to form in the same or similar places in

successive years (Bell et al., 2018; Box and Ski, 2007; Echelmeyer, Clarke, and

Harrison, 1991; Langley et al., 2016; Selmes, Murray, and James, 2011). The depth

and size of the lakes are affected by the amount of water in the system, the lake

catchments, and the speed of ice �ow (J. F. Arthur et al., 2020a; Turton et al., 2021).

Slower and thicker ice is more resistant to crevassing and produces smoother and

wider undulations than fast-moving ice (Gudmundsson, 2003). As a result, larger

and deeper lakes form on slow-moving grounded ice, since they remain in the same
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