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Abstract

Supraglacial lakes in the ablation zone of the Greenland Ice Sheet (GrIS) often drain rapidly (in
hours to days) by hydraulically-driven fracture (“hydrofracture”) in the summer. Hydrofracture can
deliver large meltwater volumes to the ice-bed interface and open-up surface-to-bed connections,
thereby routing surface meltwater to the subglacial system, altering basal water pressures and,
consequently, the velocity profile of the GrIS. The study of rapidly draining lakes is thus important
for developing coupled hydrology and ice-dynamics models, which can help predict the GrIS’s
future mass balance. Remote sensing is commonly used to identify the location, timing and
magnitude of rapid lake-drainage events for different regions of the GrIS and, with the increased
availability of high-quality satellite data, may be able to offer additional insights into the GrIS’s
surface hydrology. This study uses new remote-sensing datasets and develops novel analytical
techniques to produce improved knowledge of rapidly draining lake behaviour in west Greenland

over recent years.

‘While many studies use 250 m MODerate-resolution Imaging Spectroradiometer (MODIS) imagery
to monitor intra- and inter-annual changes to lakes on the GrIS, no existing research with MODIS
calculates changes to individual and total lake volume using a physically-based method. The first
aim of this research is to overcome this shortfall by developing a fully-automated lake area and
volume tracking method (“the FAST algorithm”). For this, various methods for automatically
calculating lake areas and volumes with MODIS are tested, and the best techniques are incorporated
into the FAST algorithm. The FAST algorithm is applied to the land-terminating Paakitsoq and
marine-terminating Store Glacier regions of west Greenland to investigate the incidence of rapid
lake drainage in summer 2014. The validation and application of the FAST algorithm show that
lake areas and volumes (using a physically-based method) can be calculated accurately using
MODIS, that the new algorithm can identify rapidly draining lakes reliably, and that it therefore has

the potential to be used widely across the GrIS to generate novel insights into rapidly draining lakes.
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The controls on rapid lake drainage remain unclear, making it difficult to incorporate lake drainage
into models of GrIS hydrology. The second aspect of this study therefore investigates whether
various hydrological, morphological, glaciological and surface-mass-balance controls can explain
the incidence of rapid lake drainage on the GrIS. These potential controlling factors are examined
within an Exploratory Data Analysis statistical technique to elicit statistical similarities and
differences between the rapidly and non-rapidly draining lake types. The results show that the lake
types are statistically indistinguishable for almost all factors, except lake area. It is impossible,
therefore, to elicit an empirically-supported, deterministic method for predicting hydrofracture in

models of GrIS hydrology.

A frequent problem in remote sensing is the need to trade-off high spatial resolution for low temporal
resolution, or vice versa. The final element of this thesis overcomes this problem in the context of
monitoring lakes on the GrIS by adapting the FAST algorithm (to become “the FASTER
algorithm”) to use with a combined Landsat 8 and Sentinel-2 satellite dataset. The FASTER
algorithm is applied to a large, predominantly land-terminating region of west Greenland in
summers 2016 and 2017 to track changes to lakes, identify rapidly draining lakes, and ascertain the
extra quantity of information that can be generated by using the two satellites simultaneously rather
than individually. The FASTER algorithm can monitor changes to lakes at both high spatial (10 to
30 m) and temporal (~3 days) resolution, overcoming the limitation of low spatial or temporal
resolution associated with previous remote sensing of lakes on the GrIS. The combined dataset
identifies many additional rapid lake-drainage events than would be possible with Landsat 8 or
Sentinel-2 alone, due to their low temporal resolutions, or with MODIS, due to its inferior spatial

resolution.
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Chapter 1

Introduction

1.1 Thesis motivation

Fluctuations in the Earth’s climate, particularly during switches between glacial and interglacial
cycles, have driven the waxing and waning of the Earth’s palaeo-ice sheets over centuries to
millennia, leading to past sea-level change (e.g. Hays et al., 1976; Cuffey and Marshall, 2000;
Huybers, 2006; Raymo et al., 2006; Dutton et al., 2015; Strunk et al., 2017). Ice within the two
contemporary Greenland and Antarctic ice sheets, and within smaller glaciers and ice caps, covers
~10% of the global land surface, with a total sea-level equivalent (SLE) of just over 66 m (Vaughan
et al., 2013). Although the majority (~58 m) of the total SLE is contained within the Antarctic Ice
Sheet, the Greenland Ice Sheet (GrIS) holds the bulk of the remainder (~7 m), with glaciers and ice
caps containing only 0.4 m (Vaughan et al., 2013). The GrIS is by far the largest ice mass in the
Northern Hemisphere, extending ~2500 km latitudinally, from 60°N to 83°N, and ~1000 km
longitudinally (Benn and Evans, 2010; Kargel ez al., 2012).

A major concern today is that the GrIS and, to a lesser degree, the Antarctic Ice Sheet are undergoing
accelerated ice-mass loss (Velicogna and Wahr, 2006; Shepherd and Wingham, 2007; Rignot et al.,
2008a, 2008b, 2011; Velicogna, 2009; Zwally et al., 2011; Shepherd et al., 2012; Miles et al., 2013;
Jin et al., 2016; Gardner et al., 2018). In the case of the GrIS, these changes are probably being forced
by amplified Arctic air temperatures since the late twentieth century (Hall ez a/., 2013), which cannot
simply be accounted for by inter-annual temperature variations due to changes in the North Atlantic
Oscillation (Hall ez al., 2008). These air-temperature rises, combined with a warmer ocean (Holland
et al., 2008; Hanna et al., 2009), are thought to explain the current acceleration and thinning of many
of the GrlIS’s outlet glaciers, even if the interior of the ice sheet remains in a state of balance (Bamber

et al., 2000; Rignot and Kanagaratnam, 2006; Pritchard ez al., 2009). The extra ice lost from the GrIS
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is being delivered to the oceans, and thus contributing to continually accelerating rates of global
average sea-level rise (SLR) (Nerem et al., 2018): in 2005-2010, the total SLR from the GrIS was
0.63 (0.47-0.80) mm a’' compared with the much lower total of 0.33 (0.26-0.41) mm a™' in the longer
1993-2010 period (Vaughan et al., 2013; Figure 1.1). This SLR contribution from the GrIS compares
with that from the Antarctic Ice Sheet (including Antarctic peripheral glaciers) of 0.41 (0.20-0.61)
mm a’! in 2005-2010 (Vaughan et al., 2013) and that from glaciers and ice caps of 0.83 (0.46-1.20)
mm a’! in 2005-2009 (Cogley, 2009; Marzeion et al., 2012). This means that, at present, SLR
contributions sourced from the GrIS outweigh those from the Antarctic Ice Sheet, even though the
combined global contribution from glaciers and ice caps is higher (Alley et al., 2005a; Shepherd et
al., 2012; Vaughan et al., 2013). However, while glaciers and ice caps presently contribute most
significantly to total global SLR, it is widely acknowledged that within the twenty-first century, the
GrIS will overtake their contribution (Raper and Braithwaite, 2006; Jevrejeva et al., 2012; Bamber
and Aspinall, 2013; Church ez al., 2013). If the present acceleration to mass loss from the GrIS
continues, it is estimated that the ice sheet could contribute as much as 90 mm in total to SLR by
2050 (Church and White, 2006; Khan et al., 2015). Such high rates of SLR are a concern for society
because they may, for example, inundate low-lying nation states and coastal cities (Dasgupta et al.,
2009; Nicholls and Cazenave, 2010), increase the magnitude of storm surges (Tebaldi et al., 2012;
Neumann ez al., 2015), or negatively affect coastal ecosystems (Nicholls ez al., 1999; Craft et al., 2008;
Lovelock et al., 2015). There is a need, therefore, to develop a comprehensive understanding of the
causes of the accelerated mass loss from the GrIS in the present day, which should then allow

improved estimates of its ongoing contribution to SLR over the coming decades and centuries.
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Figure 1.1: Cumulative ice-mass loss and SLE from the GrIS from 1991-2012, showing a notable

acceleration after around 2002. Individual yearly values are averages taken from up to 18 studies.
Reproduced from Vaughan ez al. (2013).

Given this requirement for improved understanding of the GrIS, an expanding body of glaciological
research has focused on developing understanding of ice-sheet processes. Research on the
contemporary GrlIS typically focuses on three main elements of the ice-sheet system: (i) its mass
balance, which is the difference between the accumulation of snowfall and the ablation of ice, and
whether this value is positive (or negative) and therefore whether the GrlIS is gaining (or losing)
mass; (ii) its hydrology, being the distribution and influence of water within different areas of the
GrIS; and, (ii1) its dynamics, referring to the velocity structure of the GrIS, including the interactions
of the ocean with the ice sheet. The broad aim within this research is to understand present-day
processes within these systems and the feedbacks of the systems on each other; ultimately, the goal
is then to predict how the systems may respond in the future against a backdrop of projected future
climate warming exceeding 1.5 °C by 2100 under all of the likely future Representative
Concentration Pathway (RCP) scenarios (IPCC, 2013). Collectively, this recent research has led to
an increased concern over the future stability and evolution of the GrIS. This is because the ice sheet
is recognised to be thinning dynamically at its margins (Pritchard et al., 2009), melt is extending over
greater portions of the ice-sheet surface (Abdalati and Steffen, 2001; Box et al., 2006; Hanna et al.,
2008; Nghiem et al., 2012), and outlet glaciers that terminate in the ocean (‘“marine-terminating”)
are being affected by warmer ocean temperatures, and are consequently speeding-up (Jenkins, 2011;
Christoffersen et al., 2011; Ahlstrem et al., 2013; Straneo et al., 2013; Rignot et al., 2015; Hill et al.,

2017, 2018). These processes are all contributing to the increasing mass loss from the GrIS identified
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above, which is separated into losses from (i) surface melting and runoff and (ii) increased ice
discharge and calving for marine-terminating outlet glaciers (van den Broeke et al., 2009). Until
2005, the mass loss from these two processes was approximately equally partitioned, with 58% of
mass loss from ice discharge over the grounding line for marine-terminating outlets (van den Broeke
et al., 2009; Enderlin et al., 2014). However, after 2005, ice-mass losses from surface melting and
runoff increased, thereby producing a decline in the relative importance of the mass loss from ice
discharge to 36% in 2005-2009 and 32% in 2009-2012 (Enderlin et al., 2014).

The ice sheet’s hydrological system can influence both the surface mass balance (SMB) and the
dynamics of land- and marine-terminating sectors. For marine-terminating sectors of the ice sheet,
hydrology can promote increasing calving by generating buoyant plumes of meltwater that can erode
the calving front (e.g. Jenkins, 2011; Xu et al., 2012, 2013; Hill et al., 2017, 2018); alternatively, for
both land- and marine-terminating regions, hydrology can cause dynamic ice speed-up because of
its effect on basal water pressures and, consequently, ice-sliding rates (Schoof, 2010; Shannon et al.,
2013; Flowers, 2015). Thus, for both land- and marine-terminating sectors, hydrology has the
potential to cause thinning of the GrIS’s margins, and the subsequent draw-down of ice from the
interior regions of the ice sheet to lower elevations, where melting rates increase further, initiating a
potential positive feedback (Velicogna et al., 2014; Hill ez al., 2017, 2018). This means that hydrology
has become a central aspect of glaciological research on the GrIS, particularly since the early 2000s
(Chu, 2014; Nienow et al., 2017). Within this hydrological research, a great deal of attention has
been directed towards exploring the formation and evolution of supraglacial lakes (hereafter “lakes”)
on the GrIS surface. These lakes, which can grow to several square kilometres in area and reach
over 10 m in depth, form due to the ponding of surface meltwater in topographic depressions on the
ice-sheet surface (Echelmeyer et al., 1991). Over 2600 such lakes (exceeding 0.0625 km? in area) have
been identified across the whole GrIS in 2005-2009, although most (~55%) have been found in the
west and south-west sectors (Selmes ez al., 2011, 2013). In general, studies of such lakes to date have
focused on: (i) identifying the locations and timings of lake formation (e.g. Box and Ski, 2007;
McMillan et al., 2007; Lampkin and VanderBerg, 2011; Selmes et al., 2011, 2013; Fitzpatrick et al.,
2014); (i) the progression of lakes towards the interior regions of the GrIS under past and future
climatic warming (e.g. Leeson et al., 2012, 2015; Howat et al., 2013; Ignéczi et al., 2016; Gledhill and
Williamson, 2018); (iii) the incidence and causes of lake-drainage events in both time and space (e.g.
Das et al., 2008; Selmes et al., 2011; Liang et al., 2012; Morriss et al., 2013; Tedesco et al., 2013;
Fitzpatrick et al., 2014; Stevens et al., 2015); and, finally, (iv) the influence of lakes on the
development of subglacial drainage and consequently their implications for ice flow (e.g. Zwally et
al., 2002; Banwell et al., 2013a, 2016; Joughin et al., 2013; Tedstone et al., 2013, 2014, 2015; Dow et
al., 2014; Koziol and Arnold, 2018).
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Together, this research has produced a consensus on the approximate spatial extent of lakes for
different years and regions of the ice sheet, as well as the frequency oflake-drainage events, and their
implications for subglacial hydrology. As a result, the collective knowledge of lakes is better than
other elements of the GrIS’s hydrology, mainly because lakes are accessible for fieldwork
(contrasting with the englacial and subglacial components of the hydrological system, for example)
and because of the increasing availability of high-quality data collected remotely by satellites,
meaning wide areas of the GrIS can be imaged frequently. Remote sensing has therefore been
particularly helpful because it has overcome many of the logistical issues associated with fieldwork
and has reduced previous concerns relating to the applicability of the findings from individual lakes

to lakes found more widely on the GrIS.

A common use of remote sensing has involved investigating the location and timing of lake-drainage
events, whereby some lakes are observed to disappear from the ice-sheet surface in days to weeks
(e.g. McMillan et al., 2007; Selmes et al., 2011, 2013; Tedesco et al., 2013; Fitzpatrick et al., 2014;
Miles, K. E. et al., 2017). Within such research, a particular focus has involved identifying lakes that
drain rapidly (in hours—days) in situ from the surface of the ice sheet into its interior. In this
phenomenon, a fracture is forced through the full ice thickness by the water contained in the lake in
a process referred to as hydraulically-driven fracture propagation or “hydrofracture” (van der Veen,
2007; Tsai and Rice, 2010; Chu, 2014). The rationale for exploring hydrofracture in detail is that the
meltwater pulses delivered into the GrIS by these rapid lake-drainage events are thought to reach
the subglacial drainage system, driving-up basal water pressures, and potentially increasing GrIS
velocities. This created concern in the early 2000s of a potential hydrologically-driven collapse of
the GrIS resulting from the initiation of dynamic positive feedbacks involving the draw-down of'ice
from the interior regions due to higher ice velocities (Zwally et al., 2002). However, it has been
subsequently recognised that the ice speed-ups resulting from rapid lake drainage are often only
short-lived for land-terminating, ice-marginal regions (e.g. Banwell et al., 2013a; Cowton et al., 2013;
Sole et al., 2013; Tedstone et al., 2015), although uncertainty still surrounds the effect of rapid lake
drainage inland where the ice is much thicker (e.g. Dow et al., 2014; Doyle et al., 2014; Poinar et al.,
2015; de Fleurian et al., 2016) and for marine-terminating sectors. These rapid lake-drainage events
also open-up moulins (near-vertical shafts), which are the main ways for surface meltwater to reach
the GrIS’s basal hydrological system over the remainder of the melt season, meaning lake-drainage
events can have longer-term implications after the evacuation of the initial meltwater pulse delivered
during drainage (Colgan et al., 2011a; Banwell et al., 2016; Koziol et al., 2017; Hoffman ez al., 2018).
It is important, therefore, to understand where and when hydrofracture occurs on the ice-sheet
surface in order to gain knowledge of where, when and how much water reaches the subglacial
drainage system, as well as to better understand the potential controls on hydrofracture, including

whether these vary between areas of the GrIS and between different years.
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Collectively, this existing research has shown that rapid lake-drainage events tend to progress
upglacier over the course of a melt season, and that the same lakes do not necessarily drain rapidly
every year, suggesting that the controls that initiate hydrofracture might vary inter-annually. For
example, research indicates that hydrofracture may not necessarily be initiated when lakes reach a
specific uniform size, such as areal coverage or water volume (Selmes ez al., 2013; Arnold et al., 2014;
Fitzpatrick et al., 2014), but this hypothesis has not been verified conclusively for a large sample of
lakes. This is likely to be because most existing remotely-based work on GrIS lakes has been limited
to examining intra-annual changes to lake areas (e.g. Selmes et al, 2011, 2013; Cooley and

Christoffersen, 2017) and not lake volumes.

Research that has included measurements of lake volume has, by contrast, typically been for a
limited number of satellite scenes (e.g. Box and Ski, 2007; Moussavi et al., 2016; Pope et al., 2016)
or has included only an empirical lake area-to-volume scaling relationship (e.g. Georgiou et al., 2009;
Liang et al., 2012; Morriss et al., 2013; Fitzpatrick et al., 2014). This has consequently restricted
knowledge of the magnitude of surface-meltwater delivery into the GrIS. Furthermore, without a
clear understanding of the set of controls on rapid lake drainage, it is difficult to include the process
reliably in models of the GrIS’s hydrology (e.g. Banwell ef al., 2013a; Arnold et al., 2014; Koziol et
al., 2017; Koziol and Arnold, 2018), with existing models including simplified empirical algorithms
to predict hydrofracture rather than an algorithm with a more complex physical basis. If the controls
on hydrofracture were better known, the physical basis for the algorithms within such models could
be improved. Achieving this would involve investigating both the relationship between rapid lake
drainage and water volumes in lakes, and the relationship within and between other potential
controlling factors such as ice thickness, ice velocity, and ice-surface strain rates, among many
others. Such developments could lead to the models better reproducing contemporary observations
of lake-drainage events, as well as allowing the models to be more confidently forced with future
climate projections to generate robust estimates of lake drainage, water runoff and the resulting
possible velocity forcing of the GrIS over the coming decades and centuries. This may ultimately
allow improved constraints to be placed on the GrlIS’s contribution to global SLR both presently

and in the future.

1.2  Overall research objective and aims

This need to understand lake behaviour and the reasons behind it leads to the overall objective for
this thesis, which is to exploit the increasing availability of high-quality remotely-sensed satellite
data (from the MODerate-resolution Imaging Spectroradiometer (MODIS), Landsat 8 Operational
Land Imager (OLI) and Sentinel-2 Multispectral Instrument (MSI)) to monitor the incidence of

rapid lake drainage on the GrIS, and to relate this process to the water volumes contained within
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lakes and to a variety of other potential controlling variables. This thesis is broadly divided into two
streams of research: the first centres on the development of novel methods to analyse remote-sensing
imagery to provide new datasets for monitoring changes to lakes; the second relates to using these
methods alongside other data to investigate environmental controls on the behaviour of lakes. Three

main aims are identified to meet this overall objective, which are to:

1. Develop, test and apply a new method for tracking changes to lake areas and volumes on
the GrIS from MODIS imagery, which includes identifying the locations, timings and
magnitudes (in terms of water volumes) of rapid lake-drainage events. This work is
presented in Chapter 3.

2. Use the method developed and some of the resulting data from (1), alongside a suite of other
remotely-sensed data, to examine whether any controls on the initiation of rapid lake
drainage on the GrIS can be identified and, if they can, whether these controls vary in time
and space. This investigation is presented in Chapter 4.

3. Extend the lake-tracking method presented in (1) to use a combination of Landsat 8 and
newly-available Sentinel-2 imagery, the first time a dual-optical-satellite record will be
developed and used for this purpose. By mosaicking data from two platforms together, this
method aims to provide records of lake dynamics with both high spatial and temporal
resolution, which may be able to generate new insights into lake behaviour, including for

small lakes. This research is presented in Chapter 5.

1.3 Thesis structure

This thesis consists of six chapters. This chapter has introduced the underlying rationale for studying
the GrIS, providing the global context and need for the current study. It briefly introduced existing
research that has been undertaken into lakes on the GrIS to contextualise and help identify the
overall objective of this research. The overall objective was then broken down into three aims
forming the basis of Chapters 3—5 of this thesis, which closely resemble the order in which the PhD
research was undertaken. Before these chapters, Chapter 2 reviews the literature on remote sensing
and GrIS hydrology. It discusses the fundamental principles of remote sensing, the application of
remote sensing to studying the cryosphere and the GrIS, and contemporary understanding of some
the hydrological phenomena and processes already introduced briefly in this chapter. Chapter 3 then
describes the development and validation of a fully-automated method that can track changes to
lake areas and volumes on the GrIS from MODIS imagery; this is the first time that an automated,
physically-based lake water volume tracking method has been developed for application to a
collection of satellite imagery. Chapter 4 describes the use of the results from the application of this

new method (i.e. the knowledge of the location, timing and magnitude of rapid lake-drainage
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events), alongside other environmental variables and a robust exploratory statistical analysis, to
examine the potential controls on rapid lake drainage on the GrIS, for two study regions in summer
2014. Chapter 5 presents the modifications to the automated method for lake tracking from Chapter
3 to allow the use of higher-resolution satellite imagery from Landsat 8 and Sentinel-2 to generate a
new record of lakes on the GrIS that has both high spatial and temporal resolution. The method is
applied to investigate lake behaviour in a large region of west Greenland in summers 2016 and 2017.
Finally, Chapter 6 summarises the key developments from this research for each of the research aims
identified above, presents a synthesis of conclusions, and outlines avenues of research that could

form the basis of future studies.

1.4 Publications from this thesis

The material in Chapters 3 and 4 of this thesis has been published (Williamson et al., 2017, 2018a),
and some of the material in Chapter 5 is under interactive, public peer review (Williamson et al.,
2018b). The co-authors of these publications are the three supervisors of this PhD research (Neil
Arnold, Ian Willis and Alison Banwell). They provided general oversight of the research, including
helping to conceive the study, and discussing the approach, methods and results. All of the analysis
for the publications, including the data processing and experimental design, was undertaken by the
author of this thesis. Moreover, the manuscripts for publication, based on the thesis chapters, were
written by the thesis author, with the co-authors providing feedback on them. Williamson et al.

(2018a, 2018b) include author-contribution statements to explain this information.



Chapter 2

Remote sensing and hydrology of the

Greenland Ice Sheet: A review

2.1 Executive summary

This chapter presents a review of recent research to contextualise the current thesis. It begins by
reviewing the theoretical basis to remote sensing, which is the methodological field within which
this thesis is situated, before reviewing the mass balance, hydrology and dynamics of the GrIS.
Remote sensing is particularly valuable for studying the cryosphere since it can monitor processes
and changes that operate over wider spatial and temporal scales than could ever be studied with
individual field campaigns. The usefulness of remote sensing has included deriving information on
the state of the GrIS in terms of its current mass balance, hydrology and velocity structure,
particularly when remote sensing has been combined with detailed field studies of finer-scale
processes. While the GrIS’s surface hydrology is now relatively well understood compared with its
englacial or subglacial components (Hock ez al., 2017), uncertainty still surrounds the effect of lake
drainage on ice dynamics, and so overall mass balance, at differing timescales and for different
regions of the ice sheet. This is in part because there is still ambiguity over the behaviour of lakes
and how this behaviour varies for different sectors of the ice sheet and for different years, including
the reasons for which rapid lake drainage occurs at specific places and times, and not at others, and
whether specific water volumes or other characteristics of lakes are required to initiate rapid
drainage. New remote-sensing data and novel analytical approaches offer the potential to address

these questions.
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2.2 Fundamentals of remote sensing

2.2.1 Development of the remote-sensing discipline

Remote sensing is the acquisition of information about an object without making physical contact
with it (Campbell and Wynne, 2011); the first example of our modern conception of remote sensing
involved the capture of an image with a camera in the nineteenth century (Rees, 2012; Tedesco,
2015). When cameras were used to capture photographs from the air, particularly from aeroplanes,
the next major step was made towards present-day remote sensing. This continued when sensing
instruments were added to spaceborne objects, notably satellites, which then permitted imaging of
the vast majority of the Earth at frequent time intervals. The first such satellite was the Earth
Resources Technology Satellite (ERTS), later named the Landsat 1 satellite, launched in July 1972,
which marked the beginning of a prolific and ongoing number of satellite remote-sensing missions
that continue to date (Rees, 2012). Each satellite mission typically has a specific objective to collect
data relating to one or multiple of the Earth’s systems, such as the hydrosphere, biosphere or
cryosphere, with the aim being to detect and classify objects and processes operating on or near to
the Earth’s surface. The large volume of data generated by these missions is only possible due to the
increasing availability of high-speed computers and large-volume data-storage facilities. Because
remote sensing can provide near-instantaneous information for wide areas of the globe, as well as
for hard or even impossible-to-access regions, it has great usefulness (Pope et al., 2014). In view of
this, today, Earth (and even extra-terrestrial) remote sensing is a very well-developed scientific
technique, being used across the breadth of environmental-science disciplines, including

oceanography, climatology, the geosciences and glaciology.

2.2.2 The electromagnetic spectrum

‘While most remote sensing exploits the visible, near-infrared (NIR) and shortwave-infrared (SWIR)
parts of the electromagnetic spectrum, other areas, such as the micro-wavelengths, can be used.
Remote sensing is based on the interaction between electromagnetic radiation and surface objects
(such as the ocean, vegetation, glaciers). These objects result in different patterns of absorption,
transmission and scattering of the electromagnetic radiation depending on their physical properties.
The electromagnetic radiation signals can then be measured by remote-sensing instruments, with
such instruments usually classified into active and passive types: active systems are those which
involve the emittance of electromagnetic energy, and the subsequent measurement of the reflectance
and/or backscatter by the target; meanwhile, passive remote-sensing systems measure the natural

reflectance and/or emittance of the target, with the source of energy being either the Sun or heat. A
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necessary consideration in Earth observation is whether to use a sensor that exploits the microwave
or optical wavelengths of the electromagnetic spectrum; the primary advantage of using microwave
sensors is their ability to image through clouds and in darkness, something that is impossible with
optical and NIR sensors. Notable active systems are Light Detection and Ranging (LiDAR),
involving measuring the distance to the target by illuminating it with pulses of laser light, and
Synthetic Aperture Radar (SAR), involving a similar process but instead using radio waves and
measuring their backscatter at the sensor. Meanwhile, passive systems are most often optical
imaging systems, which measure the amount of light reflected by a surface object, with the source
of the light being the Sun. The remotely-sensed satellite data used in Chapters 3, 4 and 5 of this
thesis are collected by passive, optical systems, although the new algorithm presented in Chapter 3

has also been applied to data recorded by an active, SAR system (Miles, K. E. et al., 2017).

2.2.3 Quality of remotely-sensed data

All datasets must be carefully assessed for their quality and thus usefulness for the chosen scientific
applications. In the case of remote sensing, the quality of the remotely-sensed data depends on their
spatial, temporal, spectral and radiometric resolutions. Spatial resolution is how much spatial detail
is recorded in an image, normally indicated by the pixel size of a raster (gridded) image, assuming
it is displayed at full resolution. Spatial resolution is most dependent on sensor design, notably the
distance between the sensor and the target object — in the case of satellites, for example, those at
higher altitudes can image larger areas but are incapable of resolving fine detail accurately within
those large areas. Temporal resolution represents the frequency of data acquisition, or the number
of flyovers, of a sensor, with higher temporal resolution normally being preferential since it allows
data to be collected for systems that can change dynamically. The temporal resolution of a satellite
dataset is a product of the satellite’s orbital geometry (i.e. the shape of its orbit around the Earth),
swath width (i.e. the width of a satellite’s imaging strip), and whether or not data can be collected
off-nadir as well as at-nadir (i.e. whether data can be collected away from as well as directly below
a satellite’s track). The Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER), for example, can collect data off-nadir assuming that data have been requested, while
Landsat cannot, with the result being that Landsat data typically have lower temporal resolution
than ASTER data. Spectral resolution measures the number of and the bandwidth of each discrete
element of the electromagnetic spectrum that the sensing instrument was designed to sample.
Finally, radiometric resolution indicates the number of discrete levels that can be used to record data
by the sensor; satellite sensors with 8-bit radiometric resolution (“dynamic range”) have 256 levels
(i.e. 2%) available for recording data (i.e. from 0 to 255), while those with 12-bit resolution have 4096

(i.e. 2'?) levels available (i.e. from 0 to 4095), a 16-fold increase. Thus, as the satellite’s radiometric
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resolution is increased, the dynamic range that can be recorded increases, and so the satellite can
record smaller-scale differences of the sensed object(s) more precisely; thus, a higher bit depth is
preferable. Newer satellites, such as the Landsat 8 OLI (hereafter “Landsat 8”) and Sentinel-2 MSI
(hereafter “Sentinel-2”), record data with 12-bit resolution, while older ones, such as the Landsat
Thematic Mapper (TM), on board Landsat 4 and 5, or the Landsat 7 Enhanced Thematic Mapper
Plus (ETM+) (hereafter “Landsat 7””) record data at 8-bit resolution (Roy et al., 2014).

‘When using remote sensing to monitor processes on the Earth’s surface, researchers must choose a
remote-sensing system that fulfils as many of their requirements as possible in terms of the level of
spatial, temporal, spectral and radiometric resolution. In such work, typically a trade-off must be
made between one type of resolution at the expense of another: for example, by choosing imagery
with a frequent temporal resolution, the high spatial resolution of imagery may be lost as a result

(e.g. Townshend and Justice, 1988).

2.3 Remote sensing of the cryosphere

A common use of remote sensing is to study the cryosphere, which is the frozen part of the Earth’s
surface, and which includes permafrost, sea ice, snow cover, glaciers, ice caps and ice sheets.
Research into the cryosphere is important because changes within this system have implications for
other systems, such as the atmosphere and hydrosphere, with consequent implications for society
(IPCC, 2013). Within the discipline of glaciology, remote sensing has become a particularly valuable
approach since it allows much larger areas and longer timescales to be studied compared with
field-based studies, whether this applies to valley glaciers or ice sheets. This means that patterns can
be derived over many glaciers simultaneously and at higher temporal frequencies than would ever
be possible without continuous field campaigns over multiple seasons. However, while remote
sensing is extremely valuable to the cryospheric community, it has not replaced fieldwork; rather it
has meant that greater insights can be offered by using field and remote-sensing data simultaneously
(Quincey and Luckman, 2009; Pope et al., 2014).

2.4 Applying remote sensing to the Greenland Ice Sheet

As a result of the advantages outlined above, remote sensing has now been used to study many
processes operating over the wide spatial scales covered by ice sheets. Specifically, on the GrIS,
satellite remote sensing has helped to document changes to its mass balance (Section 2.5),
understand its hydrology (Section 2.6), and make inferences about its velocity structure over wide

areas and long (multi-decadal) timescales. Many different satellite sensors are used for monitoring
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different aspects of the GrlS, but with a specific focus on modern-day GrIS surface hydrology
(notably lakes and streams), nine main satellite sensors are commonly used (Table 2.1). Table 2.1
shows that each sensor has different strengths and weaknesses: for example, MODIS imagery offers
the ability to image the entire ice sheet at least once per day, but this must be traded-off for a lower
spatial resolution of 250-500 m. By contrast, other sensors, such as the Landsat and Sentinel
constellations, collect data at high spatial resolution (< 30 m), but such data are only available at
low temporal resolutions. Although WorldView-1 and WorldView-2 offer imagery at very high
spatial resolution (< 2 m in the multispectral bands and < 0.5 m in the panchromatic bands) with
frequent revisit times, such images are not open access, meaning that they are suited to only very
site-specific applications, owing to the high cost associated with using them over wider areas. This
thesis involves using data from MODIS, Landsat 8, and Sentinel-2, which are therefore discussed

in further detail in the next sections.
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Table 2.1: Properties of satellite sensors used within existing research into lakes and streams on the GrIS;
“pres.” in the table indicates “present day”. Satellite sensors used for other purposes on the GrIS (for
example, for deriving ice velocities or estimating mass balance) are not included. Studies highlighted in

bold text within the table footnotes involve identifying rapidly draining lakes.

Spatial Temporal . .
Satellite sensor Date range  resolution resolution Radiometric Swath Studies
5 resolution'  width (km)

(m)' (@

MODIS" 1999—pres. 250-500° 1 12-bit 2330 See list*
ASTER 1999-pres. 15 16 8-bit 60 See list’
Landsat 7 ETM+  1999-pres. 30 16 8-bit 185 See list®
Landsat 8 OLI" 2013—pres. 30 16 12-bit 185 See list’
Sentinel-1 SAR® 2014—pres. 25° 6’ - 400° See list™®
Sentinel-2 MSI" 2015—pres. 10 5 12-bit 290 -

RADARSAT-18 1995-2013 30" 24" - 100" See list'?
WorldView-113 2009-pres. 0.46™ 1.7% 11-bit 17.6" See list'
WorldView-2"¢ 2009-pres. 1.84 1.1 11-bit 16.4" See list!”

Data from this satellite sensor are used for this thesis.

T Data are not open access (i.e. payment is required).

Information presented for the multispectral band of the sensor, and not for any of its other bands,

such as the panchromatic or thermal bands, where relevant.

Data based on a repeat imaging time for the whole Earth; temporal resolution may be higher for

individual sites (such as those in the polar regions), depending on the satellite’s orbital geometry.

Blue and green bands at 500 m resolution; red band at 250 m resolution.

4 Liithje et al., 2006; Box and Ski, 2007; Chu et al., 2009; Bartholomew et al., 2011a, 2011b; Messerli,
2011; Selmes ef al., 2011, 2013; Leeson et al., 2012, 2013; Liang et al., 2012; Doyle et al., 2013;
Johansson and Brown, 2013; Johansson et al., 2013; Morriss et al., 2013; Bougamont ez al., 2014;
Fitzpatrick et al., 2014; Everett et al., 2016; Ignéczi et al., 2016; Cooley and Christoffersen, 2017.

5 McMillan et al., 2007; Sneed and Hamilton, 2007; Georgiou ef al., 2009; Sundal et al., 2009;
Legleiter et al., 2014; Yang et al., 2015; Chen et al., 2017.

®  Liithje et al., 2006; Hoffman et al., 2011; Lampkin, 2011; Lampkin and VanderBerg, 2011, 2014;
Messerli, 2011; Howat et al., 2013; Arnold et al., 2014; Banwell ez al., 2014; Legleiter et al., 2014;
Clason et al., 2015; Kingslake et al., 2015; Nathan-King, 2015; Poinar et al., 2015; Yang et al., 2015;
Miles et al., 2016; Chen et al., 2017; Gledhill and Williamson, 2018.

7 Moussavi et al., 2016; Pope et al., 2016; Yang and Smith, 2016; Chen et al., 2017; Miles, K. E. et al.,

2017; Gledhill and Williamson, 2018; Macdonald et al., 2018.

Active C-band radar (microwave) satellite sensor.

In the extra-wide swath mode.

10" Miles, K. E. et al., 2017.

' Tn the standard-beam mode.

2. Poinar et al., 2015.
13

Panchromatic bands only.
At-nadir for a ground sampling distance of < 1 m.
5 McGrath et al., 2011; Joughin et al., 2013; Smith et al., 2017; Hoffman et al., 2018.
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Panchromatic-band measurements also collected as for WorldView-1.

7 Yang and Smith, 2013, 2016; Smith ez al., 2015, 2017; Moussavi et al., 2016; Koziol et al., 2017,
Hoffman ez al., 2018.
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2.4.1 MODIS

MODIS is an instrument aboard the Terra and Aqua satellites, which were launched by NASA in
December 1999 and May 2002, respectively. The orbits of Terra and Aqua are timed such that Terra
crosses the equator from north to south in the morning, while Aqua passes it from south to north in
the afternoon. Because they can image wide areas of the Earth at once (due to the wide swath width
of 2330 km and the combination of the two satellites), MODIS data are exceptionally valuable for
studying Earth-surface processes, even if they can sometimes be limited by their low spatial
resolution. Data are collected by MODIS in 36 spectral bands at high radiometric resolution (12-bit
depth) from 0.4-14.4 um, with bands 1-7 distributed at 250 m or 500 m resolution (Table 2.2); the
remaining bands (0.41-14.39 um) have 1000 m resolution.

Table 2.2: Properties of the 250 m and 500 m spatial resolution MODIS bands. Asterisk denotes that

data from that band are used in this thesis.

Band Common name Spatial resolution ‘Wavelengths
(m) (nm)
1" Red 250 0.620-0.670
2 NIR 250 0.841-0.876
3 Blue 500 0.459-0.479
4 Green 500 0.545-0.565
5 NIR 500 1.230-1.250
6 SWIR 500 1.628-1.652
7 SWIR 500 2.105-2.155

The raw satellite data (i.e. at-satellite digital-number measurements) have various levels of
processing applied to them to derive a series of data products suitable for Earth monitoring (Justice
et al., 2002). Level-0 data are raw satellite feeds, thus being the least processed data, distributed as
5-minute-wide swath data. These data are used to create level-1A data, which are calibrated and
geolocated radiance measurements, appended with radiometric and geometric calibration
coefficients and georeferencing information, which can be used for further processing. Level-1B data
are the same as level-1A data except that the appended information has been applied to produce
geolocated and radiometrically-calibrated data. Higher-order level-2 products are then created from
these level-1 data, all of which have had atmospheric correction applied (to generate reflectance
measurements as they would have been made at the surface, or “bottom-of-atmosphere (BOA)
reflectance”) and which are normally processed for a specific purpose. They have the same
resolution and location as the level-1 source data. Level-3 data are gridded variables as composites

of the level-2 data, being distributed as temporally composited or averaged grids (e.g. over 1 day,
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8 days, 1 year) of level-2 data. The final, most processed data are level-4 data, which are derived
from the outputs of models or other analyses using the lower-level data. MODIS data have short
names associated with them, with data collected by the Terra satellite being prefixed with the
abbreviation “MOD”, Aqua data being prefixed with “MYD”, and “MCD” data indicating

composited data from both satellites.

Most previous studies involving MODIS for monitoring lakes on the GrIS used level-1B MOD02
data (e.g. Box and Ski, 2007; Sundal et al., 2009; Selmes et al., 2011; Liang et al., 2012; Cooley and
Christoffersen, 2017). However, because these data are not atmospherically corrected, a separate
atmospheric correction algorithm must be first applied, with the MODIS Corrected Reflectance
(CREFL) algorithm normally used to generate surface-reflectance products. A different approach
involves using the level-2 MODO09 product (from the Terra satellite) following Fitzpatrick (2014)
and Fitzpatrick et al. (2014) since atmospheric correction has already been applied. These images
are distributed as daily averaged surface-reflectance values in all bands, meaning that in some cases,
multiple (MODO02) scenes from the Terra satellite may have been used to composite a single image.
8-day and monthly MODO09 surface-reflectance products are also available. In this study, MODIS
MODOQ9 data are used in Chapters 3 and 4. The MYDO09 data (from the Aqua satellite) were also
considered for inclusion in the analysis, but were ultimately excluded because the Aqua satellite
does not pass over the GrIS with favourable illumination conditions. As these data were not used,
the need to exclude images that were not collected close to solar noon, as in previous studies, was
removed (Box and Ski, 2007; Selmes et al., 2011; Cooley and Christoffersen, 2017). Moreover, the
Aqua satellite has a degraded band-6 (SWIR) sensor, which would have complicated the

cloud-masking procedure applied to the data in Section 3.3.2.

2.4.2 Landsat 8

The Landsat missions are the longest continuous effort to monitor the Earth with satellites,
extending back to 1972 when Landsat 1 was launched, with Landsat 9 and Landsat 10 planned for
launch in 2020 and the late 2020s, respectively. Landsat 8 was launched in February 2013, and these
data are used in this thesis from 2014 onwards. Landsat 8 has a near-polar, Sun-synchronous orbit,
which is offset by eight days from Landsat 7, meaning the two datasets could be combined if
required. Landsat 8 data are collected at high spatial resolution compared with MODIS (Section
2.4.1), but with a significantly lower repeat site-imaging time. There are two instruments aboard the
Landsat 8 satellite: the OLI and the Thermal Infrared Sensor (TIRS), representing an improvement
on the capabilities of earlier Landsat satellites (Roy et al., 2014). Data are collected by the OLI in

eight multispectral bands at 30 m resolution (including an ultra-blue band) and a panchromatic band
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at 15 m resolution (Table 2.3); meanwhile, the TIRS collects data for two thermal bands at 30 m
distributed resolution (for wavelengths from 10.60-12.51 pm), which have been resampled from 100
m native resolution (USGS, 2013).

Table 2.3: Properties of the Landsat 8 multispectral bands. Asterisk denotes that data from that band are

used in this thesis.

Spatial resolution ‘Wavelengths
Band Common name
(m) (nm)

1 Ultra-blue (coastal/aerosol) 30 0.435-0.451
2 Blue 30 0.452-0.512
3 Green 30 0.533-0.590
4 Red 30 0.636-0.673
5 NIR 30 0.851-0.879
6 SWIR 1 30 1.566-1.651
7 SWIR 2 30 2.107-2.294
8 Panchromatic 15 0.503-0.676
9 Cirrus 30 1.363-1.384

Similar to MODIS data, Landsat data are subjected to different levels of processing: level-0 data are
raw satellite feeds, while level-1 data are at-satellite top-of-atmosphere (TOA) radiance
measurements. Level-2 products have also recently become available from Landsat 8, which
represent BOA or surface-reflectance measurements, accounting for the effect of the atmosphere on
the radiance measurements made at the satellite. However, such processing to generate BOA from
TOA reflectance is only applied to the multispectral bands and not to the panchromatic band,
restricting the usefulness of these data for studying GrIS lakes in this thesis, since the panchromatic
band is needed to calculate lake depth (Chapters 3 and 5). Landsat 8 data have been used widely
within the cryospheric sciences, including for large-area mapping of ice flow (Fahnestock et al.,
2016), mapping ice-sheet velocities (Jeong and Howat, 2015; Mouginot et al., 2017), estimating lake
depth (Pope et al., 2016), and mapping valley-glacier extents (Paul et al., 2016). As a result of their
high spatial resolution, Landsat 8 data can act as a valuable validation dataset for assessing the
reliability of lower-resolution sensors, like MODIS, for measuring the properties of Earth-surface

objects.

2.4.3 Sentinel-2

The Sentinel-2 instrument comprises a pair of identical satellites called Sentinel-2A (launched in
June 2015) and Sentinel-2B (launched in January 2017), both of which have 290 km swath widths,

producing a combined 5-day revisit time at the equator, with an even shorter revisit time at the poles,
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albeit with different viewing angles. Sentinel-2 has 12-bit radiometric resolution, the same as
MODIS and Landsat 8. Sentinel-2 data are collected in 13 multispectral bands, with 10 m resolution
in the optical and NIR bands, varying to 20 m or 60 m resolution in the other bands (Table 2.4).

Table 2.4: Properties of the Sentinel-2A multispectral bands. Asterisk denotes that data from that band

are used in this thesis.

Spatial resolution ‘Wavelengths
Band Common name
(m) (nm)
1 Ultra-blue (coastal/aerosol) 60 0.430-0.457
2 Blue 10 0.448-0.546
3 Green 10 0.538-0.583
4 Red 10 0.646-0.684
5 Vegetation red edge 20 0.694-0.713
6 Vegetation red edge 20 0.731-0.749
7 Vegetation red edge 20 0.769-0.797
8 NIR 10 0.763-0.908
8A Vegetation red edge 20 0.848-0.881
9 Water vapour 60 0.932-0.958
10 SWIR (cirrus) 60 1.336-1.411
11" SWIR 20 1.542-1.685
12 SWIR 20 2.081-2.323

As with MODIS and Landsat 8, different processing levels are applied to the raw Sentinel-2 satellite
data. Level-1B data are raw, TOA radiances distributed in the sensor’s geometry. Level-1C data are
the next level of processed data, which are TOA reflectances in a fixed geometric projection, and
which contain applied radiometric and geometric corrections, including orthorectification and
spatial registration to a global grid. Level-2A are the most processed Sentinel-2 data, which are BOA
reflectances with an atmospheric correction applied; these data must be generated by users of the
imagery using a toolbox. Because of Sentinel-2’s comparable resolution to Landsat 8, with a
common registration system, the two satellites can be combined to produce an improved temporal
resolution over that which is possible by using either individually. Currently, however, there is a
slight misregistration of 38 m (just over one Landsat 8 pixel) between Sentinel-2 and Landsat §, but
this effect is consistent for a given site, meaning the data can still be used together (Storey et al.,
2016). So far, Landsat 8 and Sentinel-2 data have not been used jointly in a single study within
glaciology, despite their potential for being used together (Wang et al., 2017). Instead, data from
Sentinel-2A only (owing to the only relatively recent (January 2017) launch of Sentinel-2B) have
been used individually for mapping valley-glacier extents (Kdib et al., 2016; Paul et al., 2016),
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monitoring changes to ice-dammed lakes (Kjeldsen et al., 2017), and cross-comparing ice-albedo

products (Naegeli et al., 2017).

2.5 Mass balance of the Greenland Ice Sheet

Among the key applications of remote sensing to the cryosphere, one of the most important relates
to studying the mass balance of the two ice sheets, something that was difficult to estimate reliably
using data that could be obtained from just a few locations that could be accessed with fieldwork
(Benn and Evans, 2010). In the same processes as tidewater glaciers and ice caps, ice sheets gain
mass by accumulation and lose mass by surface ablation and calving (Benn and Evans, 2010; Cuffey
and Paterson, 2010). It is now recognised that both the Greenland and Antarctic ice sheets are losing
mass at accelerating rates. This is particularly true for the margins of the GrIS and the
marine-terminating outlets of the West Antarctic Ice Sheet, which are often thought to be among
the most unstable elements of the global cryosphere (e.g. Joughin and Alley, 2011; Favier et al.,
2014; Joughin et al., 2014).

It was realised in the late twentieth century that the GrIS was losing mass at unprecedented rates
compared with earlier in the twentieth century, and so increasing attention was given to
understanding the magnitude of the losses and the processes driving them (van den Broeke et al.,
2016; Fettweis et al., 2017). To this end, presently, three techniques are used to determine the GrIS’s
mass balance: gravimetry, radar/laser satellite altimetry, and the mass-budget technique (or
input-output method). Gravimetry involves measuring the changing gravitational field, and so
distribution of mass, over an area of the Earth’s surface, which can indicate changes to an ice sheet’s
total mass, assuming that other processes, such as isostatic rebound and land-ocean leakage effects,
are corrected for (e.g. Velicogna, 2009; Xu et al., 2016). The gravimetric method involves the Gravity
Recovery and Climate Experiment (GRACE) satellite mission. The GRACE measurements are
indirect, involving only a proxy measurement of mass loss (through the direct measurement of the
changing gravitational field), but they are thought to measure mass balance accurately (Shepherd et
al., 2012; Schlegel et al., 2016). Gravimetric measurements indicate that in 2003-2008, the GrIS was
losing 183.0 + 19.9 Gt a’!, which increased to a loss of 261.5 + 6.1 Gt a in 2003-2012, with an
acceleration to mass loss of 26.2 + 1.7 Gt a? (Jin and Zou, 2015). An alternative technique is
radar/laser satellite altimetry, which involves measuring changes to the elevation of the GrIS
surface, and then converting elevation change to mass change using a densification model, making
assumptions regarding the quantity of mass represented by a given change in elevation. This
technique has indicated that the GrIS has switched from gaining a net mass of 5.5 + 32.1 Gt a' in
19962001 to losing a net mass of 234 * 46.9 Gt a! in 2003-2008 (Hurkmans et al., 2014). Finally,
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the mass-budget technique measures the difference between the total inputs to and outputs from the
GrIS’s system; the outputs include those from surface melting and dynamic ice discharge across the
grounding line (usually measured with ice-velocity and ice-thickness datasets). This technique is
arguably most useful because, if the measurements of the losses/gains from the various
inputs/outputs can be validated against, for example, runoff data in the present day, it is possible to
test the future sensitivity of the GrIS’s mass balance to the various mass-balance components under
a future changing climate (IPCC, 2013). This approach suggests that the GrIS’s mass loss has more
than doubled in the last two decades from 91 + 31 Gta™ in 1996 to 224 + 41 Gta™ in 2005 (Shepherd
et al., 2012) and finally to 269 * 51 Gt a in 2011-2014 (McMillan et al., 2016). This method has
also indicated that there has been a switch in the importance of losses from surface melting compared
with losses due to ice discharge over the grounding line for marine-terminating outlet glaciers (van
den Broeke et al., 2009). Until 2005, over half (58%) of the total mass loss from the GrIS was due to
dynamic ice discharge over the grounding line, but this value decreased to just 36% or 32% in the
later 2005-2009 and 2009-2012 periods, respectively, due to an increase in the importance of the
mass loss from higher surface melting (Enderlin ez al., 2014). This suggests it is vital to understand

ice-surface processes as well as those at or in close proximity to the grounding line.

Thus, there are differences in the scientific basis to the three approaches outlined above, with each
yielding slightly different estimates of total ice-mass loss from the ice sheet. However, the estimates
from all of the approaches tend to overlap having accounted for the errors (Figure 2.1). This means
that all methods agree that the GrIS’s mass balance has become increasingly negative since the late
twentieth century, with a pronounced acceleration in ice-mass loss from 2000. Evidence suggests
that this is due to: (i) amplified air temperatures in the Arctic, which have increased more than those
elsewhere, and which have consequently increased surface melting, and have been implicated in
explaining the observed changes to ice velocities; and (i1) increased ocean temperatures, which have
increased the undercutting of marine-terminating sectors of the GrIS, causing dynamic drawdown
and thinning (e.g. van den Broeke et al., 2017). The net effect is concern over the GrIS’s future in
the coming century. The GrIS’s hydrological system has been implicated as a means of exacerbating
the effects of both a warming atmosphere and ocean on the GrIS, and so many studies have focused
on understanding its present and likely future configurations, the subject of the next section, and this

thesis.
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Figure 2.1: Increasingly negative mass-balance estimates for the GrIS for (a) 1992 to 2012 and (b) 2003
to 2008 as derived using three independent techniques: the input-output or mass-budget method (red
lines), satellite gravimetry (blue lines), and laser altimetry (green lines). Uncertainty ranges are shown as
light shading on (a). A reconciled estimate of GrIS mass balance using the three techniques is shown as
a grey box on (b). Adapted from Shepherd et al. (2012).

2.6 Hydrology of the Greenland Ice Sheet

Broadly speaking, the hydrological system of the GrIS is divided into three individual but connected
components, covering the supraglacial system (i.e. on or within the surface layers of the GrIS), the
englacial system (i.e. within the main body of the ice sheet) and the subglacial system (i.e. at or just
beneath the interface between the base of the ice sheet and the underlying bedrock or sediment)
(Figure 2.2). All of these systems have been studied, although the inaccessibility of the englacial and
subglacial components means that they are relatively under-researched compared with water on the
surface, with research into these systems being dominated by theory rather than observation. The
following sections review current knowledge and understanding of each of the three systems,
including how water within each of them can affect the GrIS’s mass balance through, for example,
darkening the ice-sheet surface within the supraglacial system (Section 2.6.1), cryo-hydrologic
warming within the englacial system (Section 2.6.2) and altering basal water pressures and thus

basal-sliding rates within the subglacial system (Section 2.6.3).
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Figure 2.2: Schematic depicting the main components of the hydrological system for an idealised

land-terminating sector of the GrIS. Adapted from Nienow et al. (2017).

2.6.1 Supraglacial hydrology

At the start of the year, most of the surface of the GrIS is covered by a thick snow layer. During the
ablation season, the snow, firn and ice contained within the supraglacial system melt extensively as
air temperatures and incoming shortwave radiation increase, with surface melting commonly
extending to ~1400 m above sea level (a.s.l.) (Catania and Neumann, 2010; Noél et al., 2016) and
even higher in extreme melt years, when almost the entire surface of the ice sheet may
simultaneously be melting (Nghiem ez al., 2012). The supraglacial-hydrological system that develops
subsequent to this melting is a complex and continuously evolving system of firn aquifers, streams,

rivers, lakes and water-filled crevasses (Figure 2.2).

Processes in the firn zone

Initially, meltwater formed at the surface may become temporarily stored in the pore spaces between
ice within what is commonly termed “the firn zone”. The firn zone has only received limited
research attention, but is now recognised to be important in delaying the runoff produced by surface
melt; it may thus help to explain the reason for a discrepancy between the runoff modelled using
downscaled climate-model data and direct measurements of proglacial runoff. The melt can pond

to form spatially extensive firn aquifers, which may be present across much of the ice sheet, and
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which allow the over-winter storage of water (Forster et al., 2014). These firn aquifers are best
developed within the south-eastern area of the GrIS, since this area is affected by high accumulation
rates and cold winter temperatures, meaning that bare ice is often not revealed here, and the storage
of water in firn is promoted (Miége et al., 2013; Kuipers Munneke et al., 2014). In this region, firn
aquifers cover a spatial extent of 20,000~70,000 km?, containing a global SLE of 0.4 mm (Forster et
al., 2014; Koenig et al., 2014; Miége et al., 2016). Initially, it was thought that firn aquifers were static
features. However, more recent research has shown that the aquifers may periodically drain, perhaps
through crevasses, with this water potentially able to drive fractures to the ice-sheet bed (e.g. Miege
et al., 2016; Poinar et al., 2017a). This is potentially concerning because if the drainage of water
contained within firn aquifers were more widespread, it could contribute to the enhancement of
ice-deformation rates due to the dissipation of viscous heat when meltwater refreezes at depth. For
example, Poinar et al. (2017a) modelled an average ice-temperature rise at Helheim Glacier,
south-east Greenland, due to firn-aquifer drainage of close to 4 °C over ten years, leading to 50 m
a’! increases to the ice-deformation rate, which is 25% of the current ice-flow speed in the area.
However, over the longer term, the firn may densify sufficiently to produce ice, meaning that water
may never reach the firn aquifer, instead being routed in an efficient supraglacial network of
streams/rivers (Machguth et al., 2016). Further research is therefore required to determine whether
firn aquifers will become more widespread and whether they will be able to drain in the future. This
will help ascertain whether water reaching the bed from firn aquifers could affect basal-sliding rates
as well as ice-deformation rates, allowing these processes to be incorporated into holistic models of
GrIS hydrology.

Processes in the bare-ice zone

Over the GrIS surface in the bare-ice zone (which extends further inland over the course of the melt
season when snow and firn melt to reveal ice underneath), most meltwater is routed in a network of
smaller supraglacial streams or larger supraglacial rivers. These streams and rivers are thermally
incised downwards into the ice, with their fluvial erosion dominating supraglacial topography at
wavelengths less than the ice thickness (Knighton, 1981; Karlstrom and Yang, 2016). Most
streams/rivers are likely to terminate in crevasses or moulins (which are near-vertical shafts
extending from the surface into the ice-sheet body, formed by the preferential enlargement of a single
crevasse by meltwater), rather than running-off the ice-sheet edge directly (Smith ef al., 2015). As the
season progresses and more bare ice is revealed, the ice-surface albedo decreases and melting
increases further, surface stream/river discharges increase and, consequently, the channel networks
become increasingly complex and anastomosing (Knighton, 1972). Despite the large estimated

quantities of water carried by these streams/rivers, they remain relatively under-researched; this is
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probably because the channels are at most tens of metres wide, requiring satellite imagery at such a
resolution, which is rarely available (Table 2.1). The most comprehensive existing study was by
Smith et al. (2015), which involved mapping 523 supraglacial streams/rivers from 32 WorldView-2
images across a 6812 km? of south-west Greenland in July 2012, showing that they all terminated
in moulins (rather than running-off the ice-sheet edge), and together, over the four-day period, they
carried a total water flux of 0.135-0.150 km® d"!. Although these values were measured during an
extreme melt event (Nghiem et al., 2012), they indicate a highly efficient system of meltwater
evacuation from the GrIS surface through many well-organised, hydraulically-efficient stream/river

networks.

Formation of supraglacial lakes

As well as being transported by streams/rivers, supraglacial water on the GrIS can pond in lakes,
and be temporarily stored, usually for days to weeks, with streams/rivers often acting to connect
multiple lakes. These lakes form within depressions on the ice-sheet surface, with their positions
largely fixed by the underlying bedrock topography, so that lakes are found within the same locations
from year to year, instead of advecting with ice flow (Echelmeyer ez al., 1991; Gudmundsson, 2003;
Lithje e al., 2006; Box and Ski, 2007; Lampkin, 2011; Selmes, 2011; Liang et al., 2012; Sergienko,
2013; Karlstrom and Yang, 2016). Because lakes are fixed in this way, while the underlying ice is
advected beneath them, they can change the colour and structure (e.g. toughness) of the ice, and so
potentially alter its melt rate over longer timescales. The present understanding of lakes dates to the
work of Echelmeyer et al. (1991) who found lakes between tens of metres and 10 km? in size and 1
to 20 metres deep in the Jakobshavn Isbrae catchment (west Greenland) from 600 m to 1450 m a.s.1.,
and who documented the first lake-drainage event. Since then, lakes have been identified for most
sectors of the ice sheet, which has only been possible due to the increasing availability of satellite
imagery with sub-daily repeat intervals, and because these lakes are spatially more extensive than
their stream/river counterparts. Regional remote-sensing studies have shown that lakes tend to form
closer to the ice margins earlier in the season, and progress inland with warming temperatures over
the season, mirroring the inland progression of surface melting. Most of these studies have been
focused in west and south-west Greenland, both for individual years and for time periods extending
up to a decade (Box and Ski, 2007; McMillan et al., 2007; Sneed and Hamilton, 2007; Georgiou et
al., 2009; Johansson and Brown, 2012, 2013; Johansson et al., 2013; Leeson et al., 2013; Morriss et
al., 2013; Banwell et al., 2014; Fitzpatrick et al., 2014; Moussavi et al., 2016; Pope et al., 2016; Miles,
K. E. etal., 2017; Cooley and Christoffersen, 2017). However, more recent work has begun studying
other locations in more detail, including the south-east (Everett et al., 2016) and the north-west

(Gledhill and Williamson, 2018), as well as lakes on floating ice tongues (Macdonald et al., 2018).
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This additional focus is important as lakes in areas other than the west and south-west are likely to

undergo the most pronounced inland advance in the coming century (Ignéczi et al., 2016).

Although regional studies of lakes are numerous, there has been comparatively little attempt to study
inter-annual patterns of lake evolution at the whole GrIS scale over multiple years using remote
sensing. So far, the studies by Selmes et al. (2011, 2013) are the only ones to present an ice-sheet-wide
map of lake locations, in which they documented changes to lake areas from 3704 MODIS images
of the whole GrIS in 2005-2009, finding 2600 lakes in total (growing to at least 0.0625 km? or one
MODIS pixel in size, once each year). Of the total number of lakes identified across the entire ice
sheet, the majority (~55%) were found within the south-west (Selmes et al., 2011). If such
ice-sheet-wide studies became more numerous and were combined with a robust method to calculate
lake volumes, it would allow improved knowledge of hydrology, and its potential interaction with
ice dynamics, at the whole ice-sheet scale. Accepting this necessity, it would therefore be helpful if
a method were developed to identify lake locations on an intra- or inter-annual basis for different
areas of the ice sheet and to derive the water volumes contained within them automatically. This is
the key focus of Chapters 3 and 5 of this thesis, using three different types of satellite imagery. Such
lake filling and water-volume estimates could then be used to inform and test surface melt, routing
and lake filling models for the GrIS (e.g. Banwell et al., 2012b, 2013a; Arnold et al., 2014; Koziol et
al., 2017), with the aim of generating accurate boundary conditions for coupled subglacial hydrology

and ice-dynamic models (e.g. de Fleurian et al., 2016; Koziol and Arnold, 2018).

Inland advance of supraglacial lakes

Lakes are observed to advance inland not only intra-annually, but also over longer (inter-annual to
decadal) timescales. Howat et al. (2013) were the first to show this decadal-scale advance in 12
sectors using all of the available Landsat-era imagery from 1972-2012, showing the most
pronounced inland advance after 2000, where the distance of the uppermost lakes from the ice
margin increased by hundreds of metres to tens of kilometres. The most significant change was
observed near Jakobshavn Isbree, where lakes extended 30 km further inland in 2012 than they did
before 2000 (Howat et al., 2013). However, this study examined changes to the inland progression
of only the uppermost 0.1 km? of the lake areas from the images of the sites, and not the full changes
across the whole of the regions, such as the total lake area or its hypsometric distribution. A more
comprehensive study in a north-western sector showed changes to over 8000 manually-delimited
lakes from 1985-2016, documenting higher maximum (+418 m a.s.l.) and mean (+299 m a.s.l.)
surface elevations of lakes over the period (Figure 2.3), as well as a near-doubling of total regional
lake areas and volumes (Gledhill and Williamson, 2018). Again, an acceleration of the inland

advance of lakes post-2000 was reported, with the changes being primarily driven by increases in
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lake extent at the highest (> 1200 m a.s.l.) surface elevations, where there was an increase in the
coverage of lakes from 1.2 km? in 1985 to 34.9 km? in 2016. More studies that focus on the patterns
of lake advance inland, and which compare them against the corresponding ice-velocity speed-ups
or slow-downs would be useful since although the two studies mentioned above cover long time
periods, they were limited to small regions of the GrIS, and did not examine the effect of lakes on

ice velocities.

Figure 2.3: Inland advance of lakes in a north-western sector of the GrIS from 1985 and 1988 to 2015
and 2016, showing lakes forming at higher elevations and growing in total areal coverage over the study
period. Black lines show ice-surface elevation contours from Howat et al. (2014) in m a.s.l. (labelled only
on the 1985 panel), blue polygons show the maximum extent of lakes delineated from the available
Landsat satellite imagery in that year, and red lines delineate the GrIS margin (Howat et al., 2014).
Adapted from Gledhill and Williamson (2018).

These two studies prompt concern over the limits to the expansion of lakes towards the ice-sheet
interior since they both show no obvious upper limits to the inland advance. A separate study that
focused specifically on the inland progression in the future showed that lakes are likely to advance
103 or 110 km further inland under moderate (RCP 4.5) or extreme (RCP 8.5) climate-change
scenarios (Leeson et al., 2015). These values were accompanied by increased total lake areas over
the whole GrIS of 48% or 53%, assuming that the patterns from south-west Greenland are
representative of the entire GrIS and having extrapolated them using an empirically-based technique

(Leeson et al., 2015). Leeson et al. (2015), however, only showed changes to the individual lake
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elevations, rather than their spatial distributions and volumes, and it was unclear how applicable the
findings from the south-west region would be for the entire ice sheet. Subsequent work (Ignéczi et
al., 2016) therefore took an inventory of surface depressions on the GrIS and modelled future runoff
to generate estimates of lake volume to produce a future ice-sheet-wide distribution of lakes. This
study raised similar concerns since it showed that, by 2070-2099, an additional 9.8 + 3.9 km® (113%
more than in 1980-2009) or 12.6 + 5.0 km? (174% more than in 1980-2009) of water would be stored
in lakes under moderate (RCP 4.5) and extreme (RCP 8.5) scenarios. The largest increases (191 or
320% more lake water storage under RCPs 4.5 or 8.5, respectively) were projected for north-east
Greenland, with less severe changes for west Greenland (55 or 65% more lake water storage under
RCPs 4.5 and 8.5, respectively), where lakes are presently most extensive, due to the inter-regional
differences in the availability of surface depressions for the ponding of meltwater (Ignéczi et al.,
2016). These inland advances of lakes are worrying because the lakes are able to influence SMB
directly through their effect on albedo and because lakes, if they are able to drain rapidly at these
locations, may be able to route meltwater to the ice-sheet bed either directly during the drainage
process or indirectly via the moulins opened during hydrofracture. These processes are discussed in

further detail below.

Influence of supraglacial lakes on surface melt rates

The presence of lakes on the GrIS can directly influence surface energy balance, and thus melt rates
and SMB (i.e. the difference between ablation by melting and accumulation by snowfall; Section
2.5) because the lakes are darker than the surrounding ice, as first recognised by Echelmeyer et al.
(1991). One-dimensional numerical modelling suggests that lakes enhance surface melt rates by 110
to 170% compared with bare ice over a 30-day period (Liithje ez al., 2006). Field data collected over
multiple days indicate a similar enhancement of ablation beneath lakes of 110 to 135% compared
with that for bare ice (Tedesco et al., 2012). However, lakes only cover a small portion of the entire
GrIS surface and even when they are present, they only reach their maximum depths (and so lowest
albedos, and largest effect on melt rates) either midway through or towards the end of the melt
season; many lakes are also highly transient since they drain from the surface, meaning that such
enhancements to ablation are likely to be only short-lived for most lakes. Indeed, even with a
projected expansion to the areal coverage of lakes across the whole GrIS by 2100, the increase in
the magnitude of surface melting from enhanced ablation would only be 0.7-0.8% of the entire
increase to melt, indicating that the overall effect of the lakes on the ice sheet’s surface albedo is
probably insignificant (Leeson et al., 2015). This is especially true when the effects of this process
are compared with the effects of darkening of the ice itself from increased black-carbon deposition

or the presence of an increasingly-active biological community near the GrIS surface (e.g. Box et al.,
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2012; van Angelen et al., 2012; Yallop et al., 2012; Chandler et al., 2015; Cook et al., 2017; Stibal et
al., 2017; Tedstone et al., 2017). Therefore, overall, the direct influence of lakes on the GrIS’s
surface-melt rates is likely to be negligible, but the influence of lakes on warming the ice sheet
(altering ice-deformation rates) and affecting basal sliding (and thus ice velocity) are more

concerning, discussed in the sections below.

Supraglacial lake drainage

As reviewed above, lakes form within most sectors of the GrIS, are advancing inland over time, and
have the potential to influence the GrIS’s SMB directly through their effect on surface melt rates.
However, lakes are also important for the GrIS because the water contained within them can be
routed into the interior of the GrIS during lake-drainage events, and so affect ice-dynamic processes
(Section 2.6.3). Lakes thus represent only a temporary means of water storage within the
hydrological system. Lake-drainage events are usually classified based on the time period over which
they occur into “slow” and “rapid” categories. Although different studies use slightly different
definitions, “slow” drainage is usually acknowledged to occur over days to weeks, and involves the
overflow of water at a lake’s lowest edge once it has filled to the extent of the surface depression,
leading to the subsequent incision of a surface stream by the meltwater flowing from the lake
(Tedesco et al., 2013; Chu, 2014; Kingslake et al., 2015; Koziol et al., 2017). Alternatively, “rapid”
drainage is when a lake catastrophically drains iz situ via a hydraulically-driven fracture propagation
mechanism (termed “hydrofracture”), which usually occurs in hours to days (Figure 2.4). In this
process, the water from the lake penetrates through ice that may be hundreds of metres to kilometres
thick and is able to reach the ice-sheet bed in as little as two hours (Das et al., 2008) but more
commonly in under 24 hours (van der Veen, 2007; Doyle et al., 2013; Tedesco et al., 2013; Stevens
et al., 2015). It remains unclear whether the hydrofracture process exploits existing weaknesses in
the ice, such as former moulins and crevasses that have closed up and been advected downstream
into a lake’s basin (Catania et al., 2008), or whether entirely new fractures are formed beneath lake
beds. While hydrofracture is now recognised as the process by which lakes drain rapidly, there is
uncertainty over the precise factors that lead to its initiation for different areas of the ice sheet and
at different times (Section 2.7). Finally, not all of the lakes on the GrIS drain slowly or rapidly: the
remaining lakes usually freeze-over and so reduce in size in the autumn when surface temperatures
decrease, usually after the first major snowfall event (Selmes et al., 2013; Miles, K. E. et al., 2017).
Alternatively, some lakes can become buried and persist over winter (Koenig et al., 2015; Miles,
K.E.etal, 2017).
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Figure 2.4: Rapid in situ drainage of two nearby lakes (black boxes) in west Greenland (inset) observed
in true-colour Sentinel-2 satellite imagery from summer 2016 (see Table A.11 for image details). Scale is

consistent across all images.

Identifying supraglacial lake drainage with remote sensing

Lake drainage is particularly significant for the GrIS’s mass balance because of its effect on ice
dynamics (Section 2.6.3), leading a large body of research to focus on understanding the locations
and timing of rapid lake-drainage events on the GrIS. Rapidly draining lakes have been studied both
with fieldwork and remote sensing, with remote sensing better designed to understanding wide-scale
patterns, and fieldwork better suited to understanding local-scale processes. This remote-sensing
work has included identifying the numbers of lake-drainage events for different sectors of the GrIS,
as well as the areas and volumes of lakes prior to rapid drainage. In this work, attempts are often
made to classify lakes into slowly and rapidly draining types based on the definitions introduced
above (e.g. McMillan et al., 2007; Selmes et al., 2011, 2013; Liang et al., 2012; Doyle et al., 2013;
Fitzpatrick et al., 2014) (Figure 2.5). Sometimes, however, rapidly draining lakes are merely
identified as being distinct from those which do not drain rapidly, without separate classifications

for slowly draining and freezing lakes.

Since rapidly draining lakes often disappear in under two days (Figure 2.4), remote-sensing-based
research requires the collection and analysis of imagery with a sufficiently fine temporal resolution
to capture these events, but a compromise is often necessary between satellite imagery with high
spatial resolution versus imagery with high temporal resolution (Table 2.1). For identifying lake
drainage, Landsat (e.g. Tedesco and Steiner, 2011; Morriss et al., 2013; Arnold et al., 2014; Banwell
et al., 2014; Legleiter et al., 2014) and ASTER imagery (e.g. McMillan et al., 2007; Sneed and
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Hamilton, 2007; Georgiou et al., 2009) has higher spatial resolution but lower temporal resolution,
meaning that MODIS imagery is often preferred because it has up to sub-daily repeat times (Table
2.1). The result is that most studies have focused on analysing MODIS images to identify the timings
of lake drainage with confidence (Figure 2.5), even if the areas and/or volumes of lakes cannot be
resolved as accurately compared with higher-resolution imagery (e.g. Box and Ski, 2007; Sundal et
al., 2009; Selmes et al., 2011, 2013; Liang et al., 2012; Doyle et al., 2013; Johansson et al., 2013;
Morriss et al., 2013; Fitzpatrick et al., 2014; Cooley and Christoffersen, 2017). In this work using
MODIS images, it is necessary to specify time thresholds to separate lakes that drain rapidly either
from those that drain slowly or those that do not appear to drain but subsequently freeze-over.
Different studies have defined rapid lake drainage as having occurred if a lake disappears over
timescales of two days (Selmes et al., 2011, 2013), four days (Doyle et al., 2013; Fitzpatrick et al.,
2014), five days (Liang et al., 2012), or six days (Morriss et al., 2013). These differing definitions were
primarily chosen to account for uncertainties in the satellite record. Only one study has tested the
implications of the differing definitions for identifying rapid lake drainage, showing that depending
on the definition used, the number of rapidly draining lakes identified varies from 3-38% (Cooley
and Christoffersen, 2017). Future studies identifying rapid lake drainage remotely may need to

normalise their definition of rapid drainage, therefore, to allow comparisons between studies.
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Figure 2.5: Sample of a regional-scale study (for the Russell Glacier land-terminating region in west
Greenland, inset) involving the identification of rapidly draining lakes using MODIS imagery, separating
lakes into rapidly and slowly draining types. Lakes that froze-over were not identified. Colourbar shows

the date of rapid lake drainage in 2010. Reproduced from Doyle et al. (2013).
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Collectively, this remote-sensing work has informed most of our understanding of the locations and
filling rates of lakes on the GrIS and, perhaps most importantly, the number of lakes that drain by
rapid or slow mechanisms. Two key studies that identified the number of rapidly draining lakes
across the entire GrIS over a five-year period were those of Selmes et al. (2011, 2013). This work
classified lakes (identified from MODIS imagery) into freezing, unknown, and slowly and rapidly
draining types (Figure 2.6). They detected a mean of 263 rapid lake-drainage events across the ice
sheet per year during the 2005-2009 period, with the majority of these occurring within the
north-eastern and south-western sectors. Similar research has been conducted at the catchment or
outlet-glacier scales with MODIS, usually in west Greenland (e.g. Sundal et al., 2009; Morriss et al.,
2013; Fitzpatrick et al., 2014). MODIS imagery is therefore very valuable for studying lake-drainage
processes, with the only disadvantage being that lakes which do not grow to 0.125 km? (two MODIS
pixels) at least once in the season cannot be included in the analysis because MODIS is unable to
detect them with sufficient confidence (Leeson et al., 2013; Fitzpatrick et al., 2014). Additionally,
Leeson ez al. (2013) presented evidence that even lakes growing to above this size are often omitted

from the MODIS record due to its coarse spatial resolution.
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Figure 2.6: The distribution of different lake types (i.e. rapidly draining (red), slowly draining (green),
freezing (blue), and unknown (black)) within each sector of the GrIS over the 2005-2009 period,
highlighting the concentration of rapidly draining lakes in the south-west and north-east. The pie charts
on the central panel indicate the mean area of each type of lake over the period, while bar graphs indicate
the area of each lake type for each year in the period. Rapidly draining was defined as whenever a lake

disappeared from the surface in < 2 days. Reproduced from Selmes ez al. (2013).
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Higher spatial resolution imagery is an alternative to MODIS, but suffers from low temporal
resolution, even though fine spatial scale changes to surface features can be resolved more
accurately. As a result of the necessary trade-off between high spatial or temporal resolution, it has
been suggested that greater insights into GrIS hydrology might be gained if the images from multiple
satellites could be used simultaneously (Pope et al., 2016). Miles, K. E. et al. (2017) were the first to
present such a record of lake observations in west Greenland. They used imagery from the Sentinel-1
SAR (hereafter “Sentinel-1”) and Landsat 8 satellites, and developed a semi-automated method
allowing them to track lakes at high spatial (30 m) and temporal resolution (~3 days). Using
Sentinel-1 imagery allowed them to image lakes both through clouds and in darkness (impossible
with optical imagery), enabling them also to study lake freeze-over in the autumn. Their approach
permitted the identification of many more lake-drainage events than would have been possible if
either set of imagery had been used individually, including the drainage of numerous small
(£ 0.125 km?) lakes that could not have been identified with MODIS imagery (Miles, K. E. et al.,
2017). Monitoring all lakes, including the smaller ones, many of which may also drain rapidly by
hydrofracture (Krawczynski et al, 2009), is important since recent work shows that a key
determinant on subglacial-drainage development is the density of surface-to-bed moulins opened by

hydrofracture (e.g. Banwell ez al., 2016; Koziol ez al., 2017).

Thus, Miles, K. E. et al.’s (2017) study represented an important step towards combining multiple
satellite records, but it had three main limitations. First, their approach required the Landsat 8
imagery to guide the identification of lakes within the Sentinel-1 images, meaning lakes that were
never recorded by Landsat 8 during cloud-free periods were omitted from the observations,
restricting the quantity of new information that could be obtained with Sentinel-1 and partly
offsetting its strength in being able to image through clouds. Second, the method needed high levels
of user intervention to delineate lake areas in the Sentinel-1 imagery, meaning it could not be easily
applied over multiple seasons and over wide areas of the GrIS, as would be the case with automated
approaches. Finally, because the Sentinel-1 images only included radar backscatter values (and not
measurements of pixel brightness), it was only possible to delineate lake areas, and not lake depths
or volumes (as is possible with optical imagery), consequently limiting the amount of information
that could be obtained on GrIS hydrology. Greater insights may be offered into GrIS hydrology by
combining multiple satellite records to take advantage of the availability of a suite of new
high-resolution satellite datasets. This is the key focus of Chapter 5 of this thesis. If such
multiple-satellite records could be combined with other remotely-sensed data (e.g. ice-velocity maps
or downscaled climate-model output data), it may be possible to understand why rapid lake drainage
occurs in specific places and times and not others (Section 2.7), as well as the influence of lake

drainage on the spatial and temporal patterns of ice velocity (Section 2.6.3).



Chapter 2: Remote sensing and hydrology of the Greenland Ice Sheet 33

2.6.2 Englacial hydrology

Englacial hydrology encompasses the distribution of water within the main body of the ice sheet
prior to it reaching the bed. Although a large amount is known about the supraglacial system, less
is known about the englacial environment since it is more difficult to access with fieldwork and to
image using remote sensing. Because the GrIS is cold-based for most of its depth (Dahl-Jensen et al.,
1998; Seroussi et al., 2013), and particularly at large depths close to central portions of the ice sheet
(Irvine-Fynn et al., 2011; Liithi et al., 2015; Poinar et al., 2015, 2017b; Greenwood et al., 2016), there
is very limited inter-crystal water flow. Instead, crevasses and moulins are the main means by which
water passes through the englacial system; in this way, the GrIS behaves similarly to temperate
mountain glaciers (Fountain ez al., 2005). These moulins may be formed either during the rapid
lake-drainage process, or during the preferential routing of meltwater into a single crevasse over a
long time causing it to enlarge significantly, or during changes in far-field tensile ice stresses during
a rapid lake-drainage event, which can exceed the fracture toughness of the ice, allowing moulins to
open (Hoffman et al., 2018). Moulins and crevasses are important because they concentrate
meltwater at specific locations beneath the GrIS, thus acting as nuclei for the development of
subglacial channels (Banwell et al., 2016), akin to their role on valley glaciers (Gulley et al., 2012).
The importance of these fractures for delivering meltwater to the subglacial system appears to be
increasing over time since, in the case of moulins, once they have been formed, they are likely to
remain persistent in the same location from year-to-year (Catania and Neumann, 2010). Crevasses
are also increasing in extent: Colgan et al. (2011b) identified an increase in the number of crevasses
> 2 m wide by 13 + 4% from 1985-2009 in west Greenland. As the ice sheet continues to thin
dynamically at its margins, producing an increasingly steep ice-surface gradient, crevasses are also

likely to become more prevalent in the future (Colgan et al., 2011b).

Despite the increasing recognition of the importance of crevasses in the overall GrIS hydrological
system, crevasses were largely ignored in models of the GrIS’s surface hydrology (e.g. Banwell ez al.,
2013a; Arnold et al., 2014) until recently (Koziol et al., 2017). This oversight of crevasses is likely to
stem from the difficulty with delineating them remotely due to the relatively coarse resolution of
most satellite imagery preventing their identification (Colgan et al, 2016); the exception is
WorldView imagery (Table 2.1). Instead, crevasse locations are often simply predicted according to
an ice-toughness criterion, such as the von Mises yield criterion, which might be compared with
high-resolution imagery as a first-order attempt at predicting them (Koziol et al., 2017). Because of
only limited understanding regarding the precise configuration of the englacial system, it is usually
omitted from models of the GrIS’s hydrology, with most assuming instead that water entering the

ice sheet at the surface simply reaches the bed directly beneath the input location instantaneously,
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without any delay (Banwell ez al., 2013a, 2016; Arnold et al., 2014; Koziol et al., 2017; Koziol and
Arnold, 2018).

Cryo-hydrologic warming

The amount of water entering the englacial system, as well as the duration of its storage there, has
implications for cryo-hydrologic warming, which can affect the GrlIS’s mass balance indirectly.
Owing to the strong temperature dependency of the rate factor in the Glen-Nye flow law (Cuffey
and Paterson, 2010), changes to ice temperature have the potential to influence ice-flow rates
directly. A mechanism of cryo-hydrologic warming has therefore been proposed whereby the
increasing quantities of warmer (> 0 °C) surface water reaching the englacial system via moulins
and crevasses have the potential to increase the ice-deformation rate over longer timescales, which
may explain the increased ice-flow rates observed within certain areas of the GrIS, which are out of
line with model predictions (Phillips et al., 2010, 2013). If water can reach the interior of the GrIS
further inland through an increased number of lake-drainage events, cryo-hydrologic warming is
another mechanism by which such events may be able to affect the long-term velocity structure of
the GrIS. This might result in the increased transport of ice to lower elevations, where temperatures
are higher, thereby increasing overall ice-loss rates and potentially leading to a positive feedback.
However, the magnitude of cryo-hydrologic warming is debated: Poinar e al. (2017b) modelled
cryo-hydrologic warming within the Paakitsoq region, which is broadly representative of all
land-terminating ice in west Greenland, finding that the refreezing of water at depths of ~300 m
warms the ice by up to 10 °C, but this only causes a minimal increase to ice-flow rates of 10 m a™.
Similarly, Poinar (2015) indicated that most (> 60%) of ice in Greenland flows too quickly through
the ablation zone for cryo-hydrologic warming to be significant. However, studies of
cryo-hydrologic warming are still quite few in number, meaning it is still a plausible mechanism by

which water entering the GrIS interior may affect long-term dynamics and mass balance.

2.6.3 Subglacial hydrology

Perhaps of key importance is how the englacial drainage system affects the locations and timings of
surface meltwater delivery to the GrIS’s subglacial drainage system, since surface meltwater is by
far the most important source of water input to the subglacial system (Fahnestock et al., 2001). In
this sense, lake-drainage events are particularly important because the moulins opened by lake
drainage provide concentrated access routes for meltwater to reach the ice-sheet bed, and hence act

as nuclei for channelisation.



Chapter 2: Remote sensing and hydrology of the Greenland Ice Sheet 35

Idealised configurations of subglacial drainage

Drainage systems beneath the GrIS are often thought to operate under one of two configurations: a
hydraulically-inefficient, widely-distributed system or a hydraulically-efficient set of channels that
grow in size towards the ice margin (Schoof, 2010; Flowers, 2015). It is important to note that these
two configurations are simply end-member states, and a given portion of the GrIS is likely to be
underlain by systems that are simultaneously channelised and distributed, with a third type of
weakly-connected drainage also now proposed (Hoffman et al., 2016). The key difference between
the two currently-accepted systems is the way in which they respond to fluctuations in water inputs,
and their consequent influence on ice-flow rates. In a distributed system, which is usually thought
to be comprised of cavities linked by a series of orifices, there is a direct relation between the water
volume reaching the system and the water pressure within it (Figure 2.7 (a)), whereby increased
discharge is driven through the system at increased water pressures, which increases the size of
cavities due to higher sliding associated with increased water pressure (Kamb, 1987; Schoof, 2010)
(Figure 2.7 (b)). There is therefore a lowering of effective pressure, defined as the difference between
the water pressure in the subglacial system and the ice-overburden pressure (Iken, 1981; Kamb,
1987; Iken et al., 1993; Schoof, 2010). However, with a continual increase to discharge, a “critical
threshold for channelisation” is reached (Figure 2.7 (a)), where a switch occurs to a system of
channels. In this system, there is an inverse relation between discharge and water pressure (Figure
2.7 (2)). An increased discharge reaching the system results in a lowering of water pressure (or rise
in effective pressure) since channel cross-sectional areas increase proportionally more than cavities
for a given water discharge, due to the effects of channel wall melting from flowing meltwater
(Rothlisberger, 1972; Schoof, 2010) (Figure 2.7 (c)). This enlargement effect may be enhanced
further by the large quantities of warmer (> 0 °C) surface meltwater within basal channels causing

increased viscous heat dissipation (Mankoff and Tulaczyk, 2017).
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Figure 2.7: The physical relation between discharge and effective pressure in a conduit under steady-state
conditions (a), to highlight the contrasting relationship for distributed and channelised systems due to the

difference between the controls on the size of distributed cavities (b) versus channels (c). Adapted from
Schoof (2010).

Short-term impacts of rapid lake drainage on subglacial hydrology

Earlier work on Alpine valley glaciers showed a seasonal evolution of the subglacial drainage system
in response to changing meltwater inputs, whereby increased water volumes reaching the subglacial
drainage system in a season drove the system to change from an inefficient distributed state (Figure
2.7 (b)), where water pressures and thus ice-sliding rates are high, to a hydraulically-efficient
channelised system that could evacuate water rapidly (Figure 2.7 (c)), leading to decreased
ice-sliding rates (Hubbard and Nienow, 1997; Fountain and Walder, 1998; Bell, 2008). Initially, it
was thought that the GrIS may be too thick to allow such evolution to occur, and it was postulated
that a continued speed-up may occur when increasing quantities of water reached the subglacial
system from increased surface-melt rates and lake-drainage events (Zwally et al., 2002). However,
for ice-marginal, land-terminating regions, there is now widespread agreement that the effects of
water reaching the subglacial drainage system depend on the timescale under consideration. At
timescales immediately following lake-drainage events, there are often speed-ups associated with
the large meltwater volumes reaching the bed, which cannot be evacuated sufficiently quickly since
the system cannot switch immediately from cavities to channels, and so is perturbed from
steady-state conditions (Schoof, 2010). Thus, the key determinant at this point in time is the fact that
large meltwater pulses are delivered to an inefficient, distributed or poorly-connected system (e.g.

Meierbachtol et al., 2016; Hoffman et al., 2016). The result is ice speed-ups of typically 50-200% of
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the ice sheet’s background winter velocities at timescales from daily to weekly, with such speed-ups
often being strongly correlated with daily melt intensities (e.g. Zwally et al., 2002; van der Veen,
2007; Das et al., 2008; Joughin et al., 2008a, 2013; Shepherd et al., 2009; Bartholomew et al., 2010;
Palmer ez al., 2011; Podrasky et al., 2012; Doyle et al., 2013; Tedesco et al., 2013; Ryser et al., 2014).
These velocity increases are sometimes only very short-lived, however, since they are immediately
followed by a subsequent slow-down once the drained meltwater pulse has been evacuated, basal
water pressure decreases, and the drainage system cannot immediately readjust from its enlarged

state following the drainage event (Figure 2.8).
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Figure 2.8: The effect of rapid lake drainage on short-term ice velocities, showing a rapid increase in ice
velocity for ~4 hours following the initiation of lake drainage, and the delivery of a large meltwater pulse
to the subglacial system. A decrease in ice velocity then results once rapid drainage has terminated, and
basal water pressure decreases while the system remains enlarged from the effect of the drained meltwater

pulse. Adapted from Das ez al. (2008).

Longer-term impacts of rapid lake drainage on subglacial hydrology

At longer (weekly to seasonal) timescales after lake-drainage events, a slow-down in ice velocity
often occurs. This is due to the continued delivery of meltwater to the subglacial system via the
moulin opened by drainage, driving the system’s evolution to a series of channels that can evacuate
meltwater more quickly, and in which there is a direct relationship between effective pressure and
discharge (Schoof, 2010; Figure 2.7 (a)). Additionally, the lake-drainage process is important
because it is thought to open moulins nearby due to perturbations in the stress field that are
associated with the delivery of meltwater to the bed (Christoffersen et al., 2018; Hoffman et al., 2018).
These additional moulins can then receive meltwater inputs throughout the ablation season,

permitting continued delivery of meltwater to the subglacial system (Bartholomew et al., 2011b),
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alongside the moulins opened by individual drainage events. This aids with the transition from
inefficient, distributed to efficient, channelised drainage over large portions of the land-terminating
margin of the GrIS, inferred from dye-tracing measurements (Chandler et al., 2013; Cowton et al.,
2013), and the coincident reductions in ice velocity over seasonal timescales, often observed using
direct GPS measurements (Hoffman et al., 2011; Sundal ez al., 2011; Fitzpatrick et al., 2013; Cowton
et al., 2016; Andrews et al., 2018). Similar evolutions to seasonal ice velocities have been indicated
by numerical modelling for ice-marginal regions (de Fleurian et al., 2016). Increases to the efficiency
of the non-channelised elements of the subglacial system may also be able to explain late-season
velocity slow-downs, which are perhaps due to the leakage of water and lowering of water pressure

for weakly-connected regions of the bed (Andrews et al., 2014; Hoffman ez al., 2016).

As well as the seasonal implications of an increasing number of lake-drainage events and moulin
openings across the GrIS, there are implications over the winter and annually (Colgan et al., 2012;
Sole et al., 2013; van de Wal et al., 2015). This is due to channels persisting over winter, rather than
closing down, and so being able to drain any subglacial water efficiently, and thus lowering its effect
on ice velocities. Finally, the effect of the development of increasingly-efficient drainage seems to be
important on inter-annual to decadal timescales: despite increases to surface-melt rates over time,
inter-annual to decadal ice-velocity slow-downs have been observed for some marginal areas of the
GrIS (van de Wal er al., 2008, 2015; Tedstone et al., 2015; Stevens et al., 2016a). For example,
comparing 1985-1994 with 2007-2014, Tedstone et al. (2015) document a 12% reduction in annual
ice motion despite a 50% increase in surface-meltwater production (Figure 2.9). Similarly, using a
static subglacial-hydrological model without any feedbacks on ice flow, Mayaud et al. (2014)
document an earlier transition from inefficient to efficient drainage when the model is forced with
increased future melt volumes. Although Mayaud et al’s (2014) work did not directly couple
hydrology with ice flow, the basal water pressures predicted by their model would have produced
resultant ice-velocity slow-downs over decadal timescales. These decadal slow-downs are, however,
currently not captured in coupled hydrology and ice-flow models, suggesting that further work is
needed to constrain the complex nature of subglacial drainage and its feedbacks on ice velocity
(Stevens et al., 2016a).
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Figure 2.9: Decrease in annual ice velocities for two land-terminating transects in west Greenland,
showing slow-downs of (a) 19% and (b) 18% in 2013-2014 compared with the 1985-1994 reference
period. Adapted from Tedstone et al. (2015).

Impact of rapid lake drainage on inland subglacial hydrology

Despite this decadal-scale slow-down being observed for some of the GrIS’s ice-marginal regions,
greater uncertainty surrounds the impact of lake drainage, and so greater meltwater volumes
reaching the bed, on ice dynamics within interior regions of the ice sheet. This is primarily because
fieldwork and modelling have suggested that increased summer velocities do not seem to be offset
by subsequent ice-velocity decreases later in the summer, in the winter or in subsequent years (Doyle
et al., 2014, 2015; de Fleurian et al., 2016) (Figure 2.10). This creates concern over the future
dynamics of the ice sheet. However, predicting the future evolution of the subglacial system inland
is particularly difficult given the lack of knowledge regarding the future locations of lakes and how
they may drain. Under a warmer future climate, lakes may form and drain at higher elevations
earlier in the melt season (e.g. Howat et al., 2013; Leeson et al., 2015; Ignéczi et al., 2016), which
may result in meltwater deliveries to a distributed subglacial system that is less able to channelise
compared to that beneath thinner ice closer to the margins because the inland ice is thicker
(promoting conduit closure) and hydraulic potential gradients are lower with the lower inland
ice-surface slopes (inhibiting channel formation downstream) (Meierbachtol et al., 2013; Dow et al.,
2014; de Fleurian et al., 2016). This prevention of channelisation may result in continuously higher
basal water pressures, and consequently ice velocities, at higher elevations than at present.

Alternatively, it has been suggested that there may be a more limited potential in the future for
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crevassing at elevations of above ~1600 m a.s.l. on the ice sheet (Poinar et al., 2015). This may limit
the likelihood of hydrofracture events, reducing the ability of lakes that form at these elevations to
drain and thus to cause melt-induced seasonal acceleration (Poinar et al., 2015). This might be
especially true since crevasses may be important for receiving meltwater that can cause transient
uplifts or speed-ups of the ice sheet, and thus act as a precursor to hydrofracture (Stevens et al., 2015;
Section 2.7). Finally, and by contrast, recent work (Christoffersen et al., 2018) indicates that rapid
lake-drainage events close to the ice margin may be able to open surface-to-bed connections as far
as 135 km inland, much further than previously thought possible, thus complicating predictions of
the future hydrology of the GrIS within interior regions.
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Figure 2.10: Persistent flow acceleration after 2009 for two inland sites in the Russell Glacier region of
west Greenland (Figure 2.5) at (a) 1715 and (b) 1840 m a.s.1., showing no net annual decrease in velocity
following warmer, faster summer flow speeds associated with higher basal meltwater deliveries. Mean
winter velocities also did not decrease following the higher summer flow rates. Adapted from Doyle ez al.
(2014).

Subglacial hydrology of marine-terminating sectors

‘While the above discussion focuses on land-terminating sectors of the GrIS, the ideas discussed also
apply to the grounded portions of marine-terminating sectors. However, hydrology plays an
additional role for the floating portions of marine-terminating sectors through its influence on
calving rates and its interaction with fjord waters, something that has received comparatively limited
research due to the difficulty with making direct observations beneath floating termini (Joughin et
al., 2008b; Moon et al., 2015; Voytenko et al., 2015), except perhaps using autonomous underwater

vehicles (Stevens et al., 2016b). Research so far has shown that, at the calving front, low-salinity,
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less-dense subglacial water emerges and mixes with salty, denser fjord waters, rising towards the
surface in buoyant plumes, and creating turbulent eddies that can promote increased calving rates
(Jenkins, 2011; Carroll ez al., 2016; Slater et al., 2017) (Figure 2.11). The height of the plume depends
on the stratification of waters in the fjord and the volume of subglacial discharge, meaning there is
concern that, in the future, with higher subglacial discharges from increased melt rates, plume
heights may increase, and so a greater portion of the ice front may be impacted by this process; this
effect depends on the stratification of fjord waters, however (Slater et al., 2016). Alternatively,
subglacial water may promote higher rates of subaqueous melting beneath the calving front,
promoting extra undercutting, and thus increasing the likelihood of calving (Fried et al., 2015; Rignot
et al., 2015; Moyer et al., 2017). The magnitude of this effect depends on the configuration of
subglacial drainage, with a distributed system potentially inducing up to five times more melt than
a channelised system (Slater et al., 2015, 2017). A final area of uncertainty for marine-terminating
outlets surrounds the degree of longitudinal inland ice coupling associated with iceberg-calving
events and its resultant impacts for longer-term ice velocities (Jenkins, 2011; Nick ez al., 2009; Hill
etal., 2017). There is therefore a need to predict the location, timing and magnitude of water arriving
at floating ice tongues to aid with estimates of the future evolution of marine-terminating portions
of the GrIS.
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Figure 2.11: Schematic of idealised supraglacial, englacial and subglacial hydrology at a
marine-terminating outlet of the GrIS, showing a buoyant sediment plume mixing with fjord waters.

Submarine melting also occurs beneath the floating tongue. Adapted from Chu (2014).
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Bed configuration of the Greenland Ice Sheet

One final uncertainty relating to the GrIS’s subglacial drainage concerns its bed configuration. Most
of the current understanding of subglacial hydrology has been derived from modelling work
assuming that the GrIS is underlain by a hard bed. This holds true for some areas of the GrIS, such
as the Kangerlussuaq sector, where a borehole study revealed the absence of a thick layer of sediment
(Harper et al., 2017). Although a hard-bed configuration can explain the relation between melt
variations and surface velocity in existing models (Sundal et al., 2009; Bartholomew et al., 2012;
Cowton et al., 2013; Hewitt, 2013; Werder et al., 2013; Doyle et al., 2018), a soft bed has now been
identified for some regions by observations from boreholes and seismic studies (Clarke and
Echelmeyer, 1996; Liithi et al., 2002; Booth et al., 2012; Dow et al., 2013; Ryser et al., 2014; Walter
et al., 2014). These observations have led some workers to include soft beds comprising
hydraulically-weak, deformable sediments in their models of ice-sheet hydrology and motion
(Bougamont et al., 2014; Aschwanden et al., 2016; Kulessa et al., 2017) since they have different
implications for the modelling of subglacial water flow (e.g. Kamb, 1987; Iken et al., 1993; Walder
and Fowler, 1994). There is as yet, however, no conclusive evidence to show how widespread these
sediments are, and there may be complex, heterogeneous hydrology beneath the GrIS comprising
both hard and soft bed components, which can promote the over-winter storage of water (e.g. Chu
et al., 2016). Finally, subglacial lakes, which were thought not to exist beneath the GrIS, have also
recently been detected and shown to drain (Palmer ez al., 2013, 2015; Willis et al., 2015). A detailed
examination of radar profiles suggests the existence of 56 subglacial lakes beneath the GrIS (Bowling
et al., in preparation). The influence of subglacial lakes, including their drainage, on ice flow may

also therefore need incorporating into future modelling work.

Coupling subglacial hydrology with ice flow

Because of the diverse possibilities regarding the configuration and operation of the subglacial
drainage system beneath the GrIS, coupling an ice-flow model to a time-dependent subglacial
hydrology model forced with real data has remained elusive. Koziol and Arnold (2018) present the
most comprehensive, holistic hydrological model for the GrIS to date. This model incorporates
surface-meltwater routing (following Koziol et al, 2017), with Regional Atmospheric
Climate-Model Output (RACMO) 2.3 data used to force the model (Noél ez al., 2016); the model
lacks englacial routing or storage components, and uses Hewitt’s (2013) subglacial-hydrology
model, which is finally coupled to an ice-flow model using the Schoof sliding law (Schoof, 2005;
Gagliardini et al., 2007) and the Budd sliding law (Budd et al., 1979; Hewitt, 2013) — from these two,
the Budd sliding law performed best (Koziol and Arnold, 2018). The model was validated using
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ice-velocity data from recent years, performing best in 2011, and was then forced into the future with
an estimated future climate scenario by multiplying the surface meltwater inputs for summer 2011,
defined as an enhanced melt year (Koziol, 2018; Koziol and Arnold, 2018), by four, showing up to
a 25% net velocity increase as a result of such extra meltwater inputs to the system (Figure 2.12).
The most pronounced speed-ups were at intermediate distances (~30-70 km) from the ice margin
(Figure 2.12). However, this was for a static ice-sheet configuration without any dynamic
adjustments or changes in the ice-sheet morphology, making it difficult to determine the real impact

of extra meltwater reaching the ice-sheet bed inland.
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Figure 2.12: Sample of modelled land-terminating average seasonal ice velocities for different GPS sites
(asterisks) at different elevations in west Greenland, using a coupled hydrology and ice-dynamics model,
for different years, including velocities for estimated future melt scenarios (assuming a static ice-sheet
configuration, without dynamic adjustments), shown as “2011x2” and “2011x4”. Reproduced from
Koziol and Arnold (2018).

2.7 Controls on rapid supraglacial lake drainage

The above discussion suggests a need to understand the incidence and causes of rapid lake drainage
in time and space. However, research to identify the possible drivers of hydrofracture has produced
a consensus only on the general controls on rapid lake drainage in terms of its location, timing and
magnitude for different regions of the GrIS. Namely, rapid drainage typically occurs at progressively
higher elevations over the melt season, with the usually smaller lakes near the ice margin draining
before the larger ones further inland (e.g. Chu, 2014; Nienow et al, 2017). Although the
hydrofracture mechanism is thought to be responsible for rapid lake drainage, comparatively little

attempt has been made to quantify the precise factors responsible for initiating the process for a large
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sample of lakes on the GrIS. Instead, most of the insights into the hydrofracture process have been
obtained from field studies of individual or groups of lakes (e.g. Das et al., 2008; Tedesco et al., 2013;
Doyle et al., 2014; Stevens et al., 2015). These field studies are somewhat limited, however, as they
each examine only either single or a few lakes, and so it is unclear whether the findings may apply
to different lakes. Consequently, theoretical numerical modelling and remote sensing have
attempted to offer further insights into the controls on rapid lake drainage over wider spatial and

temporal scales.

Theoretical insights into hydrofracture

Early theoretical work identified the physical constraints on hydrofracture. This research was based
on linear elastic fracture mechanics, which states that a fracture will propagate to the base of an ice
mass when the tensile stress of the underlying ice and the water pressure within an initial crack in
the ice are sufficient to overcome the fracture toughness of the ice itself (Alley ez al., 2005b; van der
Veen, 2007; Tsai and Rice, 2010). This indicates that field tensile stresses are the key determinants
of crevasse and fracture positions on the ice-sheet surface, and that once these fractures become
water-filled, they can work their way to the base of an ice mass due to the difference in density
between ice and water at the tip of the crack, as long as the fracture remains water-filled for the entire
depth of the crack to offset the process of water refreezing on the crack walls at increased depths
(Alley et al., 2005b; van der Veen, 2007; Tsai and Rice, 2010). Lakes are able to provide such a water
source. However, the earlier work (Alley et al., 2005b; van der Veen, 2007) simply assumed that
there was a constant supply of water, without taking account of the absolute volume necessary to
force a crack all the way to the base of an ice mass. Krawczynski et al. (2009) therefore advanced
this work to calculate the volume of meltwater required within a lake to force a fracture to the base
of the ice sheet, finding that lakes at least ~250-800 m in diameter (i.e. with areas of at least 0.0491
to 0.0502 km? if approximated as perfect circles) and ~2-5 m deep (i.e. with volumes of
9.81 x 10* m? to 2.51 x 10° m®) can hydrofracture through ice 1 km thick. This research suggests
that a critical water volume is necessary to ensure that a fracture remains water-filled for the entire
depth of the crack from the ice surface to bed; it follows that water volumes would necessarily need

to be larger in thicker ice, where cracks must be deeper to penetrate through the full ice thickness.
Fracture-area thresholds for predicting rapid lake drainage

Because of this suggestion of some relation between ice thickness and a rapidly draining lake’s water
volume, some studies attempted to incorporate water-volume thresholds into numerical models
using the empirically-based concept of a “fracture-area threshold”. In this approach, rapid lake

drainage is triggered once a lake’s water volume exceeds the local ice thickness multiplied by a
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prescribed map-plane fracture area (Clason et al., 2012, 2015; Banwell et al., 2013a, 2016; Arnold et
al., 2014; Koziol et al., 2017). The predictions of where rapid lake drainage will occur are then
compared with observations, adjusting the required fracture values to produce best matches between
modelled and observed lake-drainage events. Following the assumptions of Clason et al.’s (2012,
2015) model setups, Banwell et al. (2013a) found that a fracture area of 1000 m? times the ice
thickness (equivalent to a volume of 1.0 X 10° m® for a lake above ice 1 km thick) produced the best
matches between modelled and observed results, with 10/44 or 23% of lakes in the Paakitsoq region
draining rapidly, comparing favourably with results derived from across the entire GrIS where 13%
of lakes drain rapidly (Selmes et al., 2011). However, Banwell et al. (2013a) only considered a
marginal area of the GrIS. Arnold ez al. (2014) extended the region of interest further inland; similar
to Banwell er al. (2013a), they modelled the incidence of hydrofracture, using the fracture-area
threshold, over an area of west Greenland for 2001, 2002 and 2005 (Figure 2.13) and found that
values of the fracture-area threshold around 4000-7500 m? times the ice thickness (equivalent to
volumes of, respectively, 4.0 and 7.5 x 10° m? for lakes above ice 1 km thick) produced the best
agreement between satellite-derived (Landsat 7) and modelled lake-water depths across the whole
region (Table 2.5). These values are higher than those found by Banwell et al. (2013a); this is likely
to be because Arnold et al.’s (2014) study region included areas of thicker ice, suggesting that the
fracture-area threshold and ice thickness do not scale linearly. Arnold et al. (2014) were, however,
unable to constrain the water volume required for hydrofracture further, which is likely to be because
observations have indicated that many lakes with volumes above the critical threshold required for
hydrofracture do not drain rapidly, while some with volumes less than this value do drain (Selmes
et al., 2013; Fitzpatrick et al., 2014). Thus, fracture-area thresholds are unable to predict the precise
locations and timings of rapid lake-drainage events, but they can still replicate the broad statistical
patterns of rapid lake drainage across an area of the ice sheet, notably its upglacier progression by

elevation band over the season (Figure 2.13).
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Figure 2.13: The modelled seasonal (2001) upglacier progression of the rapid drainage of lakes within
the Paakitsoq region of the GrIS, according to a model that includes a simple water-volume threshold
linearly related to ice thickness to allow lakes to drain rapidly. This highlights the ability of Arnold et al.’s
(2014) model to replicate broad-scale statistical patterns of rapid lake drainage. Identified clusters of
lake-drainage events are circled in red. Ice-thickness data are from Plummer et al. (2008). Adapted from
Arnold et al. (2014).

Uncertainties over the distinct characteristics of rapidly draining lakes

Alongside these differences in the fracture-area threshold needed to produce the best matches
between modelled and observed lake-drainage events, field and remote-sensing studies have
identified a broad range of water volumes prior to rapid lake drainage, leading to uncertainty over
the precise volume required for hydrofracture to be initiated (Table 2.5). The idea that there may
therefore not be a simple critical water volume, related to the local ice thickness, for rapid lake
drainage is further supported by the observations of inter-annual variations in the drainage modes
of some lakes: individual lakes can change their drainage behaviour (such as from slow to rapid, or
rapid to freezing), and drain with different observed water volumes between different years (Selmes
et al., 2013). Observations such as these have led to suggestions that there may be no relationship
between a lake’s size and its ability to drain rapidly to the GrIS bed (Fitzpatrick et al., 2014), but this

requires verification.

In addition to the uncertainty over whether there is a precise water volume required for rapid lake
drainage, there is also uncertainty over whether the incidence of lake drainage is affected by the

background ice velocity and stress regime beneath or close to a lake basin, and whether this regime
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affects the water volume required to trigger hydrofracture. This means that simplifications have to
be made in current models of hydrofracture (Carmichael et al., 2015): for example, Alley et al.
(2005b) assume extension is necessary for hydrofracture, Tsai and Rice’s (2010) theoretical
considerations are only applicable if the region has moderate extensional or compressional
horizontal stresses, and Krawczynski et al. (2009) do not consider longitudinal stress in their
calculations. Meanwhile, a field study by Stevens et al. (2015) observed high transient tensile stresses
across the lake basin following the delivery of meltwater to the bed nearby (Figure 2.14). Further
work is therefore required to incorporate varying strain regimes into existing models and to collect
empirical data to verify these theoretical considerations. Such data will help determine whether
rapid lake drainage may be more likely to occur if a lake lies within a relatively more or less tensile

area.

It is also possible that a lake’s water volume is important in controlling the incidence of
hydrofracture but only if one or more additional controls work alongside it. Observations of
“clusters” of lake-drainage events, when lakes in similar locations drain at similar times (Figure
2.13) (Arnold et al., 2014; Fitzpatrick et al., 2014; Christoffersen et al., 2018), suggest that factors
operating over wider spatial scales, beyond an individual lake basin (or “synoptic” scales), may be
important for lake drainage. For example, field data from Stevens et al. (2015) show that a local
stress perturbation (caused by the delivery of meltwater to the ice-sheet bed via a nearby moulin)
was required to initiate hydrofracture, with a certain lake area or volume being only a prerequisite
for, rather than the driver of, drainage. Such synoptic-scale factors may be able to influence
chain-reaction-style lake drainage whereby surrounding lakes can drain due to the changes in the
three-dimensional stress field (Christoffersen et al., 2018). In this way, such observations are not
dissimilar to those leading to the disintegration and collapse of the Larsen B Ice Shelf (Banwell et
al., 2013Db).
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Figure 2.14: The hydrofracture process beneath ‘North Lake’, a rapidly draining lake in west Greenland,
including the precursor required for drainage: (a) lake formation within a compressive basin, (b)
meltwater is routed into a nearby moulin as one potential synoptic-scale precursor to lake drainage,
producing uplift and transient tensile stress across the lake basin, and (c) hydrofracture is initiated beneath
the lake, the lake drains in hours, and the moulin opened-up can subsequently route meltwater to the
ice-sheet bed. Adapted from Stevens et al. (2015).

Eliciting controls on rapid lake drainage with remote sensing

Because of the range of uncertainties described above regarding the precise hydrological and
glaciological controls on rapid lake drainage (Table 2.5), models of GrIS hydrology are presently
unable to incorporate a better physical basis for predicting rapid lake drainage, and so cannot be
confidently forced into the future. There is a need, therefore, to investigate whether the observations
from individual lakes apply more widely, whether additional controls are important in driving lake
drainage, and whether the controls are spatiotemporally uniform or variable between sectors of the
GrIS and times of the year, including for inland and ice-marginal regions, and land- and
marine-terminating sectors. Towards this end, Selmes (2011) examined how ice thickness,
ice-surface slope and ice-surface velocity might influence rapid lake drainage identified from
MODIS imagery over the entire GrIS in 2005-2009 but found statistically insignificant relationships
for all of the controls investigated. This study may have been limited, however, because: (i) the data
were of coarse (~5 km) resolution; (ii) it was over the entire GrIS rather than for specific regions,
making patterns difficult to distinguish from noise in the data; (iii) the statistical relationships were
computed with respect only to lake areas and not lake volumes, and; (iv) the analysis was restricted
to linear correlation. A study with finer-resolution data for a suite of other potential controls on
drainage in addition to those included by Selmes (2011) would be helpful for ruling out certain
possible controls and identifying the importance of others for triggering rapid lake drainage on the
GrIS. This is the key focus of Chapter 4.
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Hydrological, glaciological and other notable characteristics of rapidly draining lakes on

Table 2.5

the GrIS identified in previous studies.
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2.8 West Greenland study regions

In Chapters 3 and 4, which involve the development, validation and application of a new,
fully-automated lake-tracking methodology, the study sites are the Paakitsoq and Store Glacier
regions of west Greenland, both of which are ~5600 km? (Figure 2.15).

The Paakitsoq region (between ~69°15'N and 69°45'N, and ~51°45'W and 48°15'W) is a
predominantly land-terminating area of the ice sheet just north of Jakobshavn Isbra, the site of
several previous hydrology-based field (Catania et al., 2008; Das et al., 2008; Tedesco et al., 2013),
numerical modelling (Colgan et al., 2011a; Banwell et al., 2012a, 2012b, 2013a, 2016; Arnold et al.,
2014; Koziol et al., 2017) and remote-sensing studies (Zwally et al., 2002; Box and Ski, 2007;
McMillan et al., 2007; Joughin et al., 2008a; Hoffman et a/., 2011; Lampkin, 2011; Banwell et al.,
2014). This allows easy comparisons between the results of this thesis and existing work. The Store
Glacier region (between ~70°15'N and 70°45'N, and ~51°00'W and 48°15'W) is situated in the
Uummannagq district, north of the Paakitsoq region, and includes Store Glacier (Qarassap Sermia),
a marine-terminating outlet, which drains into Uummannaq Fjord at 70°N. This study site includes
a portion of the catchment of Store Glacier, which drains a total area of ~34,000 km? (Rignot et al.,
2008b). Store Glacier is a heavily crevassed outlet glacier, being the third fastest marine-terminating
outlet glacier from the GrIS, with centre-line ice-flow speeds at the terminus of between 4 and 7 km
a’! depending on the time interval studied (Ahn and Box, 2010; Joughin et al., 2011; Ryan et al.,
2015). Although Store Glacier experiences large seasonal variability in its flow rates, the outlet has
remained in a stable configuration for at least four decades, contrasting with most
marine-terminating glaciers of the GrIS (Weidick, 1995; Howat et al., 2010). Store Glacier is the
subject of extensive field and modelling research into ice dynamics and their interaction with
hydrology, and it is hoped that this thesis may be able to inform such work (Xu et al., 2013; Todd
and Christoffersen, 2014; Fried et al., 2015; Ryan et al., 2015; Young et al., 2016; Doyle et al., 2018;
Hofstede ez al., 2018).

In Chapter 5, which adapts the lake-tracking from Chapter 3 for use with high-resolution Sentinel-2
and Landsat 8 imagery, applying it in summers 2016 and 2017, the study region is doubled in size
to cover ~12,000 km? of west Greenland (between ~69°15'N and 70°45'N, and ~51°00'W and
48°15'W) (Figure 2.15 (c)). This larger area is predominantly land-terminating, including almost the
entirety of the land-terminating Paakitsoq region and a part of the Store Glacier region analysed in
Chapters 3 and 4. This larger area was selected primarily for pragmatic reasons: the Sentinel-2 tiles
used in the analysis were distributed with this areal coverage, and to avoid issues associated with

mosaicking multiple tiles overlapping different areas of the GrIS, it was decided that this area would
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become the central focus of analysis, rather than also including the whole of the Store Glacier region.
Using the same study area size as a single Sentinel-2 tile also significantly reduced computational

time.

52°W 50°W 48°W

71°N

70°N

70°N

69°N
52°W 50°W 48°W

Figure 2.15: Study sites for this thesis: (a) the Paakitsoq region, (b) the Store Glacier region, and (c) the
large west Greenland region. Location of sites within Greenland is inset. Ice-thickness data (grey shading)
are derived from Morlighem et al. (2014). Ice-surface elevation contours (in m a.s.l.) are shown as thin
grey lines, and the Greenland Ice Mapping Project (GIMP) ice mask is shown as a thick black line, both

from Howat et al. (2014). Blue shading shows ice-marginal areas.

2.9 Summary

= While the remote-sensing discipline has a long history, the present availability of increasing
quantities of high-quality remotely-sensed data offers a huge opportunity for environmental
scientists. This opportunity has begun to be exploited by the cryospheric community to
study processes over larger areas at increasing time frequencies than would be possible with
individual field studies, from which it is often difficult to extrapolate patterns to wider scales,

particularly over the spatially-extensive Greenland and Antarctic ice sheets.



52

Chapter 2: Remote sensing and hydrology of the Greenland Ice Sheet

Remote sensing has been used to indicate that the GrIS, which contains a global SLE of
~7 m, is losing mass at an accelerating rate, particularly since 2000, with this mass loss now
being dominated by the loss due to increased surface melting instead of the loss due to
accelerated ice discharge over the grounding line for marine-terminating outlets. The
configuration of the ice sheet’s hydrological system has been implicated as one means to
explain the losses both from increased surface melting and accelerated ice discharge over
the grounding line.

Within the GrlS’s supraglacial-hydrological system, lakes can influence surface melt rates
due to their lower albedo compared with bare ice and, more importantly, can influence ice
dynamics when they drain to the ice-sheet bed, delivering large meltwater pulses to the
ice-bed interface and, crucially, opening surface-to-bed connections that can route
meltwater into the GrIS interior over the remainder of the season. These lakes form annually
in the ablation zone of the GrIS and are known to advance further inland both over the
course of a season and over longer inter-annual and decadal timescales. This inland advance
is of concern because larger portions of the GrIS may be subjected to the impacts of lake
drainage. While the effect of lake drainage on ice dynamics is relatively well understood for
ice-marginal regions, it is more poorly constrained within the interior, where the ice is
thicker, and for marine-terminating sectors, due to the difficulty of observing processes
beneath floating ice tongues, adding uncertainty to future predictions of ice-mass loss from
the GrIS. Part of this uncertainty relates to the difficulty in understanding whether the lakes
that form further inland in the future will be able to drain rapidly.

The rapid drainage of lakes is studied with fieldwork, which is limited to one or several
lakes, or remote sensing, which can study larger samples of lakes. Remote sensing can
therefore potentially offer additional advantages, assuming that lakes can be resolved
accurately in such imagery, and that a lake is imaged sufficiently frequently by a satellite or
satellites to allow the identification of rapid lake drainage with confidence. For this, there is
commonly a trade-off to be made between satellite imagery with high spatial or temporal
resolution, although the increasing availability of imagery (such as Landsat 8 and Sentinel-1
or Sentinel-2 imagery) offers the possibility of combining multiple satellite datasets together
to provide improved insights into the incidence of rapid lake drainage. These high-resolution
satellite data may also allow additional knowledge to be gained for lakes smaller than those
which can be identified with lower spatial resolution satellite data like MODIS.

‘When remotely sensing lakes, lake areas are normally calculated, but lake volumes are often
not, restricting the quantity of information that can be gained on GrIS hydrology. If a
method were available to calculate lake volume across wide areas of the GrIS, and this

information were combined with the identification of other potential controlling factors on
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rapid lake drainage, it may be possible to generate better knowledge of the reasons for which
hydrofracture occurs at specific places and times, and not others. Such knowledge could
allow improvements either to models of individual aspects of the GrIS’s hydrology, such as
its supraglacial system, or to coupled hydrology and ice-flow models, which may
consequently be able to produce improved estimates of the GrIS’s mass balance, presently

and in the future.






Chapter 3

Developing, testing and applying a
fully-automated lake-tracking
algorithm for MODIS

3.1 Executive summary

‘While MODIS satellite data are often used to investigate lakes on the GrlS, including calculating
changes to their areas through time, no existing method can track changes to lake volume in MODIS
imagery over a melt season. In this chapter, such a method is developed. First, this involves testing
three automated approaches to derive lake areas from MODO09 images by comparing calculated lake
areas with lake areas derived from Landsat 8§ images for the Paakitsoq and Store Glacier regions of
west Greenland. Second, a physically-based algorithm for calculating lake depth is applied to the
pixels within the lake boundaries from the best-performing algorithm for calculating lake area, and
the depths calculated from MODIS are compared with those calculated using the same method
applied to Landsat 8. The results show that lake areas are most accurately generated using dynamic
thresholding of MODIS red-band data: calculated values from MODIS closely resemble those from
Landsat 8. There is also close association between the estimated lake depths from the two satellites.
The best-performing methods for deriving lake area and depth are then incorporated into a
Fully-Automated Supraglacial lake Tracking (FAST) algorithm that tracks individual lakes between
successive MODIS images. This chapter presents results from the initial application of the FAST
algorithm to two study regions in west Greenland, where it identifies 43 (Paakitsoq) and 19 (Store
Glacier) rapidly draining lakes during 2014, representing 21% and 15% of the respective total lake
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populations, including some clusters of rapidly draining lakes. The FAST algorithm presented here
improves on existing automatic lake-tracking methods because it can calculate both lake areas and

volumes over large regions of the GrIS fully automatically.

3.2 Objective and aims

The overall objective of this chapter is to develop, apply and evaluate a fully-automated lake-tracking
method capable of generating time-dependent lake areas and volumes from a series of MODIS
images to help with meeting the overall goal of this thesis to produce improved knowledge of the
patterns and causes of lake behaviour on the GrIS. This objective is divided into four main aims that

are addressed sequentially, which are to:

1. Extend the limited existing research that assesses and validates algorithms employed to
calculate lake areas automatically from MODIS imagery. For this first aim, lake areas are
derived using three automatic methods applied to MODIS, and these are then compared
with lake areas derived from contemporaneous higher-resolution Landsat 8 imagery. This
first step is vital since accurate lake boundaries are required to use as one of the input
datasets for the lake depth and volume calculations in (2).

2. Link the best technique for calculating lake areas to a physically-based approach for
estimating MODIS lake depths and volumes, and then validate the MODIS lake depths and
volumes against values calculated from Landsat 8 images.

3. Incorporate the most effective methods for calculating lake area and depth into the
Fully-Automated Supraglacial lake Tracking (FAST) algorithm, which can automatically
track the evolution of the areas and volumes of all individual lakes, as well as their totals,
within a sequence of MODIS images over a season.

4. Use the FAST algorithm to investigate the incidence of rapid lake-drainage events within
two sectors of west Greenland (Figure 3.1): (a) the Paakitsoq region and (b) the region
surrounding Store Glacier. The main focus of this aim is to demonstrate the capability of
the FAST algorithm for use on the GrIS; in Chapter 4, the FAST algorithm is used alongside

other data to investigate the potential causes of rapid lake drainage.

The two study sites in this chapter (Figure 3.1) are used to evaluate the three algorithms for
calculating lake area (Section 3.3.3), to validate the physically-based algorithm for calculating lake
depth (Section 3.3.4), and to generate the first set of output data from the FAST algorithm (Section
3.3.5). These two regions are selected over other areas of the GrIS since they allow the suitability of

the methods to be investigated for both land- and marine-terminating sectors. Moreover, both
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regions are the foci of previous and ongoing research on supraglacial and subglacial hydrology, and

ice-sheet dynamics, as introduced in Section 2.8.

Figure 3.1: The study sites in west Greenland on which the analysis in this chapter is focused: (a) the
Paakitsoq region delineated by the red box; and (b) the Store Glacier region within the blue box (cf.
Figure 2.15). The grey background shading represents ice thickness (m) (Morlighem ez al., 2014), and the
grey contour lines depict ice-surface elevation (m a.s.l.) (Howat et al., 2014). The thick black lines within
the boxes for the study regions delineate the GrIS margin (Howat et al., 2014), and elsewhere they show

ice-covered areas. The inset shows the location of sites (a) and (b) within Greenland.

3.3 Approach, data and methods

This Section 3.3 describes: (i) the overall approach used to fulfil the overall objective identified at
the beginning of Section 3.2 (Section 3.3.1); (ii) the download and pre-processing of the satellite
imagery for this chapter’s analysis (Section 3.3.2); (iii)) how the algorithms for deriving lake areas
were chosen, the fundamental principles of the different methods, and the approach used to test
these algorithms here (Section 3.3.3); (iv) the same concepts as in (iii) but for the lake-depth
algorithm instead (Section 3.3.4), and; (v) the incorporation of the algorithms for calculating lake
area and depth into the FAST algorithm, which was developed as the main outcome of this chapter
(Section 3.3.5).
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3.3.1 Approach

The approach in this chapter consisted of five methodological steps that were required to address
the four aims identified in Section 3.2 and therefore to accomplish the overall objective of developing
and evaluating a fully-automated lake area and volume tracking algorithm for MODIS imagery.

These steps were to:

1. Download and pre-process MODIS and Landsat 8 imagery for summer 2014 (Section
3.3.2).

2. Evaluate three methods for generating lake areas from MODIS imagery based on comparing
the areas of lakes with those derived from a supervised classification of contemporaneous
Landsat 8 images (Section 3.3.3).

3. Use the lake boundaries generated by the most effective algorithm for calculating lake area
to subsequently calculate lake depths and volumes from MODIS using a physically-based
approach, then validating these measurements against values derived from Landsat 8
(Section 3.3.4).

4. Incorporate the best-performing techniques for calculating lake area and depth into the
FAST algorithm, which tracks the formation, evolution and cessation of lakes through a
sequence of satellite images during a melt season (Section 3.3.5).

5. Apply the FAST algorithm to the Paakitsoq and Store Glacier regions of west Greenland
(introduced in Section 2.8) to investigate lake evolution in summer 2014, including

analysing the location, timing and magnitude of rapid lake-drainage events.

3.3.2 Satellite image collection and pre-processing

MODIS

Level-2 processed MOD09GQ (~250 m resolution) and MODO09GA (~500 m resolution) daily
surface-reflectance datasets from 1 May to 30 September 2014 (total = 153 images) were downloaded
from the USGS’s Land Processes Distributed Archive Center (LP DAAC) data pool
(https://Ipdaac.usgs.gov/data access/data pool). These MODIS products are derived from data

collected by the Terra satellite. Because MOD(09 images are daily composites and are level-2
processed data (Section 2.4.1), there were no issues with misclassifying shadows as lakes within
areas of complex topography (which was an issue for Selmes (2011) and Selmes et al. (2011) using
MODO02 imagery). Selmes et al. (2011) overcame this issue by using an a priori distribution of lakes

to help derive lake areas more accurately, but this was therefore not required in this work. The level-2
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MODO09 data have the same position and source information as level-1 datasets, but have had an
atmospheric correction algorithm (for atmospheric gases, cirrus clouds and aerosols) applied to all
cloud-free pixels identified within the MOD35 cloud mask.

MODIS surface-reflectance data were used from band 1 (red; 0.620-0.670 um), band 3 (blue; 0.459—
0.479 pm), band 4 (green; 0.545-0.565 pm) and band 6 (SWIR; 1.628-1.652 pum) (Table 2.2). The
red, green and blue band data were used to create red-green-blue (RGB) daily composite images.
Version 2.2 of the USGS’s LP DAAC’s MODIS Reprojection Tool Swath (MRTSwath)

(https://Ipdaac.usgs.gov/tools/modis reprojection tool swath) was used to convert raw datasets

distributed as HDF files on MODIS’s sinusoidal grid to common projection systems using bilinear
interpolation. During the reprojection of pixels to a common grid, the native 231.7 m MODIS pixels
were resampled to 250 m and the 463.3 m pixels were resampled to 500 m resolution, consistent
with previous MODIS-based research in Greenland (e.g. Selmes et al., 2011; Liang et al., 2012;
Morriss et al., 2013; Fitzpatrick et al., 2014). Only red-band data were available at the near-250 m
resolution, so the ratio of the red to blue band surface-reflectance values from the MOD09GQ and
MODO09GA products was used to sharpen data from the blue and green bands to the red band’s
native higher resolution (Gumley et al., 2007), a technique used previously (Box and Ski, 2007;
Fitzpatrick et al., 2014). When directly comparing MODIS lake areas, depths and volumes against
those derived from Landsat 8 imagery for evaluation and validation purposes, entirely cloud-free
MODIS images were used. When analysing MODIS imagery for the whole season, a cloud filter
was applied to remove pixels with a reflectance value in band 6 that exceeded 0.150 (Box and Ski,
2007; Fitzpatrick et al., 2014). Cloud shadows were also removed by assuming that a pixel contained
a cloud shadow when the mean band-6 reflectance in a surrounding 21-by-21-pixel window
exceeded 0.150, similar to Selmes’ (2011) approach. After Liang et al. (2012), an additional filter was
included to remove pixels from the analysis that were not classified as water on at least three
occasions during the season, following the observation that cloud shadows have spectrally-similar
footprints to lakes but are more temporally intermittent. MODIS images were cropped to the chosen
study sites (Figure 3.1), and ice-marginal areas were removed with the GIMP ice-sheet mask (Howat
etal., 2014).

Landsat 8

To test and validate the methods for calculating lake area and depth before incorporating them into
the FAST algorithm, entirely cloud-free Landsat 8 images from 2014 were used as the training
dataset (Table A.1): five images for Paakitsoq (from 3 July, 11 July, 19 July, 4 August and 27 August)
and six images for Store Glacier (from 1 July, 3 July, 11 July, 2 August, 11 August and 27 August).
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This date range was selected to cover the key period of the melt season when lakes are present on
the GrIS. 30 m resolution Landsat 8 data were used from band 2 (blue; 0.45-0.51 pm), band 3 (green;
0.53-0.59 um) and band 4 (red; 0.64-0.67 pm), and 15 m resolution data from band 8
(panchromatic; 0.50-0.68 um) (Table 2.3). These data were manually selected and downloaded from

the USGS Earth Explorer interface (http://earthexplorer.usgs.gov). The images were reprojected in

ArcGIS to a coordinate system common with the MODIS images and were cropped to the regions
of interest using the ‘Extract by Mask’ tool; the GIMP ice-sheet mask (Howat et al., 2014) was used
to remove areas peripheral to the GrIS. Following Pope et al. (2016), atmospheric correction was
not applied to the Landsat 8 scenes since a reliable atmospheric-correction method for the imagery
did not exist at the time at the time of the research. Each image’s metadata were used to convert
digital numbers to TOA reflectance and to correct for solar elevation (USGS, 2013). These TOA
reflectance values represent an adequate proxy for surface reflectance on the GrlS, where

atmospheric effects are small (Pope et al., 2016).

3.3.3 Evaluating algorithms for deriving MODIS lake areas

Lake boundaries are sometimes delimited manually from satellite imagery (e.g. McMillan et al.,
2007; Hoffman et al., 2011; Lampkin, 2011; Lampkin and VanderBerg, 2011; Langley et al., 2016;
Gledhill and Williamson, 2018) but this is time-consuming and subject to user bias, so automatic
methods are frequently preferred. The first aim of this chapter involved testing some of these
automatic methods to derive lake areas from satellite imagery. In this sense, this research extended
that of Leeson et al. (2013), which presented a similar evaluation of some methods to derive lake
areas from MODIS images. Three automated methods for identifying lake areas were tested:
(1) static red/blue band thresholding; (i1)) the Normalised Difference Water Index (NDWI); and
(iii) dynamic thresholding of the red band. Methods (i) and (ii) use the same data but calculate lake
areas using the measurements in a slightly different numerical way. These methods are described in
detail in the sections below, including their theoretical basis, and existing applications of them to
studying lakes on the GrIS. In addition to the three methods tested in this chapter, some other
methods are also used for automatic lake area calculations, but they are used less frequently, so were

not included in this research; these other approaches are therefore described only briefly below.

Static red/blue band thresholding

One method that is often used to calculate lake areas was initially proposed by Box and Ski (2007)
for MODIS, and uses a ratio of the blue (i.e. MODIS band 3) to red (i.e. MODIS band 1)

surface-reflectance values, with a threshold value (which may require lake-by-lake adjustment)



Chapter 3: Fully-automated lake tracking with MODIS 61

chosen to define the water-covered pixels in a scene. This approach functions on the principle that
red wavelengths are attenuated more strongly than blue ones within water columns, reducing the
red-band reflectance values compared to the blue ones. Thus, the ratio of blue to red reflectance can
help to identify water-covered pixels. This method has been applied successfully to Landsat scenes
(e.g. Arnold et al, 2014; Banwell et al, 2014; Pope et al, 2016), and has also informed

fuzzy-logic-based image classifications for lake identification (Sundal et al., 2009).

The Normalised Difference Water Index

The NDWI similarly uses the red and blue bands to derive lake areas, but they are used in a slightly
different way. The NDWTI is defined as:

(blue-band reflectance — red-band reflectance)

NDWI =

(3.1)

(blue-band reflectance + red-band reflectance)

A threshold NDWI value is needed to define water-covered pixels, with tuning required depending
on the site of interest (Huggel et al., 2002; Xu, 2006; Doyle et al., 2013; Morriss et al., 2013; Yang
and Smith, 2013; Moussavi et al., 2016; Miles, E. S. et al., 2017; Miles, K. E. et al., 2017). Many
glaciological studies, including those aiming to delineate supraglacial ponds on (Himalayan)
debris-covered glaciers, use the NDWTI (occasionally with modification to include, for example, the
NIR and green bands) for MODIS imagery (Doyle et al., 2013; Morriss et al., 2013; Fitzpatrick et al.,
2014), and for other sensors, notably Landsat and WorldView-2 (Huggel er al., 2002; Xu, 2006;
Gardelle et al., 2011; Yang and Smith, 2013; Moussavi et al., 2016; Miles, E. S. et al., 2017; Miles,
K. E. et al., 2017). The NDWT’s performance can be improved to minimise lake misclassification
through first isolating or filtering image pixels that satisfy certain surface-reflectance criteria, such
as a requirement for a high (or low) reflectance value in the blue (or red) band (Fitzpatrick et al.,
2014). The NDWI technique is tested in this chapter, but this isolation/filtering was not included in
the testing of this technique because this would only be possible if the thresholds were tuned to the
study site, meaning that the technique then could not be applied fully automatically.

Dynamic thresholding of the red band

The third and final approach for deriving lake area tested in this chapter was delineating lake areas
using dynamic thresholding of the red band, which was first proposed by Selmes ez al. (2011). This
technique was used subsequently by Selmes et al. (2013) across the whole GrIS and Everett et al.
(2016) for Helheim Glacier, east Greenland. In a similar way to the static red/blue band
thresholding and NDWTI approaches, this method exploits the pronounced attenuation of red light

within a lake’s water column, and compares a central pixel’s red reflectance against the mean value
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for the red reflectance for all 441 pixels within a moving 21-by-21 pixel window surrounding this
central pixel. Lakes are defined as any location where the central pixel’s reflectance is below a given
threshold, such as 0.65 of the mean reflectance within the window (Selmes et al., 2011). This
effectively gives this approach a dynamic spatial variability since the background reflectance within
the moving window changes spatially across the GrIS according to other factors, such as the
broadband albedo. This technique has not been applied to the other optical MODIS bands because
they would need sharpening to 250 m resolution, causing loss of fidelity in the original data (Selmes,
2011).

Other approaches

Various other methods are also used to derive lake areas from remotely-sensed imagery, but they
are not tested in this chapter since they have been used less frequently on the GrIS. First, image
histograms can be automatically classified with the use of a spatially-dynamic window that moves
across images; these histograms display different characteristics based on whether an image has lakes
present, in which case a tail of lower reflectance values might be seen on the histogram (Liang et al.,
2012; Howat et al., 2013). Second, images can be segmented, with bimodal histograms created based
on buffered regions around lakes, which are then examined dynamically to identify lake boundaries
accurately (Yang et al., 2015; Yang and Smith, 2016). Third, fuzzy-logic membership can explore
the likelihood that an image pixel fits within a specific class (Sundal et al, 2009). Fourth,
object-oriented classification can determine descriptive quantities about groups of pixels, assigning
them to different categories based on the likelithood that they fit into a specific class (Johansson and
Brown, 2013). Finally, textural analysis uses the spectral signatures for satellite scenes and identifies

lakes based on a maximume-likelihood algorithm (Lettang et al., 2013).

Approach for testing the algorithms for deriving lake area

Previous appraisals of algorithms for calculating lake area

Studies calculating lake areas from MODIS imagery normally assess the performance of their
methods through validation with higher spatial resolution imagery from another multispectral
sensor, typically Landsat or ASTER, or through comparison with manually-delineated lake outlines.
Despite several studies conducting independent validations of their lake-area algorithms, only one
study (Leeson et al., 2013) evaluates the performance of several techniques for deriving lake area
from MODIS imagery by comparing them against a single validation dataset, and no single
consensus has emerged regarding the best technique to use, which explains the testing of these

methods within this chapter. The only existing study, presented by Leeson et al. (2013), evaluated
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the methods of Sundal er al. (2009), Selmes et al. (2011), and Johansson and Brown (2013) for the
Russell Glacier region, west Greenland. The performance of the different methods was assessed by
comparing the number and size of lakes reported using each algorithm with those delineated
manually from MODIS imagery and corresponding ASTER scenes. Each method underestimated
the total number of lakes (when compared with the number delimited manually) to a differing
degree, leading to the recommendation that all methods should be combined to identify the
maximum number of lakes within a specific region (Leeson et al., 2013). Although Selmes et al.’s
(2011) method reported the fewest lakes overall—only 52% of manually-delineated lakes—it
calculated lake area most accurately, with a 0.48 km? root-mean-square error (RMSE), compared
with RMSEs of 0.78 km? and 0.95 km? for Sundal et al.’s (2009) and Johansson and Brown’s (2013)
techniques, respectively. Leeson et al. (2013) indicated that the low number of lakes derived from
Selmes et al.’s (2011) approach was likely to be a result of the a priori lake distribution required as an

input to that technique.
Technique for appraising lake-area algorithms used in this chapter

Each of the three automated methods described in detail above were tested for their sensitivity to
numerous threshold values, with such a widespread testing of threshold values previously having
not been a focus within published literature. For the static red/blue band thresholding and the
NDWI technique, spatially fixed thresholds were used rather than adjusting them on a lake-by-lake
basis or to the individual study sites, since the aim was to develop a methodology that could be
applied to large areas of the GrIS without any ‘local’ tuning. In the dynamic band thresholding
method, a moving window of 25-by-25 pixels was chosen, which was the same size as Liang ef al.’s
(2012), but bigger than Selmes et al.’s (2011), to ensure that large lakes were always reported; this
would not necessarily have been the case with a smaller window where the overall reflectance would
have been affected by the presence of a large lake within it. A different window size could have been
chosen — the window size needed to report lakes accurately will be ultimately dependent on the size
of the lakes within the region; thus, the size of the window can be regarded as a tuneable parameter

within this approach.

When testing these methods, all lakes were excluded that did not reach at least two MODIS pixels
(at the 250 m resampled resolution) in area (i.e. 0.125 km?) on at least one occasion in the season;
the total amount of water that this procedure omitted from the record was quantified by using the
Landsat 8 data for small lakes (i.e. those < 0.125 km?). In addition, the (mean and maximum) areas
of the lakes > 0.125 km? that were excluded from the MODIS record but which were reported in the

Landsat 8 data were examined.
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Figure 3.2 displays the validation methodology used within this chapter as a flowchart. The
performance of the algorithms for calculating lake area was validated on an image-by-image basis,
as well as against a single combined dataset containing all of the Landsat 8 images. For the Landsat
8 images, lake areas were calculated using a supervised classification in ArcGIS to ensure
independence of the algorithm for the estimates of lake area. Conducting the supervised
classification involved manually allocating a few pixels to a known feature class of either ‘lake’ or
‘non-lake’ from the background RGB images, and then creating a binary raster automatically based
on the knowledge that the program gains from the known properties of the two independent feature
classes. The performance of the lake-area algorithms was evaluated for the MODIS imagery by
comparing the values from MODIS with the Landsat 8 derived values for total identified lake
numbers, total identified lake areas, the Pearson product-moment correlation coefficient (r) of lake
areas, and the RMSE of lake area for individual lakes. The best-performing threshold for each
technique was identified qualitatively based on these four measures of performance, although more

weight was usually given to the RMSE to aid with the choice of the threshold.

Lake-area validation data

The method of using the higher-resolution Landsat 8 data as the validation dataset was consistent
with previous studies that have validated lake areas derived from lower-resolution sensors such as
MODIS against higher-resolution ones, including ASTER and Landsat, which were regarded as
ground-truth data (Sundal et al., 2009; Selmes et al., 2011; Liang et al., 2012; Leeson et al., 2013;
Fitzpatrick et al., 2014; Everett et al., 2016). To verify the reliability of these validation data, the lake
outlines from the ArcGIS supervised classification of the Landsat 8 images were qualitatively
compared against the lakes present on background Landsat 8 scenes, an approach also used to verify
the validity of the training dataset in Pope et al. (2016). This indicated that the lakes had been
accurately delineated and so it was possible to have high confidence in the validation dataset. Any
false positives identified in the Landsat 8 record by the ArcGIS supervised classification were
manually removed prior to assessments of the algorithms’ performance. Although this approach was
time-consuming, it was crucial to ensure that the validation data were reliable, since if they were

not, the MODIS-derived values would have been compared against a false dataset.
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Figure 3.2: Flowchart to summarise the techniques used within this chapter to validate MODIS lake

areas, depths and volumes against Landsat 8 lake areas, depths and volumes. The statistical performances

of the algorithms across all of the images when combined into a single dataset, as well as for each image

individually, were assessed.
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3.3.4 Deriving and validating MODIS lake depths and volumes

Once the best-performing algorithm for automatically calculating lake areas from MODIS imagery
was identified, the next aim of this chapter involved deriving a method for automatic calculation of
MODIS lake depths and volumes. Although MODIS imagery is widely used to calculate lake areas,
it is used far less frequently to calculate lake pixel depths, and thus lake volumes. Two broad
methodological approaches were therefore considered for this purpose: one of the several available
empirically-based approaches or a physically-based approach. These two contrasting approaches are
reviewed briefly below, including how the physically-based approach was adapted and used for the

analysis in this chapter.

Empirically-based approaches

Among the few studies that calculate lake depths and volumes from MODIS imagery, they normally
use empirically-based approaches. These studies conduct this analysis either by employing a
first-order relationship between lake areas and volumes by approximating lake basins as cones
(Liang et al., 2012), by using lake areas as proxies for volumes (Morriss et al., 2013), or by using
empirically-derived depth-reflectance curves from field data to calculate pixel depths, which are then
integrated, and multiplied by the pixel size to provide lake volumes (e.g. Box and Ski, 2007;
Fitzpatrick et al., 2014). While these techniques are helpful for deriving information on changes to
lake volume for specific sectors of the GrIS in individual years, empirical methods lack a physical
basis, so they cannot necessarily be applied with confidence to other regions of the GrIS or to
different years. This therefore limits their potential for inclusion in a fully-automated lake area and

volume tracking algorithm as developed here.

A physically-based approach

Sneed and Hamilton (2007), after Philpot (1989), developed the first physically-based water-depth
retrieval algorithm for lakes on the GrIS, which they applied to ASTER data. The physical basis of
the approach relies on the fundamental principles of radiative transfer through a fluid, and the
method is essentially based on the attenuation of light within a water column according to the
Beer-Lambert-Bouguer law. The fundamental principle of the method is that deeper water results in
higher light attenuation within the column than shallower water. This phenomenon is observed for
all wavelengths of visible light, but the attenuation rate (i.e. the degree of attenuation) varies by
wavelength, with it being lower for blue wavelengths than red ones, for example. To apply this
method to satellite imagery, therefore, the waveband experiencing the greatest change in attenuation

over the expected water depth range needs to be selected.
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The attenuation rate can be used in the calculation of water depth (z, in m) if certain other properties

of lakes and the images are known:

7 = [In (Ag — Rw) — In (Rpix — Reo)]
g

, (3.2)

where A, is the lake-bottom albedo, R,, is the reflectance for optically-deep (> 40 m) water, Ry, is
the reflectance of a pixel of interest, and g (m™') describes the losses in upward and downward travel
in a water column. Since the method is physically based, it does not require site-specific tuning,
meaning that it can be widely applied across the GrIS, with the option to test the sensitivity to its
physical parameters (e.g. Pope et al., 2016). Pope et al. (2016) fully describe the assumptions inherent
in this method, but, briefly, these are that: (i) the lake surface is not disturbed by wind (likely not to
hold true in Greenland due to the presence of strong katabatic winds, although even such windy
conditions are unlikely to significantly affect the pixel brightness and so the lake-depth calculations);
(i1) the lake bottom is homogenous and gently sloping; and (iii) sediment is not present within the
lake water column. Despite these potential weaknesses, which remain unquantified in the literature,
there is presently no alternative physically-based method, and it has been applied successfully in
studies for ASTER (Sneed and Hamilton, 2007) and other multispectral sensors (Georgiou et al.,
2009; Morriss et al., 2013; Arnold et al., 2014; Banwell et al., 2014; Ignéczi et al., 2016; Langley et al.,
2016; Moussavi et al., 2016; Pope et al., 2016; Macdonald et al., 2018), performing well both in
Greenland and Antarctica (Banwell et al., 2014).

Currently, only Morriss et al. (2013) and Ignéczi et al. (2016) have applied this method to MODIS
imagery. Ignéczi et al. (2016) used it for 24-40 images over each of four melt seasons to derive
maximum lake depths for validation of their lake depths derived from digital elevation models
(DEMs). Although they used individual daily R,, values and A, calculated for each lake, they did
not present evolutions of lake depth and volume across a series of MODIS images. Morriss et al.
(2013) used the physically-based method to conclude that lake area represents a valid proxy for
volume across their study region, but individual lake volumes or their full seasonal changes were
not presented. Morriss et al.’s (2013) study was also for just one sector of the GrIS and daily R,
values were not calculated. Instead, a constant R, value was used, meaning the
Beer-Lambert-Bouguer law on which the technique relies was not calibrated for individual scenes.
Finally, the g value was calibrated from relatively limited field data, whereas Pope et al. (2016) have
since presented updated g values for a range of multispectral sensors, including Landsat 8 and
MODIS, based on extensive testing of calculated lake water depths (derived with Equation 3.2)

against iz situ lake spectral and bathymetric data.
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Approach for deriving and validating MODIS lake depths and volumes

In this chapter, the second aim involved furthering the limited work described above and including
Pope et al.’s (2016) developments relating to g values. The physically-based method was applied to
MODIS’s red and green bands separately, using Pope ez al.’s (2016) updated g values for MODIS.
Depths were multiplied by pixel sizes and integrated over lake areas to provide lake volumes. R,
was calculated individually for each scene from deep water in proglacial fjords, rather than
specifying static seasonal values. A; was calculated image-by-image on a lake-by-lake basis by taking
the mean reflectance of a ring dilated by one pixel around each lake (Arnold ez al., 2014; Banwell et
al., 2014), which represents an improvement on previous studies that used region-wide or static

values (Sneed and Hamilton, 2007; Morriss et al., 2013).
Lake-depth and -volume validation data

The validation data were again derived from the dates on which there were available cloud-free
Landsat 8 images in 2014. The lake depths and volumes were then calculated (using Equation 3.2)
from the Landsat 8 images within the boundaries of lakes derived from the Landsat 8 supervised
classification in ArcGIS. To calculate these depths, the methods of Pope (2016) and Pope et al. (2016)
were followed, which involved averaging the lake depths derived from Landsat 8’s red and
panchromatic bands, calculated with their updated g values. The MODIS and Landsat 8 pixel
depths were compared at the MODIS resolution, which required resampling of the Landsat 8 depth
arrays using a bilinear interpolation regime. This corrected for the finer resolution of Landsat 8
imagery, which often showed deeper values towards the centre of lakes due to Landsat 8’s smaller
pixel size. By contrast, MODIS and Landsat 8 lake volumes were compared on a lake-by-lake basis
by integrating all pixel depth values at the sensor’s native resolution without any resampling. This
helped to eliminate any smoothing of the results (from the resampling of Landsat 8 data to match
the coarser MODIS resolution) when the calculated depths were compared on a pixel-by-basis basis.
For both lake depths and volumes, the Pearson product-moment correlation coefficient and the

RMSE between the two datasets were used to assess performance.

3.3.5 Approach for fully-automated lake tracking

Figure 3.3 summarises the overall approach of the FAST algorithm that was subsequently
developed, and which was applied using the best techniques for calculating lake area and depth
determined with the methods described in Sections 3.3.3 and 3.3.4. Since the algorithm is fully
automated, its only required inputs are (i) a georeferenced mask of the study region and (ii) a set of
MODIS MODQ9 imagery for a melt season. The FAST algorithm is written in the MATLAB
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programming language. Both the mask and the MODQ9 images must be georeferenced with the
NSIDC Polar Stereographic North projection (EPSG: 3413). The algorithm can then track
intra-annual changes to lakes that reach at least two 250 m MODIS pixels (i.e. 0.125 km?) in area at

least once in the season, and includes the following steps:

1. The automatic pre-processing stages comprise: (i) cropping MODIS images to the study
regions using a georeferenced mask; (i1) sharpening the resolution of MODIS’s native 500
m resolution bands to 250 m; (iii) masking ice-marginal areas from the imagery; and (iv)
removing clouds and pixels likely to be cloud shadows. (See Section 3.3.2 for full
pre-processing details applied to the MODIS imagery.)

2. Create daily stacked RGB composites of the study region. (These RGB images were not
used for any quantitative analysis but were used to verify that rapidly draining lakes had
been identified correctly.)

3. Run the algorithms for calculating lake area and depth to derive daily lake areas, depths
and volumes.

4. Derive the maximum extents of lakes across the season from the aggregated sum of the
daily lake area masks.

Remove any false positive lakes.

6. Create masks of lakes to track across all images.

7. Track the seasonal evolution of lake area and volume by examining, for each image in the
sequence, all of the pixels within the maximum lake extents from step (4).

8. Identify rapidly draining lakes according to critical drainage-duration and volume-loss
thresholds.

9. Remove any falsely-identified rapid lake-drainage events.

10. Derive rapidly draining lake locations, drainage dates and their water volumes prior to

drainage.

In step (5), false positives are removed by filtering lakes that do not appear at least three times over
the season, and which are not observed on more than one occasion during five consecutive
cloud-free observations of their basins on their first detection (following Liang et al. (2012)). To
identify rapid drainage in step (8), it is assumed that a lake drains by hydrofracture if it loses > 80%
of its maximum seasonal volume over a period of < 4 days. Although hydrofracture is generally
acknowledged to occur in < 2 days (e.g. Das et al., 2008; Tedesco et al., 2013), which is the time
adopted by Selmes ez al. (2011, 2013) in their studies, other workers accounted for uncertainty within
satellite observations by relaxing this threshold to four days (Doyle et al., 2013; Fitzpatrick et al.,
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2014), five days (Liang et al., 2012), or six days (Morriss et al., 2013). The threshold is therefore also

relaxed in this chapter.

Under step (9), at least seven cloud-free observations are required of an empty lake basin, with no
refilling permitted, following rapid drainage; if this requirement is not met, the rapid event is omitted
from any further analysis. To ensure that the FAST algorithm reliably identifies rapid lake drainages
within this chapter, all events are manually verified using the RGB composites. This step would not
normally be required if the algorithm is applied elsewhere, but it is included here because it is

necessary to ensure that the FAST algorithm is performing correctly.

For step (10), the date of lake drainage is identified as the day on which the critical volume loss
begins since this is likely to be close to the time when hydrofracture is initiated, and a later focus of
this thesis (Chapter 4) is to investigate this occurrence. If required, this date could be adjusted to the
date immediately prior to hydrofracture, immediately after hydrofracture occurs, or the midpoint of
the two values (as in Chapter 5). In this chapter, preliminary results from the use of the FAST
algorithm are presented, which involved investigating simply the relationship between the rapidly
draining lake water volumes and the ice thicknesses beneath the rapidly draining lakes; the
ice-thickness data were derived from beneath the lake centroids from the GrIS terrain data of
Morlighem et al. (2014).
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Figure 3.3: Flowchart summarising the FAST algorithm, including its key inputs, processes, outputs,

and the processes that were evaluated within this chapter. The numbers in the corners of the square

black-outlined boxes refer to the steps of the FAST algorithm described in this Section 3.3.5.
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3.4 Results

3.4.1 Calculating lake areas

Performance of the algorithms for calculating lake area

Initially, the two study regions are considered independently to determine which method for
delineating lake area and which threshold is best for each method; the data are then combined into
a single dataset for both regions to elicit the best-performing threshold across both of them. Table
3.1 presents the results for lake areas from the MODIS images that overlap (temporally and spatially)
with the Landsat 8 images, calculated with the three best-performing thresholds for each algorithm
for deriving lake area. Since there is a numerical association between the red/blue band thresholding
and NDWI approaches, the thresholds for one technique can be used to infer those required by the
other (Tables A.4-A.7). Figure 3.4 shows a comparison of lake areas calculated using the best
threshold value with each algorithm at each site. Some false positives are identified by the algorithms
for calculating lake area — for example, see the black box labelled “FP” on Figure 3.5 (a). Dynamic
thresholding of the red band generally outperforms the other approaches for both regions in terms
of the RMSEs and the percentage of lakes reported by MODIS relative to the total number of lakes
reported in the Landsat 8 dataset (Table 3.1). While the other methods with specific thresholds
occasionally result in higher r values, they are less accurate than the dynamic red band thresholding
method in terms of RMSEs and reported percentages of lakes (Table 3.1). Although less accurate
than the dynamic red band thresholding method, the NDWI and red/blue band thresholding
methods perform better at Paakitsoq than Store Glacier: the RMSEs for the NDWI and red/blue
band ratio thresholding approaches are < 0.40 km? at Paakitsoq but > 0.40 km? at Store Glacier
(Table 3.1). These results show that dynamic thresholding is the only approach that can be applied
with similar threshold values across different regions of the GrIS. The best-performing values for
dynamic thresholding are nearly identical between Paakitsoq and Store Glacier, with the threshold
value of 0.640 at Store Glacier only marginally outperforming the 0.645 value for Paakitsoq in terms
of the number of lakes reported (Table 3.1). This compares with the best-performing threshold values
for the NDWI (or red/blue band thresholding) approach, which are 0.125 (or 0.775) in the Paakitsoq
region and 0.190 (or 0.710) at Store Glacier, showing the marked differences in them between the
two regions. The red/blue band thresholding performs significantly less accurately at Store Glacier,
with higher RMSEs, lower r values and lower lake numbers reported. Even though a threshold value
of 0.710 performs best, with a RMSE of 0.418 km* — similar to the RMSEs for the other algorithms
— use of'this threshold value results in an exceptionally low reporting of lake numbers (only 10.1%)

compared with the lakes derived from Landsat 8.
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Performance indicators for the best-performing algorithms tested for calculating lake areas at

Table 3.1

the two study sites. Total numbers of lakes and total lake areas from Landsat 8 for the two regions are:

406 and 173.7 km?* (Paakitsoq) and 298 and 121.3 km? (Store Glacier). All r values are significant at the

95% confidence interval (p < 0.05). The best-performing algorithm and threshold at each site is

highlighted in bold italicised text. Full results for all of the thresholds tested for each approach are

presented in Tables A.2-A.7.
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Figure 3.4: Lake areas derived from the algorithms applied to MODIS imagery compared with lake areas
derived from the Landsat 8 supervised classification for the (a) Paakitsoq and (b) Store Glacier regions.
Data shown are for the best-performing threshold value for each technique for calculating lake area. The
blue lines on both subplots show y = x. Note that only lakes predicted by both the algorithm for
calculating MODIS lake and the Landsat 8 supervised classification are plotted.

It is deemed necessary to determine a single uniform threshold value based on the analysis for both
regions, which then allows it to be incorporated into a fully-automated approach. Therefore, lake
areas derived from MODIS with threshold values in the range 0.640 to 0.645 (i.e. the
best-performing thresholds for the two regions) at 0.001 increments are compared with Landsat 8
lake areas. This analysis determines that the 0.640 threshold is best, for which a final RMSE value
is obtained for lake area calculations of 0.323 km?, an r of 0.694, and a total of 42% of the Landsat
8 lakes reported (Figure 3.6). Thresholds between 0.641 and 0.645 perform marginally more poorly
(r = 0.690-0.693, with all p values < 0.01; RMSE = 0.324 km?; reported Landsat 8 lake number
remains at 42%). There is no obvious spatial pattern in terms of lakes that are reported in the Landsat
8 dataset but which are absent from the MODIS record: lakes at all elevation bands and within
regions of both dark and bright surrounding ice are reported equally well, but, similarly to Leeson
et al. (2013), the areas of lakes with partial ice cover are under-estimated (e.g. see outlines on Figure
3.5).
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Figure 3.5: Lake perimeters (red lines) derived using a dynamic-thresholding approach applied to
MODIS’s red band with a threshold value of 0.640 for both the (a) Paakitsoq and (b) Store Glacier
regions, overlain onto background Landsat 8 images (see Table A.1 for image details). The total areal
extents within panels (a) and (b) are equivalent to those shown in Figure 3.1 (a) and (b). A false-positive
lake is highlighted in (a) within the black box labelled “FP”. The blue circles in (a) and purple circles in
(b) indicate lakes that drain rapidly as part of a cluster (Section 3.5.3). The areas within the green box on
(a) and orange box on (b) indicate the areas contained within the panels of Figure 3.14. The yellow circle
in (a) indicates the area within which a lake drains, refills and then re-drains (Section 3.5.3), although the

lake is not shown on this image.
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Figure 3.6: Lake areas across both study sites derived from MODIS imagery using a
dynamic-thresholding approach applied to the red band with a threshold value of 0.640 compared with
lake areas ascertained from the Landsat 8 supervised classification. n represents the number of data points

on the graph. The blue line shows y = x. The r value is significant with a p value of < 0.01.

Lakes omitted from the MODIS record

To quantify the impact of using the coarser-resolution MODIS product on the reporting of total lake
areas, the areas classified as water-covered from the Landsat 8 supervised classifications that are less
than two MODIS pixels in size are quantified. It is important to note that the values presented here
represent all water-covered areas identified from the Landsat 8 supervised classification, so while
these numbers will involve some smaller lakes, water contained within larger supraglacial
streams/rivers and slush zones, for example, will also be included. Across the Landsat 8 imagery,
areas of contiguous water covering < 0.125 km? in area represent an average total per image of 3.84
km? (range 0.29-9.61 km?) for Paakitsoq and 1.99 km? (range 0.11-4.86 km?) for Store Glacier.
These compare with the much higher average regional cover by lakes > 0.125 km? recorded in the
MODIS images of 22.02 km? (Paakitsoq) and 13.18 km? (Store Glacier). Relative to the sizes of the
ice-covered regions, these values for area covered by lakes < 0.125 km? in size represent coverages
of only 0.077% (Paakitsoq) and 0.037% (Store Glacier). Compared with the areas covered by lakes
in the MODIS imagery, these other water-covered areas represent only 17.4% (Paakitsoq) and 15.1%
(Store Glacier) of the total water-covered areas identified by MODIS. These small lakes have a mean
size of 0.006 km? at both Paakitsoq and Store Glacier.
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In addition to the small (< 0.125 km?) lakes that could never be identified in MODIS imagery due
to its coarse resolution, the size distribution is examined of lakes > 0.125 km? (which could
theoretically be identified by MODIS) that are present in the Landsat 8 record but which are not
identified in the MODIS lake-classification scheme (using a dynamic band threshold value of 0.640).
At Paakitsoq, the lakes of this type omitted from the MODIS record have a mean area of 0.26 km?
(maximum 1.20 km?) and at Store Glacier, the lakes of this type have a mean area of 0.27 km?
(maximum 1.08 km?). These are relative to mean lake areas within the MODIS-reported lake
populations of 0.69 km? (Paakitsoq) and 0.59 km? (Store Glacier). An unpaired Student’s t-test
reveals a statistically significant difference between the lake areas for the populations of lakes
reported by Landsat 8 that are absent from the MODIS record and the lakes that are reported by
both MODIS and Landsat 8: for Paakitsoq, t = 8.4, with a p value of < 0.01; for Store Glacier,
t = 6.4, with a p value of < 0.01. Overall, this analysis indicates that smaller lakes close to MODIS’s
threshold reporting size (two pixels or 0.125 km?) tend to be omitted from MODIS data while being
reported in Landsat 8 data.

3.4.2 Calculating lake depths and volumes

Performance of the algorithm for calculating lake depth

Tables 3.2 and 3.3 present the results of the MODIS-based calculations of lake depth and volume
with the green and red bands individually, compared with the corresponding Landsat 8 depths and
volumes, which are calculated using Landsat 8’s red and panchromatic bands as inputs to the
physically-based approach. Depths and volumes calculated with MODIS’s red band significantly
outperform those from the green band for both sites. For the red band, RMSEs for lake pixel depths
are 1.19 m (Paakitsoq) and 1.39 m (Store Glacier), relative to a mean MODIS pixel depth for
water-covered pixels of 1.40 m across lakes from all of the images. RMSEs for lake volumes are 6.1
x 107 m® (Paakitsoq) and 5.7 x 10’ m® (Store Glacier), relative to a mean MODIS lake volume of
4.0 x 10" m? for lakes from all of the images. Green band RMSEs are always more than double these
values (Table 3.2). In general, the MODIS-derived lake depths and volumes are lower than the
Landsat 8 ones, particularly for depths < ~4 m, although there is spread in the data (Figures 3.7 and
3.8). There are two dates when this pattern does not obviously apply. The first is 11 July at
Paakitsoq, shown on Figures 3.7 (a) and 3.8 (a), where lake pixel depths and volumes tend to be
higher in the MODIS than the Landsat 8 images. Further investigation shows that the 11 July
Paakitsoq Landsat 8 image includes regions, which are mainly on the ice sheet, that are covered by
a light-white banding, interpreted to be very fine high-level clouds, aerosol or dust, which could

explain the seemingly low Landsat 8 pixel depths calculated for this image. The second major
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anomaly is the sharp positive tail for the lake depths and volumes at Paakitsoq on 4 August (Figure
7 (a)). This may result from the difficulty in accurately resolving water depths > ~4 m when using
Landsat 8’s red and panchromatic bands for the physically-based calculations (Moussavi et al.,
2016). This is therefore likely to indicate a limitation with the validation dataset rather than with the
approach applied to the MODIS data. In Figure 8 (a), lake volumes are, however, not similarly
overestimated for MODIS lakes compared with Landsat 8 ones, suggesting that bilinearly
resampling the Landsat 8 depth arrays to match the MODIS resolution offsets this bias to a degree.
For all images, there is no tendency for higher lake-depth errors to be present for specific elevation

bands or for given lake sizes (Figures 3.7, 3.8 and 3.9).
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Figure 3.7: Lake pixel depths calculated from MODIS’s red band for the (a) Paakitsoq and (b) Store
Glacier regions, compared with depths calculated from the average of Landsat 8’s red and panchromatic
bands. The blue lines on both subplots show y = x. Note the two anomalous sets of lake pixel depths for

Paakitsoq on 11 July and 4 August, where the MODIS values are systematically higher than the Landsat

8 values.
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Table 3.2: Summary of the performance of MODIS lake depths derived from the red and green bands

compared with Landsat 8 depths derived from the average of the red and panchromatic bands across both

study sites for each image date. All values of r except the one marked with an asterisk are significant at

the 95% confidence interval (p < 0.05). Summary data for the best-performing band (i.e. band 1, red)

across all days are shown in bold italicised text.

MODIS Date
Regi RMSE
eglon band tested (2014) n r SE (m)
3 Jul 213 0.675 1.11
11 Jul 157 0.134" 1.45
. Band 1 19 Jul 215 0.610 1.08
Paakitsoq
(red) 4 Aug 225 0.668 1.29
27 Aug 152 0.649 0.95
All 962 0.447 119
1 Jul 121 0.427 1.88
3 Jul 137 0.388 1.49
R TR C R - S
Glacier (red) us ' '
11 Aug 111 0.575 1.30
27 Aug 72 0.497 1.21
All 703 0.259 1.39
3 Jul 212 0.659 6.30
11 Jul 158 0.160 10.22
. Band 4 19 Jul 214 0.570 6.89
Paakitsoq
(green) 4 Aug 107 0.329 3.33
27 Aug 151 0.668 6.48
All 842 0.298 7.11
1 Jul 121 0.381 4.96
3 Jul 137 0.385 5.86
1 .52
Store Band 4 11 Jul 161 0.176 7.5
. 2 Aug 102 0.380 10.54
Glacier (green)
11 Aug 111 0.542 11.64
27 Aug 71 0.425 11.10
All 703 0.233 8.59
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Table 3.3: Summary of the performance of MODIS lake volumes derived from the red and green bands

compared with Landsat 8 values derived from the average of the red and panchromatic bands across both

study sites for each image date. All values of r are significant at the 95% confidence interval (p < 0.05).

Summary data for the best-performing band (i.e. band 1, red) across all days are shown in bold italicised

text.

Region MODIS Date n - RM%E
band tested (2014) (km?)

3 Jul 48 0.881 0.050

11 Jul 50 0.456 0.045

Paakitsoq Band 1 19 Jul 23 0.897 0.088
(red) 4 Aug 25 0.974 0.066

27 Aug 13 0.963 0.085

All 159 0.777 0.061

1 Jul 27 0.803 0.082

3 Jul 27 0.741 0.065

11 Jul 30 0.446 0.040

C?Igocrifer Bg‘elg)l 2 Aug 16 0.897 0.049
11 Aug 18 0.958 0.023

27 Aug 11 0.918 0.045

All 129 0.673 0.057

3 Jul 47 0.813 0.123

11 Jul 50 0.693 0.353

Paakitsoq Band 4 19 Jul 22 0.558 0.220
(green) 4 Aug 25 0.967 0.570

27 Aug 12 0.966 0.390

All 156 0.795 0.339

1 Jul 27 0.810 0.072

3 Jul 27 0.743 0.127

11 Jul 30 0.559 0.263

C?Igocrifer ](3;223 2 Aug 16 0.826 0.455
11 Aug 18 0.940 0.413

27 Aug 11 0.928 0.297

All 129 0.674 0.279
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Figure 3.8: Lake volumes (calculated by integrating the lake pixel depths, and multiplying this value by
the pixel size) derived from MODIS’s red band for the (a) Paakitsoq and (b) Store Glacier regions,
compared with those calculated from the average of Landsat 8’s red and panchromatic bands. The blue
lines on both subplots show y = x. Note the anomalous set of lake volumes for Paakitsoq on 11 July,

where the MODIS values are systematically higher than the Landsat 8 values.

‘When the differences between MODIS and Landsat 8 depths are averaged across all of the images,
the mean differences are small, with the vast majority of lakes displaying errors in the range -0.5 to
0.5 m (Figure 3.9). Errors of ~-3 m (i.e. red values on Figure 3.9), where MODIS depths are higher
than Landsat 8 ones, are possibly due the effect described above, where MODIS records deeper
water than Landsat 8 due to the limited sensitivity of the Landsat 8 method at higher depths. Errors
of ~+3 m (i.e. blue values on Figure 3.9), where Landsat 8 values are consistently higher than
MODIS ones, may be the competing effect, which results from the coarse resolution of MODIS,
meaning that, on some days, the deepest water pixels within lakes are not recorded accurately within
the MODIS surface-reflectance data, and are instead sampled as lighter (and so shallower) water
pixels. This possible bias towards the sampling of brighter pixels in MODIS may also result in the
derivation of higher A, values in MODIS than in Landsat 8, which would lead to the reporting of
lower lake depths by MODIS than Landsat 8. Combining the red-band MODIS-derived lake pixel
depths and volumes to form single samples across both study regions, the final RMSE values are
1.27 m for lake depth and 5.9 x 10’ m? for lake volume (Figure 3.10). Although both values are
statistically significant (p < 0.01), the association is better for lake volumes (r = 0.741) than depths
(r =0.365), due to the fewer data points and lower spread within the lake volume dataset. These
errors are applied to the lake depths and volumes calculated by the FAST algorithm for MODIS
imagery. These combined data display a similar pattern to the region-specific data, with MODIS
values usually underestimated compared with Landsat 8, but with some scatter. This pattern also

broadly matches that observed for the Landsat 8 versus MODIS lake-area comparisons (Figure 3.6).
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Figure 3.9: The mean difference (derived by averaging the difference between pixel water depths across
all images) between lake depths for the (a) Paakitsoq and (b) Store Glacier regions, highlighting the lack
of spatial or elevation bias in the errors of lake water depth. A positive difference indicates that the
MODIS lake depth is underestimated compared with the Landsat 8 depth, and vice versa. To allow these
comparisons, the Landsat 8 depths are resampled using a bilinear technique to 250 m resolution and the
MODIS depths are retained at their native 250 m resolution. The GrIS margin is shown by the thick
black line on both panels, and the areas within the plots are equivalent to those shown within Figure 3.1.
The lake boundaries shown are derived from the sum of the lake extents across all of the Landsat 8
images. The green insets on both panels are higher-scale examples of the observation of consistently
higher Landsat 8 depths towards lake centres compared with MODIS values. The red insets on both
panels are higher-scale examples of where MODIS predicts deeper water than Landsat 8 over lake

centres, possibly due to the limited sensitivity of the Landsat 8 method at very high depths.
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Figure 3.10: Lake (a) pixel depths and (b) volumes across both study sites derived using MODIS’s red
band compared with depths and volumes derived from Landsat 8’s red and panchromatic bands. The
blue lines on both subplots show y = x. The black line on (b) is an ordinary least-squares (OLS) linear
regression, with equation y = 0.721(x), which forms the basis of the lake volume scaling relationship

described in this section.

Whether there is bias in the errors for the data for lower (or higher) lake depths and volumes is
investigated. The errors on MODIS depth measurements show little variation (RMSE mean =
1.16 m; RMSE o = 0.12 m; RMSE range = 1.00-1.40 m) for water <4 m deep, but they are almost
three times higher (RMSE = 2.99 m) for water > 4 m deep (Table 3.4). A similar pattern exists for
lake volumes (Table 3.5), where lakes with volumes < 10.0 x 107 m?® have lower errors for and
variation within their measurements (RMSE mean = 5.6 X 10’ m*;, RMSE ¢ = 1.2 X 10’ m®; RMSE
range = 3.9-8.0 x 10’ m®) than lakes exceeding this volume (RMSE = 10.8 x 10’ m%). This pattern
of errors may be partially explained by the use of the longer-wavelength red and panchromatic bands
from Landsat 8 data to derive the lake depths and volumes within the validation dataset. These
longer wavelengths attenuate more quickly within the water column than shorter wavelengths, such
as Landsat 8’s green band, and this may result in the Landsat 8 data’s bias against the deepest
(> 4 m) water (Moussavi et al., 2016). This is offset against the sensitive ability of the red wavelength

to record measurements more precisely at the lower depths.
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Table 3.4: Variation in the errors (as measured by the RMSE) for water depths derived from MODIS

imagery compared with the Landsat 8 water depths across all images from both study regions. n is the

number of data points within each given range.

Depth range (m) n RMSE (m)
0.0-0.5 169 1.08
0.5-1.0 599 1.24
1.0-1.5 371 1.14
1.5-2.0 220 1.07
2.0-2.5 106 1.00
2.5-3.0 75 1.18
3.0-3.5 40 1.17
3.5-4.0 29 1.40

>4.0 55 2.99

Table 3.5: Variation in the errors (as measured by the RMSE) for lake volumes derived from MODIS

imagery compared with the Landsat 8 lake volumes across all images from both study regions. n is the

number of data points within each given range.

Volume range (x 10" m®) n RMSE (x 10" m%)
0.0-0.5 8 4.0
0.5-1.0 57 4.4
1.0-2.0 66 3.9
2.0-2.5 19 5.7
2.5-3.0 17 5.5
3.0-3.5 17 5.5
3.5-4.0 11 5.2
4.0-5.0 21 6.6
5.0-6.0 15 5.5
6.0-7.0 12 8.0
7.0-10.0 21 6.9
>10.0 24 10.8

MODIS to Landsat 8 lake-volume scaling

Using the single sample of lake volumes for both regions, a regression of MODIS lake volumes
against Landsat 8 lake volumes yields a slope coefficient of 0.721 (Figure 3.10 (b)). Scaling the
MODIS lake volumes accordingly (i.e. by dividing them by the slope coefficient of 0.721), and



Chapter 3: Fully-automated lake tracking with MODIS 85

comparing them with the Landsat 8 values, reduces the RMSE slightly from 5.9 x 10’ m® to
5.4 x 10’ m®. Depth-based scaling is not attempted because, when the depths were compared, this
was done on a pixel-by-pixel basis; whereas for the volumes, comparisons were conducted on a

lake-by-lake basis, for which no resampling was required.

3.4.3 Lake evolution within the study regions

‘When applied to the study sites in summer 2014 using the best techniques for calculating lake area
and depth, the FAST algorithm tracks individual area and volume changes for 202 lakes at Paakitsoq
and 122 lakes at Store Glacier, the first time that an automatic derivation of seasonal changes to lake
volume has been possible on the GrIS. For each day of the analysis, individual lake areas and
volumes are integrated to obtain the total lake areas and volumes across the regions. Broadly similar
patterns are observed for both sites, with gradual increases in lake area and volume in the early melt
season, peaks in total stored lake water in mid-July and early August, and then decreasing lake area
and water volume from mid-August onwards (Figure 3.11). For both regions, there is a statistically
significant correlation (with high r values) between the total number of lakes on an image and the
total volume of water contained within lakes for that image (Figure 3.12). However, there is no
statistically significant relationship between the total number of lakes on an image and the mean
lake volume for the lakes on that image, although the relationship is stronger at Store Glacier
(r = 0.469) than Paakitsoq (r = -0.008) (Figure 3.12).
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Figure 3.11: Total lake area, volume and percentage cloud cover for the (a) Paakitsoq and (b) Store
Glacier regions during the 2014 melt season. The large mid-season decreases in total lake area and
volume to values that are at or close to zero correspond with high regional cover by clouds (top panels of

(a) and (b)), explaining the seasonal pattern of seeming anomalies in total lake area and volume evolution.
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Figure 3.12: The relationship between the total number of lakes on each individual MODIS image in the
season and the total and mean lake water volume for each individual MODIS image. Note that images
on which no lakes are identified are not plotted. Subplots (a) and (b) show relationships for the Paakitsoq
region, with (c) and (d) being for the Store Glacier region. The blue lines on all subplots display OLS
linear regressions. r values are significant (p < 0.01) at the 99% confidence interval for subplots (a) and

(c), but are not significant at the 95% confidence interval for subplots (b) and (d).

Table 3.6 summarises results from the identification of rapid lake-drainage events using the FAST
algorithm. The mean surface elevation (derived from Howat et al, 2014) at which rapid
lake-drainage events occur is ~1050 m a.s.l. in both regions, and both regions also exhibit similar
median dates of rapid-drainage initiation: 12 July (Paakitsoq) and 7 July (Store Glacier). However,
the modal dates of rapid drainage vary more between the two regions: 13 July (Paakitsoq) and 3
July (Store Glacier). There is an obvious upglacier, seasonal progression of rapid lake drainage in
both regions, and 37% of rapid events occur from 9-18 July (Figure 3.13). The fewer late-season
(i.e. post-18 July) rapid drainage events may result from increasing regional cloud cover during this

later period (cf. Figure 3.11), meaning that rapid lake drainage could not be identified with certainty.
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Table 3.6: Summary of the results from the FAST algorithm applied to the two study sites. Tables A.8

and A.9 present full details for all of the rapid lake-drainage events identified within the two regions.

Property Paakitsoq region Store Glacier region
Nurpber of rapid 43 19
drainage events
Perce.n'.cage of .Iakes 71 15
draining rapidly
Medi
edian date 12 July 7 July
of rapid drainage
Modal date
. ) 13 Jul \
of rapid drainage 3 July 3 July
Total vs{ater d.ramed d131r1ng 19 % 107 6.6 x 10°
rapid drainage (m”)
M(?an wa}ter drained pe§ 43 % 10° 3.5 x 10°
rapid drainage event (m”)
25 - T 3.0
Surface elevation P
<400m 25
20 - E 200+ 599 m /___/
1 500 696 m AT
71 1000 - 1199 m 25% 2.0
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Figure 3.13: The number of rapid lake-drainage events across both study sites, binned by initiation dates
and stacked by the surface elevation of lakes within that category. Cumulative lake-volume loss from all
rapid events in 2014 is shown by the solid red line. The percentage figures give the percentage of lakes
that drain within each elevation band relative to the maximum number of observed lakes within that

elevation band over the corresponding dates.
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3.5 Discussion

3.5.1 Performance of the algorithms for calculating lake area

The first aim of this chapter was to evaluate a variety of methods that are commonly used to
automatically classify lake areas from MODIS imagery since a consensus on the best method to use
has not yet emerged. In doing this, this thesis complemented Leeson et al’s (2013) testing of
numerous algorithms for deriving lake area, but built on that work by also testing a range of
threshold values for the different methods. The results showed that a dynamic-thresholding
technique applied to MODIS’s red band with a threshold value of 0.640 performed best among the
algorithms tested. The RMSE of 0.32 km? for this method is higher than values reported in some
other studies (e.g. 0.14 km? in Fitzpatrick et al. (2014); 0.20 km? in Liang et al. (2012); 0.11 km? in
Selmes et al. (2011); 0.22 km? in Sundal et al. (2009); 0.08 km? in Everett et al. (2016)), but is lower
than Leeson et al.’s (2013) value of 0.48 km? for dynamic thresholding of the red band. However,
these studies used a range of validation data derived from different techniques for different regions
and areal extents of the GrIS, which is likely to explain the differences in performance compared
with that in this chapter. For example, the MODIS lake areas in this work were compared against
Landsat 8 lake areas from a supervised classification, while previous research validated them against
manually-derived lakes (e.g. Leeson et al., 2013; Everett et al., 2016) or other validation data. In
addition, the higher RMSE observed here may be because the earlier studies only compared
specific-sized lakes or subsets of a complete population: for example, Liang et al. (2012) included
only 63 lakes in their sample rather than a complete lake dataset as used here. This use of the entire
lake population allowed for more robust comparisons than if a subset of lakes had been used. This
research identified a similar percentage of the total number of lakes present within the validation
dataset as other studies (e.g. Leeson et al.,, 2013). Using dynamic thresholding of the red band
without an a priori distribution of lakes appears to have had only a minor impact on the overall
percentage of lake numbers reported compared with Leeson et al.’s (2013) value. However, it is
feasible that omitting this pre-defined distribution led to the lower accuracy (in terms of the RMSE)
of lake areas compared with lake areas calculated in other studies (Selmes et al., 2011; Everett et al.,
2016).

Dynamic thresholding of the red band was sensitive to the chosen threshold value, with values of
0.635-0.650 performing the best depending on the region investigated (Table 3.1). Using this
method, the marginally higher performance (based on the RMSE and r values) for a threshold of
0.645 for the Paakitsoq region can likely be attributed to the large areas of dark ice, and so low

albedo, present within this region compared with Store Glacier (e.g. see the differing ice darkness
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on Figures 3.5 (a) and (b)). Whether this difference in background albedo is meaningful is
investigated by comparing surface-reflectance values for all visible spectral bands across all of the
ice-covered areas of the two regions. To ensure similar illumination, this is conducted for the
Landsat 8 tiles that were obtained from the same pass of the Landsat 8 satellite across both study
regions (i.e. for the passes on 3 July, 11 July and 27 August; Table A.1). Since albedo is a measure
of diffuse reflection and here surface-reflectance values (i.e. directional-hemispherical reflection) are
being compared, it is important to note that these values represent only a first-order approximation.
This analysis reveals a mean directional-hemispherical reflection for all bands of 0.64 (¢ = 0.078)
for Paakitsoq and 0.67 (¢ = 0.097) for Store Glacier, with a similar pattern for the red band: a
directional-hemispherical reflectance of 0.61 (o = 0.072) for Paakitsoq and 0.66 (¢ = 0.092) for Store
Glacier. With the darker background ice at Paakitsoq, the mean overall reflectance in the moving
window used for dynamic thresholding is lower than at Store Glacier, and so a slightly higher
threshold is needed to define a lake at Store Glacier than at Paakitsoq. Even with this effect
represented at these sites, the performance of the dynamic-thresholding technique was not markedly
affected by differing thresholds, and at Paakitsoq a value of 0.640 performed nearly as well as the
threshold value of 0.645. Overall, this indicates that there is a broad peak in performance for
threshold values in the 0.635-0.650 range across the GrIS, also justifying Selmes ez al.’s (2011) use
of a 0.650 threshold.

Although the NDWI and red/blue band thresholding approaches performed relatively poorly
compared to the dynamic red-band thresholding method, once the thresholds for these methods
were tuned for the specific study regions, their RMSEs for lake area (Table 3.1) were lower than
those for some other lake-area algorithms examined by Leeson et al. (2013): they found RMSEs of
0.78 km? (using Sundal ef al.’s (2009) method) and 0.95 km? (using Johansson and Brown’s (2013)
method) when comparing automatically- versus manually-derived MODIS lakes. Thus, applying
the red/blue band thresholding and NDWTI approaches to specific regions of the GrIS can be
defended, but only with adjustment of thresholds either on a site-by-site basis (Fitzpatrick et al.,
2014) or even on a lake-by-lake basis (Box and Ski, 2007). However, this would be problematic for
applying thresholds across larger areas of the GrIS and for their incorporation into automated
methodologies of lake detection and tracking, such as that developed in this chapter. Finally, lower
performances for the NDWI and red/blue band thresholding methods compared to dynamic
thresholding of the red band may also have resulted from the sharpening of MODIS’s 500 m native
resolution blue band to match that of the 250 m red band, meaning blue-band values were smoothed
and the ratio between the highly-attenuating red and the lower-attenuating blue bands became
diminished (Selmes, 2011).
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Lakes omitted from MODIS imagery

Part of this chapter’s first aim involved quantifying the impact of using MODIS imagery on the
reporting of total lake numbers on the GrlIS, particularly to determine whether the use of
coarser-resolution imagery represents a sufficient trade-off in terms of spatial resolution to exploit
its higher temporal resolution. The results indicated that using coarse-resolution MODIS imagery
results in the omission of numerous lakes in two main ways. The first category of lakes omitted from
the MODIS record were those < 0.125 km? (as measured by Landsat 8) and therefore which could
never have been resolved within the MODIS record because they were below MODIS’s threshold
reporting area of two pixels. The results showed that these small lakes represented only a small
percentage relative to the regional coverage by lakes > 0.125 km?, which were identified by MODIS.
Although these values were low, use of MODIS imagery alone potentially misses lakes within this
category that may be capable of hydrofracture: Krawczynski et al. (2009) indicate lakes > 0.25 km in
diameter (i.e. with areas > 0.0491 km* when approximated as perfect circles (Section 2.7)) can
fracture through subfreezing ice 1 km thick in low-tension regions of the GrIS (since their work did
not account for large longitudinal stresses). The data are therefore investigated further to determine
the number of lakes in the regions that meet this criterion (i.e. with sizes of 0.0491-0.125 km?); this
involves creating a maximum lake extent mask from the Landsat 8 images. This shows that 189 (or
89) lakes grow to within this size range but do not grow beyond it at least once in the season in the
Paakitsoq (or Store Glacier) region. The second category of lakes omitted from the MODIS record
were those which were theoretically large enough to be identified by MODIS (i.e. > 0.125 km?), but
which were not identified as part of the algorithm for calculating lake area. The algorithm for
deriving lake area used in this chapter resulted in the reporting of only 42% of all of the Landsat 8
lakes > 0.125 km? in area. By investigating the area of the lakes > 0.125 km? reported by Landsat 8
but not by MODIS, the results showed that these unreported lakes tended to be smaller than the
mean size of the MODIS-reported lakes within both regions (Section 3.4.1). This indicated that
MODIS can more reliably identify larger lakes than those that lie closer to its threshold reporting
area of 0.125 km?. This under-reporting by MODIS replicates Leeson et al.’s (2013) findings for the

Russell Glacier region.

Overall, the results suggest that using the MODIS record in isolation from spatially finer records is
unlikely to introduce significant loss of information on the hydrology of the GrIS since a high
percentage of lakes are included in the MODIS record. To be able to capture the drainage of these
small lakes, which may be capable of hydrofracture (Krawczynski et al., 2009), a dataset with the

spatial resolution of (at least) the Landsat 8 sensor but with MODIS’s near-daily temporal resolution
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is required. Combined records of lake observations from Landsat 8 and Sentinel-1 (Miles, K. E. et

al., 2017) or Landsat 8 and Sentinel-2 (Chapter 5) hold promise in this regard.

3.5.2 Performance of the algorithm for calculating lake depth

This chapter’s second aim was to apply a physically-based algorithm for calculating lake depth to
the areas within the lake boundaries derived from the best-performing technique for calculating lake
area. The application of Sneed and Hamilton’s (2007) physically-based algorithm for calculating
lake depth to MODIS’s red band predicted lake depths and volumes in west Greenland with errors
comparable to those in other studies (e.g. Pope et al., 2016). Using MODIS’s red band instead of its
green band produced significantly better results. There are two possible reasons for these results.
First, red light attenuates more strongly in the water column than green light, and can reproduce a
range of water depths more reliably (Pope et al., 2016), particularly at shallower depths. Second, the
resolution sharpening applied to MODIS’s green band (which is not required for the red band) is
likely to have resulted in loss of accuracy in the surface-reflectance values, which then carry through
into the lake-depth calculations. Although the lake depths and volumes calculated with MODIS’s
red band were dispersed around a linear regression line, producing low r values (Figure 3.10; Tables
3.2 and 3.3), the derived RMSE values were low compared to the RMSE values for depths and
volumes generated from the green band (Tables 3.2 and 3.3). The RMSE of 1.27 m for lake depth
was higher than those for lake depths derived for Landsat 8’s higher-resolution red
(RMSE = 0.28 m) and panchromatic (RMSE = 0.63 m) bands (Pope et al., 2016), but is lower than
values from other studies using empirically-based depth-reflectance techniques for MODIS imagery
(e.g. RMSE = 1.47 m in Fitzpatrick et al. (2014)).

Underestimated MODIS lake depths and volumes

Despite the better performance of the physically-based algorithm for calculating lake depth using the
red over the green band, using the red band still tended to produce lower MODIS lake depths and
volumes than those calculated from the Landsat 8 data. This is likely to be due to the different spatial
resolutions of the two datasets. Landsat 8’s higher resolution means that deep water towards lake
centres is reliably sampled as dark pixels. Similarly-deep water will not be reliably sampled with
MODIS’s coarser resolution data if the shallower water depths away from the lake centres bias the
sampling within MODIS pixels towards those shallower depths, which would then appear as
relatively bright pixels. This work involved attempting to correct for this when comparing Landsat
8 and MODIS-derived lake pixel depths by resampling the Landsat 8 depth arrays (Section 3.3.4),
but it is probable that this effect cannot be eliminated entirely. Furthermore, the lower MODIS lake
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depths and volumes may also have been explained by the error associated with the lake outlines to
which the algorithm for calculating lake depth was applied. If the algorithm for deriving lake area
resulted in inaccurately-resolved lake perimeters, it is probable that (i) shallow water at the edges of
lakes will have been omitted from the MODIS lake volume calculations; and (ii) A4, which was
taken as the mean of the reflectance of the ring of pixels surrounding the lake outline, will have been
lower than it should have been, since this ring may have included some shallow water when it was
intended to contain only bare ice. This error may have been especially influential since the algorithm
for calculating lake depth is particularly sensitive to A, values (Georgiou et al., 2009; Pope et al.,
2016). Finally, the lake depth and volume validation data derived from Landsat 8 had errors
associated with them since they were also derived from the same physically-based lake depth
retrieval algorithm. For example, Landsat 8’s red and panchromatic bands may not be able to resolve
the deepest (> 4 m) water accurately (Moussavi ez al., 2016), which may explain the pattern of higher
RMSESs with higher water depths (Table 3.4). Comparing the MODIS-derived depths with field data
or very high-resolution DEM data (similar to Pope et al. (2016) or Moussavi et al. (2016)) would
provide additional tests of the algorithm’s performance beyond those reported here, and would be a
valuable future study, particularly given the now freely-available, high-resolution Arctic DEM data

from the Polar Geospatial Center (http://pgc.umn.edu/arcticdem).

Finally, scaling the MODIS lake volumes using the slope coefficient from the linear regression line
for the MODIS and Landsat 8 volume data produced only a marginal improvement to the
lake-volume estimates, and given that this relationship was derived from a limited number of data
points (n = 288), this MODIS-Landsat 8 scaling relationship was not carried forward into the FAST

algorithm.

3.5.3 Lake evolution within the study regions

The third aim of this chapter was to incorporate the best-performing techniques for calculating lake
area and depth into a fully-automated lake-tracking algorithm, allowing automatic lake depth and
volume calculations across large regions of the GrIS. The FAST algorithm permits additional
insights into the GrIS’s surface hydrology to be made compared with many previous studies in
which only lake areas were tracked between images. As might be expected, the results indicated that
total lake volume scales with the number of lakes on an image (Figure 3.12 (a) and (c)). However,
the results also showed that the mean lake size across an individual image does not change alongside
the total number of lakes present on the image (Figure 3.12 (b) and (d)). This suggests that as the
melt season progresses, with more lakes forming on the ice sheet, the total lake water volume on an

image increases by the presence of increasingly numerous lakes instead of through increases to the
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dimensions of individual lakes. This might suggest an overall region-wide control on lake volume,
such as limits to the size of ice-surface topographic depressions, preventing the formation of larger
lakes, or perhaps a critical threshold that initiates lake drainage before lakes reach a certain size.
However, the slightly stronger relationship between mean lake volume and the total number of lakes
on an image (Figure 3.12 (d)) at Store Glacier could indicate that this control is less dominant here

than at Paakitsoq. These and other controls are investigated fully in Chapter 4.

Rapid lake drainage-event identification

The final aim of this chapter was to use the FAST algorithm to examine the incidence of rapid lake
drainage across the two study regions in west Greenland. The numbers of rapidly draining lakes, as
a proportion of the total lake population, identified by the FAST algorithm within the study regions
(21% and 15% of the total lake populations at Paakitsoq and Store Glacier, respectively) are similar
to results from other ice-marginal (i.e. < 80 km inland) areas of west Greenland (e.g. the 28% at
Russell Glacier reported by Fitzpatrick et al. (2014)). As the melt season progresses, there are
increasing numbers of rapid drainage events at higher elevations (Figure 3.13). This might be
expected due to an upglacier increase in total meltwater production over the season, causing the
filling of progressively higher lakes to reach the water volume required to drain, assuming there is a
relation between this value and the initiation of hydrofracture (tested in Chapter 4). Alternatively,
another control, such as those analysed in Chapter 4, may be able to explain the upglacier
progression of lake drainage. The lack of early-season rapid drainage events at high elevations is
because there are few lakes there. For example, during the 19 June to 28 June period, the single lake
within the 1200-1399 m a.s.l. elevation band drained rapidly; by the 8 August to 18 August period,
only 10% of the lakes within the elevation band drained rapidly (Figure 3.13). Fewer rapid events
occur at lower surface elevations (< 600 m a.s.l.) later in the season because most lakes that could

drain here would have done so earlier in the season.

Among the rapidly draining lakes identified by the FAST algorithm, clusters of drainage events are
detected (which are defined as events that occurred within four days and 10 km of each other), as
was also observed by Fitzpatrick et al. (2014) at Russell Glacier. In the Paakitsoq region, three lakes
drain in mid-July at a similar elevation band and with comparable ice thicknesses beneath them; a
similar pattern is observed for a lake cluster in early July at Store Glacier (Figures 3.5 and 3.14). In
addition, one lake at Paakitsoq drains twice within the season: once on 12 June and then again on
10 July (Figure 3.5, yellow circle). This observation of the filling, drainage, refilling and re-drainage
of a lake is a phenomenon that has been reported only once previously in a remote-sensing study
(Fitzpatrick et al., 2014) and once in a field-based study (Bryzgis and Box, 2005). It is encouraging

that the FAST algorithm is able to automatically detect similar phenomena.
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Figure 3.14: Clusters of rapidly draining lakes at Paakitsoq (top three panels) and Store Glacier (bottom
three panels) identified by the FAST algorithm from MODIS imagery. The black outlines show the
maximum extent of lakes and represent the areas within which the FAST algorithm tracked changes to
lake area and volume over the full 2014 season. The area for Paakitsoq is equivalent to the area shown
within the green box on Figure 3.5 (a) and the area for Store Glacier is equivalent to the area shown
within the orange box on Figure 3.5 (b). For Paakitsoq, the lake contained within the large red box drains
entirely between 11 July (coincident with its maximum water volume) and 13 July; the lakes within the
smaller green and orange boxes drain entirely between 11 July (when they contain their maximum water
volumes) and 14 July. For Store Glacier, the lakes within the red and green rectangular boxes drain
entirely between 3 July and 4 July, and the lake within the square orange box drains rapidly between

3 July and 5 July; these three lakes all contain their maximum water volumes on 3 July.

Given that the twice-draining lake is found to reach a similar water volume before draining rapidly
on two occasions (2.2 X 10° £ 5.6 x 10’ m® and 2.1 x 10° + 5.6 x 10’ m?), a brief investigation is
conducted into whether a critical water volume threshold related to local ice thickness can explain
rapid drainage. However, no relationship is found between the lake water volume immediately prior
to rapid drainage and the local ice thickness (Figure 3.15), suggesting that a universal critical water
volume threshold required to initiate hydrofracture, which is dependent solely on the local ice

thickness, does not exist across the GrIS. This is in line with the suggestion of previous workers that
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factors other than simply local ice thickness will determine the lake water volume required to initiate
hydrofracture and thus the rapid lake-drainage process (Banwell et al., 2013a, 2016; Arnold et al.,
2014; Fitzpatrick et al., 2014; Stevens et al., 2015). The water volumes immediately prior to rapid
lake drainage within the study regions are compared against the water volume that is required to
initiate rapid hydrofracture beneath lakes identified by Krawczynski et al. (2009). They indicate that
lakes with diameters > 0.25 km (equivalent to areas > 0.0491 km? if approximated as perfect circles)
overlying sub-freezing ice of 1000 m thickness can initiate hydrofracture. This critical lake area value
is scaled to lake volume using the area-to-volume scaling relationships identified for the two regions
below. At Paakitsoq, all lakes meet or exceed this threshold, but at Store Glacier, many lakes drain
with water volumes that are considerably below this threshold (Figure 3.15). This again indicates
that the application of a universal critical water-volume threshold across the two regions is unlikely
to be a robust explanatory variable for the prediction of hydrofracture, suggesting that one or several
other factors may also be important. This finding led to the comprehensive investigation of a range

of these possible factors in Chapter 4.
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Figure 3.15: Scatterplot of lake water volumes immediately prior to drainage, and the ice thickness
beneath lake centroids, for the two study sites. For Paakitsoq: R?> = 0.03; for Store Glacier: R? = 0.00.
Both R? values are not significant at the 95% confidence interval. The critical lake water volume
thresholds required to initiate hydrofracture from Krawczynski et al. (2009) are also shown for the two

regions.
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Lake area-to-volume scaling

Various studies assume that lake volume is strongly correlated with lake area in MODIS images and
establish empirically-based lake area to volume scaling relationships, either by using area as a proxy
for volume (Box and Ski, 2007; Morriss et al., 2013), or by approximating lake basins as cones, with
lake area as the independent variable within a non-linear relationship (Liang ez al., 2012). However,
these studies lack a high number of data points: for example, Box and Ski’s (2007) area-to-volume
scaling relationship (R?>= 0.620; p < 0.01) is based on only 31 data points. The results of this chapter
permit lake area-to-volume scaling factors to be derived across the full melt season for the two
regions of the GrIS, allowing the validity of the relationships established in previous work to be
tested. For Paakitsoq, a lake area (A, km?) to volume (Vs¢;, m?) scaling relationship (n = 1114) is

established using a quadratic least-squares regression (Figure 3.16):
Vsor = 575341 (Asq,”) + 271187 (Asg,) + 89617. (3.3)
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Figure 3.16: The Paakitsoq region lake area-to-volume scaling relationship. The black dashed line shows
a quadratic least-squares regression, y = 575341(x2) + 271187 (x) + 89617, which is used for the lake
area-to-volume scaling. The blue solid line shows an OLS linear regression, which is deemed

inappropriate for lake area-to-volume scaling.

This quadratic least-squares lake area-to-volume scaling basis is stronger (R? = 0.827; p < 0.01;

RMSE = 0.420 x 10° m?) than an OLS linear regression relationship.
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At Store Glacier, a similarly strong relationship (n = 558) is obtained using an OLS linear regression
(Figure 3.17):

Voo, = 1191332(Ag,) — 161311, (3.4)
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Figure 3.17: The Store Glacier region lake area-to-volume scaling relationship. The blue solid line shows

an OLS linear regression, with equation y = 1191332(x) — 161311, which is used for the lake

area-to-volume scaling.

Again, a strong relationship (R? = 0.869; p < 0.01; RMSE = 0.184 x 10° m®) is observed. Using a

quadratic least-squares regression does not significantly improve the R? at Store Glacier, so the linear

model is chosen.

This difference in the required regression model for the two regions is likely to be a result of the
presence of shallower lakes at Store Glacier, perhaps due to a regional surface-topography control
that limits lake depth. This could mean that for lakes with larger areas (i.e. > 2.5 km?) at Store
Glacier, the shallower depths can be better described with a linear relationship, whereas, at
Paakitsoq, there is more scatter in the volume data for these higher lake area values since the lakes
can become deeper. The low RMSE values for both regions are particularly encouraging given that
lake area can only be resolved to within 0.0625 km? (i.e. one MODIS pixel) across the two regions,
yet the lake volumes show relatively little spread for similar lake area values. Overall, these
relationships indicate that lake area derived from MODIS imagery represents a valid proxy for
volume, matching the findings of Morriss et al. (2013) who obtained a similarly high R*. As an

alternative to the polynomial regressions fitted here, a power-law regression may be able to explain
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as much or more of the variance in the data, thus representing a possible avenue of future

investigation.

3.6 Summary and conclusions

= Lakes on the GrIS are commonly investigated with satellite imagery, with the fine
temporal-resolution MODIS record providing a valuable dataset since it has the potential to
resolve dynamic changes to lake areas and volumes over daily to weekly timescales. Many
MODIS-based studies have derived lake areas using semi- or fully-automated approaches
and then tracked the evolution of lake areas across images; however, there has been little
evaluation of the automatic methods used. Moreover, of the few studies that calculate both
lake depths and volumes from MODIS data, none have tracked volumes between images,
and so no previous studies have systematically identified the locations, timings and
quantified the volumes of water entering the GrIS’s internal hydrological system via rapidly
draining lakes.

= In this chapter, the limitations of previous research identified above have been addressed
through the development of the FAST algorithm, which is capable of tracking lake areas
and volumes between MODIS images; this represents one of the most comprehensive
lake-tracking algorithms to date. The FAST algorithm incorporates fully automatic
(1) lake-area calculations and (ii) physically-based lake-depth calculations. Both of these
approaches do not rely on field data for calibration, allowing for the widespread application
of the FAST algorithm across the GrIS.

= To select the best approach for calculating lake areas, and to address the first aim of the
chapter, three existing methods for deriving lake areas were evaluated, finding that dynamic
thresholding applied to the MODIS red-band MODO09 surface-reflectance data, with a
threshold value of 0.640, significantly outperformed other methods for calculating lake area,
and could reproduce lake areas with high accuracy when compared with Landsat 8 lake
areas and without threshold adjustment on a site- or lake-specific basis. Although lakes
< 0.125 km? cannot be resolved with MODIS imagery, they accounted for < 18% of the
total water-covered areas (as measured by MODIS) within both of the study regions,
justifying the exploitation of MODIS’s high temporal resolution to investigate GrIS
hydrology.

= To incorporate fully-automated lake-depth calculations, and to address the second aim of
this chapter, the physically-based methods of Sneed and Hamilton (2007), with updated
physical parameters from Pope et al. (2016), were tested for MODIS, finding that the

application of their method to the red-band data produced accurate lake depths and volumes
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when compared with Landsat 8 values (RMSE for depth: 1.27 m; RMSE for volume:
5.9 x 10’ m%). These errors were comparable to those produced using empirically-based
depth-retrieval methods applied to MODIS imagery (Fitzpatrick et al., 2014). Moreover, the
lake-depth calculations were only slightly less accurate than those derived using the same
physically-based algorithm applied to higher-resolution sensors, such as Landsat 8: when
comparing the RMSE for MODIS lake depth against Pope et al.’s (2016) RMSEs for Landsat
8 lake depths, the difference is < 1 m.

For the third and fourth aims of this chapter, the best methods identified from the first two
aims were incorporated into a new FAST algorithm, which was then applied to two study
regions. In these regions, it successfully reproduced the expected patterns of lake evolution,
including the identification of 62 rapid lake-drainage events, some drainage-event clustering
across both regions, and the drainage, refilling and re-drainage of one lake in the Paakitsoq
region. There was no statistically significant relationship between the rapidly draining lake
water volumes identified by the FAST algorithm and the local ice thickness beneath the
lakes. This indicated that factors other than the local ice thickness are likely to be important
in controlling the lake water volume required to initiate hydrofracture, in line with previous
research (Arnold et al., 2014; Fitzpatrick et al., 2014; Stevens et al., 2015). This provides the
context for the further research in Chapter 4.

The FAST algorithm’s main improvement on previous lake-tracking methods (e.g. Selmes
etal., 2011; Liang et al., 2012) is its ability to calculate lake volumes automatically and then
to track them across wide swathes of the GrIS. Given this, the high temporal resolution of
the MODIS record can now be fully exploited to offer significant extensions to previous
remotely-based calculations of lake depth and volume. Future work could focus on
generating outputs from the FAST algorithm to investigate the locations, timings and water
volumes of rapid lake-drainage events at the whole GrIS scale. Furthermore, the application
of the FAST algorithm across large areas of the GrIS could allow water volumes reaching
the subglacial drainage system across different regions, and in different years, to be
calculated more effectively, which could help to offer better explanations for the observed
patterns of intra- and inter-annual ice-velocity variations, and also form a valuable

additional input dataset for coupled hydrology and ice-dynamic models.



Chapter 4

Controls on rapid supraglacial lake

drainage on the Greenland Ice Sheet

4.1 Executive summary

The controls on rapid lake drainage on the GrIS remain uncertain, making it challenging to
incorporate lake drainage into models of GrIS hydrology, and so to determine the ice-dynamic
impact of meltwater reaching the ice-sheet bed. In this chapter, first the lake area and volume
tracking algorithm presented in Chapter 3 is used to identify rapidly draining lakes and their water
volumes prior to drainage within two land- and marine-terminating sectors of west Greenland
during summer 2014. Second, hydrological, morphological, glaciological and SMB data are derived
for various potential factors that may influence the incidence of rapid lake drainage. Third, these
factors are used within an Exploratory Data Analysis statistical methodology to examine some of
the existing hypotheses used to explain rapid lake drainage, as well as new ideas. This approach
involves testing for statistical differences between the rapidly and non-rapidly draining lake types,
as well as examining statistical associations between lake size and the various potential controlling
factors. This analysis shows that the two lake types are statistically indistinguishable for almost all
of the factors investigated, except lake area, where non-rapidly draining lakes are larger than rapidly
draining ones. This adds support to the idea that the concept of a fracture-area threshold cannot be
used as a reliable predictor of rapid lake drainage within models of GrIS surface hydrology.
However, the results of this chapter also do not allow for the recommendation of an

empirically-supported, deterministic alternative to the fracture-area threshold parameter.



102 Chapter 4: Controls on rapid lake drainage in Greenland

4.2 Objective and aims

Following the development of a fully-automated method for lake tracking with MODIS, the overall
objective of this chapter is to combine the outputs from the analysis in Chapter 3 with an
examination of the potential controls on hydrofracture. These include hydrological and glaciological
controls on rapid lake drainage suggested by previous research (Section 2.7; Table 2.5), as well a
variety of other factors perceived as being potential controls on the location, timing and magnitude
of rapid lake-drainage events. This objective is motivated by a lack of agreement within published
literature on the causes of rapid lake drainage on the GrIS, stemming from the reasons outlined in
Chapter 2 for the need to understand this process. The overall objective of this chapter is addressed
using a rigorous, regional-scale statistical Exploratory Data Analysis (EDA), which is a technique
to explore existing hypotheses, to re-evaluate them with new data, and perhaps to propose new
hypotheses or to suggest future research directions (Tukey, 1977). The EDA focuses on two
locations: the land-terminating Paakitsoq and the marine-terminating Store Glacier regions of west
Greenland (Figures 2.15, 3.1 and 4.1), for the 2014 melt season. The analysis is conducted for a
large sample of 213 lakes to determine whether the insights gained from previous field studies for
individual lakes (e.g. Doyle et al., 2013; Tedesco et al., 2013; Stevens et al., 2015) more widely apply.
The EDA aims to:

1. Identify the distribution of rapidly and non-rapidly draining lake types within the two
regions, including their areas, volumes and their drainage dates or the dates when they
reach their maximum extent.

2. Derive data for a variety of potential controlling factors that may explain the observed
distributions of the lake types within the regions.

3. Analyse whether there are statistically significant differences between the two lake types
in terms of the potential controlling factors.

4. Analyse whether statistically significant correlations exist between the potential

controlling factors and both lake areas or volumes for the two lake types.

Collectively, it is hoped that the analysis within this chapter might be capable of indicating links
between one or multiple factors and the incidence of hydrofracture on the GrIS. If this were the case,
existing models of the GrIS’s surface hydrology, which include empirical methods to predict rapid
lake drainage (based on fracture-area thresholds; Section 2.7), could be improved to include a more

deterministic basis for predicting the incidence of hydrofracture.
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Figure 4.1: The (a) Paakitsoq and (b) Store Glacier regions of west Greenland (inset). Note the difference
in horizontal scale between the two panels. Polygons indicate whether lakes observed in 2014 MODIS
imagery drain rapidly (triangles; in < 4 days) or not (circles; in > 4 days), colour-coded according to their
area immediately prior to drainage for rapidly draining lakes and their area when reaching their
maximum seasonal extents for non-rapidly draining lakes (Section 4.3.1). The GrIS margin (thick black

line) and ice-surface elevation contours (thin black lines) from Howat ez al. (2014) are shown.
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4.3 Data and methods

This section describes: (i) the methods used to identify rapidly and non-rapidly draining lakes
(Section 4.3.1); (i1) the original datasets used in the EDA, and the derivation of various factors from
these data that may control the spatiotemporal patterns of rapid lake drainage, including the
justification for including them (Section 4.3.2); (ii1) the statistical techniques for the EDA (Section
4.3.3); and, (iv) the rationale for choosing the study sites (Section 4.3.4).

4.3.1 Identifying rapidly and non-rapidly draining lakes

For the first aim of this chapter, involving detecting rapid lake-drainage events and thus the
distribution of rapidly draining and non-rapidly draining lakes, the FAST algorithm presented in
Chapter 3 was used. For the purpose of this chapter, there were no specific adaptations to the
algorithm compared with that in Chapter 3. As in Chapter 3, images derived from the MODIS
MODO9 surface-reflectance product from 1 May to 30 September 2014 were chosen, totalling 153
images. Bands 1 (red; 0.620-0.670 pm) and 6 (1.628-1.652 um) were required; band-1 data are
distributed at native ~250 m resolution, while band-6 data have ~500 m resolution (Table 2.2).
MODIS imagery was chosen to exploit the daily temporal resolution of the record, crucial for
identifying rapid lake drainage since hydrofracture occurs in hours to days, although it was
recognised that there was a trade-off with MODIS’s lower spatial resolution (Leeson et al., 2013;
Miles, K. E. et al.,, 2017; Chapter 3). Two lake types were recognised by the use of the FAST
algorithm: lakes that drained rapidly at least once in the season, and non-rapidly draining lakes,
which included lakes that: (i) drained slowly (losing < 80% of their maximum seasonal water volume
over <4 days or losing any water volume over > 4 days); (ii) did not drain but simply froze towards
the end of the melt season, and; (iii) were falsely classified as non-rapidly draining by the FAST
algorithm due to cloud cover or false negatives within the MODIS record. Since Chapter 3 presents
the extensive validation of the outputs from the FAST algorithm applied to MODIS imagery against
Landsat 8 imagery (regarded as ground-truth data) for 2014 in the study regions, there was very high

confidence in the data used here, including in the correct identification of rapid lake drainage.

4.3.2 Deriving potential controlling factors on rapid lake drainage

For the second aim of the chapter, various other datasets were acquired to calculate 21 additional

factors that may potentially control rapid lake drainage, besides just lake areas and volumes (Table



Chapter 4: Controls on rapid lake drainage in Greenland 105

4.1). The 23 factors were separated into four categories: (i) hydrological, (ii) morphological,
(iii) glaciological, and (iv) SMB. Time-dependent factors were derived for the day of hydrofracture
initiation for the rapidly draining lakes and for the day when the lake reached its maximum seasonal
extent for the non-rapidly draining lakes. The motivations for exploring these factors, along with the

methods for their derivation, are outlined in the following sections.

Hydrological factors

Six hydrological factors (Table 4.1) were derived with the FAST algorithm (Section 4.3.1). The
rationale for including these factors in the analysis was that previous research suggests a possible
link between rapid lake drainage and the lake’s area, volume, depth, or some combination thereof
(Section 2.7). The standard deviation of lake water depth (in space) was included to investigate
whether lakes with a more uniform depth were more likely to fracture and drain rapidly than those
containing more variable depths (such as having a few locations with very deep water). The lake’s
mean filling rate was included due to the potential link between the rate of increase in the hydrostatic
pressure head and the timing and/or occurrence of hydrofracture (e.g. van der Veen, 2007). For
example, Tedesco et al. (2013) showed that a lake drained rapidly following an increased filling rate
due to an overflowing lake upstream, although it is plausible that the lake’s drainage simply resulted

from the increased water volume within it.

Morphological factors

Two morphological factors, lake eccentricity and orientation (Table 4.1), were derived using
MATLAB’s ‘regionprops’ function, which involved best-fitting an ellipse to the lake outline, as
described in Banwell et al. (2014) (Figure 4.2). The eccentricity is a ratio that describes how closely
a lake resembles a circle, and the orientation is the angle of the lake’s long axis relative to the
orientation of the average ice flow (ascertained with the ice-velocity dataset described below). These
morphological properties were investigated since different patterns of normal stress at the lake
bottom (induced by the water) with respect to the surface horizontal stress field of the ice (induced

by ice flow) might make it more or less likely for hydrofracture to be initiated.
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Potential controlling factors on hydrofracture investigated in this chapter. Hydrological and

Table 4.1

morphological data are at the individual lake scale (i.e. up to several kilometres), glaciological data are

at the scale of the ice underlying or adjacent to lakes (i.e. up to tens of kilometres), while SMB data cover

synoptic-scale processes typically operating across the entire regions (i.e. tens of kilometres).

Data category Potential controlling factor Dimensions Data source or method Notes

Hydrological Lake area km? Chapter 3 RMSE: 0.323 km?

Hydrological Lake volume m’ Chapter 3 RMSE: 5.9 x 10’ m?

Hydrological Mean lake water depth m Chapter 3 RMSE: 0.29 m

Hydrological Maximum lake water depth m Chapter 3 RMSE: 0.29 m

Hydrological Standard deviation of lake water depth (in space) m Chapter 3

Hydrological Lake mean filling rate m’ s’ Chapter 3 Over previous 5 days

Morphological Lake eccentricity - Banwell ez al. (2014)

Morphological Lake orientation ° Banwell ez al. (2014) W.r.t. ice-flow direction’

Glaciological Ice-surface elevation m a.s.] Howat ez al. (2014) At lake's centroid

Glaciological Ice-bed elevation m a.s.] Morlighem et al. (2014) At lake's centroid

Glaciological Ice-sheet thickness m Ice mcwmmom minus bed At lake's centroid

elevation

Glaciological Ice-surface slope’ ° ArcGIS ‘Slope’ tool Across lake basin’

Glaciological Background winter ice velocity ma’ Joughin et al. (2010, 2016) Across lake basin

Glaciological Principal ice-surface strain rate a’ Poinar ez al. (2015) Across lake basin

Glaciological von Mises yield criterion Pa Clason et al. (2015) Across lake basin

SMB Melt within catchment* on day m® w.e. Noél et al. (2016)

SMB Melt within catchment on previous day m’ w.e. Noél ez al. (2016)

SMB Rain within catchment on day m® w.e. Noél et al. (2016)

SMB Rain within catchment on previous day m’ w.e. Noél ez al. (2016)

SMB Cumulative melt in catchment m® w.e. Noél et al. (2016)

SMB Cumulative rain in catchment m® w.e. Noél et al. (2016)

SMB Cumulative runoff in catchment m’ w.e. Noél ez al. (2016) Melt plus rain
Difference between cumulative catchment runoff 3 .

SMB m’ w.e. Runoff minus volume

and lake volume

! Average ice flow derived from x and y components of MEaSUREs winter ice-velocity data.
? Derived from ice-surface elevation data, which were first coarsened to 1 km resolution to ensure slopes were derived across rather than within
lake basins, then interpolated (using a nearest-neighbour technique) to 250 m resolution for consistency with the other data.

* Lake basin is defined as the lake area at the lake’s maximum extent (for non-rapidly draining lakes) or on the day prior to hydrofracture (for
rapidly draining lakes).
* Catchment refers to a lake’s ice-surface catchment, determined with MATLAB’s ‘watershed’ function (using a default eight-connected

neighbourhood).
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Figure 4.2: A best-fitted ellipse using the MATLAB ‘regionprops’ function for a lake outline (“f” = foci),
with the lake outline determined from the maximum lake extent over the summer season. The function
ensures that the ellipse and the original lake are of the same area. The eccentricity then measures how
closely the lake outline resembles a circle. The orientation of the lake is derived by comparing the lake’s
long axis (red line) against the average flow direction (green line) derived from the x and y components
of the Making Earth System data records for Use in Research Environments (MEaSUREs) winter
velocity data. Reproduced from Banwell et al. (2014).

Glaciological factors

Seven glaciological factors (Table 4.1) were included to investigate how the properties of the ice,
including the horizontal velocity field around a lake (used to calculate the local stress and strain
rates), and the local ice-sheet topography, might influence lake-drainage potential. Since high
temporal resolution velocity data were unavailable for summer 2014, the background (long-term,
steady-state) winter ice-velocity data were used from the MEaSURESs multi-year mosaic (Joughin et

al., 2010, 2016) to calculate the principal ice-surface strain rate (£) and the von Mises yield criterion

(ov).
To calculate the ice-surface principal strain rate, £, the methods of Poinar ez al. (2015) were used;

these involved differencing the 250 m resolution ice-velocity data to derive the strain rate tensor

(&; ), and then calculating & following Cuffey and Paterson (2010):

s _Ou 2 v .2
S—axcos 9+ay51n 0, 4.1
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with 6 derived by:

u v

6 = tan™ (gg 3,’5). (4.2)
dx 0dy

To calculate the von Mises yield criterion, oy, the methods of Clason et al. (2015) were followed.

The strain-rate tensor was first derived as above, and from this, the second invariant or the effective

strain rate (£;) was calculated, which measures the total magnitude of the tensor’s diagonal

components (Cuffey and Paterson, 2010). These values were then used to derive the stress tensors

(0y5) using Nye’s (1957) constitutive relation:

(1-N)/N .
E

O-ij = A[_l/N]g Si]', (43)

where A is the creep factor, which was assigned as 9.3 x 106 s kPa?, consistent with ice at -5 °C

for a creep exponent (N) that was set at 3 (Cuffey and Paterson, 2010). The stress tensors were then

used to derive gy :
oy = (0101) + (0303) — (0103), (4.4

where 0; and o5 represented the maximum and minimum principal stresses, respectively. These

were calculated with:

1 1
01 = Omax = 3 (axx + ayy) + \/[E (Opx — O'yy)] + 1%, (4.5)
and
_ 1 1 2
03 = Opin = 2 (Uxx + Uyy) + [E (Uxx - Uyy)] + Txy» (46)

where o,,, 0y, and 7, were the longitudinal, transverse and shear stresses, respectively.

In this analysis, positive £ values indicated areas of extension, while negative ones indicated areas
of compression; higher g, values indicated areas undergoing the most tension or where two surface

parallel principal stresses were both compressive (Vaughan, 1993; Clason et al., 2015).
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Surface-mass-balance factors

To investigate the relation of rapid lake drainage to SMB processes, Noél et al.’s (2016) downscaled
daily 1 km resolution RACMO?2.3 climate-model output data for the GrIS from summer 2014 were
used to derive eight potential SMB controlling factors (Table 4.1). These data were used to explore
whether the quantity of melt and precipitation within a lake’s ice-surface catchment influence rapid
drainage. This may be important because, for example, Stevens et al. (2015) provide evidence that
water input through crevasses to the ice-sheet bed at a location proximal to a rapidly draining lake’s
site is an important precursor to drainage (Section 2.7). Melt, rain and runoff data were assembled
for lake catchments on the day of drainage for rapidly draining lakes and on the day of the lake’s
maximum extent for non-rapidly draining lakes. In addition, these data were assembled for the day
previously, as well as the cumulative seasonal totals up to that point. Finally, calculations were made
of the difference between a lake’s volume at its maximum extent (for non-rapidly draining lakes) or
on the day prior to its drainage (for rapidly draining lakes) and the cumulative total runoff volume
(i.e. melt plus rain) within the ice-surface catchment up to those dates. The rationale here was that
a big discrepancy between these two volumes would imply that large amounts of water might have
previously entered the GrIS via crevasses or pre-existing moulins near to the lake, which could have
reached the ice-sheet bed, initiating basal uplift or sliding, and thereby increasing the propensity for

hydrofracture (e.g. Stevens et al., 2015).

4.3.3 Exploratory Data Analysis techniques

For the third and fourth aims of the research, the EDA branch of statistical analysis was used (Tukey,
1977) to explore the existing hypotheses of rapid lake drainage, to re-evaluate them in the context
of the new datasets, and perhaps to suggest new ones that better explain the observations (Tukey,
1977). EDA contrasts with confirmatory analysis, which involves testing only specific hypotheses,
and deterministic analysis, which involves formulating statistical models. EDA is thus an important
analytical step to help determine whether statistical models might be devised from the data, which,
in this context, could assist in the formulation of better physically-based models for predicting rapid
lake drainage on the GrIS. Here, EDA was used to test for statistical differences and associations as

described in the following two sections.
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Statistical tests for difference

For the third aim of this chapter, the analysis involved testing for statistically-significant differences
between the rapidly draining and non-rapidly draining lake types to determine if the lakes were
drawn from the same population. This was partly used to examine whether the potential controls
on hydrofracture were able to account for the observed regional distributions of the two lake types.
First, a univariate parametric analysis was conducted: this involved a series of unpaired Student’s
two-sample t-tests for each of the potential controlling factors for the two data samples (i.e. rapidly
draining and non-rapidly draining lakes), with significance tested at the 95% confidence interval
(p < 0.05) in view of the many data points (213) involved. None of the data were normally
distributed (verified using the Kolmogorov-Smirnov test with 95% confidence) but since the sample
size was high (> 50) for both the rapidly draining and non-rapidly draining lake samples, the
Student’s two-sample t-test could be used.

The second stage involved multivariate principal component analysis (PCA). PCA was used to
determine whether the rapidly draining and non-rapidly draining lake types could be distinguished
based on a combination of the potential controlling factors (Table 4.1). PCA involves removing
collinearity between variables in a dataset, collapsing the data into a set of components that show
the maximum amount of variance within the data (Jolliffe, 2002). This technique has been used
previously in glaciology, for example, to pre-process different spectral bands of satellite imagery
prior to glacier-surface classification (Pope and Rees, 2014a, 2014b), to map ice flow (Fahnestock et
al., 2016), or to examine the metrics of palaeo-subglacial channels in Antarctica (Kirkham, 2017). It
is also widely used in other geosciences disciplines for collapsing complex data into simpler
components, commonly with satellite imagery (e.g. de Almeida et al., 2015; Dronova et al., 2015;
Luo et al., 2016; Zhao et al., 2016; Licciardi and Chanussot, 2018). The first three principal
components (PCs) were examined, with each subsequent PC accounting for progressively
decreasing data variance, and positioned orthogonal to the previous PC (Ringnér, 2008). Since the
potential controlling variables were measured at different scales and had different dimensions, the
data were first normalised and rendered dimensionless using the inverse variable variances as
weights. PCA involved two stages: first, it was undertaken separately for each category of factor
from Table 4.1 (i.e. hydrological, morphological, glaciological and SMB) and, second, it was
conducted for all the potential controlling factors listed in Table 4.1 at once. During the first step,
the morphological factors were grouped with the hydrological factors because there were only two
morphological variables and, if they had not been included within another category, they could not

have been incorporated into the PCA; it was also most obvious to group these two categories of
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controlling factor together since they both represented data collected at the local lake scale. For each
stage of analysis, once the individual PCs were identified, the scores for the first three PCs for each
lake were determined and projected in the new coordinate space; if the two lake types were
statistically different based on the groups of controlling factors, they would visibly cluster within
specific areas of the PCA plots. Finally, for each stage of PCA, this clustering was also assessed
quantitatively for the rapidly draining and non-rapidly draining lakes by testing for statistical
differences between the first three PCs using unpaired two-sample Student’s t-tests (again, verified

at the 95% confidence interval).

Statistical tests for association

The next part of the EDA, and the fourth aim of this chapter, comprised formulating bivariate linear
correlation relationships to determine whether there were statistically-significant associations
between the lake areas or volumes of rapidly and non-rapidly draining lakes and the other factors,
and how these associations differed between the lake types. The objectives here included
determining whether a critical lake area or volume was needed for hydrofracture that scaled with
any of the other potential controlling factors, and therefore also identifying any linear regression
relationships between the various controlling factors, for example to see if greater lake volumes need
to be reached for thicker ice or for more compressive ice flow. Since the data were not normally
distributed, the relationships were assessed using the Spearman’s rank correlation coefficient (p),
rather than the Pearson product-moment correlation coefficient, with statistical significance checked
with 95% confidence (Weisberg, 2005).

4.3.4 Study sites

As in Chapter 3, the analysis was conducted for two sites in west Greenland (Figures 2.15 and 4.1):
(a) the Paakitsoq land-terminating region, and (b) the marine-terminating region surrounding Store
Glacier. The 213-lake sample across these two regions in 2014 represented just under 20% of the
1126 lakes mapped with MODIS across the whole of south-west Greenland in 2005-2009 (Selmes
etal., 2011). This led to confidence that the sample represented the wider population of lakes. Both
regions were similarly sized, extending ~70 km latitudinally, and ~80 km inland, to ensure that the
highest-elevation lakes were included in the record. Because the data were from 2014, which was
regarded a climatically normal year (van den Broeke et al., 2016) without extreme weather, the

results should apply to other years too.
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4.4 Results

4.4.1 Distribution of rapidly and non-rapidly draining lakes

The first aim of this chapter was to identify the distribution of rapidly and non-rapidly draining lakes
within the two regions, including their areas, volumes and their drainage dates or the dates when
they reach their maximum extent. These results are shown in Figures 4.1, 4.3 and 4.4, respectively.
Within Paakitsoq, 48 rapidly draining and 90 non-rapidly draining lakes are identified, and at Store
Glacier, 21 rapidly draining and 54 non-rapidly draining lakes are identified. There is no obvious
variation in lake area or volume by elevation band. However, non-rapidly draining lakes seem to
have, on average, larger areas than rapidly draining lakes (Figure 4.1), even though the volumes
appear more similar (Figure 4.3); these patterns are verified statistically later (Section 4.4.2). Figure
4.4 shows, as in previous studies (e.g. Doyle et al., 2013; Fitzpatrick et al., 2014; Miles, K. E. et al.,
2017), an upglacier progression of rapid lake drainage over the season within both study regions
although there are exceptions, with some lower-elevation lakes draining uncharacteristically late in

the season.
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Figure 4.3: The locations of rapidly draining (triangles) and non-rapidly draining (circles) lakes within

the (a) Paakitsoq and (b) Store Glacier regions of west Greenland (inset) overlying the background ice

thickness (m) from Morlighem et al. (2014). Note the difference in horizontal scale between the two

panels. Colour-coding shows lake water volumes immediately prior to drainage for rapidly draining lakes

and the water volumes when lakes reached their maximum extent for non-rapidly draining lakes. The

thick black lines on both panels delineate the GrIS margin from Howat ez al. (2014).
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Figure 4.4: The dates on which rapidly draining lakes (triangles) drain and the dates on which

non-rapidly draining lakes (circles) reach their maximum extents in the (a) Paakitsoq and (b) Store
Glacier regions within west Greenland (inset), highlighting the similarity between the two sets of dates.
Note the difference in horizontal scale between the two panels. Panels are equivalent to those in Figures
4.1,4.3,4.10 and 4.11. The extreme early and late colourbar values include dates outside of those shown
(i.e. from 1 May to 18 June, and from 6 September to 30 September, respectively). Note that most of the
lakes shown on the images are included in the analysis, but that some of the smaller lakes are omitted,
particularly at Paakitsoq; for further details, see Chapter 3. The backgrounds are true-colour Landsat 8
images from (a) 3 July 2014 and (b) 1 July 2014 (see Table A.1 for image details).

The data from both regions are grouped to form a single large sample of 69 rapidly draining lakes
and 144 non-rapidly draining lakes, in order to represent a sample of the entire population of lakes
in west Greenland (Selmes ez al., 2011). Tables 4.2 and 4.3 and Figures 4.5-4.8 show that, in the
case of both ice-surface-elevation and ice-thickness bands for lakes grouped by area and volume,
more lakes drain rapidly at a given elevation or for a specific ice thickness simply because the total
number of lakes in that band is greater. This demonstrates that there is no bias towards rapid lake

drainage occurring above certain ice thicknesses or at specific ice-surface elevations. Furthermore,
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Tables 4.2 and 4.3 suggest that there is no association between ice thickness or ice-surface elevation
and the area or volume of lakes for both the rapidly and non-rapidly draining types, which is verified

statistically later (Section 4.4.3).

Table 4.2: The distribution of rapidly draining (RD) and non-rapidly draining (NRD) lakes by
ice-surface-elevation and ice-thickness bands, with lakes grouped according to their areas. These data are

presented as grouped bar charts in Figures 4.5 and 4.6.

Lake area (km?)

0.125-0.2 0.2-04 0.4-0.6 0.6-0.8 0.8-1.0 1.0-2.0 >2.0
Ice-suface p, N p, N o, N o N o, N o, N o N Total
elevation p R p R o R 5 R 5 R 5 R 5 R
(m a.s.l.) D D D D D D D
<400 1 2 4 7 - - - 2 - 1 1 1 - 3 22
400-600 2 2 1 4 1 1 - 3 - - - 2 1 1 18
600-800 1 3 1 3 - 1 - 1 1 - - - - 1 12
800-1000 2 8 8 11 3 6 1 1 1 2 3 - - 46
1000-1200 3 7 3 7 2 11 4 1 1 2 3 7 - 2 53
1200-1400 5 4 5 6 2 6 1 7 - 2 1 5 - 3 47
> 1400 2 1 3 5 1 2 - - - 1 - - - - 15
Total 16 27 25 43 9 27 5 15 3 7 7 18 1 10 213

Lake area (km?)

0.125-0.2 0.2-04 0.4-0.6 0.6-0.8 0.8-1.0 1.0-2.0 >20
Ice N N N N N N N Total
thikmess 5 R o R 5 R S R S R X R S R
(m) D D D D D D D
<200 3 3 3 6 1 1 - 2 - 2 1 2 - 2 26
200-400 1 1 4 6 - - - 1 - - - - - 2 15
400-600 1 1 2 2 - 1 - 2 1 - - 2 1 - 13
600-800 3 11 6 10 4 6 2 1 1 1 1 3 - 1 50
800-1000 4 8 6 8 1 11 1 1 1 1 2 6 - 1 51
1000-1200 2 2 6 7 3 4 2 3 - 4 2 3 - 1 39
> 1200 2 1 - 2 - 4 1 4 - - 1 2 - 3 20
Total 16 27 27 41 9 27 6 14 3 8 7 18 1 10 213
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Table 4.3: The distribution of RD and NRD lakes by ice-surface-elevation and ice-thickness bands, with

lakes grouped according to their water volumes. These data are presented as grouped bar charts in Figures
4.7 and 4.8.

Lake volume (x 10°m?)
0.1-0.2 0.2-0.3 0.3-0.4 0.4-0.6 0.6-0.8 0.8-1.0 > 1.0

Ice-
surface g N p N o N o N . N . N . N Toud
elevation D R D R D R D R D R D D R
(m a.s.l.) D D D D D D D
<400 3 6 2 - - 4 - 3 - - 1 1 1 3 24
400-600 4 4 - 1 - 1 - 3 1 1 - - - 3 18
600-800 3 5 2 - - - - - 1 - - - - 1 12
800-1000 6 15 3 6 2 3 3 1 - - - 1 5 46
1000-1200 3 9 2 5 3 3 1 8 4 2 - 1 3 9 53
1200-1400 7 9 2 2 2 7 1 7 1 - - - 1 8 47
> 1400 4 6 - - - - - 3 - - - - - 13
Total 30 54 11 14 7 18 5 25 7 3 2 2 6 29 213
Lake volume (X 10° m3)

0.1-0.2 0.2-0.3 0.3-04 0.4-0.6 0.6-0.8 0.8-1.0 >1.0
Ice N N N N N N N  Torwl
thickness g R RD R g R ]1; R g R g R g R
(m) D D D D D D D
<200 7 5 - - - 5 - 4 - - - -1 3 25
200-400 2 6 3 1 - - - 1 - - - - - 2 15
400-600 2 4 2 - - - - 1 1 1 - - - 2 13
600-800 6 18 1 5 3 2 5 2 1 1 - - 1 5 50
800-1000 6 11 2 5 2 5 - 6 3 1 1 - 1 8 51
1000-1200 5 6 5 3 1 3 - 7 2 - - 1 2 4 39
> 1200 2 4 - - 1 3 - 4 - - - - 1 5 20
Total 30 54 13 14 7 18 5 25 7 3 1 1 6 29 213
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Figure 4.5: The distribution of RD and NRD lakes by surface-elevation band (from Howat et al., 2014),
colour-coded by lake area immediately prior to drainage for the RD lakes and by lake area when lakes

reach their maximum extent for the NRD lakes.
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Figure 4.7: The distribution of RD and NRD lakes by surface-elevation band (from Howat et al., 2014),
colour-coded by lake volume prior to drainage for the RD lakes and by lake volume when lakes reach

their maximum extent for the NRD lakes.
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4.4.2 Differences in potential controlling factors between rapidly and

non-rapidly draining lakes

The second aim of this chapter was gathering data for other potentially controlling factors on
hydrofracture (Table 4.1) and the third aim was to analyse whether these factors could explain the
distributions of rapidly draining and non-rapidly draining lakes, and so to examine the differences
in the factors between the lake types. First, the two lake types are compared qualitatively using

boxplots (Figure 4.9) and statistically using unpaired Student’s t-tests (Table 4.4).

Table 4.4: Results of unpaired two-sample Student’s t-tests (degrees of freedom = 211) for the potential
controlling factors for the RD and NRD lake types. t-test results that are statistically significant at above
the 95% confidence interval (i.e. p < 0.05) are highlighted in bold text; p value marked with an asterisk
narrowly misses the 95% confidence interval, being significant at only the 94.6% confidence interval.

Refer to Table 4.1 for dimensions of variables.

RD lake NRD lake

Potential controlling factor t value p value
mean mean
Lake volume 4.1 % 10° 7.4 x 10° -1.934 0.054"
Lake area 0.47 0.69 -2.261 0.025
Ice thickness 752 764 -0.234 0.815
Ice-surface elevation 978 964 0.271 0.786
Ice-bed elevation 226 200 1.104 0.271
Lake eccentricity 0.74 0.73 0.215 0.830
Lake orientation 41 38 0.595 0.553
Maximum lake water depth 1.29 1.35 -0.432 0.666
Mean lake water depth 0.77 0.80 -0.449 0.654
Standard deviation of lake water depth 0.31 0.32 -0.225 0.822
Lake mean filling rate 3.66 3.99 -0.271 0.787
Ice-surface slope 1.40 1.61 -1.001 0.318
Background winter ice velocity 346 240 1.300 0.195
Principal strain rate 0.04 0.00 1.510 0.132
von Mises yield criterion 4.3 x 10* 4.4 x 10* -0.075 0.940
Melt within catchment’ on day 1.4 x 10° 1.9 x 10° -0.792 0.429
Rain within catchment' on day 1.9 x 10° 2.9 x 10* 1.440 0.151
Melt within catchment! on previous day 1.4 x 10° 1.8 x 10° -0.697 0.487
Rain within catchment' on previous day 44 x 10° 7.5 x 10 1.545 0.124
Cumulative melt within catchment’ 7.5 x 107 8.8 x 107 -0.472 0.637
Cumulative rain within catchment! 6.3 x 10° 7.5 x 10° -0.310 0.757
Cumulative runoff within catchment® 4.1x 10° 4.7 x 10° -0.333 0.740

Difference between cumulative
catchment! runoff and lake volume

TMean catchment sizes are 13.0 km? and 14.6 km?” for RD and NRD lakes, respectively.

6.5 x 10’ 7.4 % 107 -0.321 0.749
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The analysis reveals that the two lake types are indistinguishable for the majority of potential
controlling factors. Some factors show a wide spread of values with, in some cases, a high proportion
of data falling outside 2.7 ¢ of the arithmetic mean (for example, lake area, lake volume or the
principal strain rate) (Figure 4.9), but this pattern is usually observed for both the rapidly draining
and non-rapidly draining lake types. For the hydrological factors (Table 4.1), Figure 4.9 (a) and
Table 4.4 show that the lake types are statistically similar in all cases, except lake area (Figure 4.1),
where non-rapidly lakes (mean = 0.69 km?) are statistically larger (t =-2.261; p = 0.025) than rapidly
draining lakes (mean = 0.47 km?). For lake volume (Figure 4.3), a similar pattern is observed, with
non-rapidly draining lakes containing higher volumes (mean = 7.4 X 10° m?) than rapidly draining
lakes (mean = 4.1 x 10° m?), with lake volume only narrowly missing the 95% interval required for
statistical confidence (t = -1.934; p = 0.054; Table 4.4). The two lake types are also statistically
indistinguishable for the morphological factors (Figures 4.9 (b) and 4.10; Table 4.4). Among the
glaciological factors, including the ice-surface elevation (Figure 4.1), the ice-surface slopes (Figure
4.10), the ice-bed elevation (Figure 4.11), the ice thickness (Figure 4.3), the ice-surface principal
strain rate (Figure 4.12) and the von Mises yield criterion (Figure 4.13), the lake types are also
indistinguishable (Figure 4.9 (c); Table 4.4). Thus, there is no evidence for rapidly draining lakes to
be located preferentially over thinner or thicker ice (Figure 4.3), or within areas undergoing notably
high extension or compression (Figures 4.12 and 4.13), with an approximately equal distribution of
rapidly draining and non-rapidly draining lakes within these areas. For example, the mean principal
strain rate is nearly identical for the two lake types: 0.04 (i.e. slightly compressional) for
rapidly-draining lakes and 0.00 for non-rapidly draining lakes (Table 4.4); this indicates that they
are situated within areas of similar surface-strain regimes. Finally, the SMB factors are statistically
similar between the two lake types (Figure 4.9 (d); Table 4.4), with both showing similar patterns of
melt, rain, runoff, and differences between the cumulative runoff within their catchments and their

water volumes (Figure 4.11).
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Boxplots highlighting the similarity of the potential controlling factors on hydrofracture for

Figure 4.9

RD and NRD lakes for each category of potential control (Table 4.1): (a) hydrological, (b) morphological,

(c) glaciological, and (d) SMB. On each boxplot, the red solid line shows the median, the box’s upper

and lower edges show, respectively, the upper and lower quartiles, the whisker lengths show * 2.7 ¢ from

the arithmetic mean, and the crosses show values outside of this range. Some data are log-transformed

(to the base 10) for presentation purposes only, indicated on the y axis where relevant.
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Figure 4.10: The locations of rapidly draining (triangles) and non-rapidly draining (circles) lakes within
the (a) Paakitsoq and (b) Store Glacier regions of west Greenland (inset) overlying the ice-surface slopes,
showing steeper slopes towards the ice margin. Note the difference in horizontal scale between the two
panels. Colour-coding shows the lake eccentricity on the day of drainage for rapidly draining lakes and
on the day when lakes reached their maximum extent for non-rapidly draining lakes. A lake eccentricity
value of 0 would indicate a perfect circle and a value of 1 would indicate a line segment. The thick black

lines on both panels delineate the GrIS margin from Howat et al. (2014).
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Figure 4.11: The locations of rapidly draining (triangles) and non-rapidly draining (circles) lakes within
the (a) Paakitsoq and (b) Store Glacier regions of west Greenland (inset) overlying the ice-sheet bed
elevation derived from Morlighem et al. (2014). Note the difference in horizontal scale between the two
panels. Colour-coding shows the difference between the cumulative runoff in the catchment, derived
from Noél ez al. (2016), and the lake volume, derived as described in Section 4.3.1, on the date of drainage
for rapidly draining lakes and on the date when lakes reached their maximum extent for non-rapidly
draining lakes. The thick black lines on both panels delineate the GrIS margin from Howat et al. (2014),
and white areas within the ice-sheet area show regions that are at or below global mean sea level (i.e. <

Om a.s.l.).
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Figure 4.12: The variation in the ice-surface principal strain rate across the (a) Paakitsoq and (b) Store
Glacier regions, with the locations of rapidly draining (yellow triangles) and non-rapidly draining (green
circles) lakes shown. Note the difference in horizontal scale between the two panels. Panels are equivalent
to those in Figures 4.1, 4.3, 4.10 and 4.11. Positive principal strain rates indicate extension and negative
ones indicate compression. The thick black lines on both panels delineate the ice-sheet edge and the
purple contour lines show ice-surface elevations (m a.s.l.) from Howat et a/. (2014). The high principal
strain rates observed close to central portion of the ice margin in (b) result from the fast flow rates of the

floating tongue of the marine-terminating Store Glacier.

x 10*

- 10.0

o, U 1
g/ 52 .JJ 2 P
° 4 9.0
’) ! o (O :A 0
p ° 80 &
.( [ " g__/
% o 2 =
f ® \ o
0 o AN 7.0 =
(2o o) T
AT 21 'S
o) )

% o e\ A 6.0 %
¢ _O o/ A >
S RN 2 2 Ls0 @

® Aa 9 e Y e
T N L e ‘q =
a e > & c
Q A o\ ® L [ 40 g
IS 2 Va0 0\
v C \‘ - 3.0
X QPA & °
SR T, - SEOW 'ﬁl Llop

A Rapidly draining e Non-rapidly draining

Figure 4.13: The variation in the von Mises yield criterion across the (a) Paakitsoq and (b) Store Glacier
regions, with the locations of rapidly draining (yellow triangles) and non-rapidly draining (green circles)
lakes shown. Note the difference in horizontal scale between the two panels. Panels are equivalent to
those in Figures 4.1, 4.3, 4.10 and 4.11. The thick black lines on both panels delineate the ice-sheet edge

and the purple contours show ice-surface elevations (m a.s.l.) from Howat ez al. (2014).
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Principal Component Analysis

Figures 4.14-4.16 show the results of the first step of the PCA, where each category of variable
(Table 4.1) is analysed separately; Figure 4.17 shows the second step of the PCA, which is performed
for all of the 23 variables simultaneously. In every case, the two lake types do not cluster within
specific areas of the PCA plots, suggesting that they are not statistically distinguishable. The results
of unpaired two-sample Student’s t-tests for the first three PCs verify the statistically
indistinguishable nature of the lake types (Table 4.5). This shows that the rapidly draining and
non-rapidly draining lakes are statistically similar in terms of all of the properties examined; they

can thus be regarded as having been drawn from the same statistical population.

Table 4.5: Results of unpaired Student’s t-tests (for each category of controlling factor from Table 4.1,
as well as for all of the 23 potential controlling factors simultaneously, shown within the ‘All’ category)
for the rapidly draining and non-rapidly draining lakes scored for the first three PCs. None of the results
are significant at above the 95% confidence interval (p < 0.05). See Table A.10 for the eigenvectors for

the first three PCs.

Potential controlling factor category PC number t statistic p value
1 -0.388 0.698
Hydro-morphological 2 -0.220 0.826
3 -0.068 0.946
1 -1.294 0.197
Glaciological 2 0.056 0.956
3 0.945 0.346
1 -0.935 0.926
SMB 2 0.257 0.798
3 0.416 0.678
1 -1.342 0.181
All 2 0.082 0.935
3 0.638 0.524




126

Chapter 4: Controls on rapid lake drainage in Greenland

PC2 (14 % of variance)
e
: .,
& o
)
e

-5 0 5 10
PC1 (56 % of variance)

15

¢ Rapidly draining

PC2 (14 % of variance)

0

PC1 i
(56 % of variance) 20 -2 PC3
(13 % of variance)

@ Non-rapidly draining

Figure 4.14: Scores for (a) PCs 1 and 2, and (b) PCs 1-3 for rapidly draining lakes (blue diamonds) and

non-rapidly draining (red circles) lakes for variables within the hydro-morphological category of analysis

(see Table 4.1). The percentage figures indicate the amount of variance in the data explained by the PC.

The tight clustering of the rapidly draining and non-rapidly draining lake PC scores shows the statistical

similarity of the potential controlling factors for the two lake types.
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Figure 4.15: Scores for (a) PCs 1 and 2, and (b) PCs 1-3 for rapidly draining (blue diamonds) and

non-rapidly draining (red circles) lakes for variables within the glaciological category of analysis (see

Table 4.1). The percentage figures indicate the amount of variance in the data explained by the PC. The

tight clustering of the rapidly draining and non-rapidly draining lake PC scores shows the statistical

similarity of the potential controlling factors for the two lake types.
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Figure 4.16: Scores for (a) PCs 1 and 2, and (b) PCs 1-3 for rapidly draining (blue diamonds) and

non-rapidly draining (red circles) lakes for variables within the SMB category of analysis (see Table 4.1).

The percentage figures indicate the amount of variance in the data explained by the PC. The tight

clustering of the rapidly draining and non-rapidly draining lake PC scores shows the statistical similarity

of the potential controlling factors for the two lake types.
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Figure 4.17: Scores for (a) PCs 1 and 2, and (b) PCs 1-3 for rapidly draining (blue diamonds) and

non-rapidly draining (red circles) lakes for PCA for all of the potential controlling factors included in the

analysis (see Table 4.1). The percentage values labelled on the axes indicate the amount of variance in

the data explained by each PC. The tight clustering of the rapidly draining and non-rapidly draining lake

PC scores shows the statistical similarity of the potential controlling factors for the two lake types.
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4.4.3 Associations between lake area or volume and the potential

controlling factors

The fourth and final aim of the study was to determine whether there were differences in the
associations between lake area or volume and the potential controlling factors for the two lake types,
and whether there was a critical threshold for rapid lake drainage that could be linked to one of the
other potential controlling factors. Existing modelling studies have only considered this possibility
with regards to lake area or volume and the local ice thickness, but have found similar model
performance for a range of thresholds (Banwell ez al., 2013a, 2016; Arnold et al., 2014; Koziol et al.,
2017). It is plausible, however, that a lake area or volume threshold exists with respect to a factor
other than local ice thickness. For example, hydrofracture might occur if a certain lake size is
reached and a certain strain pattern exists (Figure 4.12), with larger (or smaller) sizes required in
more compressive (or more tensile) regions. Alternatively, perhaps rapid lake drainage is initiated
once a certain lake size is attained and a particular volume of melt has already been lost from the
catchment (Figure 4.11), with larger (or smaller) lake sizes required in catchments where less (or
more) melt has been lost into the GrIS, for example. Bivariate correlations are examined between
both lake areas (Table 4.6) and lake volumes (Table 4.7) and the other factors potentially controlling
hydrofracture. The results in Tables 4.6 and 4.7 show that the majority of the correlations are
statistically insignificant, indicating no link between these variables and lake area and volume.
However, a few of the correlations are statistically significant at above the 95% confidence interval.
For rapidly draining lakes, the only significant correlation is between lake area and ice-bed elevation,
but for the non-rapidly draining lakes there are more numerous significant correlations (Tables 4.6
and 4.7). Tables 4.6 and 4.7 also show strong correlations between lake areas or volumes (for both
rapidly draining and non-rapidly draining lakes) and the other hydrological factors, notably the
maximum, mean and standard deviation of lake depth, and the lake filling rate, but it seems obvious

that these variables should be correlated with lake area or volume since they are highly co-variant.
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Table 4.6: Results of bivariate correlation analyses of lake area against other potential controlling factors
for RD and NRD lake types. p is the Spearman’s rank correlation coefficient. Correlations significant at
above the 95% confidence interval (i.e. p < 0.05) are highlighted in bold text. Negative correlations are

shown in red text. Refer to Table 4.1 for dimensions of variables.

Potential controlling factor RDp RDp NRD p NRD p
Ice thickness 0.132 0.279 0.185 0.026
Ice-surface elevation -0.021 0.861 0.075 0.375
Ice-bed elevation -0.249 0.039 -0.208 0.012
Lake eccentricity 0.079 0.517 -0.102 0.224
Lake orientation 0.121 0.321 0.106 0.205
Maximum lake water depth 0.588 0.000 0.673 0.000
Mean lake water depth 0.379 0.001 0.584 0.000
Standard deviation of lake water depth 0.570 0.000 0.646 0.000
Lake mean filling rate 0.617 0.000 0.687 0.000
Ice-surface slope 0.088 0.473 -0.117 0.162
Background winter ice velocity 0.064 0.599 0.119 0.154
Principal strain rate -0.058 0.645 0.007 0.937
von Mises yield criterion 0.200 0.107 0.132 0.123
Melt within catchment on day -0.025 0.841 -0.008 0.922
Rain within catchment on day -0.156 0.200 0.067 0.427
Melt within catchment on previous day 0.094 0.444 0.015 0.857
Rain within catchment on previous day -0.043 0.723 0.116 0.167
Cumulative melt within catchment -0.024 0.846 0.216 0.009
Cumulative rain within catchment -0.019 0.877 0.219 0.008
Cumulative runoff within catchment -0.024 0.844 0.262 0.002

Difference between cumulative

catchment runoff and lake volume -0.060 0.627 0.167 0.045
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Table 4.7: Results of bivariate correlation analyses of lake volume against other potential controlling
factors for RD and NRD lake types. p is the Spearman’s rank correlation coefficient. Correlations
significant at above the 95% confidence interval (i.e. p < 0.05) are highlighted in bold text. Negative

correlations are shown in red text. Refer to Table 4.1 for dimensions of variables.

Potential controlling factor RDp RDp NRD p NRD p
Ice thickness 0.176 0.149 0.203 0.015
Ice-surface elevation 0.032 0.797 0.109 0.195
Ice-bed elevation -0.231 0.056 -0.162 0.052
Lake eccentricity -0.108 0.376 -0.176 0.035
Lake orientation 0.116 0.344 0.038 0.652
Maximum lake water depth 0.889 0.000 0.888 0.000
Mean lake water depth 0.773 0.000 0.844 0.000
Standard deviation of lake water depth 0.847 0.000 0.833 0.000
Lake mean filling rate 0.741 0.000 0.724 0.000
Ice-surface slope -0.044 0.723 -0.184 0.027
Background winter ice velocity -0.053 0.668 0.036 0.665
Principal strain rate -0.135 0.279 0.031 0.719
von Mises yield criterion 0.078 0.536 0.065 0.445
Melt within catchment on day -0.078 0.521 -0.024 0.773
Rain within catchment on day -0.185 0.129 0.049 0.557
Melt within catchment on previous day 0.021 0.863 -0.005 0.950
Rain within catchment on previous day -0.169 0.164 0.024 0.772
Cumulative melt within catchment -0.084 0.490 0.176 0.035
Cumulative rain within catchment -0.098 0.421 0.198 0.017
Cumulative runoff within catchment -0.078 0.522 0.219 0.008

Difference between cumulative

catchment runoff and lake volume 0.113 0.353 0.126 0.131
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4.5 Discussion

Collectively, the results showed that rapidly draining and non-rapidly draining lakes for these two
regions of the GrIS were largely indistinguishable in terms of the potential hydrofracture controlling
factors examined here (Sections 4.4.1 and 4.4.2). This suggests that, in statistical terms, the lakes
were drawn from the same population. Moreover, when the lakes were categorised according to
their mode of drainage, the correlation analyses were able to explain almost none of the variability
of lake area or volume for the rapidly draining lakes (except when ice-bed elevation was the
independent variable), but they could explain some of the variability for non-rapidly draining lakes
(Section 4.4.3). In this Section 4.5, first the likely reasons for the results of the correlation analyses
are discussed (Section 4.5.1); second, the results of the statistical tests for difference for each category
of potential controlling factor are examined, with reference to existing hypotheses for rapid lake
drainage (Section 4.5.2), and; finally, potential reasons for the negative results of this chapter are
offered, with suggestions for where future research should be directed to verify or refute these

findings for other sectors of the GrIS and for different years (Section 4.5.3).

4.5.1 Associations between lake area or volume and the potential

controlling factors

‘When all of the lakes within both study regions were categorised according to their drainage mode,
and then examined using a series of tests for correlation, the results indicated that, for rapidly
draining lakes, the lakes normally drained before any of the controls were influential, whereas some
of the controls were influential for the non-rapidly draining lakes. The negative weak correlation
(Table 4.6) for both lake types between ice-bed elevation and lake area suggests that larger lakes tend
to form in areas of lower ice-bed elevation, likely to be a result of the bed tending to be lower inland
where the larger area lakes are present (Figures 4.1 and 4.10). The weak positive correlation (Tables
4.6 and 4.7) between ice thickness and non-rapidly draining lake area and volume can be explained
because non-rapidly draining lakes grow bigger inland where the ice is thicker. This observation is
also supported by the weak negative correlation (Table 4.7) between ice-surface slopes and
non-rapidly draining lake volume since ice-surface slopes are lower inland (Figure 4.10), meaning
non-rapidly draining lakes can reach higher volumes here than closer to the coast, where the steeper
ice-surface slopes prevent the formation of the largest lakes. These correlation results might also be
because lakes tend to form over areas of bed topography that are low relative to their surroundings

(Lampkin and VanderBerg, 2011; Sergienko, 2013). The lack of similar correlations between rapidly
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draining lake areas or volumes and the same factors indicate that ice thickness is not important in
determining the size of the rapidly draining lakes prior to their drainage, instead suggesting that
another factor may drive their rapid drainage. Non-rapidly draining lake volume also decreases as
lakes become more eccentric (i.e. less circular and more linear; Figure 4.10), and so the lakes will
contain lower total water volumes, possibly because the more linear features occur higher on the ice
sheet where lakes are bigger (Figure 4.1), which could include some areas of slush rather than water
contained within lakes. Finally, the correlation analysis showed that the cumulative totals of melt,
rain and runoff in non-rapidly draining lake catchments were important in controlling the size of
these lakes (Tables 4.6 and 4.7), as would be expected. However, the lack of a similar relationship
between these SMB factors and rapidly draining lakes may be because these factors are not

important for affecting the size of these lakes.

4.5.2 Statistically similar rapidly and non-rapidly draining lakes

This section discusses the results of the tests for statistical difference for each category of potential

controlling variable separately.

Hydrological factors

Amongst all factors examined, this category was the only one for which any difference between the
two lake types was identified: non-rapidly draining lakes were, on average, more expansive than
rapidly draining lakes (p < 0.05); with slightly reduced confidence (p = 0.054), they also contained
larger water volumes. Existing models of the GrIS’s surface hydrology use a critical threshold for
lake area or volume, scaled with local ice thickness, to predict hydrofracture (Banwell et al., 2013a,
2016; Arnold et al., 2014; Clason et al., 2015; Koziol et al., 2017) (Section 2.7). However, the results
showed that, in many places, non-rapidly draining lakes were able to expand without causing
hydrofracture to a size that was larger than that which caused hydrofracture elsewhere. Thus, while
these current models assume a certain lake area or volume triggers hydrofracture, which could
indicate that rapidly draining lakes would be larger than non-rapidly draining lakes, these results
point towards the opposite, showing that cause and effect may have been reversed. In addition, no
correlation was identified between rapidly draining lake area or volume and local ice thickness
(although this correlation did exist for non-rapidly draining lakes), suggesting that rapidly draining
lake area and volume do not scale according to ice thickness, but that the incidence of hydrofracture

(presumably driven by a different control altogether) limits rapidly draining lake areas and volumes.
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These results agree with the lack of a direct relationship between the lake volume for rapidly draining

lakes and the local ice thickness identified in Chapter 3 (Figure 3.15).

To examine this relationship further, the “fracture areas”, defined as the individual lake water
volume divided by the local ice thickness, are calculated following Banwell ez al. (2013a, 2016) and
Arnold et al. (2014) (Section 2.7). These calculations show that the fracture areas are higher for
non-rapidly draining lakes than rapidly draining lakes: at Paakitsoq, the mean fracture area for
rapidly draining lakes is 600 m? (¢ = 572 m?) compared with the mean fracture area for non-rapidly
draining lakes of 2002 m? (¢ = 5084 m?); at Store Glacier, the mean fracture area for rapidly draining
lakes is 663 m? (o = 594 m?) compared with a mean fracture area for non-rapidly draining lakes of
734 m* (6 = 919 m?). The high standard deviation values indicate that there is wide scatter across
and between the study regions, supporting the idea that including a fracture-area threshold within
models of the GrIS’s surface hydrology is unlikely to be able to reproduce the precise locations and
timings of rapid lake-drainage events, just their broad-scale patterns across the ice sheet (Arnold et
al., 2014).

While there was a difference between the rapidly draining and non-rapidly draining lake areas
(p < 0.05) and volumes (p = 0.054) for the reasons explained above, the two lake types were
statistically similar for the other hydrological factors (either individually or when combined into
PCs). This indicates that the local, hydrological factors of individual lakes are unimportant in
hydrofracture initiation. The fact that lake areas were significantly different between the two lake
types, but lake volumes and depths were not (with 95% statistical confidence), may be due to the
greater uncertainties associated with calculating lake water depth compared with lake area from
MODIS imagery, possibly an effect of MODIS’s coarse resolution (Section 3.5.1). The FAST
algorithm’s depth-calculation method tends to report smaller values for the highest water depths
compared with those derived from Landsat 8 imagery (Section 3.5.1). This might have resulted in
the two lake types appearing statistically similar even though they were not. To attempt to overcome
this resolution-related problem, a finer-spatial resolution satellite record (like that from Sentinel-2)
might be useful, such as that presented in Chapter 5. Use of such a record in the future alongside
other high spatial resolution datasets might allow a clearer conclusion to be reached on whether
non-rapidly draining lakes, as well as covering larger areas and containing higher water volumes,

also contain deeper water than rapidly draining lakes.
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Morphological factors

The rapidly draining and non-rapidly draining lakes were similar in terms of their shapes and
orientations, showing no link between these properties and the propensity for rapid lake drainage.
This indicates that the distribution of the water load on the ice surface (i.e. whether it is more
elongate or circular, and/or whether it is aligned more or less perpendicular or parallel to average
ice-flow direction), is unimportant for hydrofracture initiation. This may be because the variation in
load distribution is too small relative to the ice thickness to affect the hydrostatic-pressure potential,
which also possibly explains the reason for which no statistically significant difference was identified

between the mean filling rates and the likelthood of hydrofracture.

Glaciological factors

The results showed that rapidly draining and non-rapidly draining lakes were similar in terms of the
glaciological factors investigated. The long-term average winter stress field was included as a
potential control on hydrofracture since higher temporal-resolution summer ice-velocity or
strain-rate data were critically unavailable in this research. However, while this was useful for
defining the long-term average strain regime across each lake basin (which was hypothesised to be
a potential first-order control on hydrofracture), no evidence was found to indicate that
hydrofracture is controlled by the background winter stress or strain field. Existing research has only
shown the degree of compression across a lake basin (e.g. Doyle et al., 2013), but has not considered
whether the magnitude of the tensor affects the lake’s likelihood of drainage. Here, no support was
found for this idea either. Moreover, the background strain or velocity data did not scale with the
rapidly draining lake areas or volumes (Section 4.4.3), suggesting that a threshold for rapidly
draining lake area or volume cannot be linked to the local strain rate or ice velocity derived from
background winter velocity data. Recent research, also in the Paakitsoq region, using high spatial
resolution, summer strain-rate data has also indicated no apparent link between strain rates and the
incidence of rapid lake drainage (Poinar et al., 2017c). There is thus no evidence that including the
background stress regime in GrIS surface-hydrology models will improve their ability to predict
rapid lake drainage accurately. However, perhaps it is only the deviation from this long-term stress
field that is important, resulting, for example, from surface meltwater reaching the bed via a nearby
crevasse or moulin, perturbing the horizontal or vertical velocity or stress field beneath a lake basin
(Stevens et al., 2015). This process was also investigated within this chapter by including the
difference between the cumulative runoff in the lake’s catchment and the lake’s water volume, but

negative results were also found (Section 4.4.2).
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Surface-mass-balance factors

Finally, the two lake types cannot be distinguished statistically on the basis of the SMB factors
examined: there was no tendency for rapidly draining lakes to have different meltwater, rain and
runoff quantities within their ice-surface catchments. The key rationale for including these factors
was because previous work had found that water input to the ice-sheet bed nearby to a single lake
initiated hydrofracture (Stevens et al., 2015), so these SMB data were used as proxies for this process.
Moreover, to measure the input of water to the bed near to a lake, the total melt in a lake’s catchment
was calculated, from which the individual lake volume was subtracted, but no support was found
within this chapter for the importance of the hypothesis of Stevens et al. (2015) for driving lake
drainage for a larger sample of lakes. However, a weak positive correlation was observed between
the melt, rain and runoff quantities and non-rapidly draining lake area and volume, even though the
same correlations did not apply to rapidly draining lakes. This indicates that, for rapidly draining
lakes, lake area and volume may not be dependent on these factors, or perhaps that they drain before

the controls become manifest.

Even though the findings of Stevens et al. (2015) could not be corroborated, that the input of water
to the ice-sheet bed close to a lake was a precursor to hydrofracture, for a greater lake sample across
the GrIS, this may reflect the coarse resolution of the MODIS imagery (250 m) and the RACMO?2.3
gridded data (1 km) used in this chapter. The important meltwater-generation and surface-routing
processes within lakes’ catchments may therefore operate at too fine a scale to be resolved with these
data. Further studies that model or observe surface-meltwater production and its routing at spatial
resolutions of metres to tens of metres and combine this information with ice-surface strain rates
measured at hourly to daily temporal resolutions would be helpful for examining the influence of
water delivery to the ice-sheet bed close to lakes in better detail. This objective could potentially be
addressed using either higher-resolution remote-sensing imagery (e.g. WorldView, Sentinel-1 or
Sentinel-2) or more field studies monitoring individual lakes and their catchments, which would
generate data at a spatial resolution comparable to that of the width of a fracture (metres to tens of

metres) formed by rapid lake drainage.

4.5.3 Reasons for the negative results and suggestions for future work

Here, four explanations are offered for which causal links between the potential controlling factors
and hydrofracture were not identified within this chapter; in addition, suggestions are presented for

how this study might be continued with further research. First, although the EDA included many
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of the factors that might be important in controlling hydrofracture (with the choice guided by
previous research), other potential controls may have been overlooked. It is conceivable, therefore,
that there is a control on hydrofracture that could be detected using the approach in this chapter, but
that its potential was not identified at the outset. Second, it is possible that a control is important but
that it was not in summer 2014 within the study regions; further investigations for other sectors of
the GrIS and in additional years would therefore help to validate whether the negative results apply
more widely in space and time. Third, the interplay between some of the controls that were identified
may be too complex to be elicited at the spatial and temporal scales used for the analysis in this
thesis. Remote sensing and SMB model outputs over finer grids and time steps may overcome this
problem, or perhaps the control(s) might only be found from more field-based studies of individual
or groups of lakes (Das et al., 2008; Doyle et al., 2013; Tedesco et al., 2013; Stevens et al., 2015). With
continuing improvements to the availability and resolution of remotely-sensed data (such as ice-bed
topography (e.g. Morlighem et al., 2017) or ice-velocity data (e.g. Joughin ez al., 2018)), future studies
that use a similar EDA approach to this one alongside these new datasets might be better able to
reveal the control(s) on hydrofracture. Fourth, there may be a strong stochastic element to rapid lake
drainage, which would explain the statistical similarity between the lake types observed in this
chapter and which may help to explain the reason why some lakes change their mode of drainage
inter-annually (Selmes et al., 2013; Fitzpatrick et al., 2014). For example, hydrofracture might only
be possible if pre-existing weaknesses exist in the ice beneath a lake basin, which can then be
exploited by a water load on the ice surface (Catania et al., 2008). This would consequently make
rapid lake drainage appear random. Without being able to include these very site-specific processes
and ice-sheet features, which relate to the complex strain history upglacier of a lake, it may be
difficult to predict rapid lake drainage with confidence. A more detailed examination of such

features as well as the strain history upglacier of a lake would therefore be helpful.

4.6 Summary and conclusions

= The precise controls on rapid lake drainage, which is important for the GrIS’s mass balance,
remain uncertain, having not been examined comprehensively within existing research. The
aim in this chapter was therefore to address this shortfall by conducting a comprehensive,
statistically-robust EDA of various potential controls on hydrofracture for a large sample of
rapidly draining and non-rapidly draining lakes in west Greenland, using the FAST
algorithm presented in Chapter 3 and combining it with other potential explanatory

environmental variables.
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= The results did not indicate any clear links between the incidence of hydrofracture and the
potential controlling factors examined for the two study regions in summer 2014. This
means that an empirically-supported, deterministic alternative cannot be recommended to
the fracture-area threshold parameter in use within current surface-hydrology models of the
GrIS (Banwell et al., 2013a, 2016; Arnold et al., 2014; Clason et al., 2015; Koziol et al., 2017).

= However, the results also did not provide evidence to support the use of a fracture-area
threshold parameter in future surface-hydrology models. This is because it was indicated
that rapid lake drainage seems to control lake size, and not the reverse, which directly
contradicts the use of a fracture-area threshold in models of the GrIS’s surface hydrology.
Using a deterministic basis to predict precisely when and where rapid lake drainage will
occur on the GrIS therefore remains one of the weaker components of GrIS hydrology
models, despite recent work showing the importance of the lake-drainage process, and
particularly the opening of moulins, for the evolution of subglacial drainage (Banwell ef al.,
2016).

= Based on the results of this chapter, future work might focus on incorporating some or all
of the potential controls identified here into supraglacial-hydrology models of the GrIS and
testing the models’ ability to reproduce empirical observations with these controls included.
These improvements to surface-hydrology models are necessary to provide more realistic
inputs to SMB models (requiring knowledge of lake locations and their duration on the GrIS
surface to determine the amount of enhanced surface ablation) (Section 2.6.1), and to
coupled subglacial hydrology-ice flow models (requiring knowledge of the location, timing
and magnitude of meltwater deliveries to the ice-sheet bed to determine ice-dynamic

impacts) (Section 2.6.3).






Chapter 5

Fully-automated lake tracking with
a dual-satellite (Sentinel-2 and

Landsat 8) record

5.1 Executive summary

Although remote sensing is commonly used to monitor lakes on the GrIS surface, most satellite
records must trade-off high spatial resolution for high temporal resolution (e.g. MODIS) or vice
versa (e.g. Landsat). Here, this issue is overcome by developing and applying a dual-sensor method
that can monitor changes to lake areas and volumes at high spatial resolution (10-30 m) with a
frequent revisit time (~3 days). This is achieved by mosaicking imagery from the Landsat 8 with
imagery from the recently-launched Sentinel-2 for a ~12,000 km? area of west Greenland in summer
2016. First, a physically-based method for calculating lake depths with Sentinel-2 is validated by
comparing measurements against those derived from the available contemporaneous Landsat 8
imagery; this validation produces close correspondence between the two sets of values. This provides
the methodological basis for automatically calculating lake areas, depths and volumes from all
available Landsat 8 and Sentinel-2 images. These automatic methods are incorporated into an
algorithm for Fully-Automated Supraglacial lake Tracking at Enhanced Resolution (FASTER). The
FASTER algorithm produces time series showing lake evolution during the 2016 melt season,
including automated rapid (< 4 day) lake-drainage identification. With the dual Sentinel-2-Landsat

8 record, 184 rapidly draining lakes are identified, many more than identified with either imagery
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collection alone (93 with Sentinel-2; 66 with Landsat 8), due to their inferior temporal resolution, or
more than would be possible with MODIS, due to its omission of small lakes < 0.125 km?. The
water volumes drained into the GrIS by rapid lake-drainage events are identified and, by using
downscaled regional climate-model (RACMO2.3p2) runoff data, the water quantity is determined
that enters the GrIS via the moulins opened by such events. During the lake-drainage events alone,
the water drained by small lakes (< 0.125 km?) is only 5.1% of the total water volume drained by all
lakes. However, considering the total water volume entering the GrIS after lake drainage, the
moulins opened by small lakes deliver 61.5% of the total water volume delivered via all moulins (i.e.
opened by large and small lakes). These findings suggest that small lakes should be included in future
remote sensing and modelling work. Finally, Sentinel-2 imagery is used alone in 2017 to determine
whether Landsat 8 data are additionally needed to provide a high temporal resolution record of lake
behaviour. Using these data, marked differences in lake behaviour are observed between the years,
with lakes containing lower water volumes and draining later in 2017, which is related to the
regional, inter-annual differences in runoff. The analysis suggests that a dual-satellite record from
these two satellites is necessary to provide sufficiently high temporal resolution to identify rapid lake

drainage confidently.

5.2 Objective and aims

Following the successful development of a fully-automated method for tracking changes to lake
areas and volumes with MODIS imagery (Chapter 3), the overall objective of this chapter is to
present an automatic method for monitoring the evolution and drainage of lakes on the GrIS using
a combination of Sentinel-2 and Landsat 8 imagery, which will allow the mosaicking of a high
spatial resolution (10-30 m) record with a frequent revisit time (approaching that of MODIS),
something only possible by using the two sets of imagery simultaneously. The objective is addressed

using five aims, which are to:

1. Trial new methods for calculating lake areas, depths and volumes from Sentinel-2 imagery
and assess their accuracy against Landsat 8 for two overlapping dates in summer 2016.

2. Apply the best methods for Sentinel-2 from (1), alongside existing methods for calculating
lake areas, depths and volumes for Landsat 8, to all of the available summer 2016 and 2017
(May—October) imagery for a large study site (~12,000 km?) in west Greenland. These
methods are applied within a fully-automated lake-tracking algorithm to produce time series
of water-volume measurements for each lake in the study region to show their seasonal

evolution.
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3. Identify lakes that drain rapidly using the automatic algorithm, separating these lakes into
small (< 0.125 km?) and large (> 0.125 km?) categories, based on whether they could be
identified with MODIS, in summer 2016 and 2017.

4. Quantify the runoff volumes routed into the GrIS both during the lake-drainage events
themselves, and afterwards via moulins opened by hydrofracture, for the small and large
lakes in summer 2016.

5. Investigate inter-annual changes in lake behaviour in the study region by comparing the
numbers of rapidly draining lakes, their drainage dates and water volumes, between summer
2016 and 2017, and relate these changes to inter-annual differences in runoff within the

region.

It is hoped that improved insights into GrIS hydrology will be offered by using the dual-satellite
record, and that it may be able to overcome some of the issues associated with using the
coarse-resolution MODIS record (Chapter 3), such as the relatively high errors associated with lake-

depth calculations or its omission of lakes close to its threshold reporting size.

5.3 Data and methods

This section describes the expansion of the study region from the earlier chapters (Section 5.3.1), the
collection and pre-processing of the Landsat 8 and Sentinel-2 imagery (Section 5.3.2), the technique
for delineating lake area (Section 5.3.3), the methods used to calculate lake depth and volume
(Section 5.3.4), the approaches for automatically tracking lakes and identifying rapid lake drainage
(Section 5.3.5), and the methods used to determine the runoff volumes, including the quantity routed

into the GrIS interior following the opening of moulins by hydrofracture (Section 5.3.6).

5.3.1 Study region

The analysis in this chapter focuses on a ~12,000 km? area of west Greenland, extending ~110 km
latitudinally and ~90 km from the ice margin (Figures 2.15 and 5.1). It is primarily a
land-terminating sector of the ice sheet, extending from just north of Jakobshavn Isbree, near
Tlulissat, to just south of Store Glacier in the Uummannaq district. This study location was chosen
because it is an area of high lake activity (Section 2.8), having been the focus of many previous
remote-sensing studies with which the results can be compared (e.g. Box and Ski, 2007; Selmes et

al., 2011; Fitzpatrick et al., 2014; Cooley and Christoffersen, 2017; Miles, K. E. et al., 2017).
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Figure 5.1: The ~12,000 km? study site within Greenland (inset). The background image is a Sentinel-2
RGB image from 11 July 2016 (see Table A.11 for image details). Green box shows the location of a

rapidly draining lake and red circle shows the location of a non-rapidly draining lake (cf. Figure 5.8).
5.3.2 Satellite imagery collection and pre-processing
Landsat 8

17 Landsat 8 images from May to October (Table A.12) were downloaded from the USGS Earth

Explorer interface (http://earthexplorer.usgs.gov). These were level-1T, radiometrically- and

geometrically-corrected images, which were distributed as raw digital numbers (Section 2.4.2). The
30 m resolution data were required from bands 2 (blue; 0.452—0.512 um), 3 (green; 0.533—0.590 pm),
4 (red; 0.636-0.673 pm) and 6 (SWIR; 1.566-1.651 pm), as well as the 15 m resolution data from
band 8 (panchromatic; 0.503-0.676 um) (Table 2.3). All of the available 2016 imagery that covered
at least a portion of the study site was used, regardless of cloud cover. Since Landsat 8 images cover
greater spatial areas than Sentinel-2 images (due to their lower spatial resolution), the Landsat 8
images were batch cropped to the extent of the Sentinel-2 images using ArcGIS’s ‘Extract by Mask’
tool. All of the tiles were reprojected to the WGS 84 UTM zone 22N geographic coordinate system
(EPSG: 32622) for consistency with the Sentinel-2 images, and ice-marginal areas were removed

with the GIMP ice-sheet mask (Howat ez al., 2014). The raw digital numbers were converted to TOA
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reflectance using the image metadata and the USGS Landsat 8 equations (available at:

https://landsat.usgs.gov/landsat-8-18-data-users-handbook-section-5). Landsat 8 TOA values

adequately represent surface reflectance in Greenland (Pope et al., 2016) and have been used
previously for studying GrIS hydrology (Pope et al., 2016; Miles, K. E. et al., 2017; Macdonald et al.,
2018). The cloud-masking procedure involved marking pixels as ‘no data’ when their band-6 (SWIR)
TOA reflectance value exceeded 0.100 (Figure 5.2), similar to the method used in Chapter 3 for
MODIS imagery albeit requiring a higher threshold value of 0.150. This lower threshold was chosen
based on manual inspection of the pixels marked as cloudy against clouds visible on the original
images. To reduce any uncertainty in the cloud-filtering technique, the cloud mask was dilated by
200 m (just over six Landsat 8 pixels), so that there was high confidence that all clouds had been
marked as ‘no data’ and would not affect the subsequent analyses. Images were manually checked

for cloud shadowing and shadows were filtered if present.

Sentinel-2

Sentinel-2 images were required for both summer 2016 and 2017. For summer 2016, 39 Sentinel-2A
level-1C images from May to October (Table A.11) were downloaded from the Amazon S3

Sentinel-2 database (http://sentinel-s2-11c.s3-website.eu-central-1.amazonaws.com). In summer

2017, both Sentinel-2A and Sentinel-2B level-1C images were downloaded from May to October
from the same database. In total, 54 Sentinel-2A and 27 Sentinel-2B images were used (Table A.11).
The Sentinel-2 data were distributed as TOA reflectance values that were radiometrically- and
geometrically- corrected, including orthorectification and spatial registration to a global reference
system with sub-pixel accuracy. All Sentinel-2 images were downloaded from 2016 that had > 20%
data cover of the study region and < 75% cloud cover. In 2017, all images of the study region, except
those with > 95% cloud cover, were included. These image-filtering thresholds resulted in the
exclusion of 38 (27) images from the 77 (108) in total available in 2016 (2017), reducing the average
temporal resolution from 2.0 (1.4) to 3.9 (1.9) days in 2016 (2017). Sentinel-2 data were downloaded
for the satellite’s 10 m resolution bands 2 (blue; 0.460—0.520 pm), 3 (green; 0.534-0.582 pm) and 4
(red; 0.655-0.684 um), and 20 m resolution data from band 11 (SWIR; 1.570-1.660 pm) (Table 2.4).
Ice-marginal areas were removed using the GIMP ice-sheet mask (Howat et al, 2014). A
cloud-masking procedure similar to that for Landsat 8 was used, where pixels were assumed to be
clouds and were marked as ‘no data’ when the TOA value exceeded a threshold of 0.140 in band
11, after the band-11 data had been interpolated (using nearest-neighbour resampling) to 10 m
resolution for consistency with the optical bands (Figure 5.2). This threshold was chosen by

manually comparing the pixels identified as clouds against the background RGB images. As with
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the Landsat 8 images, the cloud mask was dilated by 200 m (ten Sentinel-2 pixels) to account for

any uncertainty in the cloud-masking procedure.
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Figure 5.2: Summary of the methods applied to the Sentinel-2 and Landsat 8 input data to calculate lake

areas using the NDWI and depths using the physically-based (“PB” in this figure) method. The
interpolation techniques used are indicated by “NN” for nearest neighbour or “B” for bilinear. The
lake-area outputs are compared between the two datasets as described in Section 5.3.3, and the
physically-based lake-depth outputs are compared as outlined in Section 5.3.4. When the empirical lake
depth method for calculating Sentinel-2 lake depths was also evaluated, the final Landsat 8 depths at 10
m resolution were directly compared against the original Sentinel-2 input band data (at native 10 m

resolution) within the lake outlines defined from the NDWI.

5.3.3 Lake area delineation

Figure 5.2 summarises the overall method used to calculate lake areas and depths for the Landsat 8
and Sentinel-2 imagery, including the cloud-masking procedure described above, and the resampling
required because the data were distributed at different spatial resolutions. These comparisons were
only conducted for an image pair in summer 2016, and not in summer 2017, since Sentinel-2 data
were used in isolation of Landsat 8 data in summer 2017. Since the Landsat 8 optical band data
were at 30 m native resolution, they were first resampled to 10 m resolution (using nearest-neighbour
resampling) for consistency with the resolution of the Sentinel-2 data (Figure 5.2). Once complete,

lake areas were derived for the two sets of imagery using the NDWI approach (Section 3.3.3), which
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has been widely used previously for medium- to high-resolution imagery of the GrIS (e.g. Moussavi
et al., 2016; Miles, K. E. et al., 2017), although it was deemed to perform more poorly than other
techniques for the lower-resolution MODIS imagery analysed earlier in this thesis (Section 3.4.1).
There were two stages involved here. First, various NDWI thresholds were applied to the Sentinel-2
and Landsat 8 images and the delineated lake boundaries were compared against the lake perimeters
in the background RGB images. A supervised classification was alternatively considered here, but
it performed poorly at identifying the lake areas reliably (cf. Chapter 3). The NDWTI threshold was
qualitatively selected for each type of imagery based on the threshold that produced the closest
match between the lake outlines and the perimeters of the lakes in the RGB images. Based on this
qualitative analysis, NDWTI thresholds of 0.25 were chosen for both types of imagery (Figure 5.2).
By varying the thresholds in increments of + 0.01 from these values, the total lake area calculated
across the whole image only changed by < 2%. The second stage involved comparing the areas of
594 lakes defined using the NDWI for the contemporaneous Landsat 8 and Sentinel-2 images from
1 July (collected in < 90 minutes of each other) and 31 July (collected in < 45 minutes of each other).
This gave an extremely close agreement between the two sets of lake areas (R> = 0.999;
RMSE = 0.007 km?, equivalent to seven Sentinel-2 pixels) without any bias, producing confidence
that the NDWI approach applied to the two types of imagery reproduced the same lake areas (Figure
5.3). Using these NDWI thresholds, binary (lake and non-lake) masks were created for each day of
imagery for the two satellites for both summers. From the binary images, groups of < 5 pixels in
total and linear features < 2 pixels wide were filtered, since these were likely to represent areas of

mixed slush or supraglacial streams, as opposed to lakes (Pope, 2016; Pope et al., 2016).
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Figure 5.3: The very strong relationship between Landsat 8 and Sentinel-2 lake areas for the days of
overlapping imagery (1 July and 31 July) in 2016 (Tables A.11 and A.12). The 594 lake areas used for
comparisons were derived using the NDWI approach with threshold values of 0.25 for both types of
imagery. The black dashed line shows an OLS linear regression, which can explain 99.9% (R? = 0.999;
p = 0.000) of the variance in the data. The RMSE of 0.007 km? (i.e. seven Sentinel-2 pixels) between the

two sets of lake areas is remarkably small.

5.3.4 Lake depth and volume estimates

Landsat 8

For each Landsat 8 image, the lake depths and volumes were calculated using the physically-based
method of Pope (2016) and Pope et al. (2016), based on Sneed and Hamilton’s (2007) original
method for ASTER imagery, as introduced in Chapter 3. This approach is based on the premise that
there is a measurable change in the reflectance of a pixel within a lake according to its depth, since
deeper water causes higher attenuation of the optical wavelengths within the water column. Lake
depth (z) can therefore be calculated based on the satellite-measured reflectance for a pixel of interest

(Rpix) and other lake properties:

[In (Ag — Rw) — In (Rpix — Reo)]
7=

- , (5.1)

where A, is the lake-bottom albedo, R, is the reflectance for optically-deep (> 40 m) water, and g
is the coefficient for the losses in upward and downward travel through a water column. For Landsat
8, Pope et al.’s (2016) recommendations were again followed as in Chapter 3, taking an average of
the depths calculated using the red and panchromatic band TOA reflectance data within the

boundaries of the lakes (before they had been resampled to 10 m resolution for comparing the
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Sentinel-2 and Landsat 8 lake areas; Section 5.3.3) defined by the method described in Section 5.3.3.
Since the panchromatic-band data were at 15 m resolution, they were resampled using bilinear
interpolation to match the 30 m red-band resolution (Figure 5.2). A; was calculated as the average
reflectance in the relevant band for the ring of pixels immediately surrounding a lake, R, was
determined from optically-deep water in proglacial fjords on a scene-by-scene basis for each band,
and g values for the relevant Landsat 8 bands were taken from Pope ez al. (2016). Lake volume was
calculated as the sum of lake depths, multiplied by the pixel area, within the lake outlines. As in
Chapter 3, these Landsat 8 depths and volumes as were regarded as ground-truth data for the

validation of the Sentinel-2 lake-depth measurements.

Sentinel-2

Since no existing work has derived lake depths using Sentinel-2, it was necessary to formulate a new
method. For this purpose, the Landsat 8 lake depths were used as the validation dataset, with the
validation being conducted on the two dates (1 July and 31 July) with contemporaneous Landsat 8
and Sentinel-2 images (as described in Section 5.3.3). It was decided to test both physically-based
and empirically-based techniques to derive Sentinel-2 lake depths, noting at the outset that physical
techniques are generally thought to be preferable over empirical ones since they do not require

site- or time-specific tuning.

For the physically-based technique, the same method as applied to Landsat 8 (Equation 5.1) was
tested for its use on the Sentinel-2 TOA reflectance data. However, since Sentinel-2 does not collect
panchromatic-band measurements, only Sentinel-2’s red band could be used to calculate lake depths
(Figure 5.2). So, this physically-based technique was applied to the red-band data within the lake
outlines defined with the NDWTI (Section 5.3.3). The value for R, was derived as described above
for Landsat 8, but for A4, the lake was dilated by a ring of two pixels, and not one, to ensure that
shallow water was not included due to the finer pixel resolution. A new g value for Sentinel-2’s red
band needed to be calculated using Pope et al.’s (2016) methods. For this purpose, the relationship
from Smith and Baker (1981; their Equation 5) states that:

Ke=a+i, 62

where K, is the diffuse attenuation coefficient for the clearest natural freshwaters, a is the absorption
coefficient for pure water, and b is the backscattering coefficient for molecular (Rayleigh) scattering
in freshwater. The relationship from Sneed and Hamilton (2007; their Equation 3) was then used,

which indicates that:
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g ~ Ky +abD,, (5.3)

where D,, is an upwelling light distribution or the reciprocal of the upwelling average cosine (Mobley,
1994). Since K,; ~ aD,, (Maritorena et al., 1994), g could simply be calculated (using measured values

of a and b) with the following:

g =2(Ka), (5.4)

meaning that Equation 5.2 could then be used to derive the following relationship:
g =2(a+:b). (5.5)

For a, the value was taken from Pope and Fry (1997, their Table 3) to replace that from Smith and
Baker (1981; their Table 1), and, for b, the value from Buiteveld et al. (1994; their Table 1) was taken
for each wavelength of Sentinel-2’s red band. This allowed a preliminary g value to be calculated
for Sentinel-2’s red band by using Equation 5.5 for each wavelength of the red band (from 646—684
nm in 1 nm increments). To derive a final value, following Pope et al. (2016), Sentinel-2’s spectral
response function (ESA, 2017) was used (akin to the data available for Landsat 8 (Barsi et al., 2014)),
and an average weighted value was calculated according to the spectral response for each
wavelength of the red band. This produced a final g value for Sentinel-2’s red band of 0.8304 m™,
which compares with the lower g value for Landsat 8’s red band of 0.7507 m™ (Pope et al., 2016).

The empirically-based approach involved deriving various lake depth-reflectance regression
relationships (to determine which explained most variance in the data) using the Landsat 8 lake
depth data (dependent variable) and the Sentinel-2 TOA reflectance data for the three optical bands
(independent variables) for each pixel within the lake outlines predicted in both sets of imagery to
determine which band and relationship produced the best match between the two datasets. To
compare these values, the Landsat 8 depth arrays were first resampled (using nearest-neighbour
interpolation) from 30 m to 10 m to match the resolution of the Sentinel-2 TOA reflectance data
(Figure 5.2). To evaluate the performance of the empirical versus physical techniques,
goodness-of-fit indicators were calculated for the Sentinel-2 and Landsat 8 measurements derived
from the empirically-based technique (applied to all optical bands) and physically-based method
(applied to the red band).

As for Landsat 8, Sentinel-2 lake volumes were calculated as the sum of the individual lake depths,

multiplied by the pixel areas, within the lake boundaries.
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5.3.5 Lake evolution and rapid lake-drainage identification

Time series of lake water volumes

Once validated, the new techniques to calculate lake areas, depths and volumes from Sentinel-2, as
well as the existing methods for Landsat 8 (Sections 5.3.3 and 5.3.4), were applied to the satellite
imagery within the Fully-Automated Supraglacial lake Tracking at Enhanced Resolution
(FASTER) algorithm to produce cloud- and ice-marginal-free 10 m resolution lake area and depth
arrays for each day of the 2016 melt season for which either a Landsat 8 or Sentinel-2 image was
available, or for each day of the 2017 melt season with a Sentinel-2 image available (Figure 5.2). In
2016, for the days (1 July and 31 July) when both Landsat 8 and Sentinel-2 imagery was available
(as used for the comparisons above), in the FASTER algorithm, only the higher-resolution
Sentinel-2 images were used. The FASTER algorithm is an adapted version of the FAST algorithm
presented in Chapter 3 for MODIS imagery. Similar to the FAST algorithm, the FASTER algorithm
involves creating an array mask to show the maximum extent of lakes within the region in summers
2016 and 2017, by superimposing the lake areas from each image. Within this maximum lake-extent
mask, changes to lake areas and volumes were tracked between each consecutive image pair, with
any lakes that were obscured (even partially) by cloud marked as ‘no data’. While a 2-pixel minimum
threshold lake size was required for MODIS, for the analysis in this chapter, only lakes that grew to
> 495 pixels (i.e. 0.0495 km?) at least once in the season were tracked, which is identical to the
minimum threshold used by Miles, K. E. et al. (2017), and is based on the minimum estimated lake
size (approximated as a circle) required to force a fracture to the ice-sheet bed (Krawczynski et al.,
2009) (Section 2.7). It is encouraging that this minimum threshold size for lake tracking was over
seven times larger than the error (0.007 km?) associated with calculating lake area (Section 5.3.3;
Figure 5.3). While a lower tracking threshold could have been used, it would have significantly
increased computational time and power required, alongside adding uncertainty to whether the
groups of pixels being tracked actually represented lakes. This tracking procedure produced time

series for all lakes to show their evolution over the whole 2016 and 2017 melt seasons.

Rapid lake-drainage identification

From the time series, a lake was classified as draining rapidly if two criteria were met: (i) it lost
> 80% of its maximum seasonal volume in < 4 days (following Doyle et al., 2013; Fitzpatrick et al.,
2014; Miles, K. E. et al., 2017; Chapter 3); and (ii) it did not then refill on the subsequent day of
cloud-free imagery by > 20% of the total water volume lost during the previous time period,

following Miles, K. E. ef al. (2017); the aim here was to filter false positives from the record.
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However, the sensitivity of the rapid lake-drainage identification methodology to these thresholds
was tested for summer 2016 by varying the threshold by = 10% (i.e. 70-90%) for the
critical-volume-loss threshold, + 10% (i.e. 10-30%) for the critical-refilling threshold, and + 1 day
(i.e. 3-5 days) for the critical-timing threshold.

To determine how much extra information could be obtained from the finer spatial resolution
satellite record, the number of rapidly draining lakes identified that grew to > 0.125 km? (which
would theoretically be resolvable by MODIS) was compared with the number that never grew to
this size (which would not be resolvable by MODIS) at least once in the season. The drainage date
was defined as the midpoint between the date of drainage initiation and cessation (cf. Section 3.3.5),
and the error on the drainage date was defined as half of this value. In 2016, three sets of analyses
were conducted: one for each set of imagery individually, and a third for both sets together; the
intention here was to quantify how mosaicking the dual-satellite record improved the identification
oflake-drainage events compared with using either record alone. In 2017, only a single set of analysis
was conducted for Sentinel-2 imagery alone, because of the improved temporal resolution when
using both Sentinel-2A and Sentinel-2B imagery; a secondary aim was to determine whether
Sentinel-2 data could be used in isolation of Landsat 8 data, which would be preferable since it
would reduce the need for any resampling, and therefore the consequent introduction of errors. The
water volumes reaching the GrIS interior from the small and large lakes during the drainage events

themselves were determined using the lake volume measurements on the day of drainage.

The difference in lake behaviour between 2016 and 2017 was investigated in terms of the difference

in the drainage dates and the water volumes contained in the lakes prior to rapid drainage.

5.3.6 Meltwater deliveries after moulin opening and inter-annual

runoff

To quantify the extra runoff entering the GrIS via the moulins opened in 2016, using the dual
Sentinel-2 and Landsat 8 record, the locations and timings of moulin openings by large and small
rapidly draining lakes were identified. Then, at these moulin locations, the meltwater volumes that
subsequently entered the ice sheet were determined using statistically-downscaled, daily 1 km
resolution RACMO2.3p2 runoff data (Noél et al., 2018). Here, “runoff’ was defined as melt plus
rainfall minus any refreezing in snow (Noél ez al., 2018). These data were reprojected from Polar
Stereographic (EPSG: 3413) to WGS 84 UTM zone 22N (EPSG: 32622) for consistency with the
other data, and upsampled to 100 m resolution using bilinear resampling. Then, the ice-surface

catchment for each rapidly draining lake was delineated using MATLAB'’s ‘watershed’ function,
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applied to the GIMP ice-surface-elevation data (Howat et al., 2014). The elevation data were first
coarsened using bilinear resampling to 100 m resolution from 30 m native resolution. For each of
the days after rapid lake drainage had finished, it was assumed that all of the runoff within a lake’s
catchment reached the moulin in that catchment instantaneously (i.e. no flow-delay algorithm was
applied) and entered the GrIS. This allowed first-order comparisons between cumulative runoff into
the GrIS via the moulins opened by small and large lake-drainage events. In 2017, the
RACMO2.3p2 runoff data (Noél et al., 2018), which were only available until the end of August,
were used to assess whether differences in the timing and quantity of surface melt between 2016 and
2017 could explain any differences in lake behaviour between the years, such as the drainage dates

or water volumes contained within lakes prior to drainage.

5.4 Results

5.4.1 Sentinel-2 lake-depth estimates

Table 5.1 shows the results of the lake-depth calculations using the physically- and empirically-based
techniques. The physically-based method (Figure 5.4) performs slightly less well (R? = 0.841; RMSE
= 0.555 m) than the best empirical method (Figure 5.5) when a power-law regression is applied to
the red-band data (R?> = 0.889; RMSE = 0.447 m). Figures 5.6 and 5.7, respectively, show the data
for the empirical technique applied to the Sentinel-2 TOA reflectance values and Landsat 8 lake
depths for the more poorly-performing Sentinel-2 green and blue bands (Table 5.1). The
physically-based method performs better on 1 July 2016, when the relationship between Sentinel-2
depths and Landsat 8 depths is more linear (Figure 5.4, blue circles) than on 31 July 2016 (Figure
5.4, red squares), when the relationship is more curvilinear. This is because the depths calculated
with Sentinel-2 on 31 July are limited to ~3 m, while higher depths (> 4 m) are reported on 1 July
2016 (Figure 5.4). Although less distinct, the best empirical relationship for the red band also differs
slightly in performance between the two dates (Figure 5.5). Section 5.5.1 discusses the possible
reasons for the under-measured lake depths w Sentinel-2 on 31 July 2016 compared with 1 July
2016.

Although the physically-based method performs slightly more poorly than the empirical techniques,
the physical method is preferable because it can be applied across wide areas of the GrIS and in
different years without site- or time-specific tuning; it is likely that a different empirical relationship
would have better represented the data for a different area of the GrIS or in a different year. The
physically-based method is therefore carried forward into the lake-tracking approach, with the error

defined on all of the subsequently calculated lake-depth (and therefore lake-volume) measurements
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for Sentinel-2 using the RMSE of 0.555 m, and, in summer 2016, treating the Landsat 8

measurements as ground-truth data, meaning they do not have errors associated with them.
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Figure 5.4: Comparison between lake depths calculated using the physically-based method for Sentinel-2
(with the red band) and for Landsat 8 (with the average depths from the red and panchromatic bands).
Degrees of freedom (“df”’) = 513,093 (blue circles = 1 July 2016; red squares = 31 July 2016). The solid
black line shows an OLS linear regression. The R? value indicates that the regression explains 84.1% of
the variance in the data. The RMSE of 0.555 m shows the error associated with calculating the Sentinel-2

lake depths using this relationship.
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Figure 5.5: The empirical power law regression (solid black curve, equationy = 0.2764x~%8%52) between
Sentinel-2 red-band TOA reflectance and Landsat 8 lake depth. Degrees of freedom (“df”) = 430,650
(blue circles = 1 July 2016; red squares = 31 July 2016). The R* value indicates that the regression explains
88.9% of the variance in the data. The RMSE of 0.447 m shows the error associated with calculating the
Sentinel-2 lake depths using this relationship.
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Figure 5.6: Scatter plot to show the relationship between Sentinel-2 green-band TOA reflectance and
Landsat 8 lake depth for 430,650 data points (blue circles = 1 July 2016; red squares = 31 July 2016).
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Figure 5.7: Scatter plot to show the relationship between Sentinel-2 blue-band TOA reflectance and
Landsat 8 lake depth for 430,650 data points (blue circles = 1 July 2016; red squares = 31 July 2016).

Table 5.1: Goodness-of-fit indicators for the empirical and physical techniques tested in this chapter for
deriving Sentinel-2 lake depths, with validation against the Landsat 8 lake depths. SSE is the sum of
squares due to error. The best-performing (red-band) regression relationship (i.e. the one with highest R?,

and lowest RMSE and SSE) among the empirical techniques is shown in bold italicised text.

Selll::::ll-z Go:: E:SS- OLS. Power—!aw Exponel.ltial
(technique) in dicator regression regression regression
Red R 0.702 0.889 0.842
(empitical RMSE 0.734 0.448 0.534
SSE (m’) 2.39 x 10° 8.62x 10° 1.23 x 10°
Green R’ 0.782 0.768 0.829
o RMSE 0.627 0.647 0.556
(empirical)  gop (1) 1.69 x 10° 1.80 x 10° 1.33 x 10°
Buc R 0.647 0.622 0.673
(empirical) RMSE 0.799 0.826 0.768
SSE (m’) 2.75 % 10° 2.94 % 10° 2.54 % 10°
R 0.841
( hR:iaD RMSE 0.555 - -
phy SSE (m’) 1.58 x 10°
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5.4.2 Lake evolution in summer 2016

Having verified the reliability of the lake area and depth techniques for both Sentinel-2 and Landsat
8, the automatic calculation methods are included in the FASTER algorithm to derive seasonal
changes to lake areas and depths, and therefore volumes, in summer 2016. The FASTER algorithm
is applied to the Landsat 8 and Sentinel-2 image batches individually, as well as to both sets when
combined into a dual record. In 2016, using the dual-satellite image collection produces an
improvement to the temporal resolution of the dataset over the summer season (1 May to 30
September) from averages of 9.0 days (for Landsat 8) and 3.9 days (for Sentinel-2) to 2.8 days (for
the dual record). The months of June and July have the most imagery available (both with 14
images) within the dual-satellite analysis. For the Landsat 8 individual analysis, the algorithm tracks
changes to 453 lakes that grow to > 0.0495 km? once in the season; equivalent numbers are 599 lakes
for the Sentinel-2 analysis, and 690 lakes for the dual-satellite analysis. Using the dual-satellite record
therefore involves tracking an additional 237 (91) lakes over the season than is possible with Landsat

8 (Sentinel-2) alone.

The largest lake size varies between the analyses: 4.0 km? for Landsat 8 (recorded on 16 July 2016),
and 8.6 km? for Sentinel-2 (recorded on 21 July 2016), which may be because there are no Landsat
8 images close to 21 July 2016. The maximum lake volumes recorded also vary between the two
platforms: 1.1 X 107 m® for Landsat 8 (recorded on 15 July 2016) and 1.2 x 10" m? for Sentinel-2
(recorded on 14 July 2016). The mean and median lake sizes across all of the images from the dual
Sentinel-2-Landsat 8 record are 0.09 km? and 0.02 km?, respectively. Both values are well below (by
0.035 km? and 0.105 km?, respectively) the threshold reporting size of MODIS, assuming two 250
m MODIS pixels are required to confidently classify lakes (Fitzpatrick et al., 2014; Chapter 3).
Unpaired Student’s t-tests between Sentinel-2 and Landsat 8 lake areas and volumes (from all of the
imagery) confirm that they are not significantly different with > 99% confidence (t = 6.5, degrees of
freedom = 9503 for areas; t = 11.4, degrees of freedom = 6859 for volumes), justifying using the two

imagery types together despite their resolution difference (10 m versus 30 m).

Using the full Sentinel-2-Landsat 8 dataset, the FASTER algorithm produces time series that
document changes to individual lake volumes over the season, samples of which are shown in Figure
5.8. Total areal and volumetric changes across the whole region are also calculated by summing the
values for all lakes in the region. However, it is noted that cloud cover (which was masked from the
images) often affects the observational record, and there are time periods, such as the end of August
and early July, with a lot of missing data (Figure 5.9). Figure 5.10 is therefore produced to normalise

total lake areas and volumes against the proportion of the region visible, and this shows the
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estimated pattern of lake evolution on the GrIS. There is virtually no water in lakes before June,
steady increases in total lake area and volume until the middle of July, and then a gradual decrease
in total lake area and volume through the remainder of the season, with most lakes emptying or
freezing by early September (Figures 5.9 and 5.10). Dates with seemingly low total lake areas and
volumes are explained by the low portion of the whole region visible in those images (Figures 5.9
and 5.10). Finally, as in previous studies (e.g. Box and Ski, 2007; Georgiou et al., 2009) and Chapter
3, there is a very close correspondence between lake areas and volumes: comparing lake area and

volume values from all dates produced an R? value of 0.73 (p = 0.00).
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Figure 5.8: Sample time series of lake volume to show seasonal changes for (a) a non-rapidly draining
lake (Figure 5.1, red circle) and (b) a rapidly draining lake (Figure 5.1, green box). Lines connect points

without any data smoothing.
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Figure 5.9: Evolution to total lake area and volume across the whole study region during the 2016 melt
season. “Portion of region visible” measures the percentage of all pixels within the entire region that are
visible in the satellite image, i.e. which are not obscured either by cloud (or cloud shadows) or which are
not missing data values. Figure 5.10 presents total lake area and volume after normalising for the portion

of the region visible.
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Figure 5.10: Estimates of evolution to total lake (a) area and (b) volume across the whole study region
during the 2016 melt season after daily values were normalised against the proportion of the region visible
on that day (i.e. not obscured by cloud, cloud shadows or missing data). Values are derived by dividing

the daily total lake area and volume by the portion of the region visible on that day (cf. Figure 5.9).

5.4.3 Rapid lake drainage in summer 2016

Table 5.2 shows the results of the identification of rapidly draining lakes using the three different
datasets, and indicates that the dual-satellite record is better for identifying rapidly draining lakes
than the individual records. This was for two main reasons. First, the dual-satellite record identifies
118 (91) more rapidly draining lakes than the Landsat 8 (Sentinel-2) record in isolation (Table 5.2).

‘When either record is used alone, Sentinel-2 (Landsat 8) performs better (worse), identifying 50.5%
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(35.9%) of the total number of rapidly draining lakes identified by the dual-satellite record. Second,
with the dual-satellite dataset, drainage dates are identified with lower error (i.e. half of the number
of days between the date of drainage initiation and cessation) than with the Sentinel-2 analysis
(Table 5.2). However, the errors appear lower for the Landsat 8 analysis than either the dual-satellite
or Sentinel-2 analysis, and this is because nearly all Landsat 8 lake-drainage events occur on two
occasions when an image pair is only separated by a day, on 8-9 July (small lakes) and 13-14 July
(large lakes) (Table 5.2).

The dual-satellite record also identifies the rapid drainage of many small lakes (< 0.125 km?) that
would not be visible with MODIS imagery due to the lower limit of its reporting size (Table 5.2),
thus presenting an advantage of the dual-satellite record over the MODIS record of GrIS surface
hydrology. These smaller lakes tend to drain rapidly earlier in the season (mean date = 8 July for
the dual-satellite record) than the larger lakes (mean date = 11 July for the dual-satellite record),
although the difference in dates is small, with most draining in early to mid-July (Table 5.2; Figure

5.11). In general, lakes closer to the ice margin tend to drain earlier than those inland (Figure 5.11).

Finally, the impacts of adjusting the thresholds used to define rapidly draining lakes on rapid
lake-drainage identification are investigated. Changing the critical volume loss required for a lake to
be identified as having drained from 80% to 70% and 90% results in the identification of only six
more and four fewer rapid drainage events, respectively. Similarly, changing the critical-refilling
threshold from 20% to 10% and 30% results in identifying only eight fewer and five more rapidly
draining lakes. However, adjusting the timing over which the volume loss is required has a larger
impact, with adjustments from 4 to 3 and 5 days producing 37 fewer and 65 more rapid lake-drainage

events, respectively.
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Table 5.2: Properties of rapid lake-drainage events identified using the satellite datasets individually and

when as part of a dual-satellite dataset. Large lakes are > 0.125 km? (identifiable by MODIS), while small
lakes are < 0.125 km? (omitted by MODIS). “DoY” refers to day of year in 2016.

?YII::IYSIS Property Large lakes  Small lakes 33;:;1/1
Number of drainage events 45 48 93
Percentage of total lakes 7.5 8.0 15.5
Mean drainage date (DoY) = mean error 193.4+1.8 1882+1.6 190.7%1.7
) Minimum drainage volume (10° m?) 0.02 0.006 0.006
Sentinel-2 1. vimum drainage volume (10° m) 90.1 2.1 90.1
Mean drainage volume (10° m®) 7.5 0.2 3.7
Median drainage volume (10° m?) 1.3 0.2 0.3
Total drainage volume (10° m?) 337.3 11.7 349.0
Number of drainage events 30 36 66
Percentage of total lakes 6.6 7.9 14.6
Mean drainage date (DoY) + mean error  196.8 £0.6 190.5+0.5 193.4+0.5
Minimum drainage volume (10° m?) 0.1 0.05 0.05
Landsat8 /. imum drainage volume (10° m’) 19.8 1.1 19.8
Mean drainage volume (10° m?) 4.2 0.4 2.1
Median drainage volume (10° m?) 1.6 0.4 0.6
Total drainage volume (10° m®) 126.8 14.1 140.9
Number of drainage events 79 105 184
Percentage of total lakes 11.4 15.2 26.7
Dual Mean drainage date (DoY) + mean error 193.1£1.1 190.1£1.0 1914=*1.1
Sentinel-2 Minimum drainage volume (10° m®) 0.006 0.007 0.006
and Maximum drainage volume (10° m®) 91.0 1.6 91.0
Landsat 8  Mean drainage volume (10° m®) 7.4 0.3 34
Median drainage volume (10° m?) 1.8 0.2 3.9
Total drainage volume (10° m?) 586.1 31.2 617.3
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Figure 5.11: Dates of rapid drainage events for small (circles) and large (triangles) lakes in 2016. The
panel coverage and background are the same as that shown in Figure 5.1. The extreme colourbar values

include those dates outside of the range shown (i.e. before 19 June and after 5 September, respectively).

5.4.4 Meltwater deliveries and moulin opening by rapid lake drainage

Each rapid lake-drainage event from the dual-satellite record delivers a mean water volume of
3.4 x 10° m® (range = 0.006-91.0 X 10° m*; 0 = 10.2 X 10° m®) into the ice sheet (Table 5.2; Figure
5.12). Figure 5.12 shows the patterns of meltwater delivery across the region, suggesting that small
(< 0.125 km?) and large (> 0.125 km?) rapidly draining lakes are randomly distributed across the
region. Figure 5.13 shows that large lakes generally contain more water than small lakes, as might
be expected, but also shows that large lakes contain a higher range of water volumes than small
lakes, producing an overlap between the lake types for the lower water volume values. Thus,
although large lakes each cover a higher area, some large lakes must be relatively shallow, as also

suggested by the red to yellow coloured triangles on Figure 5.12.
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Figure 5.12: Lake water volumes measured using the physically-based technique on the days prior to
lake drainage, categorised into small (< 0.125 km? in area; circles) and large lakes (> 0.125 km? in area;
triangles). Each point shown is also assumed to represent the location at which a moulin is opened by
hydrofracture during rapid lake drainage. The panel coverage and background are the same as that in

Figure 5.1.

Using the data from the dual-satellite record, and considering just the water volumes delivered into
the GrIS during lake-drainage events (and not subsequently via the moulins opened), the drainage
of small (< 0.125 km?) lakes delivers a total meltwater volume of 31.2 X 10° m®, which is just 5.1%
of the total volume (617.3 x 10° m®) delivered into the GrIS during the drainage of all lakes across
the region (Table 5.2). Although this volume is low, small lake-drainage events, like large
lake-drainage events, are additionally important because they are associated with the opening of
moulins that transport surface meltwater into the GrIS, and perhaps to the bed, for the remainder of
the season (Banwell ez al., 2016; Koziol et al., 2017). Associating lake drainages with moulin opening
in this way means that the dual-satellite record finds an additional 105 moulins (Table 5.2) that
would not have been identified by MODIS; this is greater than the total number of moulins
associated with large lake-drainage events (79) that could have been identified by MODIS, assuming
MODIS can identify all lakes > 0.125 km?, which itself is unlikely (Leeson et al., 2013). For example,
Chapter 3 showed that only 42% of the lakes from Landsat 8 were identified by MODIS. Figure
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5.14 shows that the moulins opened by the rapid drainage of small lakes allow a higher total volume
of meltwater to enter the GrIS than that routed via moulins opened by rapidly draining large lakes;
in total, moulins opened by small (large) lakes channel 1.61 x 10" (1.04 x 10'") m?® water equivalent
(w.e.) of meltwater into the GrIS interior. Thus, moulins opened by small (large) lakes deliver 61.5%
(38.5%) of the total runoff'into the GrIS after they were opened. Moreover, moulins opened by small
lakes deliver more meltwater into the GrIS than those opened by large lakes across all ice-elevation
bands, although this finding is more pronounced at lower elevations than higher elevations, i.e.
below and above 800 m a.s.1. respectively (Figure 5.14). The runoff into the moulins opened by small
lakes also tends to reach the GrIS interior earlier in the season than that delivered into the moulins

opened by large lakes, because these lakes tend to drain earlier (Figure 5.14).
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Figure 5.13: Frequency distribution of water volumes prior to rapid drainage for small and large lakes to
show the lower and more tightly clustered water volumes contained within small lakes compared with

large lakes. Water volumes were log-normalised (to the base 10) for presentation.
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Figure 5.14: Cumulative runoff volume (from RACMO2.3p2 data (Noél et al., 2018)) entering the GrIS
over the remainder of the melt season via the moulins opened by lake drainage for small (< 0.125 km?)
and large (> 0.125 km?) lakes for different ice-surface-elevation bands (derived from Howat et al. (2014))
shown in m a.s.l. in the legend. Runoff volume is derived within lakes’ ice-surface catchments and is

assumed to reach the moulin instantaneously on each day, without any flow delay (Section 5.3.6).

5.4.5 Inter-annual differences in lake behaviour

Lake evolution

Inter-annual differences in lake behaviour are assessed between 2016 and 2017. Using Sentinel-2
imagery alone in summer 2017 identifies 512 lakes that grow to at least 0.0495 km? in size at least
once in the season, 87 fewer lakes than with the Sentinel-2 analysis alone in summer 2016. The
largest lake size recorded in 2017 is 2.4 km? (recorded on 2 August 2017), which is some 6.2 km?
smaller than the largest lake size recorded by Sentinel-2 in 2016 (recorded on 21 July 2016). The
largest lake volume recorded in 2017 is 8.2 X 10° m? (recorded on 27 July 2017), being 3.8 x 10° m?
smaller than the value from 2016 (recorded on 14 July 2016). The mean lake size across all of the
images is 0.04 km?, 0.085 km? below the threshold reporting size of MODIS (0.125 km?, i.e. two
pixels). As for 2016, the FASTER algorithm produces time series to show seasonal volume changes
for all lakes in summer 2017 (Figure 5.15). These individual hydrographs are summed to produce
values for total lake area and volume change during the whole summer, normalised against the

proportion of the region visible, as for 2016 (Figure 5.16). Figure 5.16 shows a similar pattern to that
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observed in 2016, with no water in lakes until the beginning of June, then small increases during
June, and pronounced increases throughout July, with steady decreases from a peak in early August
until the end of the melt season, with most lakes emptying or freezing by the end of September.
However, compared with 2016, the maximum total area and volume of lakes is reached later in the
season (at the end of July compared with the middle of July). The magnitude of the maximum values

is similar between the two years (Figures 5.10 and 5.16).
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Figure 5.15: Sample time series to show 2017 seasonal changes for (a) a non-rapidly draining lake and

(b) a rapidly draining lake. Lines connect points without any data smoothing.
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Figure 5.16: Estimates of evolution to total lake (a) area and (b) volume across the whole study region
during the 2017 melt season after daily values were normalised against the proportion of the region visible
on that day (i.e. not obscured by cloud or missing data). Values are derived by dividing the daily total

lake area and volume by the portion of the region visible on that day (cf. Figure 5.10 for summer 2016).

Rapid lake drainage

Table 5.3 shows the results of the identification of rapidly draining lakes in summer 2017 using the
Sentinel-2 dataset, and Table 5.4 compares the numbers and properties of rapidly draining lakes in
2017 with the results from 2016 using the Sentinel-2 data alone, rather than the dual-satellite record
(Section 5.4.3). A similar total number of rapidly draining lakes is identified (92 in 2017 versus 93
in 2016), although the distribution of this total between small and large lakes differs, with more
(fewer) small (large) lake-drainage events identified in 2017 compared with 2016: 58 versus 48 for
small lakes and 34 versus 45 for large lakes (Tables 5.2 and 5.3). As in 2016, the Sentinel-2 record
in 2017 is able to identify 58 additional small lake-drainage events than would be identified with
MODIS (Table 5.3; Figure 5.17). Lakes drain later in 2017 than 2016: Figure 5.17 shows that the
drainage dates of many lakes are biased towards the later dates compared with the drainage dates of
lakes in 2016 (Figure 5.11). Moreover, rapidly draining lakes in 2017 deliver lower quantities of
meltwater into the GrIS interior (both in terms of the total and mean water volumes) during the

drainage events themselves than in 2016 (Table 5.4; Figures 5.12 and 5.18).

The error on lake-drainage dates in 2017 is lower than in 2016, most likely resulting from including
the Sentinel-2B images in 2017 in addition to the Sentinel-2A images in 2016. Compared with the
dual-satellite (Sentinel-2 and Landsat 8) record in 2016, the Sentinel-2 record in 2017 identifies 91

fewer rapidly draining lakes, thus performing similarly to the Sentinel-2 record in isolation in 2016.
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Figure 5.18 also highlights this pattern, showing many fewer lake-drainage events identified using
the Sentinel-2 data alone compared with the dual-satellite record identification shown on Figures
5.11 and 5.12. The drainage-date errors from the Sentinel-2 record alone in 2017 are also higher (by
0.2 days) than the errors for the dual-satellite record in 2016, suggesting a dual-satellite record holds

more potential than Sentinel-2 data used alone.

Table 5.3: Properties of rapid lake-drainage events identified using Sentinel-2 in summer 2017. Large
lakes are > 0.125 km? (identifiable by MODIS), while small lakes are < 0.125 km? (omitted by MODIS).
“DoY” refers to day of year in 2017.

Property Large lakes Small lakes Total/overall
Number of drainage events 34 58 92
Percentage of total lakes 6.6 11.3 18.0
Mean drainage date (DoY) * mean error 199.7+ 1.3 2009+ 1.3 2004 + 1.3
Minimum drainage volume (10° m?) 0.2 0.2 0.2
Maximum drainage volume (10° m®) 41.1 2.5 41.1
Mean drainage volume (10° m®) 6.0 0.4 2.4
Median drainage volume (10° m?) 2.8 0.2 0.4
Total drainage volume (10° m?) 204.2 20.1 224.3

Table 5.4: Differences in properties of rapid lake-drainage events between 2016 and 2017. Red (black)
text indicates values that are lower (higher) in 2017 compared with 2016. Large lakes are > 0.125 km?
(identifiable by MODIS), while small lakes are < 0.125 km? (omitted by MODIS). “DoY” refers to day
of year in 2017.

Property Large lakes Small lakes Total/overall
Number of drainage events 11 10 1
Percentage of total lakes 0.9 3.3 2.5
Mean drainage date (DoY) * mean error 6.3+0.5 12.7+0.3 9.7£04
Minimum drainage volume (10° m?) 0.18 0.194 0.194
Maximum drainage volume (10° m®) 49 0.4 49
Mean drainage volume (10° m®) 1.5 0.2 1.3
Median drainage volume (10° m?) 1.5 0 0.1

Total drainage volume (10° m?) 133.1 8.4 124.7
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Figure 5.17: Dates of rapid drainage events for small (circles) and large (triangles) lakes in 2017. The
panel coverage is the same as that shown in Figure 5.1, and the background is a Sentinel-2 RGB image
from 3 August 2017 (see Table A.11 for image details). The extreme colourbar values include those dates

outside of the range shown (i.e. before 19 June and after 5 September, respectively).
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Figure 5.18: Lake water volumes measured on the days prior to lake drainage, categorised into small
(< 0.125 km? in area; circles) and large lakes (> 0.125 km? in area; triangles). The panel coverage is the

same as that in Figure 5.1 and the background is the same as that in Figure 5.17.

Relating inter-annual changes in lake behaviour to runoff volumes

RACMO2.3p2 data (Noél et al., 2018) show that, for each day of the season, in 2016 there is nearly
always higher runoff than in 2017 (Figure 5.19 (a)); this produces a higher cumulative total in 2016
than 2017 (Figure 5.19 (b)). By the end of August 2016, across the whole region, runoff amounts to
13.0 x 10° m® w.e., compared with the lower total of 7.4 x 10° m?® w.e. by the end of August 2017,
meaning 2017 runoff was only 56.9% of the 2016 total. Figure 5.19 also shows that melting is higher
earlier in the season in 2016 than 2017, particularly during the middle and end of July. The

implications of these differences for lake behaviour are discussed in Section 5.5.4.
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Figure 5.19: Comparison of (a) daily and (b) cumulative runoff volumes in the study region, derived

from RACMO2.3p2 data (Noél et al., 2018), highlighting the discrepancies between the years.

5.5 Discussion

5.5.1 Sentinel-2 lake-depth estimates

The first and second aims of this chapter involved trialling and then applying a new method for
calculating lake depths from Sentinel-2 imagery. This derived a RMSE of 0.555 m on lake depths
calculated with the physically-based method applied to Sentinel-2’s red band when compared with
lake depths calculated from Landsat 8 using similar physically-based methods (Pope et al., 2016).
The physical method was chosen over the empirical one because the empirical method cannot be
applied without the site- or time-specific adjustments suggested in previous research (e.g. Sneed and
Hamilton, 2007; Pope et al., 2016), and might therefore perform more poorly in other years and/or
for other regions of the GrIS. Given that the performance of the two methods was very similar, it
therefore seemed most sensible to use the more robust physically-based technique. In addition, the
RMSE value obtained here for Sentinel-2 is only slightly higher than the error on lake-depth
calculations using the physical method for similar-resolution Landsat 8 data (0.28 m for the red band
and 0.63 m for the panchromatic band; Pope et al., 2016). However, the RMSE on Sentinel-2 lake
depths is less than half both that produced using the physically-based method applied to
coarser-resolution (250 m) MODIS red band data (1.27 m; Chapter 3) and that produced using an
empirical depth-reflectance relationship for MODIS (1.47 m; Fitzpatrick et al., 2014). Therefore,
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using this record over MODIS imagery produces a much more reliable measure of lake water depths
on the GrIS because of the improved spatial resolution. The dual-satellite record is even further

strengthened by its high temporal resolution, which approaches that of MODIS (Section 5.5.2).

Despite the low overall error for the physically-based lake-depth calculations from Sentinel-2,
different performances were observed for the two validation dates (1 July and 31 July; Section 5.4.1):
the depths calculated for Sentinel-2 and Landsat 8 showed closer agreement on 1 July than on
31 July (Figure 5.4). This is likely to be because clouds obscured a large portion of the image from
1 July. Although the lakes used for comparison were cloud-free, there were probable adjacency
effects associated with the cloud, which had more of an impact for Sentinel-2 than for Landsat 8.
For example, the pixel brightness might have been reduced in locations close to the clouds,
consequently producing higher lake depths with the seemingly darker water (Figure 5.4). Similar
cloud adjacency effects have been recorded with other satellites, such as MODIS (Feng and Hu,
2016), and Landsat 8 and RapidEye (Houborg and McCabe, 2017). The depths calculated with the
physical method on 31 July (Figure 5.4), when there was less cloud cover, are therefore more likely
to be true depths than the depths from 1 July when the image was affected by the cloud, even though
the 1 July depths appear to be more correct. Assuming this is the case, the results indicate that
Sentinel-2 may not entirely accurately record deeper water (> ~3.5 m; Figure 5.4) using the physical
method applied to the red band. This is perhaps because the red wavelengths become saturated (i.e.
fully attenuated) within the water column at higher depths, a result similar to that observed for
lake-depth measurements from WorldView-2 and Landsat 8, and as reported in Chapter 3
(Moussavi et al., 2016; Pope et al., 2016). Alternatively, the presence of clouds on the 1 July image
might be indicative of a difference in the atmospheric composition on that day, which could have
affected the lake-depth calculations with Sentinel-2, but not to the same degree with Landsat 8. This
might be because of the difference in bandwidths between the satellites, or because Landsat 8’s
panchromatic band (used for calculating lake depths) is less sensitive to the presence of clouds in an
image, therefore producing more reliable lake-depth measurements. The effect of clouds on the
atmosphere could have been better accounted for if the Sentinel-2 TOA reflectance data had been
first converted to BOA (i.e. surface-reflectance) measurements. However, while surface-reflectance
data are available for Landsat 8’s optical bands, they are not for its panchromatic band, meaning
that the lake-depth calculation method used here could not have been applied to generate reliable
ground-truth data. It was therefore intentionally decided not to perform this correction on the

Sentinel-2 TOA data to allow direct comparisons between the measurements from the two satellites.
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5.5.2 Lake evolution in summer 2016

The second aim of this chapter was to apply the new methods for calculating lake areas, depths and
volumes from Sentinel-2 imagery, alongside existing methods for Landsat 8, within the FASTER
algorithm to produce time series for the evolution of all lakes. Applying this algorithm to the
dual-satellite record allowed the tracking of the evolution of 690 lakes. The mean and median lake
sizes (0.09 km? and 0.02 km?*) were well below the threshold (0.125 km?) of lake size that MODIS
can identify. Using a dual-satellite record, it was therefore possible to achieve both high temporal
(2.8 days) and spatial resolution (10-30 m). Previous studies (e.g. Selmes et al, 2011, 2013;
Fitzpatrick et al., 2014; Miles, K. E. et al., 2017) have acknowledged that MODIS is useful because
it can provide very high temporal resolution (up to sub-daily repeat site imaging) since the GrIS’s
surface hydrology can change quickly. However, because of the coarse spatial resolution, lake area
and depth can only be calculated with large errors: for example, Chapter 3 shows that the errors on
MODIS lake areas are 0.323 km? (six times larger than the value derived in this chapter) and the
errors on MODIS lake depths are 1.27 m (twice that obtained in this chapter). The minor loss of
temporal resolution (i.e. a reduction from daily to 2.8 days) by using the dual-satellite record rather
than MODIS therefore seems to be offset by the record’s improved accuracy in resolving lake areas

and depths.

5.5.3 Rapid lake drainage in summer 2016

The third and fourth aims of the chapter were to identify the lakes tracked by the FASTER algorithm
that drained rapidly, and to investigate the quantity of runoff reaching the GrIS interior both during
the drainage events themselves and subsequently via the moulins opened by rapid lake drainage.
This was because recent work (Banwell ez al., 2016; Koziol et al., 2017) has shown that the moulins
opened by rapid lake-drainage events allow much greater meltwater volumes to reach the subglacial
system than the actual drainage events themselves. Most research to date has used MODIS imagery
to identify rapidly draining lakes because the high temporal resolution is required to separate rapidly
draining lakes from those draining slowly. Although this MODIS-based research has been helpful
for quantifying the characteristics of relatively large lakes (> 0.125 km?) and the potential controls
on their rapid drainage (Box and Ski, 2007; Morriss et al., 2013; Fitzpatrick et al., 2014; Chapters 3
and 4), such work has been unable to study smaller (< 0.125 km?) lakes.

Rapid drainage of both large and small lakes can be identified using the FASTER algorithm with
the dual-satellite record. Although the water volumes associated with the drainage of small lakes

into the GrIS amount to just 5.1% of the total water volume associated with the drainage of all lakes
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across the region, rapid drainage of small lakes is important because, like large lakes, they open-up
moulins that can direct surface meltwater into the GrIS interior over the remainder of the season
(Banwell er al, 2016; Koziol et al, 2017). With the dual-satellite record, 105 small rapid
lake-drainage events were identified, thus providing 105 additional inputs for surface meltwater to
reach the ice-sheet interior than would be identified by MODIS; this also assumes all
moulin-opening locations would be identified, which they would not, due to the under-reporting of
lake numbers by MODIS (Leeson et al, 2013; Chapter 3). The moulins opened by small
lake-drainage events are particularly important because in total they deliver over half (61.5%) of the
total meltwater delivered via all moulins into the GrIS interior. This is because the small lakes tend
to drain earlier in the melt season, meaning that the moulins they create are open for a greater
proportion of the melt season, and because smaller lakes tend to be at lower elevations than the
larger lakes, where surface melting is higher. In addition, the moulins opened by small lake-drainage
events tend to result in higher volumes of runoff reaching the GrIS interior earlier rather than later
in the season (Figure 5.14), which may be important because the subglacial system is likely to be
less hydraulically efficient at this time (Bartholomew et al., 2010; Sundal et al., 2011; Banwell et al.,
2013a, 2016; Chandler et al., 2013; Sole et al., 2013; Andrews et al., 2014). Therefore, by including
these rapidly draining small lakes, the FASTER algorithm with the dual-satellite record could be
used to provide a better dataset than previously for the testing of lake filling and draining models
(e.g. Banwell et al., 2012b, 2013a; Arnold et al., 2014), or alternatively to specify the input locations
and water volumes for the forcing of subglacial-hydrology models with much greater confidence
than would be possible with MODIS alone. Further work is still required, however, to determine
whether the water volumes delivered by these small lakes during the drainage process are capable of
temporarily pressurising the subglacial drainage system, such that ice velocity speed-up events may
occur, and to determine whether the associated deviations from background stresses in the far field

would be enough to open moulins outside the basins of small lakes (Hoffman et al., 2018).

Over the 2016 summer, 27% of all lakes detected in the region drained rapidly, compared with 21%
that drained rapidly in 2014 across the slightly smaller but also predominantly land-terminating
Paakitsoq region analysed in Chapters 3 and 4. However, since Chapters 3 and 4 used MODIS
imagery, they omitted the rapid drainage of small lakes, which could explain the lower percentage
if it is assumed that these small lakes are more likely to drain rapidly than the large ones, relative to
the total numbers of lakes in each category. The 27% value in this chapter compares well with that
of 22% from Miles, K. E. et al. (2017), who also tracked changes to small lakes using a similar
tracking threshold to that used here, albeit for a different combination of satellite platforms (Landsat
8 and Sentinel-1), and for a larger region of west Greenland in summer 2015. Finally, the error on

rapid drainage dates in this chapter (+ 1.1 days) is smaller than that identified by Miles, K. E. ez al.
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(2017) (= 4.0 days); this is likely to be a result of the different temporal resolution of Sentinel-1
compared with Sentinel-2, and because Miles, K. E. et al. (2017) were forced to discard some images
before conducting their analysis, reducing the average temporal resolution possible with that satellite
combination and so the ability to identify rapid lake drainage dates confidently. Thus, although
Sentinel-1 can image through clouds, the Sentinel-1 record suffers from separate issues that offset
this advantage. The dual-satellite record in this chapter therefore offers an additional advance over
their dual-satellite method since it can calculate the water volumes delivered into the GrIS by rapid
lake drainage (because of using optical satellite data), whereas Miles, K. E. efal.’s (2017) study could

only identify lake-area changes using the Landsat 8 and Sentinel-1 combination.

5.5.4 Inter-annual differences in lake behaviour

The final aim of this chapter involved applying the FASTER algorithm to the Sentinel-2 imagery
alone in 2017 without using Landsat 8 imagery. There were two reasons for this: first, it allowed a
conclusion to be reached on whether Sentinel-2 by itself in 2017 (when Sentinel-2B as well as
Sentinel-2A imagery were available) produces a suitable record of lakes on the GrIS; second, it
permitted inter-annual comparisons of lake behaviour in the study region. The results showed that,
despite adding Sentinel-2B imagery to yield an improved temporal resolution record compared with
Sentinel-2A alone in 2016 (1.9 days in 2017 versus 3.9 days if just using Sentinel-2 data or 2.8 days
for the dual-satellite record in 2016), the Sentinel-2 record by itself performed similarly to the
Sentinel-2A record alone in 2016. Additionally, despite the improved temporal resolution of
Sentinel-2 data in 2017, only a minor improvement (in terms of the error on drainage dates) was
found, reducing the error from * 1.7 days to = 1.3 days (Tables 5.2 and 5.3). This suggests that
future studies of GrIS hydrology using high-resolution satellite data should aim to mosaic a record
from Landsat 8 and Sentinel-2 rather than simply using Sentinel-2 alone, as greater insights can be
provided by using the two datasets together. This is likely to be because of the different satellite pass

times of Landsat 8 and Sentinel-2.

The results also showed marked inter-annual differences in the behaviour of lakes, with lakes
reaching smaller sizes (both in terms of their areas and volumes) in 2017 compared with 2016, and
tending to drain later in the season (Table 5.3; Figure 5.17). Lower total volumes of meltwater were
also delivered into the GrIS during the drainage events themselves in 2017 compared with 2016
(Table 5.4; Figure 5.18). These differences can possibly be explained by differences in the runoff
quantities within the study region between the two years (Figure 5.19). Most lake-drainage events,

in both years, tend to occur around the time of peak melt. During this time, water may have been
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able to reach the ice-sheet bed, so perturbing ice velocities from steady-state values, and increasing

the propensity for rapid lake drainage (Stevens ez al., 2015).

5.6 Summary and conclusions

= This chapter presented the results of the first approach to combine two optical satellite
datasets (from Sentinel-2 and Landsat 8) to generate the highest spatial- and
temporal-resolution record of lake area and volume evolution on the GrIS to date. To
achieve this, the increasing availability of medium- to high-resolution satellite imagery was
exploited, and then combined with newly-available data and an adapted version of the
fully-automated lake-tracking algorithm from Chapter 3.

=  The resultant FASTER algorithm allows lake areas and volumes to be calculated with high
accuracy from Sentinel-2. For lake area, the RMSE is 0.007 km* when compared with that
derived from Landsat 8 data, which is nearly fifty times lower than the error associated with
MODIS derived in Chapter 3. For lake depth, the RMSE is 0.555 m, under half that
associated with MODIS derived in Chapter 3.

= The techniques for lake area and depth calculation from Sentinel-2, when combined with
similar techniques applied to Landsat 8 data, yielded a dual-satellite record with comparable
temporal resolution (2.8 days) to that of MODIS (daily). Thus, the FASTER algorithm
applied here reduces the large errors associated with calculating lake depth and, to a lesser
extent, lake area using the FAST algorithm for MODIS imagery in Chapter 3. In addition,
the FASTER algorithm provides a similarly frequent site revisit time as MODIS, allowing
rapid lake drainage to be identified with low error (+ 1.1 days). This chapter shows that
using both sets of high-resolution satellite imagery together provides better insights into lake
filling and drainage than using either one in isolation, and that this was the case even in
2017 when Sentinel-2B as well as Sentinel-2A data were available. In the future, the
dual-satellite record presented here is therefore likely to be able to replace, or at least
supplement, the MODIS record used to investigate lakes on the GrIS.

= This chapter also took advantage of new, and increasingly reliable, downscaled regional
climate-model (RACMO2.3p2) output data (Noél et al., 2018) to provide insights into the
volumes of surface meltwater entering the GrIS’s englacial or subglacial hydrological
systems after moulin opening was identified using the FASTER algorithm. The results show
that the water volumes released into the GrIS by small lakes during the lake-drainage events
themselves are small (only 5.1%) relative to the volumes released by all lake-drainage events,
suggesting small lakes are not important in this sense. However, of the total water volume

that subsequently reaches the GrIS interior via all moulins opened-up by lake drainage (from
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both large and small lakes), moulins opened-up by small lakes deliver 61.5% of the total
water volume. This suggests that small lakes are important to include in future
remote-sensing and modelling studies.

= The RACMO?2.3p2 runoff data (Noél et al., 2018) were also used to investigate the influence
of runoff on inter-annual patterns of lake drainage. In 2017 compared with 2016, lakes
reached lower sizes (in terms of their areas and volumes) and drained later. The runoff data
showed that these results are likely to be caused by differing total runoff quantities produced
in the two years, with the runoff volumes being much higher in 2016 than 2017. This
suggests that there may be some relationship between rapid lake-drainage dates and melt
volume, such as potentially greater volumes of meltwater reaching the ice-sheet bed in 2016
compared with 2017, and so increasing the propensity for hydrofracture by impacting basal
sliding and uplift rates (Stevens ez al., 2015).

» Insummary, the FASTER algorithm holds great potential for generating novel insights into
lake behaviour on the GrIS from remote sensing, including for small lakes that change
quickly (cf. Miles, K. E. et al., 2017). Future work should focus on applying the FASTER
algorithm to wider areas of the GrIS and comparing the results with increasingly available
and reliable high temporal resolution ice-velocity data (e.g. Joughin er al, 2018) to
investigate the influence of lake drainage on the observed patterns of intra- and inter-annual
velocity variations across the GrIS. Moreover, the high spatial resolution record could be
used to identify the potential controls on the initiation of rapid lake drainage, something
that was impossible with MODIS data, perhaps due to the data’s coarse spatial resolution
(Chapter 4). Finally, the water volumes delivered into the GrIS during the rapid
lake-drainage events identified with this record, the moulins that are assumed to open during
such events, and the subsequent runoff that enters the GrIS via these moulins, could be used
as forcing or testing data for subglacial-hydrology models (e.g. Hewitt, 2013; Banwell et al.,
2016) and linked hydrology-ice dynamics models (Koziol and Arnold, 2018).






Chapter 6

Conclusions

For almost two decades, rapidly draining lakes on the surface of the GrIS have been the subject of
intense research because they can influence both the SMB and dynamic ice loss from the ice sheet.
This thesis has built on this research through developing and using new tools to better quantify the
volumes of water that accumulate in lakes, to identify more precisely if, when and where lakes drain,
and to investigate the causes of rapid lake drainage across the GrIS. This thesis took advantage of
existing and newly-available satellite datasets, notably those from MODIS, Landsat 8 and
Sentinel-2, combined these data with recent developments in satellite-imagery analysis and
techniques for tracking lakes, and analysed the results alongside other remotely-sensed, gridded data
products. The knowledge acquired and the techniques developed in this study will help to constrain
models of the GrIS’s supraglacial-hydrological system and coupled models that simulate the effect

of hydrology on ice flow, and therefore the ice sheet’s mass balance, in the present and future.

6.1 QOutcomes of research aims

In Chapter 1, an overall research objective was identified for this thesis, which was divided into
three aims forming the basis of Chapters 3—5. This section presents a summary of the outcomes and
implications of the results from each of these aims.

6.1.1 Aim 1 - Develop, test and apply a fully-automated method for
tracking lake area and volume changes with MODIS (Chapter 3)

To develop an improved understanding of the behaviour of rapidly draining lakes on the GrIS, a

new method was needed to track changes to lake areas and volumes at high temporal frequency.
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MODIS imagery was initially selected because its high temporal resolution, offset against its lower
spatial resolution (250 m), allowed rapid lake drainage (occurring in hours to days) to be detected
with confidence. Previous work with MODIS had automatically monitored only changes to lake
areas, and not lake depths or therefore volumes, for sequences of imagery, which restricted the
quantity of information that could be generated from the satellite’s imagery. To overcome this
shortfall, a fully-automated method for tracking changes to lake areas, depths and volumes (the
FAST algorithm) was successfully developed, validated and applied to two sections of the GrIS, and
this was reported in Chapter 3. The initial stage of this work involved a comprehensive appraisal of
different methods for calculating lake areas from MODIS imagery by comparing the different
calculated areas against those generated from higher-resolution Landsat 8 imagery; this work found
that dynamic thresholding of the red band produced the closest statistical agreement between the
two datasets (RMSE = 0.323 km?). This method for calculating lake areas was successfully
combined with a physically-based lake-depth calculation technique, developed originally for
ASTER imagery (Sneed and Hamilton, 2007), and subsequently applied to Landsat 7 (Arnold ez al.,
2014; Banwell et al., 2014) and Landsat 8 imagery (Pope et al., 2016). Statistical comparisons of
depths calculated with MODIS and Landsat 8 showed that lake depths and volumes could be
calculated accurately with MODIS (RMSE = 127 m), justifying the inclusion of the
physically-based technique in the FAST algorithm, which can be applied over wide areas of the GrIS

and in multiple years without site- or time-specific adjustments.

Having verified the accuracy of the MODIS-derived lake area, depth and volume calculations, the
automatic methods were incorporated into the new FAST algorithm, which is a comprehensive,
fully-automated lake-tracking method that was developed, as part of this work, to document
intra-seasonal lake area and volume changes, and to identify the location, timing and magnitude (in
terms of water volumes) of rapid lake-drainage events. A set of outputs was generated by applying
the FAST algorithm to the Paakitsoq and Store Glacier regions of west Greenland in summer 2014,
showing the algorithm’s potential for investigating supraglacial processes on both land- and
marine-terminating sectors of the GrIS. For example, while existing surface-hydrology models of
the GrIS (e.g. Banwell et al., 2013a, 2016; Arnold et al., 2014; Koziol et al., 2017) prescribe an
empirically-based “fracture-area threshold” parameter (when a critical lake water volume is divided
by the ice thickness beneath a lake) to predict the location, timing and magnitude of rapid lake
drainage, the results presented in Chapter 3 provided evidence against the use of such a method.
More specifically, the water volumes contained within lakes prior to rapid drainage showed no
statistical relation to the underlying ice thickness (R? = 0.03 for Paakitsoq and R? = 0.00 for Store

Glacier). This suggested that a more thorough investigation was needed of whether factors other
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than water volume explain the incidence of rapid lake drainage, leading to the conception of the

research in Chapter 4.

In summary, the development and initial applications of the FAST algorithm presented in Chapter
3 showed that it holds great potential for generating new information on the supraglacial hydrology
of the GrIS, which will be useful for constraining models of lake filling and drainage (e.g. Banwell
etal., 2012b, 2013a, 2016; Arnold et al., 2014; Koziol et al., 2017).

6.1.2 Aim 2 - Investigate the controls on rapid lake drainage on the

Greenland Ice Sheet (Chapter 4)

The second aim of this thesis involved another application of the FAST algorithm to derive
information on the potential controls on the incidence of rapid lake drainage, an area of study that
had previously received only limited attention. The FAST algorithm outputs from Chapter 3,
notably the location, timing and magnitude of rapid lake-drainage events in summer 2014 for the
Paakitsoq and Store Glacier regions, were analysed alongside 23 factors that were perceived to act
as potential controls on rapid lake drainage. These factors were carefully chosen based either on new
or existing hypotheses surrounding the triggering of rapid lake drainage, such as the role of water
inputs to moulins located proximal to lakes prior to hydrofracture and rapid drainage (Stevens et al.,
2015). Lakes were classified into two types using the FAST algorithm: those which drained rapidly
and those which did not (i.e. which drained slowly or froze over) and then each potential control
was analysed using an EDA statistical framework (comprising bivariate and multivariate analyses),

for each of the lake types.

Among the potential controls investigated, non-rapidly draining and rapidly draining lakes were
identified as being statistically indistinguishable in all cases, except in terms of their areas and, with
slightly lower statistical confidence, their volumes. This suggested that both lake types were drawn
from the same statistical population. In the latter cases, non-rapidly draining lakes were, on average,
larger in area and volume than rapidly draining lakes. This adds further support to the finding from
Chapter 3 that the use of the empirical fracture-area threshold method for predicting rapid lake
drainage in modelling studies may not be effective. However, because of the statistical similarity of
the other potential controls between the two lake categories, no support was found for the inclusion
of an alternative, deterministic, statistically-supported method for predicting rapid lake drainage in

such models.

The results regarding the statistical similarity of the two lake types have several possible

explanations. First, it is plausible that there is indeed a control on rapid lake drainage but that it was
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simply not identified using the approach and method described in Chapter 4, perhaps because the
control’s potential was not identified at the outset, and so it was omitted from the EDA. If this were
the case, a search for other potential controls would be useful. Second, it is conceivable that a control
was included in the EDA but was simply not important in summer 2014 in the study regions. If this
were the case, a wider geographical and temporal exploration of the controls on rapid lake drainage
for different regions of the GrIS and in different years would be helpful (Section 6.3.5). Third, the
interplay of the controls may have been too difficult to elicit at the spatial and temporal scales of the
data used in Chapter 4: for example, the ice-surface strain rates were derived using the background
winter ice-velocity (MEaSURESs) dataset (30-90 m resolution, depending on data availability), and
the runoff data were derived from the RACMO2.3 climate model (1 km resolution). Therefore, a
future study that conduced a similar investigation using newer, higher spatial and temporal
resolution datasets may be able to reveal the controls on rapid lake drainage more successfully, if
they exist. In such work, the inclusion of high spatial and temporal resolution ice-velocity data
would be critical. Alternatively, more field studies of individual or groups oflakes, including detailed
monitoring of the processes in their supraglacial and subglacial catchments, may help identify
possible controls. Finally, it is possible that rapid lake drainage has a strong stochastic element,
bearing no relation to the controls that were investigated in Chapter 4 or to other, similar, untested
controls. This could perhaps help to explain why some lakes are observed to change their drainage

modes inter-annually on the GrIS (Selmes et al., 2013; Fitzpatrick et al., 2014).

In summary, Chapter 4 presented a comprehensive examination of the controls on rapid lake
drainage on the GrIS, but was unable to find any statistically significant drivers of the process. Thus,
although a step forward has been made towards research that seeks to elicit the controls on rapid

lake drainage in this study, further work is still required.

6.1.3 Aim 3 - Develop and apply a method for fully-automated,
dual-satellite (Sentinel-2 and Landsat 8) lake tracking (Chapter 5)

The results of Chapters 3 and 4 suggested that greater knowledge of rapidly draining lakes on the
GrIS may be gained if a remote-sensing record were capable of imaging the GrIS surface at both
higher spatial and temporal resolutions than previously. For example, the controls on rapid lake
drainage in Chapter 4 may have been unidentifiable because of the coarse spatial resolution dataset
offered by MODIS, notwithstanding the satellite’s high temporal resolution that allowed rapid lake
drainage dates to be identified with confidence. The final aim of this thesis was therefore to develop
and use an approach involving a dual-satellite record, notably with Landsat 8 and Sentinel-2 data,

to monitor lakes in fine spatial detail (10-30 m) and at high frequency (average ~2.8 days site revisit
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time), overcoming a common issue in satellite remote sensing whereby high spatial resolution must

be traded-off for low spatial resolution, or vice versa.

The first stage of this analysis involved deriving a new method for automatically calculating lake
depth and therefore volume using Sentinel-2 images, and both physically- and empirically-based
methods were tested for this purpose. The same physically-based method for calculating lake depth
that was incorporated into the FAST algorithm using MODIS (Section 6.1.1) was found to reliably
estimate lake depths using Sentinel-2, when depths were compared with contemporaneous Landsat
8 measurements (RMSE = 0.56 m). Although the physically-based method was slightly less accurate
than the best-performing empirically-based method, it is more suitable since it does not require
site- or time-specific tuning. This method for calculating lake depth from Sentinel-2 and Landsat 8
data, together with the NDWI technique for deriving lake areas, were included in a new iteration of
the FAST algorithm called the FASTER algorithm, which allows automatic lake tracking and rapid

lake-drainage identification using the dual-satellite record.

The FASTER algorithm using the dual-satellite record presents numerous additional advantages
over previous automatic lake-tracking methods for lakes on the GrIS. First, it can calculate lake
areas, depths and volumes more accurately than MODIS. Second, it can identify many more
lake-drainage events, with lower errors on the dates of drainage, than would have been possible with
either of the Landsat 8 or Sentinel-2 satellite records in isolation, due to their lower temporal
resolution, or with MODIS, due to its inferior spatial resolution. Third, because of the high spatial
resolution of the dual-satellite record, the drainage of small lakes (i.e. < 0.125 km?, not identifiable
by MODIS) can also be identified; moreover, assuming moulins are opened at these locations by
hydrofracture during rapid lake drainage, more input locations for water to enter the GrIS can be
recognised than with MODIS.

In a similar way to the FAST algorithm, the FASTER algorithm can be used automatically to
investigate intra- and inter-annual patterns of lake evolution on the GrIS, with the output data being
useful for combining with other remotely-sensed datasets, including ice-velocity data, to investigate
the relation between lake drainage and ice dynamics over different timescales. To demonstrate the
potential of the FASTER algorithm, in Chapter 5, it was applied to a large, predominantly
land-terminating region of west Greenland in summers 2016 and 2017, and the outputs from this
application were combined with downscaled climate-model (RACMO2.3p2) output data. For
summer 2016, this analysis showed that the total water volume drained by small (< 0.125 km?) lakes
is only a small fraction (5.1%) of the total water volume drained by all lakes during the times of
drainage. However, over half (61.5%) of the subsequent water entering the GrIS via the moulins

opened by rapidly draining lakes enters via the moulins opened by small lakes. This suggests that
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small lakes should be included in future remote-sensing and numerical modelling studies. Finally,
inter-annual (2016 versus 2017) changes in lake behaviour (i.e. lake drainage dates and lake volumes
prior to drainage) identified by the FASTER algorithm were explained by combining outputs from
the FASTER algorithm with the climate-model data, showing that the timing and quantity of runoff

across the whole region affects the incidence of lake drainage.

The development of the FASTER algorithm, and its initial applications in Chapter 5, show its value
and potential for investigating the complex supraglacial hydrology of the GrIS in finer detail and
over single or multiple seasons, which was not possible with previously existing remote-sensing

techniques.

6.2 Synthesis of conclusions

The outcomes described above show the success of this thesis at achieving the overall objective of
improving knowledge of the behaviour of rapidly draining lakes in west Greenland in recent years,
as well as developing a better understanding of the potential causes of such behaviour. Collectively,
this research underlines the high value of remote sensing within glaciology since the insights in this
study have only been possible through the investigation of patterns and processes operating over
much wider spatial and temporal scales, and for much larger samples of lakes, than can be identified
or investigated with fieldwork. This work has added to a growing number of studies that show the
complexity of the GrIS’s supraglacial hydrology, both temporally and spatially. For example, while
the approach was capable of identifying the potential control(s) on rapid lake drainage on the GrIS,
it failed to find evidence that such controls actually caused hydrofracture and rapid lake drainage,
suggesting that the supraglacial system may behave in an unpredictable, stochastic manner. As a
consequence, precisely where and when rapid lake drainage occurs remains one of the weaker
components of models of the GrIS’s surface hydrology. The reliability and predictive power of
numerical modelling is therefore being restricted by the lack of specific process-based understanding
of hydrofracture. Looking ahead, however, the new fully-automated FAST and FASTER
algorithms presented in Chapters 3 and 5 provide robust, physically-based methods to understand
the dynamic supraglacial-hydrological system of the GrIS in better detail within and between years
for different sectors of the GrIS. Consequently, with further applications of the techniques presented
in this thesis and the resultant developments to the theoretical understanding of lakes on the GrIS,
novel insights will be offered into surface hydrology, which will ultimately allow improved estimates

of water runoff and dynamic ice discharge from the GrIS over the coming decades and centuries.



Chapter 6: Conclusions 183

6.3 Future directions of research

This research suggests that the future directions described below may significantly improve

knowledge of both the supraglacial hydrology of the GrIS and other ice masses.

6.3.1 Improving the calculations of lake depth and volume

While the physically-based technique for calculating lake depth, which was incorporated into the
FAST and FASTER algorithms, provides reliable estimates of lake depth using MODIS and
Sentinel-2 imagery (with Landsat 8 imagery used as ground-truth data), there are several limitations
in this method. These relate to the effect of dissolved matter in the water column and the disturbance
of a lake’s surface by wind, both of which are ignored, and differences between the albedo at the
lake bottom and that of the surrounding ice, which are assumed to be identical (Pope et al., 2016).
Although these effects are likely to be small in Greenland (Pope et al., 2016), they require more
careful quantification, especially if the same technique were to be used elsewhere, such as on
Himalayan debris-covered glaciers. In addition, while Landsat 8 data were used in this study as
ground-truth measurements for the MODIS and Sentinel-2 lake-depth calculations, future work
could employ higher-resolution WorldView imagery (Moussavi et al., 2016) or high-resolution DEM

measurements from the Arctic DEM to test lake-depth measurements.

6.3.2 Developing the lake-tracking algorithms

Although the FAST and FASTER algorithms are among the most comprehensive methods for
tracking changes to lake areas, and the only methods for continuous tracking of lake volumes, from
optical imagery, further improvements are possible. One such improvement would involve
separating non-rapidly draining lakes into those that drain slowly and those that freeze-over.
However, no automatic method for such separation exists; current methods instead use climate data
(Selmes et al., 2013) or manual methods (Miles, K. E. et al., 2017) for such classification. Thus, future

work on developing a technique for this purpose would be valuable.

Additionally, while the analysis here focused solely on optical satellite data, a combination of
Sentinel-1 and Sentinel-2 imagery would be likely to produce significantly improved temporal
resolution because of Sentinel-1’s ability to image through clouds, which visible/NIR sensors cannot
(Chapters 3 and 5; Selmes, 2011; Selmes et al., 2011; Johansson and Brown, 2012). If such a
dual-satellite approach were used, Sentinel-1 lake-volume estimates could be derived using an

area-to-volume scaling relationship from the Sentinel-2 data, particularly because of the strong
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association between lake areas and volumes identified in this thesis (Chapters 3 and 5). This would
build on the work of Miles, K. E. et al. (2017) by offering lake-volume estimates and improved
temporal resolution over the optical data when used in isolation. However, this would also require
an automated method for calculating lake areas from Sentinel-1, rather than using the optical
imagery to guide the radar-based lake area classifications, as in Miles, K. E. et al. (2017). Moreover,
with the increasing availability of data from other optical satellites, such as Landsat 9 and Landsat
10 (with planned launch dates of December 2020 and 2027 or 2028, respectively), there is great
potential for remote sensing to offer even greater insights into changes to lake behaviour on the GrIS.
Finally, since many satellite data are now distributed at near-real time frequency, it would be
possible to adapt the algorithms for real-time tracking of lakes on the GrIS. Then, assuming the
controls on rapid lake drainage could be determined by future studies (Section 6.3.5), it would be
possible to combine the tracking of lakes with the mechanism that initiates rapid lake drainage to

produce a predictive, deterministic, real-time model for rapid lake drainage.

6.3.3 Applying the lake-tracking algorithms elsewhere in Greenland

This thesis involved applying the FAST and FASTER algorithms to regions of west Greenland in
the summers of 2014, 2016 and 2017, since west Greenland has been the focus of many previous
remote-sensing studies, with which the results of this thesis could be compared. However, recent
hydrological research has begun to examine other areas of the GrlS, specifically the north-west
(Gledhill and Williamson, 2018; Macdonald ez al., 2018) and south-east (Everett et al., 2016), which
is necessary as these areas are likely to see particularly extensive inland progression of lakes in the
future (Leeson et al., 2015; Ignéczi et al., 2016). Thus, examining recent behaviour of lakes in these
regions, including inter-annual changes to rapid lake drainage, would help with first-order
projections of whether lakes forming further inland in the future would be able to drain (e.g. Poinar

et al., 2015), perhaps helping to determine the influence of these inland lakes on ice dynamics.

The algorithms developed in this study were applied only to grounded portions of the GrIS.
However, lake behaviour on Greenland’s ten floating ice tongues (Moon et al., 2012) could be
investigated using the fully-automated methods presented here, reducing the time required
compared with manual studies, and so helping to verify whether recent results from a study on
Petermann Glacier, north-west Greenland (Macdonald ez al., 2018), apply more widely. The FAST
and FASTER algorithms could also be used across the entire ablation zone of the GrIS, assuming
sufficient time and computational power, with such uses perhaps generating valuable testing data
for the processes of lake filling and drainage included in GrIS surface-hydrology models (e.g.
Banwell et al., 2013a, 2016; Arnold et al., 2014; Koziol et al., 2017). Finally, this thesis did not
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specifically consider the influence of lakes on the GrlS’s velocity structure; however, with
increasingly reliable, high-resolution velocity maps becoming available (e.g. Joughin et al., 2018),
research using FAST and FASTER could focus more comprehensively on assessing the impact of

lake drainage on the patterns of intra- and inter-annual velocity variations across the GrIS.

6.3.4 Applying the lake-tracking algorithms to other ice masses

Outside Greenland, the FAST and FASTER algorithms could be used for monitoring lakes on other
ice masses. For example, lakes are now known to form on the surface of the grounded Antarctic Ice
Sheet and many of its buttressing ice shelves, with implications for ice-shelf instability and break-up
(e.g. Banwell et al., 2013b, 2014; Banwell and MacAyeal, 2015; Langley et al., 2016; Banwell, 2017
Bell et al., 2017; Kingslake et al., 2017). If a sufficient quantity of cloud-free imagery were available
in Antarctica, or if optical imagery could be combined with radar imagery that images through
clouds (Section 6.3.2), the algorithms will be valuable for automatically tracking changes to lakes
there. Finally, since lakes form and drain periodically on Himalayan debris-covered glaciers (e.g.
Benn et al., 2001, 2017; Miles, E. S. et al., 2017), even though they are smaller than those on the
GrIS, high spatial resolution satellite imagery could be used, such as WorldView or Planet Labs
data, to track lake filling and drainage, and subsequently to generate improved knowledge of

debris-covered glacier hydrology.

6.3.5 Investigating the controls on rapid lake drainage

Despite the capability of FAST and FASTER for identifying rapid lake drainage, no single control
on the triggering of lake drainage was identified. Future work should verify whether these results
apply for multiple years and for other areas of the GrIS. Alternatively, remote-sensing studies might
attempt to include higher spatial and temporal resolution data in the analysis: for example, summer
strain-rate data should be included rather than background winter ice-velocity data (and strain rates
derived therefrom) as used here, or climate-model output data distributed on finer spatial grids could
be incorporated. Detailed field studies monitoring processes both at lakes (such as lake filling and
two- or three-dimensional strain rates), as well as in lake catchments (such as the routing of water
into crevasses nearby), might reveal whether controls on lake drainage can only be discovered at
spatial resolutions comparable to that of the width of the fracture formed by the lake-drainage
process (metres to tens of metres). Such fieldwork should be directed towards a lake that changes its
drainage mode inter-annually, to determine how local and synoptic inter-annual changes affect the

timing and magnitude of lake drainage (Selmes ef al., 2013; Fitzpatrick et al., 2014).
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6.3.6 Improving understanding of Greenland Ice Sheet hydrology

The discussion above in Section 6.3 has highlighted future-research avenues to build on the new
methods and results offered by this thesis. In particular, they have shown that there remains still an
urgent need for better knowledge about the precise behaviour of the GrIS’s supraglacial system,
whether lakes will be able to drain inland in the future, and, if so, how water delivery through the
ice and to the bed will impact subglacial-drainage development (e.g. Bartholomew et al., 2011a;
Doyle et al., 2014; Meierbachtol et al., 2016; Andrews et al., 2018), cryo-hydrologic warming (Phillips
etal., 2010, 2013; Poinar et al., 2017b) and viscous heat dissipation (Mankoff and Tulaczyk, 2017).
The drainage of inland lakes may also have implications for the evacuation of subglacial solutes and
sediments to the ocean, with potential consequences for ocean fertilisation and productivity (e.g.
Hawkings et al., 2015, 2016).

To understand such processes, more complex, three-dimensional models need to be developed for
the whole of the GrIS’s hydrological system, including for both land- and marine-terminating
systems, with their markedly different velocities of ~100 m a™ and > 1000 m a (Nienow et al., 2017).
This is because it is theoretically conceivable (e.g. Kamb, 1987) that there are variations in the
response of these two systems to the input of large volumes of surface meltwater during lake
drainage, but this requires verification using further observations and modelling (e.g. Moon et al.,
2014). These holistic ice-sheet-wide hydrological models should include components to fully
replicate the complete seasonal and inter-annual evolution of lakes from snow and ice (e.g. Law,
2018). The fully-automated methods developed in this thesis, particularly in the case of the FASTER
algorithm with its low errors on lake areas, depths and volumes, hold the potential to provide
valuable testing data (i.e. for lake filling and drainage) and driving data (i.e. the locations and timings
of meltwater deliveries) for such hydrological models in the present day. Ultimately, if contemporary
hydrological observations can be reproduced using such models, greater confidence would be
afforded in the ability of these models to predict future changes to the GrIS’s hydrology and,
assuming this knowledge can be coupled with models for basal sliding (e.g. Koziol and Arnold,

2018), future ice-sheet dynamics, runoff and thus sea-level change.

6.4 Concluding remarks

With an ongoing and accelerating mass loss from the GrIS, it is crucial to constrain the processes
responsible for the ice loss in the present day, in order to improve estimates of future runoff and
calving from the ice sheet. While fundamental developments have been made towards

understanding the contemporary drivers of the loss, and it is now recognised that hydrology plays
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an important role, significant uncertainties still surround the way in which rapidly draining lakes on
the GrIS affect the mass loss both today and in the future. A part of this uncertainty surrounds
precisely why lakes drain in the present day, thus making it difficult to predict when and where lakes
are likely to drain in the future. This means that the future locations of rapid lake drainage cannot
be incorporated into predictive models of GrIS hydrology and its coupling with ice dynamics,
limiting their ability to be forced confidently into the future. Therefore, if extra knowledge can be
developed of the processes operating in the GrlS’s supraglacial system, alongside coincident
improvements to other aspects of the GrIS’s hydrology, such as the configuration of basal drainage,

particularly beneath marine-terminating sectors, such predictive models could be improved.

This thesis, through its development of two novel analytical techniques, the FAST and FASTER
algorithms, which were used alongside other remotely-sensed datasets, has provided significant
advances in our understanding of the recent behaviour of lakes in west Greenland. This research has
emphasised the complexity of the GrIS’s supraglacial hydrology by showing that a precise control
on the initiation of rapid lake drainage could not be identified using remote sensing. However, the
methodological approaches and automatic techniques presented in this thesis have provided the
means for future studies to analyse rapidly draining lakes within other sectors of the GrIS and over
longer timescales. In addition, the FAST and FASTER algorithms will be useful for monitoring
changes to surface lakes within and between years on other ice masses, including the grounded
Antarctic Ice Sheet and its ice shelves, and Himalayan debris-covered glaciers. With applications
such as these, improved knowledge of supraglacial-hydrological systems across different
components of the global cryosphere will ultimately help reduce the uncertainties in future SLR

projections, and their implications for society.
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Supplementary data tables

Table A.1: Summary of the 11 Landsat 8 tiles used as the training dataset for the validation of the

algorithms for calculating MODIS lake area and depth in Chapter 3.

Region Scene ID Path Row Da(); 3 fz)ear Date Year
Paakitsoq LC80090112014184LGNO0 009 011 184 3 Jul 2014
Paakitsoq LC80812332014192LGN00 081 233 192 11 Jul 2014
Paakitsoq LC80090112014200LGNO00 009 011 200 19 Jul 2014
Paakitsoq LC80090112014216LGNO0 009 011 216 4 Aug 2014
Paakitsoq LC80100112014239LGNO00 010 011 239 27 Aug 2014

Store Glacier =~ LC80110102014182LGNO0 011 010 182 1 Jul 2014
Store Glacier =~ LC80090102014184LGNO0 009 010 184 3 Jul 2014
Store Glacier = LC80812342014192LGNO0 81 234 192 11 Jul 2014
Store Glacier =~ LC80110102014214LGNO0 011 010 214 2 Aug 2014
Store Glacier =~ LC80100102014223LGNO0 010 010 223 11 Aug 2014
Store Glacier =~ LC80100102014239LGNO0O0 010 010 239 27Aug 2014
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Table A.2: Performance indicators for all thresholds tested in Chapter 3 for the dynamic red band

thresholding technique for calculating lake areas for the Paakitsoq region. All values of r are significant

at the 95% confidence interval (p < 0.05). The best-performing threshold is shown in bold italicised text.

Total Landsat 8 Total Difference Number of Detection
Threshold Landsat 8 lake MODIS (%) in Landsat 8 (%) of RMSE .
lake area lake area lakes Landsat8 (km?)

(km?) umber (km?) lake area predicted lakes
0.600 87.9 49.4 133 32.8 0.345 0.728
0.610 92.6 46.7 140 34.5 0.347 0.717
0.620 97.6 43.8 145 35.7 0.344 0.712
0.630 104.0 40.1 155 38.2 0.342 0.707
0.640 110.1 36.6 161 39.7 0.338 0.706
0.645 114.3 34.2 169 41.6 0.338 0.702
0.650 173.7 406 117.6 32.3 171 42.1 0.341 0.696
0.660 125.2 27.9 177 43.6 0.342 0.688
0.670 133.7 23.0 187 46.1 0.351 0.670
0.680 142.6 17.9 197 48.5 0.353  0.663
0.700 167.3 3.7 217 534 0.367 0.643
0.720 202.1 -16.3 231 56.9 0.406 0.602
0.750 278.9 -60.5 262 64.5 0.490 0.535

Table A.3: Performance indicators for all thresholds tested in Chapter 3 for the dynamic red band

thresholding technique for calculating lake areas for the Store Glacier region. All values of r are

significant at the 95% confidence interval (p < 0.05). The best-performing threshold is shown in bold

italicised text.

Total .
Total Landsat MODIS Difference Number of - Detection
Threshold 279538 gy ke  lake @%)in  TAndsatd - Cb)of  RMSE
lake area lakes Landsat8 (km?)
(km?) number areezl lake area predicted lakes
(km®)
0.600 61.5 49.3 116 38.9 0.306 0.700
0.610 65.3 46.1 122 40.9 0.303  0.695
0.620 70.6 41.8 127 42.6 0.303 0.683
0.630 75.3 37.9 129 43.3 0.301 0.680
0.635 77.2 36.4 133 44.6 0.301 0.679
0.640 79.1 34.7 135 45.3 0.301 0.678
0.645 1213 208 81.2 33.0 135 45.3 0.303 0.674
0.650 84.4 30.4 137 46.0 0.303 0.671
0.660 91.0 25.0 147 49.3 0.305 0.666
0.670 96.4 20.5 153 51.3 0.314 0.654
0.680 103.5 14.7 163 54.7 0.314 0.661
0.690 111.2 8.3 170 57.0 0.320 0.658
0.700 119.7 1.3 179 60.1 0.333  0.647
0.720 128.5 -5.9 184 61.7 0.342  0.643
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Table A.4: Performance indicators for all thresholds tested in Chapter 3 for the NDWI technique for

calculating lake areas for the Paakitsoq region. All values of r are significant at the 95% confidence

interval (p < 0.05). The best-performing threshold is shown in bold italicised text.

Total .
Total Landsat MODIS Difference Number of - Detection
Threshold "33 glke  lake @)in ~ Lendsat8 - ()of  RMSE
lake area lakes Landsat8 (km?)
(km?) number areezl lake area predicted lakes
(km®)
0.100 172.6 0.6 150 36.9 0.515 0.612
0.110 125.6 27.7 126 31.0 0.404 0.703
0.120 94.7 45.5 106 26.1 0.368 0.752
0.125 82.2 52.7 95 234 0.369 0.762
0.130 73.8 57.5 86 21.2 0.374 0.760
0.140 60.7 65.1 78 19.2 0.384 0.761
0.150 173.7 406 49.8 71.3 67 16.5 0.401  0.750
0.160 42.6 75.5 58 14.3 0412 0.739
0.170 36.3 79.1 49 12.1 0427 0.724
0.180 31.7 81.7 48 11.8 0.438 0.715
0.190 27.8 84.0 44 10.8 0.448 0.705
0.200 239 86.2 36 8.9 0.461 0.687
0.250 13.5 92.2 23 5.7 0.493  0.658

Table A.5: Performance indicators for all thresholds tested in Chapter 3 for the NDWTI technique for

calculating lake areas for the Store Glacier region. All values of r are significant at the 95% confidence

interval (p < 0.05). The best-performing threshold is shown in bold italicised text.

Total .
Total Landsat MODIS Difference Number of  Detection
Threshold "% gike  lake @)in ~ Landsat8 - ()of  RMSE
lake area lakes Landsat8 (km?)
(km?) number areezt lake area predicted lakes
(km’)
0.100 171.0 -41.0 130 43.6 1434 0.182
0.110 130.5 -7.6 113 37.9 1.260 0.194
0.120 97.6 19.5 94 31.5 1.139  0.196
0.130 77.5 36.1 81 27.2 1.047 0.193
0.140 58.6 51.7 59 19.8 0.904 0.198
0.150 47.0 61.2 50 16.8 0.730  0.229
0.160 121.3 298 35.8 70.5 43 144 0.563  0.308
0.170 27.1 77.7 40 134 0.454 0.425
0.180 21.2 82.5 34 114 0.425 0.487
0.190 17.2 85.8 30 10.1 0.418 0.541
0.200 13.1 89.2 26 8.7 0.423  0.583
0.250 6.4 94.7 15 5.0 0.448 0.545
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Table A.6: Performance indicators for all thresholds tested in Chapter 3 for the red/blue band

thresholding technique for calculating lake areas for the Paakitsoq region. All values of r are significant

at the 95% confidence interval (p < 0.05). The best-performing threshold is shown in bold italicised text.

Since there is a numerical association between this technique and the NDWTI technique, the thresholds

in Table A.4 can be used to derive performance indicators for a wider range of thresholds than those

presented here.

Total .
Total Landsat MODIS Difference Number of  Detection
Threshold -2*%2t8  gike  lake %)in  L2ndsat8 - (%)of  RMSE
lake area lakes Landsat8 (km?)
(km?) number areezt lake area predicted lakes
(km®)
0.710 36.4 79.0 49 12.1 0426 0.724
0.750 57.5 66.9 73 18.0 0.389  0.760
0.760 65.3 62.4 81 20.0 0.378 0.763
0.770 74.1 57.3 87 214 0.374  0.760
0.775 79.2 544 920 22.2 0.371  0.760
0.780 84.4 51.4 96 23.6 0372  0.755
0.790 173.7 406 102.1 41.2 109 26.8 0.379 0.736
0.800 121.7 30.0 121 29.8 0.400 0.707
0.810 145.8 16.1 137 33.7 0.442  0.669
0.820 179.9 -3.5 153 37.7 0.541 0.598
0.830 226.4 -30.3 176 43.3 0.695 0.531
0.840 300.9 -73.3 193 47.5 0995 0416
0.850 412.7 -137.6 219 53.9 2.593  0.289
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Table A.7: Performance indicators for all thresholds tested in Chapter 3 for the red/blue band
thresholding lake technique for calculating lake areas for the Store Glacier region. All values of r are
significant at the 95% confidence interval (p < 0.05). The best-performing threshold is shown in bold
italicised text. Since there is a numerical association between this technique and the NDWTI technique,
the thresholds in Table A.5 can be used to derive performance indicators for a wider range of thresholds

than those presented here.

Total

Total Landsat MODIS Difference Number of - Detection
Threshold 295t  gke  lake %)in  L2ndsat8 - (h)of  RMSE
lake area lakes Landsat8 (km?)
(km?) number areezl lake area predicted lakes
(km®)

0.710 27.3 77.5 40 134 0.458 0417
0.750 54.8 54.8 55 18.5 0.871  0.199
0.760 63.9 47.3 63 21.1 0.942  0.196
0.770 77.6 36.0 81 27.2 1.048 0.194
0.780 88.8 26.8 89 29.9 1.106  0.194
0.790 121.3 298 104.2 14.0 100 33.6 1.180 0.196
0.800 126.8 -4.5 112 37.6 1.253  0.194
0.810 147.5 -21.7 120 40.3 1.363  0.186
0.820 176.4 -45.4 131 44.0 1.445 0.183
0.830 213.8 -76.3 146 49.0 1.583 0.181
0.840 262.5 -116.5 164 55.0 1.855 0.163

0.850 328.4 -170.8 180 60.4 2.084 0.179
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Table A.8: Full details of all rapid lake-drainage events identified by the application of the FAST

algorithm to the Paakitsoq region in Chapter 3.

Start day End day Surface Bed Ice thickness
Volume loss . A

of year of year (x 10° ) elevation elevation  beneath lake

(2014) (2014) (m a.s.l.) (m a.s.l.) (m)
192 193 2.4 608 297 295
194 195 2.8 829 292 537
163 164 2.2 294 -167 455
191 192 2.1 294 -167 455
174 175 2.8 721 183 538
220 223 0.7 904 289 617
230 231 0.6 661 245 416
185 186 5.7 951 231 718
172 173 4.8 903 209 694
193 194 0.8 933 174 759
172 173 3.6 907 232 677
185 186 9.1 962 60 899
192 193 1.4 1056 525 531
172 173 7.6 717 -8 723
194 195 2.7 957 63 895
172 173 34 1049 255 794
191 192 0.9 1097 409 688
189 190 10.8 978 125 850
196 197 1.2 976 245 730
184 185 0.9 1095 57 1038
195 196 6.8 1102 17 1086
199 200 3.7 1213 254 960
194 195 20.2 1124 62 1064
189 190 6.4 1171 163 1007
194 196 18.0 1162 45 1117
223 226 7.9 1055 227 828
189 190 3.2 1189 116 1073
189 190 10.1 1217 -54 1272
203 205 7.8 1143 232 911
195 196 2.5 1228 334 893
199 200 2.9 1101 94 1008
194 195 24 1239 119 1121
181 182 1.8 997 75 922
188 189 0.8 1250 319 928
207 208 1.7 1341 135 1206
190 194 2.5 1018 -60 1078
230 231 3.1 1379 121 1258
199 200 1.1 1333 83 1250
206 207 2.7 1437 297 1140
185 186 1.0 1257 177 1082
230 232 1.6 1454 285 1170
230 233 1.4 1453 280 1173

215 216 1.2 1449 163 1286
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Table A.9: Full details of all rapid lake-drainage events identified by the application of the FAST

algorithm to the Store Glacier region in Chapter 3.

Start day End day Surface Bed Ice thickness
Volume loss X i
of year of year (x 10°m’) elevation elevation beneath lake
(2014) (2014) (m a.s.l.) (m a.s.l.) (m)
169 170 1.8 739 242 497
174 175 1.9 915 95 819
178 181 1.0 1254 579 675
181 182 1.2 952 -3 955
183 184 0.9 958 136 822
184 185 5.1 487 26 461
184 185 3.3 975 339 636
184 185 5.8 1030 346 684
184 187 5.1 948 166 782
188 189 2.1 991 379 612
189 190 1.1 380 -224 604
192 193 6.3 1354 394 960
197 199 1.8 1205 513 693
197 199 5.9 1283 514 768
197 201 34 1071 293 777
199 200 1.2 1355 525 830
208 209 6.8 1412 504 907
213 217 2.1 1406 375 1031

223 226 15.0 1186 406 779
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Table A.10: Eigenvectors (i.e. loadings) for the PCA conducted in Chapter 4. Eigenvectors are presented
for the first three PCs to show the contribution of the original 23 potential controlling factors (Table 4.1)
to each PC. Data are presented after the potential controlling factor variables were normalised to correct
for their different scales and units (Section 4.3.3). Negative eigenvectors are shown in bold text, and

indicate a negative relationship of the original variable to the PC.

Potential controlling factor PC1 PC2 PC3
Ice thickness -0.293 -0.120 0.189
Ice-surface elevation -0.260 -0.176 0.312
Ice-bed elevation 0.080 -0.117 0.261
Lake eccentricity 0.044 -0.016 -0.109
Lake orientation -0.022 -0.021 0.064
Lake volume -0.136 0.405 -0.036
Lake area -0.097 0.394 -0.031
Maximum lake water depth -0.209 0.370 0.081
Mean lake water depth -0.200 0.359 0.103
Standard deviation of lake water depth -0.210 0.334 0.141
Lake mean filling rate -0.159 0.312 0.074
Ice-surface slope 0.278 0.136 -0.194
Background winter ice velocity 0.034 0.030 -0.455
Principal strain rate 0.010 0.060 -0.336
von Mises yield criterion 0.105 0.144 -0.441
Melt within catchment on day 0.244 0.112 0.101
Rain within catchment on day 0.184 0.033 0.190
Melt within catchment on previous day 0.261 0.118 0.116
Rain within catchment on previous day 0.197 0.036 0.187
Cumulative melt within catchment 0.315 0.146 0.163
Cumulative rain within catchment 0.267 0.105 0.133
Cumulative runoff within catchment 0.313 0.146 0.155

Difference between catchment runoff and lake volume 0.314 0.144 0.156
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Table A.11: Properties of the 123 Sentinel-2 images used in Chapter 5. All images are from WGS 84

UTM zone 22N, latitude band W and square EC; bold dates indicate Sentinel-2B images; dates marked

with an asterisk are sequence-1 images, and all others are sequence-0 images. Cloud cover was

determined from the image metadata, representing the percentage of cloud-covered pixels both within

the ice-sheet area and off the ice-sheet edge. Data cover was determined from the image metadata,

representing the percentage of the total area of the region (i.e. the area on the ice sheet plus the

ice-marginal area) over which satellite data were collected.

Cloud Data
Scene ID Date Year cover cover
(%) (%)
S2A_OPER_MSI_L1C_DS_MTI__20160502T202602_S20160502T151916_N02.01 2May 2016 38.9 100.0
S2A_OPER_MSI_L1C_DS_SGS__20160505T205541_S20160505T152915_N02.02 5May 2016 44.7 100.0
S2A_OPER_MSI_L1C_DS_MTI__20160515T203516_S20160515T152912_N02.02 15 May 2016 5.4 100.0
S2A_OPER_MSI_L1C_DS_SGS__20160518T210306_S20160518T154153_N02.02 18 May 2016 31.4 38.3
S2A_OPER_MSI_LI1C_DS_MTI__20160522T202416_S20160522T151915_N02.02 22 May 2016  29.8 100.0
S2A_OPER_MSI_L1C_DS_MTI__20160529T201543_S20160529T150918_N02.02 29 May 2016  66.1 94.3
S2A_OPER_MSI_L1C_DS_SGS__20160601T173946_S20160601T151916_N02.02 1Jun 2016 18.1 99.9
S2A_OPER_MSI_L1C_DS_MTI__20160604T203539_S20160604T152915_N02.02 4Jun 2016 60.0 99.9
S2A_OPER_MSI_L1C_DS_SGS__20160608T202646_S20160608T150916_N02.02 8 Jun 2016 16.2 94.2
S2A_OPER_MSI_L1C_DS_MTI__20160611T202435_S20160611T151937_N02.02 11 Jun 2016  42.5 100.0
S2A_OPER_MSI_L1C_DS_SGS__20160617T192017_S20160617T153910_N02.04 17 Jun 2016  25.7 38.9
S2A_OPER_MSI_L1C_DS_SGS__20160618T202441_S20160618T151305_N02.04 18 Jun 2016  46.7 93.2
S2A_OPER_MSI_L1C_DS_MTI__20160621T220258_S20160621T151912_N02.04 21 Jun 2016 4.3 100.0
S2A_OPER_MSI_L1C_DS_MTI__20160624T203434_S20160624T152911_N02.04 24 Jun 2016 16.0 100.0
S2A_OPER_MSI_L1C_DS_SGS__20160628T202858_S20160628T150914_N02.04 28 Jun 2016 0.1 94.0
S2A_OPER_MSI_L1C_DS_MTI__20160701T202434_S20160701T151913_N02.04 1Jul 2016 73.3 100.0
S2A_OPER_MSI_L1C_DS_SGS__20160707T192822_S20160707T153908_N02.04 7 Jul 2016 0.0 38.6
S2A_OPER_MSI_L1C_DS_SGS__ 20160708T202909_S20160708T151305_N02.04 8 Jul" 2016 1.6 94.2
S2A_OPER_MSI_L1C_DS_SGS_ 20160711T203749_S20160711T151912_N02.04 11 Jul 2016 0.1 100.0
S2A_OPER_MSI_L1C_DS_MTI__20160714T203553_S20160714T152910_N02.04 14 Jul 2016 0.3 99.9
S2A_OPER_MSI_L1C_DS_SGS__20160718T202939_S20160718T150915_N02.04 18 Jul 2016  23.7 94.2
S2A_OPER_MSI_L1C_DS_MTI__20160721T202530_S20160721T151913_N02.04 21 Jul 2016 0.0 100.0
S2A_OPER_MSI_L1C_DS_SGS__20160724T205100_S20160724T153051_N02.04 24 Jul 2016 0.0 99.9
S2A_OPER_MSI_L1C_DS_SGS__20160727T192945_S20160727T153910_N02.04 27 Jul 2016 0.0 38.2
S2A_OPER_MSI_L1C_DS_SGS__20160728T202436_S20160728T151306_N02.04 28 Jul 2016 63.6 94.3
S2A_OPER_MSI_L1C_DS_SGS__20160731T203724_S20160731T151913_N02.04 31 Jul 2016 0.0 100.0
S2A_OPER_MSI_L1C_DS_MTI__20160803T203554_S20160803T152910_N02.04 3 Aug 2016 3.1 100.0
S2A_OPER_MSI_L1C_DS_MTI__20160806T204409_S20160806T153909_N02.04 6 Aug 2016 14.1 38.1
S2A_OPER_MSI_L1C_DS_SGS__20160807T202758_S20160807T150914_N02.04 7 Aug 2016 559 94.4
S2A_OPER_MSI_L1C_DS_MTI__20160810T202535_S20160810T151912_N02.04 10 Aug 2016 13.0 100.0
S2A_OPER_MSI_L1C_DS_SGS__20160813T204833_S20160813T153046_N02.04 13 Aug 2016 0.0 100.0
S2A_OPER_MSI_L1C_DS_SGS__20160817T202447_S20160817T151257_N02.04 17 Aug 2016 0.7 94.4
S2A_OPER_MSI_L1C_DS_MTI__20160830T202522_S20160830T151909_N02.04 30 Aug 2016 2.2 100.0
S2A_OPER_MSI_L1C_DS_SGS__20160902T204312_S20160902T153051_N02.04 2 Sep 2016 0.7 100.0
S2A_OPER_MSI_L1C_DS_SGS__20160906T202733_S20160906T151257_N02.04 6Sep 2016 359 94.5
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Cloud Data
Scene ID Date Year cover cover
(%) (%)
S2A_OPER_MSI_L1C_DS_SGS__20160909T203815_S20160909T151907_N02.04 9Sep 2016 21.0 100.0
S2A_OPER_MSI_L1C_DS_MTI__20160912T203709_S20160912T152817_N02.04 12 Sep 2016 0.0 100.0
S2A_OPER_MSI_L1C_DS_SGS__20160915T210159_S20160915T154130_N02.04 15 Sep 2016 1.7 38.2
S2A_OPER_MSI_L1C_DS_MTI__20160926T201345_S20160926T150955_N02.04 26 Sep 2016 0.3 93.9
S2A_OPER_MSI_L1C_DS_MTI__20170501T214510_S20170501T150245_N02.05 1May 2017 5.8 12.0
S2A_OPER_MSI_L1C_DS_SGS__20170503T191736_S20170503T153908_N02.05 3 May 2017 534 38.3
S2A_OPER_MSI_L1C_DS_SGS__20170504T184715_S20170504T150913_N02.05 4 May 2017 6.2 94.3
S2A_OPER_MSI_L1C_DS_SGS__20170510T190516_S20170510T152952_N02.05 10 May 2017 74.0 100.0
S2A_OPER_MSI_L1C_DS_SGS__20170513T191640_S20170513T153908_N02.05 13 May 2017 17.1 38.3
S2A_OPER_MSI_L1C_DS_SGS__20170520T204519_S20170520T152909_N02.05 20 May 2017 854 100.0
S2A_OPER_MSI_L1C_DS_MTI__20170521T214508_S20170521T150303_N02.05 21 May 2017  32.3 12.0
S2A_OPER_MSI_L1C_DS_SGS__20170523T191718_S20170523T153908_N02.05 23 May 2017 27.9 38.4
S2A_OPER_MSI_L1C_DS_SGS__20170524T184910_S20170524T150914_N02.05 24 May 2017 53.2 94.3
S2A_OPER_MSI_L1C_DS_SGS__20170527T203457_S20170527T151941_N02.05 27 May 2017 0.0 100.0
S2A_OPER_MSI_L1C_DS_SGS__20170530T190629_S20170530T152909_N02.05 30 May 2017 3.6 100.0
S2A_OPER_MSI_L1C_DS_MTI__20170531T200345_S20170531T150133_N02.05 31 May 2017 0.0 12.0
S2A_OPER_MSI_L1C_DS_SGS__20170602T191856_S20170602T153908_N02.05 2 Jun 2017 0.0 38.4
S2A_OPER_MSI_L1C_DS_SGS__20170603T202739_S20170603T150913_N02.05 3 Jun 2017 284 94.2
S2A_OPER_MSI_L1C_DS_SGS__20170606T190320_S20170606T151911_N02.05 6 Jun 2017 759 100.0
S2A_OPER_MSI_L1C_DS_SGS__20170610T203751_S20170610T145915_N02.05 10 Jun 2017 1.6 11.7
S2A_OPER_MSI_L1C_DS_MTI__20170612T204838_S20170612T153906_N02.05 12 Jun 2017 1.9 38.6
S2A_OPER_MSI_L1C_DS_SGS__20170613T184952_S20170613T150911_N02.05 13 Jun 2017 12.5 94.2
S2A_OPER_MSI_L1C_DS_SGS__20170616T204414_S20170616T152036_N02.05 16 Jun 2017  22.1 100.0
S2A_OPER_MSI_L1C_DS_SGS__20170619T191008_S20170619T152906_N02.05 19 Jun 2017 424 100.0
S2A_OPER_MSI_L1C_DS_SGS__20170626T190855_S20170626T151907_N02.05 26 Jun 2017 734 100.0
S2A_OPER_MSI_L1C_DS_SGS__20170629T205426_S20170629T152904_N02.05 29 Jun 2017 83.7 100.0
S2B_OPER_MSI_L1C_DS_SGS__20170701T190010_S20170701T152119_N02.05 1Jul 2017 75.7 100.0
S2A_OPER_MSI_L1C_DS_SGS__20170703T184913_S20170703T151120_N02.05 3 Jul 2017 60.7 94.0
S2A_OPER_MSI_L1C_DS_SGS__20170706T204345_S20170706T152002_N02.05 6 Jul 2017 479 100.0
S2B_OPER_MSI_L1C_DS_SGS_ 20170707T210324_S20170707T153917_N02.05 7 Jul 2017 11.3 38.2
S2A_OPER_MSI_L1C_DS_SGS__20170709T173703_S20170709T152906_N02.05  9Jul 2017 11.8 100.0
S2B_OPER_MSI_L1C_DS_MTI__20170711T202537_S20170711T152300_N02.05 11 Jul" 2017 0.7 99.7
S2A_OPER_MSI_L1C_DS_MTI__20170712T205120_S20170712T154011_N02.05 12 Jul 2017 7.6 38.6
S2A_OPER_MSI_L1C_DS_SGS__20170713T204140_S20170713T150911_N02.05 13 Jul 2017 8.6 94.2
S2A_OPER_MSI_L1C_DS_SGS__20170716T192027_S20170716T151910_N02.05 16 Jul 2017 77.8 72.1
S2B_OPER_MSI_L1C_DS_SGS_ 20170717T193432_S20170717T153906_N02.05 17 Jul 2017 86.0 38.1
S2B_OPER_MSI_L1C_DS_SGS_ 20170718T190218_S20170718T150911_N02.05 18 Jul 2017 0.0 94.5
S2B_OPER_MSI_L1C_DS_SGS_ 20170721T204016_S20170721T152003_N02.05 21 Jul 2017 1.0 100.0
S2A_OPER_MSI_L1C_DS_SGS__20170722T192842_S20170722T153907_N02.05 22 Jul 2017 7.9 32.6
S2A_OPER_MSI_L1C_DS_MTI__20170723T201421_S20170723T151115_N02.05 23 Jul 2017 31.2 94.3
S2B_OPER_MSI_L1C_DS_SGS_ 20170724T190805_S20170724T152928_N02.05 24 Jul 2017 67.5 100.0
S2B_OPER_MSI_L1C_DS_SGS_ 20170727T205402_S20170727T153905_N02.05 27 Jul 2017 26.4 37.9
S2B_OPER_MSI_L1C_DS_MTI__20170728T215826_S20170728T151149_N02.05 28 Jul 2017 2.9 94.6
S2A_OPER_MSI_L1C_DS_SGS__20170729T190656_S20170729T152908_N02.05 29 Jul 2017 0.0 100.0
S2A_OPER_MSI_L1C_DS_MTI__20170730T200122_S20170730T150103_N02.05 30 Jul 2017 12.2 0.1
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Cloud Data
Scene ID Date Year cover cover
(%) (%)
S2B_OPER_MSI_L1C_DS_SGS_ 20170731T190742_S20170731T151908_N02.05 31 Jul 2017 2.9 100.0
S2A_OPER_MSI_L1C_DS_EPA__20170825T184028_S20170801T154207_N02.05 1 Aug 2017 92.8 38.2
S2A_OPER_MSI_L1C_DS_SGS__20170802T203514_S20170802T150912_N02.05 2 Aug 2017 442 94.4
S2B_OPER_MSI_L1C_DS_SGS_ 20170803T204915_S20170803T152905_N02.05 3 Aug 2017 0.1 100.0
S2A_OPER_MSI_L1C_DS_EPA__20170813T200652_S20170805T151911_N02.05 5 Aug 2017 7.3 100.0
S2B_OPER_MSI_L1C_DS_EPA_ 20170817T011450_S20170806T153908_N02.05 6 Aug 2017 8.4 38.0
S2B_OPER_MSI_L1C_DS_EPA_ 20170821T205056_S20170807T150909_N02.05 7 Aug 2017  90.7 94.5
S2A_OPER_MSI_L1C_DS_SGS__20170808T205239_S20170808T152908_N02.05 8 Aug 2017 8.3 100.0
S2A_OPER_MSI_L1C_DS_MTI__20170814T165608_S20170809T150205_N02.05 9 Aug 2017 0.0 12.2
S2B_OPER_MSI_L1C_DS_SGS_ 20170810T204110_S20170810T151907_N02.05 10 Aug 2017 1.8 100.0
S2A_OPER_MSI_L1C_DS_MTI__20170811T205221_S20170811T153907_N02.05 11 Aug 2017 0.0 38.0
S2A_OPER_MSI_L1C_DS_MTI__20170812T201217_S20170812T150912_N02.05 12 Aug 2017 0.0 94.5
S2B_OPER_MSI_L1C_DS_SGS_ 20170813T191710_S20170813T152922_N02.05 13 Aug 2017 3.9 100.0
S2B_OPER_MSI_L1C_DS_MTI__20170814T200114_S20170814T150211_N02.05 14 Aug 2017 18.3 12.5
S2A_OPER_MSI_L1C_DS_SGS__20170815T204038_S20170815T152131_N02.05 15 Aug 2017 13.5 100.0
S2B_OPER_MSI_L1C_DS_SGS_ 20170820T190822_S20170820T151905_N02.05 20 Aug 2017 87.2 100.0
S2A_OPER_MSI_L1C_DS_SGS__20170821T192359_S20170821T153907_N02.05 21 Aug 2017 2.4 38.0
S2A_OPER_MSI_L1C_DS_SGS__20170822T203406_S20170822T150912_N02.05 22 Aug 2017 87.8 94.5
S2B_OPER_MSI_L1C_DS_MTI__20170824T200111_S20170824T145909_N02.05 24 Aug 2017 59.0 12.5
S2A_OPER_MSI_L1C_DS_MTI__20170825T202402_S20170825T152102_N02.05 25 Aug 2017 2.1 100.0
S2B_OPER_MSI_L1C_DS_SGS__20170826T175058_5S20170826T153901_N02.05 26 Aug" 2017 1.6 35.3
S2B_OPER_MSI_L1C_DS_SGS_ 20170827T190042_S20170827T150906_N02.05 27 Aug 2017 0.4 94.6
S2A_OPER_MSI_L1C_DS_SGS__20170904T203819_S20170904T152129_N02.05 4Sep 2017 31.2 100.0
S2B_OPER_MSI_L1C_DS_SGS_ 20170905T205951_S20170905T154040_N02.05 5Sep 2017 14.5 38.0
S2B_OPER_MSI_L1C_DS_SGS__20170906T204006_S20170906T150903_N02.05 6 Sep 2017  50.8 94.6
S2A_OPER_MSI_L1C_DS_SGS__20170907T191313_S20170907T153100_N02.05 7Sep 2017 81.2 100.0
S2A_OPER_MSI_LI1C_DS_MTI__20170908T200118_S20170908T150039_N02.05 8Sep 2017 67.6 12.5
S2A_OPER_MSI_L1C_DS_SGS__20170911T204135_S20170911T150909_N02.05 11 Sep 2017 914 94.7
S2B_OPER_MSI_L1C_DS_SGS_ 20170912T204938_S20170912T152922_N02.05 12Sep 2017 72.1 100.0
S2A_OPER_MSI_L1C_DS_SGS__20170918T202053_S20170918T145910_N02.05 18 Sep 2017 0.1 12.5
S2A_OPER_MSI_L1C_DS_SGS__20170920T193016_S20170920T153925_N02.05 20Sep 2017 41.2 37.7
S2A_OPER_MSI_L1C_DS_SGS__20170921T185435_S20170921T150919_N02.05 21 Sep 2017 58.5 93.9
S2B_OPER_MSI_L1C_DS_SGS_ 20170922T174220_S20170922T152925_N02.05 22 Sep 2017 70.8 100.0
S2B_OPER_MSI_L1C_DS_MPS__20170928T190017_S20170923T145920_N02.05 23 Sep 2017 12.3 24.3
S2A_OPER_MSI_LI1C_DS_MTI__20170924T202301_S20170924T151944_N02.05 24 Sep 2017  76.0 100.0
S2B_OPER_MSI_L1C_DS_MTI__20170925T205126_S20170925T153949_N02.05 25Sep 2017 28.9 38.0
S2B_OPER_MSI_L1C_DS_SGS_ 20170926T203803_S20170926T150943_N02.05 26 Sep 2017 94.5 36.3
S2A_OPER_MSI_L1C_DS_SGS__20170927T174015_S20170927T153010_N02.05 27 Sep 2017  69.5 100.0
S2B_OPER_MSI_L1C_DS_SGS_ 20170929T185920_S20170929T152113_N02.05 29Sep 2017 29.9 100.0
S2A_OPER_MSI_L1C_DS_SGS__20170930T191945_S20170930T154036_N02.05 30 Sep 2017 1.9 38.9
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Table A.12: Properties of the 17 Landsat 8 images used in Chapter 5. Cloud cover was calculated as the
percentage of pixels both on and off the ice sheet that were obscured by clouds (i.e. those with a band-6
value > 0.100; Section 5.3.2). Data cover was calculated as the percentage of the total area of the region
(i.e. the area on the ice sheet plus the ice-marginal area) for which satellite data had been collected. An
asterisk denotes that the image was used for comparing lake areas calculated from the two satellites and
for validating the lake depths from Sentinel-2, but that the image was not used for lake tracking in summer
2016 because a contemporaneous higher-resolution, and therefore more favourable, Sentinel-2 image was
available (cf. Table A.11).

Cloud cover Data cover

Scene ID Path Row  Date Year %) %)
LC80100112016149LGNO1 010 011 28 May 2016 85.9 95.1
LC80080112016151LGNO1 008 011 30May 2016 8.4 72.8
LC80822332016157LGNO1 (82 233 5 Jun 2016 17.3 100.0
LC80090112016158LGNO1 009 011 6 Jun 2016 21.6 100.0
LC80100112016165LGNO1I 010 011 13Jun 2016 43.9 95.3
LC80090112016174LGNO1 009 011 22 Jun 2016 33.9 100.0
LC80100112016181LGNO1 010 011 29 Jun 2016 35.0 95.2
LC80080112016183LGNO1 008 011 1 Jul’ 2016 60.8 72.6
LC80100112016197LGNO1 010 011 15Jul 2016 21.0 95.1
LC80812332016198LGNO01 081 233 16 Jul 2016 19.0 93.7
LC80080112016199LGNO1 008 011 17 Jul 2016 5.9 72.8
LC80100112016213LGNO1 010 011 31Jul” 2016 18.5 95.2
LC80080112016215LGNO1 008 011 2 Aug 2016 12.2 72.6
LC80090112016222LGNO1 009 011 9Aug 2016 18.4 100.0
LC80100112016229L.GNO1 010 011 16 Aug 2016 18.3 95.2
LC80080112016231LGNO1L 008 011 18 Aug 2016 6.5 72.7

LC80080112016247LGNO01 008 011 3Sep 2016 8.8 73.2




