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Ice loss from the Greenland Ice Sheet (GrlS) is currently the most significant single global
contributor to barystatic sea level rise. The discharge of ice directly into the ocean from
marine terminating glaciers is the cause of approximately 40% of this sea level rise.
Understanding the processes that control how ice slides over the bed is fierdahto
improving predictions of future GrlS mass loss. This thesis aims to investigate the possible
significance of bed topography for sliding rates and mechanisms by: first, improving
understanding of the location and morphology of overdeepenings utteeGrIS, which are
key landscape features that dictate the locations of riegels and adverse slopes; and second,
investigating the dynamics of ice flow through the major outlet glaciers that dominate
discharge of ice to the ocean, which involves flow tlgioewomplexly overdeepened glacially
eroded troughs. The thesis begins by compiling the first tegblution, GriSvide dataset

of overdeepenings for Greenland, and analysing velocity patterns of ice flowing through
these overdeepenings: overdeepenings frend to be ubiquitous features under the GrlS,
and a small but statistically significant increase in ice velocity is observed on the adverse
slopes of overdeepenings. Next, the control exerted on ice dynamics by overdeepenings is
explored in detail forwo separate glaciers with overdeepened beds near the terminus
(Helheim and Upernavik Isstramwihere highquality bed topography was availableere
observedtoexert #Y I MAay2S  GAy3IQ STFFSO0G 2y GKS Fft2¢
dominated by marine processes downstream of the riegel and by melt processes inland of
the riegel. Further, intriguing patterns of seasonal velocity variation were observed within
the overdeepening under high melt conditions at Upernavik Isstrgm Il that supported the
possibility that adverse slopes of overdeepenings suppress the development of efficient
channelised subglacial drainage, which is a key mediator of rates of sliding. Aenach
learning based automated method utilisikgneans clustering for identifying distinct
seasonal velocity typologies characteristic of those at Upernavik Isstrgm Il was then
developed and used to classify all areas of-femting ice of the GrIS. This enabled an ice
sheetwide statistical analysis @fhether such the patterns, presumed caused by
overdeepenings, are widespread. Limited evidence was found to support systematic and
consistent differences in seasonal velocity typology as a result of the presence of

overdeepenings; however, examples of nutattion of ice dynamics by overdeepenings in
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single and adjacent groups of catchments were easily identified and these examples were
widespread across the GrlS, suggesting more work on this topic is needed. Finally, a wider
analysis of seasonal ice dynamics using the typology dataset for the whbke GfIS makes
three key findings: 1) a statistically significant relationship between melt availability and
seasonal velocity typology is demonstrated for the first time; 2) seasonal velocity typologies
driven by marine process are found to be relativelge suggesting that marine processes

are not a dominant control on seasonal ice dynamics for the GrIS; 3) the spatial patterns of
seasonal velocity typologies generated by automated classification that were interpreted to
be representative of channelisedibglacial hydrology aligned very closely with published
field and modelling data estimating the inland channelisation lifirtie study therefore

shows a possible importance of overdeepenings in controlling ice dynamics by modulating
subglacial hydrologgnd demonstrates the value of investigating flow typology beyond the

immediate vicinity of outlet glacier termini.
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Chapter lintroduction

1iwlk GA2y I £ S

The Greenland Ice She@rlShas undergone sustained and dramatic change since the mid
1990s losing over 4 trillion tonnes of ice causing over 10 mm of global mean sea level rise
(IMBIETeam, 202Q)This represents approximately 20% of the total global mean sea level
rise over this periodFrederikse et al., 2020yheGrISis currently the most significant single
global contributor to barystatic sea level rise, and continued mass loss in Greenland may
contribute up to a further 0.18 m sea level rise by 2{lB6xKemper et al., 2021)

Developing an understanding of the processes drivantchanges is critical to our ability to
model and predict the magnitude of future ice loss and resulting sea level change, and what

canbedoneto mitigate and manage these changes.

GrlScontributions tosea level risare made up of two components: surface mass balance
losses (from melting) and dynamic ice losses (from ice flux). The relative proportion of loss
attributable to these two components has varied over time. Prior to the onset of sustained
negative mass batece of the ice sheet in the miti990s, dynamic losses were dominant,
making up approximately two thigbf total net mass losgRignot et al., 2008)As surface

air temperatures increased, contributions from melting increased in(Nfa den Broeke et
al., 2016) There is some uncertainty as to the precise contributions of melt andbfisad
losses, but evidence suggests that melt losses now accouapfooximately60% of net

mass loss, with flux losses making up approximately @OBIETeam, 202Q)Within these

ice sheet wide headline attributiorsf lossto melt and ice fluxhere appears to be

significant spatial variation over th@rlS The proportion of lossasue to ice flux isnuch
greater than40% in some areas, and much less in otlirgan et al., 2015; Mouginot et al.,
2019)(Figurel.l). Indeed to further the complexity of the study of these systersgiface
mass balancand ice dynamics are not independent of one anotfidrereis evidence to
suggest that increased ice fliscorrelated with increasedurface mass balandesses
because greater surface melt lubricates the bed and causes ice sliding velodithus

total ice flux to increasgZwally et al., 2002; Rignot et al., 2008ypsometric adjustment to
the ice sheet due to SMB changes will atsadify the dynamics of the ice sheet
(Bartholomew et al., 2011PDther studies have suggested that tredationship between

melt andice velocity may be inverse tines, with the potential for high melt to promote
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efficientchannelisedsubglacial drainage during the later melt season and thus seasonally
reduce sliding velocit{Sole et al., 2013; Tedstone et al., 2013; Davison et al., ZD2@)
exact nature of the balance betweehe potential for higher melt to increase or decrease
net icefluxin Greenland is currently wertain(Nienow et al., 2017)n part becausenuch

of the workfrom which extrapolation®iave beermade is focused in the land terminating
sector in thesouth west of the Gri@avison et al., 2019This area only makes up a small
proportion of the Grl&nd is alsatypical of the majority of the ice sheet which is made up
of faster flowing marine terminating outlet glacigifdouginot et al., 2019)As such, there is
considerable uncertaintyegardingthe netcontribution of dynamic GrlS processes to future

sea level riséShannon et al., 2013)
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Figurel.1 Partitioning of the mass loss between anomalies in SMB, dSMB, and ice disdiRargg regions for the time
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2018. Shown are SMB in light tone (red for loss, blue for gain), and D in dark tone (red for loss, blue for gain) f e size o
circle is poportional to the absolute magnitude of the change in SMB &dproduced frorMouginot et al. (2019)

Overdeepeningare closed topographic basimsthe bedof ice massedue to differential
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rates of erosion(Cook and Swift, 2012They are thought to be ubiquitous features under
fast movingoutlet glacies (Cook and Swift, 2012; Patton et al., 2015, 2048)there has

been limited work undertaken taccurately map them for the GrIS sheet, anchapping
exercise has never been conducted using the most releight resolution bed models such

as BedMachinéMorlighem et al., 2017B5ubglacial topography exerts control on patterns of
ice flow through both physically resisting flow, and through modulating subglacial
hydrology. Adverse bedslopes force ice flowing throagérdeepeningso flow uphill at the
downstream end of the overdeepening causing backstwassh mayimpedeice flow,

slowing velocity, and imparting a stabilising effé¢an der Veen 1997; Motyka et,&003).
Adversebedslopes aralsoanticipated to modulate basal sliding rates and mechanisms
through their control on subglacial drainage system morphology and efficiency (Hooke et al
1989; Janssqri995).As water at the bed of an overdeepening is forced uphill to exit the
depression, basal water pressures are consistently bagising lower effective pressure

and potentially increased ice velocifjhe action of these processes suggests that ice flow
through overdeepenings may vary, and be more complex, than flow through non
overdeepened areaCook and Swift, 2012)

Despite thdikely ubiquity of overdeepenings near the margin of the Gal®l their

potential to exert controls on ice dynamics (with the associated sea level risecatiphs),

investigation of these processes has been limited to a relatively small number of mountain
glaciersHooke et al., 1988; Hooke and Pohjola, 1994; Jansson, 1995; lken et al., 1996;

Fountain and Walder, 1998; Hock et al., 1999Yhe context of the GrlS, investigation of

the role of overdeepenings ice dynamics processhasprimarilyfocused orthe

backstress exerted by adverse slopes and the stabilising effect this may haudain

glacierse.g./  NNJ S | f ®X H n wmfhare Hasbecmddtudyofhgd | £ ®X H A H
potential for adverse slopes to modisybglacial hydrological configuration of the GrIS

which may increase ice velocity

As a result of thehallenges in determinintipe impact ofcomplex feedbacks in ice

dynamics they have often been omitted from models aastimates of future change

(Goelzer et al., 2020ndeed, The first foumtergovernmental Panel on Climate Change (
IPCECAssessment Reviews (AR) did not include a contribution for dynamic ice sheet changes

in the predictions for future sea level rif®m the GrISARS @l includesea level rise
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predictions based on dynamic ice sheet charigé thesewere limited to calving and

marine melt, and hypsometric SMB ice flow interactiocgsd dd not take account of
seasonakubglacial hydrological procesqghurch et al 2013).Seasonalubglacial

hydrological processes have beiecorporated in some of the mode{€alov et al., 2018)

used for IPCC projections of sea level in the most recent AR6 1gmxiKemper et al.,
2021)representing substantial advances in the understanding isfainea of study

However, despite these steps forward in knowledge, there is still large uncertainty in future
projecionss | L2 AAGA2Y &AdzYYlI NAaSR S 7TXRafhoughiteet & o8
ishigh confidencdahat the dynamic response of Greenland outlet glaciers is controlled by
bedrock topography, there Isw confidencein quantification of future mass loss from
Greenland triggered by warming ocean conditions, due to limitatiotigicurrent

understanding of iogocean interactions, its implementation in iskeet models, and

knowledge of bedrock topograpléyFoxKemper et al., 2021pg. 1258 There is clearly

much more work to be done to develop process understanding of ice sheet dyntanaics
position that will enable accurate predictions of future changes to be confidently raade
understanding topographic controls and seasgmalcesses will be key to this. Indeed, more
recent modelling worlby Felikson (2022) suggests that ignoring seasonal processes can bias
decadal modelling mass projections by up to a 39% underestimate or 25% overestimate
depending on other glacier parameteisis the furthering ofthe currently quite limited
understandingof seasonal ice dynamics processéshe GrIS that forms the primary

rationalefor this thesis

1.2wSaSkNYK yR 2062S0OU0AGSa
The overall aim of this thesis i3 tletermine the location and morphology of
overdeepenings under the Greenland Ice Sheet, and to examine their impact on hydrology

and ice dynamics.

In order to achieve thiaim a number of research questions (RQs) have been developed,

each with associated objectives.

RQL: Howcommonare overdeepenings under Greenlaodtlet glaciesand howvariable is

their geometry?
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Objective a)Develop a sermautomatedworkflow for mappingall overdeepenings
under fast flowing ice on the Greenland Ice Shaad extracting morphometric
parameters and implement this to derive a high resolutidataset of all

overdeepenings

Objective b)investigate patternsind potential process relationshis

overdeepening morphometry
RQ: Does bed topography modulate ice velocity in overdeeperings

Objective a)Exploreat an ice sheet scalghether annual meaice velocityis

modulatedwhen flowing through an overdeepening.

Objective b)Determinewhether seasonal ice velociffg.g.timing and magnitude of
speedupandslowdown) variesalong glacietength, and the extent to which these

variationsmay belinked to bed topography.

R@B: Are there any broad scale patterns that Isgasonal velocitgignature tobed

topographyor other GriSvide factors?

Objective a)Develop an automated workflow fadentifying distinct seasonal
velocity variation typologieand classifywelocity time series data points into these

typologiesat an ice sheet scale

Objective b)Explore the extent to which there is evidence at the ice sheet scale for
patterns in ice dynamics modulated by overdeepenings identified for individual

glaciers irRQ2

Objective c)Xuantify the spatial antemporal patterns (and potential process

relationships) between seasonal ice velocity typology and other relevant factors.

1.3¢ KSaAaa auiNHzOG dzNB
The thesis will be composed eight chaptersincluding this introductionDetails of the
individual chapters will be given belo@hapter Zxpands on the introduction and rationale

given in @apter 1 andpresents the scientific backgrourehd contextfrom the relevant
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literature related to the themes of study of the thes@Bhapters & present thesubstantive
results of the research conducte@hapter 7 is an overarching discussion offthdingsof
the thesis as anified body of workdrawing the results from the chapters together and
revisiting andspecifically addressing the research questions @njdctives Chapter 8

summarises th@rincipal conclusions of the thesis.

Chapter2. Scientific context and background

This chapteprovide a review of the literatureslevant to the aim of the study and the
research questionKey conceptand principlesare introduced and explaingdgreas where
existing scientific understanding is goark identified, areas where knowledge is contested
are highlighted and discussedndimportant themes that have received little scientific
attention to dateare put forward. The chapter is broadly split into three sections covering
overdeepening origin, evolution, and mapping; glacier aicé sheet dynami¢snd the role

of overdeepenings in ice sheet dynamics.

Chapter3. Overdeepening location and character undise Greenland Ice Sheet

Thisfirst part of thischapteris focused around answeriRQ1,how common are
overdeepenings under Greenland outlet glaciers and how variable is their geomdtry?
develops a sermutomated method for mapping overdeepenings under the Greenland ice
sheet and implements this to produce a new dataset of overdeepenings using the high
resolution BedMachine datasé#orlighem et al., 2017)This is the first time that
overdeepenings have been mapped at this resolution at an ice sheet scale, representing an
order of magnitude improvement in mapping resolution compared to previous studies.
full morphometric analysis is then conducted for the overdeepenimgpped including
consideration of the impact of the glacial setting (e.g. proximity to confluence, diverging /
converging flow, underlying lithology) on overdeepening occurrence and foinesecond
part of the chapter starts tanswerR, does bed topography modulate ice velocity in
overdeepening® A comparison of the difference in velocity betweler inoverdeepeings
compared to the wider ice she&t made and the potential control of overdeepenings on

mean annualce velocity areexamined.
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Chapter4. Seasonal velocitypatternsalong GrlS marinéerminating glacier centre lines

This chapters focused on answeringQ2,does bed topography modulate ice velocity in
overdeepeningshe approach taken is favestigateHelheimand Upernavik Isstrgm dks
case stuekes to explore a) whether seasonal velo@atterns vary at different points along a
glacier centre line, and byhetherthere is evidence of subglactabography modulating
seasonal velocitygiterns.Both case studies areasve prominent overdeepenings and the
morphologyof these overdeepenings (from the analysis conducted in Ch&)isranalysed
alongside seasonal patterns of ice velodgyived fromhigh temporal and spatial resolution
ice velocity datdo investigate potential process relationshigsconceptual model is
presented which explains observed variatiarseasonal velocity typologies normal and
adverse slopesThe workpresented in this chapter is based on posters presented at EGU

Vienna in 2016 and 2018 (Jones et al., 2016; Jones et al., 2018).

Chapter 5. Identification and classification of seasonal ice velocity typologies using

machine learning.

This chapters specifically focuseoh RQ3objective A A methodologyis developedvhich
facilitates the automatic identification and classification of ice velocity modes at high spatial
resolution at an ice sheet scale. The approach uses a K means clustering algorithm to
determinea set ofdistinct seasonal velocity typologies anthssifesapproximately 750,000
individualtime seriespoints to atypology. Two separate analyses are conducted to
determine the seasonal velocitgpologiesfor pointsspaced along the centréibwlines for

all Greenland outlet glaciers (generated in ChaptelaByl forthe adverse and normal
slopes of albverdeepeningsnapped in thedatasetcreatedin Chapter 3.This allows
detailed analysis of the variations in seasonal velocity typologies within overdeepgnings
and abroad analysis afeasonal velocity typologies acradkfast flowingareas of the GrlS
The analysis condted covers four years (2018019).Processignificance of the typologies

identified is discussed and a compariseith key previous studies is given.
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Chapter 6. Season ice velocity typologies in Greenland: an ice sheet wide analysis of

patterns and control.

This chapters focused on answerirl@Q3 are there any broad scale patterns that link
seasonal velocity signature to bed topography or other Gwifsle factors? Afull analysis

of the data generated i@hapter 5is conductedo investigate whether there is evidence for
widespreadcontrol ofseasonal velocity typology by bed topography at the ice sheet.scale
Specificallyare the patterns of seasonal velocity observatilUpernavik Isstrgm ih Chapter

4 evident elsewhere on the ice sheetnd if so, how ubiquitous are these pattern&der
patterns and processeaglating to seasonal velocity typolo@yeyond the potential controls

of bed topography and overdeepeningee then considered. These include the relationship
between surface melt and seasonal velocity typology, marine processes as a control on
seasonal velocity typology, and the potential for estimating the inland bfrsubglacial

channelisation using the mapping of seasonal velocity typology.

Chapter7. Discussion

This chapter provides avverarching discussion drawinggether and summarising the key
findings ofChapters 36 in relation to the research questions set out in section Ttk
chapter goes on to consider the implicatidies future GrlS change that can be drawn from
the findings of the thesis. Finally, limitatioakthe research conducted, and possibilities for

future research are discussed.

Chapter 8 Conclusion

Key conclusions for the research questians summarised.

1.4 y20S 2y (KS Rdz2N}GA2Yy 2F &aiddzRe
It is worthy of note that this PhD thesis has been completed part time over the coulge of

years. One impact that this has inevitably had, is that things have changed and advanced

during the period of studyAs much of the research conducted has been quite techttieal

relatively frequentrelease of ever improved datasdigas been an issue to deal witAs a
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result of this different velocity datasets have been used for different elements of the
research for exampldn other caseg¢such of the use of BedMachine v3 throughout the

thesis), the dataset originally used has bersed in research that follows for consistency,

even when newer versions have been released in the interim. These issues are discussed in

full in Chapter 7 (discussion).
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Chapter 2 Scientific context and background

21LYGNR RdzOG A 2Y

This chapter will beomprised of three key sections. First (section 2.2), the origin and
evolution of overdeepenings will be discussed, including key controls hypothesised for their
formation, and a review of existing mapping of overdeepeninijsbe given Secondly

(section 2.3), there will be a substantial sectiongbacer and ice sheet dynamics. Whilst

the primary aim of this thesis is to investigate the control that overdeepenings may exert on
ice dynamics, this section will cover key glaciological background and timemigontext not
specific to overdeepenings. Finally (section 2.4), focus will return to overdeepenings and
introduce some of the existing theory and observations of their control on ice dynamics, and

how general theory on glacial dynamics might applycgpally in overdeepenings.

22h @SNRSSLISYy Ay 33a

2.2.10rigin and evolution

h@dSNRSSLISyAy3a NS aOf2aSR (G2L323INI LIKAO RSLINEB
Y aaSaé¢ LINE RdJzOS ook &nd Siiftl 207p838). USdRIERtandirg) the origin

and evolution of overdeepenings, and the impact they have on ice dynamics is complex,
with significant circularity between processes. Overdeepenings are formed by erosional
processes controlled by the dynamics of overlying iceeeQhey have formed, they then

exert control on the ice dynami¢Marshall et al., 1996; Jamieson et al., 2048) so

potentially selfregulate their own future evolutiofAlley et al., 2003)However, it is this
complexity that renders the study of overdeepenings of value. Furthering our understanding
of overdeepenings can simultaneous expand our understanding of the patterns of palaeo ice
flow and sediment movement over the timescale of aegpening formatior(Alley et al.,

1997) It also enables better conceptualisation and modelling of future ice sheet behaviour
(Weertman, 1974; Thomas, 1979; Schoof, 2007; Creyts and Clarke, 2010; Jamieson et al.,
2012)in areas of fast flowing ice close to the margin of the Greenland Ice Sh#8},(G

where overdeepenings are thought to be ubiquitous featuftdsltedahl, 1967; Shepherd

and Wingham, 2008; Swift et al., 2008; Jordan, 2010; Patton et al., 2015, 2016)
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There is a comprehensive body of literature relating to glacial landscape evolution and many
of the associated erosive processes are well unders{@dsser and Bennett, 2004)
However, overdeepenings have been less well studied than many other features and the

specific mechanisms of their origin and evolution are uncerf@wok and Swift, 2012)

The overdeepening of glacier beds is caused by varying erosion rates at different locations
on a glacier. There are two principal factors which can control the differential erosion of the
glacier bed; the erosive power of the glacier, and the resistantieedbedrock to erosion.

These will be considered in turn below.

2.2.1.1Erosion, melt availability, andlgcier geometry

Many glacial erosion models make the assumption that the rate of erosion of the bed is
proportional to the speed at which ice is sliding over the fiddllet, 1979; Oerlemans,

1984; Anderson et al., 2006; Egholm et al., 20Eby a steady state glacier, ice flux will
commonly be at a maximum at the equilibrium line altitude (ELA), and it is therefore
hypothesised that erosio(Anderson et al., 2006; Egholm et al., 20@8)d by extrapolation
overdeepenings, may often be located close to the long term averagéBoeufon, 1996;
Anderson et al., 2006 Areas of convergent flow on a glacier will also cause ice to thicken
and / or accelerate, increasing the erosive potentialley et al., 2003; Amundson and
Iverson, 2006; MacGregor et al., 2008nd overdeepenings are commonly observed at
glacier confluences e.gken et al., 1996; Hock et al., 199®hilst maximum flux at the ELA
may be the case in mountain glacier or land terminating ice sheet contexts, the vast
majority of Greenland outlet glaciers terminate in a marine environnf{fdauginot et al.,
2019)When terminating in a marine environment, an ice stream or outlet glacier will often
maintain accelerating flow all the way to the calving frOAlley et al., 1989; Rosenau et al.,
2015) In these situations, it is therefore likely that high ice flux may also occur close to the
calving front, and that maximum flux may not be at the ELA. It is perhaps unsurprising then
that overdeepenings appear to be extremely common close to the temfifaist flowing
Greenland outlet glacier@atton et al., 2016 However, in many cases the timing of
formation of overdeepenings is not well constrained, and so it is plausible that
overdeepenings currently near the margin of the GrIS may have formed when ice was more

extensive and their current position was actudilyther inland (Cook and Swift, 2012).

The availability of water at the bed of a glacier is also fundamental to the erosive power.
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Basal thermal regime is a vital control on erosive power and therefore should be highest

where basal melting is highest (e.g. convergent flow and where overdeepenings thicken ice
(Glasser, 1995)). Water at the bed has a lubricating effect which causeasastrin ice

velocity (and therefore erosive power) by ice slipping over the (btadlet, 1979; Iverson,

1991, Glasser, 1995)he presence of water at the bed can also facilitate the formation of

efficient subglacial channels and the flushing out of eroded sediment through these

channel® w G Kf A&0SNHSNE Mhitsthdsal méltingSwdll beShigh at dreBbE M T
of maximum ice thickness (e.g. the ELA) and this will provide sufficient melt to enable

sliding, the level of melt may not be high enough to force evolution of efficient subglacial
channels and flush out sedimea w & Kt A 86 SNAHSNE mntherldvel bff £ S& S
surface runoff generated at the ELA is Imountain and Walder, 1998As such, a layer of

sediment can accumulate at the bed causing asgjfilating process where the bed is

protected from further erosion which slows or prevents further overdeepening of the base

(Alley et al., 1997; Alley et al., 2003s a result of thignultiple overdeepeningsnight

occur with adverse bedslopes being protected by suppression of efficient drainage. Thus,

rather than expecting the profile to evolve into one long overdeepening, as envisaged by

Patton et al. (2016) glacier system could contain numerous smaller stable
overdeepeningsFurther down glacier at lower elevations, air temperatures will be higher,

and the level of surface runoff generated will be substantially incre@Sedntain and

Walder, 1998; Herman et al., 201This melt will access the bed via crevasses and moulins,
lubricate the bedandenabk ice velocity taspeedupand increase erosion, arehable

efficient channels to form which can flush eroded sediment from the systein (i Kt A 40 S NB ¢
1972; Alley et al., 1997t is likelythat these melt water driven processase made possible

due to high surface runoff at areas close to the margimdthat this mayexplain the high

prevalence of overdeepenings at glacier termini (where ice is thinner and flow likely more
diffluent than at the ELA) both in alpiriEountain, 1994; Lawson et al., 1998 ice sheet

(Patton et al., 20163ontexts

2.2.1.2Geological control
Geological context controls both where overdeepenings form, and their morphometric
properties, in a number of ways. Differential resistance of bedrock to erosion bglacial

means(such as fluvial processes) will shape the preglacial landscape and determine initial
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valley geometry(Stange et al., 2012)nd therefore have a control on where overdeepenings
are initiated when an area becomes glacia{&lasser, 1995; Preusser et al., 20Ky
preexisting topography that will locally cause icespgedupor thicken, or for melt transfer

to the bed to increase, is likely to increase erosive potential and therefore initiate the
overdeepening of the underlying bellechanisms by which this may occur include:
topographic steering causing convergent flow into rgacial closed topographic basins
(Kessler et al., 2008Yalleys narrowing and causing convergent flow or junctions in valleys
causing tributaries to joifLloyd, 2015)and valley floor perturbations causing crevassing
aiding transit of supraglacial runoff to the bédooke, 1991Yhese may all have an impact

on where overdeepenings initially form.

The resistance of bedrock to glacial erosion has also been shown to influence where
overdeepenings forniPreusser et al., 2010and the shape an overdeepening evolves to,
with more resistant bedrock tending towards narrower deeper val(éliano and Aniya,
1988; Augustinus, 1992; Brook et al., 2004; Swift et al., 2008)

2.2.2 Mapping of overdeepenings

Despite the importance of overdeepenings in relation to ice dyna(ioske and Pohjola,
1994; Egholm et al., 2011, 2012; Cook and Swift, 28@other applied issues such as
glacial lake outburst flood (GLOF) risk assessiiMatinin et al., 2020)engineering projects
(Taylor and Wilson, 1997and safe disposal of nuclear wagtalbot, 1999; Fischer et al.,
2021) there has been relatively limited large scale mapping of overdeepenings, with much
investigation focused on individual features or over small areagldagberli et al., 2016;
Pomper et al., 2017; Magrani et al., 2020)

Comprehensive mapping of overdeepenings has been conducted in some areas including
Labrador, Canad@.loyd, 2015; Lloyd et al., 202&)e HimalayaKarakoram(Preusser et al.,
2010; Linsbauer et al., 2016he Swiss Alp&reusser et al., 2010; Magrani et al., 2020)d
Peru(Preusser et al., 2010; Colonia et al., 20T date, the only study to attempt to
comprehensively map overdeepenings under contemporary ice sheets is tRattoh et al.
(2016)which developed an automated method of mapping overdeepenings in Greenland
and Antarctica. This resulted in the mapping of a total land area of nearly 20 millfoankin

a dataset of approximately 14,000 overdeepenings (c. 10,000 for Antarctica and 4,000 for

Greenland). However, this study used relativelgree resolutiorbed data(5 kmfor
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Antarctica andL km for Greenland)As a resultpnce quality assurance procedures were run
on the dataset, only 1,099 overdeepenings (764 for Antarctica and 335 for Greenland) were

deemed of high enough quality to be including in the morphometric analysis.

2.2.2.1lmprovements in bed data

A likely explanation for the relative paucity of work mapping overdeepenings under extant
ice sheets conducted to date is that spatially comprehensive high resolution data on bed
geometry has only become available relatively recently, since the early 28fp@sce point
measurements and individual radar lines available prior to this enabled investigation of
individual glaciers but it was only once a critical mass of denser arrays of measurements had
been compiled through programmes like CRéGI&)jineni et al., 2001dr Greenland in the
1990s and 2000s, that interpolated surfaces of this data were able to be prodeiced
Bamber et al., 20135imilar work was conducted, and data products became avaiiable
Antarctica (e.gFretwell et al.2013). These interpolated bed topography datasets were
generated by applying kriging to interpolate data from radar surveys and yielded a spatial
resolution of between B km, and it was these datasets that were usedPhyton et al.

(2016)to map overdeepening in Greenland and Antarctica.

Methods of generating bed topography datasets that have been developed more recently

refined basic kriging approaches by incorporating mass conservation modelling from

velocity data to generate much higher accuracy estimations of ice thickness between

observed thickness along radar lindsorlighem et al., 2017)Combined witHurther

O2tft SOGA2ya 2F YSI adz2NBR 0 SR R(Radriguedfonrsiza K b ! {
et al., 2013)the resulting BedMachine product provides bed data for Greenlandyatia

resolution of 150 m, over an order of magnitude higher than the best data previously
available(Morlighem et al., 2017)To date, ice sheet wide mapping of overdeepenings in

Greenland has not been conducted using this much improved data, and the dataset

generatal by Patton et al. (2016)emains the only comprehensive study of overdeepenings

in GreenlandFigure2.1).
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Figure2.1 Ice sheet scale mapping of overdeepenings. A) Antar@&ic&reenland. Reproduced fr@atton et al. (2016)
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2.3.1Subglacial hydrological processes

2.3.1.1The importance of melt

Sliding of a glacier over its bed has been recognized as a fundamental process in how the
dynamics of a glacier operate since the earliest studies of glaciers in the European Alps by
glaciologists such as Horace De Saussure, Louis Agassiz, James Htabebklopkins, and
John Tyndall in the 1840s. Field observations in this period comparing ice velocity at the
surface and near the bed at the Glacier de Bois and the Mer de Glace showed that the
majority of ice motion down a valley was most likely explaibgdliding rather than ice
deformation(Hopkins, 1862) Early lab experiments by Hopkins also demonstrated the
importance of the presence of liquid water at the ice / bed interface to enable efficient
sliding. Hopkins hypothesised that delivery of melt water into the glacial system was likely a
critical driver in enabling sliding, both as a means of supplying water to the bed, and more
generally increasing the interior temperature of the glacier and contributing to raising the

temperature at the bed above the melting poifiiopkins, 1862)
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From the very first recorded measurements of glaciers, it was established that the motion of

ice down a valley was variable in space and t{Ferbes, 1842)ynd that temporal

variations in motion were observable at both seasonal and shorter timescales. Intuitive links
between rates of ice motion, and the presence of water and variations in air temperature,

GSNBE YIRS 08 C2NbSasz ¢ Ki@suanieltiiaSiRwittes, hha®® 6 0 A& Y
GKFY Ay O2fR 6SIUKSNE YR SalLlSOAlffe Y2NB NI
(Forbes (1843) iflarke(1987), pg. 9. However, specific theories explaining the precise

role that subglacial water plays in glacial sliding were not developed until over a hundred

years after these initial observatiot€larke, 1987)

Work by Weertman in the late 1950s and early 1960s was the first to establish a complete
theory of glacial slidin/Veertman, 1957)and to identify mechanisms by which cavities

that formed behind obstacles at the bed could grow and coalesce to form a continuous film
of water at the bed, and that even a very thin layer (e.g. less than 1 mm, or less than an
order of magnitude of the obstacles at the bed) could cause substantial increéasse
velocity(Weertman and others, 1962; Weertman, 1968hese two arrangements of the

flow of water under a glacier (linked cavities and films) have come to be referred to as
WAYSTFFAOASYUQ 2NJ WRAAGNAOMzGSRQ FT2N¥a 2F &adz 3
and expanded further in sectidh3.1.2 below). These concepts were developed further by
Lliboutry(1968)who proposed that water in subglacial cavities could be pressurised,
reducing the effective pressure of the ice at the bed, and therefore reducing friction and
increasing sliding velocity. It was not until the 1980s that the precise role of water at the
bed, and in particular the importance of water pressure, became better understood. Early
use of finite element analysis modellifigen, 1981rombined with detailed field

observations in the Swiss Alfiken et al., 1983 the groundbreaking work of Almut Iken
established the dominant control of water pressure on glacier sliding velocity. Specifically,
Iken et al. (19833howed that maximum horizontal velocity was coincident with maximum
vertical velocitynot maximum vertical displacement of the glaciBigure2.2). This

indicated that it is the initial transition phase of the development and presstion of

cavities that causes i@peedup and that further increases in the absolute magnitude of

water available will not necessarily drive further increases in ice velocity.
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Figure2.2Theoldolite measurements of glacier movement at Unteraargletscher, Switzerland, 1975. A) air temperature. B)
Vertical displacement of three survey poléshorizontal velocityC1 is near the glacier margin, C3 is on the medial
moraine. C3 is the horizontal velocity of the same poles. Reproducetkéorat al. (1983)

A wide range of subsequent studieplicated the observations dken (1981)(Copland et

al., 2003; Mair et al., 2003; Bingham et al., 208@)these patterns are not universal. Other
studiesfound a relationship between water input and velocity but at low effective pressures
(Harper et al., 2007)whilst othersobserved greater correlation between velocity and total

water storage(Vieli et al., 2004)

2.3.1.2Distributed and channelised subglacial drainage

It was established in sectich3.1.1that water flowing under a glacier can do so in a very
thin film, or through a series of linked cavities, and that in these configurations the
restricted nature of the flow leads to pressurisation of the system above atmospheric
pressure0 w U Kf A &6 SNAB S NE A nartya of dverl§pfimngtard Siercharaable)
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The alternate configuration of the flow of water in a subglacial system is through a network

of channels. Channels can either be melted into the base of the ice (Rothlisberger, 1972;

Hooke et al, 1990), or incised into the bed (Nye, 1976). Due to thestentty higher cross

sectional area and interconnectedness of channels, water flow will be faster, and at lower

pressure when compared with flow through distributed systems (Rothlisberger, 1972). The

range of terms established for these systems arereflegtS 2 F G KA A& | YR Ay Of dz
GFND2NBaOSyGés YR GSTFFAOASY(GE O05FQPA&2YS HAM
0 KNP dz3 K 2 dzii dhdadelsedidcK SaAa | & a

All subglacial drainage forms discussed to this point have been irbleddkd glacier

contexts, but channelised (e.g. canals (Ky®keith and Folwer, 2014) and distributed (e.g.

porous flow(Boulton et al., 200)})drainage configurations have also been identified in

sediment rich soft bedded contexts.

Figure2.3 illustrates in cross section a range of different configurations of distributed and
channelised subglacial drainage in both hard and soft bedded contexts, as discussed above.
Figure2.4 illustrates schematics of idealised channelised and distributed flow in cross

section, along ice motion longitudinal section, and planform view.
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Figure2.3 Conceptualised channeliséefficient) and distributedinefficient) and example intermediary subglacial
drainage forms. Channels and cavities are depicted as filled with watehibutill not always be the caskee flow is into
the page, except for inefficient cavities, where ice flow is left to right (reproducedfasiaon et al. (2019)

(a) Cross-section

(b) Along ice motion section

(c) Planform view

distributed

Figure2.4 Schematic views of channelised and distributed subglacial drainage systems in A) cross section, B) along ice
motion longitudinal section, C) planform view. Reproduced fesau Galofre et al. (2022)

2.3.1.3Seasonal evolution of subglacial drainage configuration

So far in this section channelised and distributed drainage configurations have been

introduced separately for clarity. However, it is now well established that channelised and

distributed configurations are enthembers on a continuum, and that configuais will
shift and evolve through space and tirtteubbard and Nienow, 1997; Schoof, 2010;

Greenwood et al., 2016; Davison et al., 20¥9tommonly proposed model of seasonal
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evolution of subglacial hydrological configuration is shown in the schematitgune2.5.

The initial condition before the melt season is a distributed system. At melt onset this
becomes pressurised and ice velocity increases. As meltwater input to the system is
sustained, linked cavities expand and form a channel. Flow becomes efficient and
depressurises, slowing ice velocity. Creep closure due to low basal water pressure causes
the channel to reduce in diameter and late season melt events can potentially repressurise
the system causing ice velocity to increase. Post melt season, the cleiosed completely

and the system reverts to a distributed system. This conceptual model explains the patterns
in seasonal ice dynamics seenlkgn et al. (1983)discussed in sectidh3.1.1, which have

also been widely observed on many other alpine glagiisnow et al., 1998; Mair et al.,

2003; Vincent and Moreau, 2016)
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Figure2.5 Schematic of active drainage system hydymamic interactions. (Left) Blaarrows indicate water flow

direction. (Right) Cavity cressctions; black and white arrows indicate closing and opening mechanisms , respectively.
Size of grey arrows in left panels indicate velocity change from preceding period. Blue shading bebehigater

pressure (darker equals higher pressuféjure and captioneproduced fronDavison et al. (2019)
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The conceptual model of seasonal evolution of subglacahage configuration presented
abovemeansthat the impact ofmelt being delivered into the glacial system may not be

limited to an immediate change in velocity. For example, there have been observations of
water stored subglacially in upglacier areas over winter due to late drainage of firn in the
accumulation area thisthen encounters a subglacial system with low transmissivity due to

early conduit closure in these areas. These upglacier aréagth STFSOG A BSt & KI @S
A0FNIQ d GKS 2yasSi 27 ( KsPeeda@dnfiiquickl$ buiteeyf y SE
also transition to efficient drainage much more quickly with an associated summer low in
velocity(Hodge, 1974; Holmlund and Hooke, 1983; Iken and Bindschadler, 1986; Kamb and
Engelhardt, 1987; Krimmel and Vaughn, 19&iilar processes have been hypothesised to
explain recent observations afuitumn velocity accelerations. Such seasonal velocity signals

are considered quite rare and are not frequently reported within the literatiiNanni et al.,

2023) In the few studies which do present autumn accelerations, the explanatory

mechanism suggested is late season reduced subglacial drainage efficiency (due to onset of
subglacial channel closure through creep closure as melt decreases) being particularly
susceptible to a sudden influx of water which could be from rainfall events, drainage of
supraglacial lakes, oelease ofstored water such as firn aquife(slodge, 1974; Sugiyama

and Gudmundsson, 2003; Harper et al., 2005; Hart et al., 2019; Nanni et al., 2023)

Nanni et als (2023)comprehensive study of 48 glaciers in the western Pamirs is particularly
insightful in providing evidence to support this hypothesis. Tlewmd that whilst the spring
speedupevents observed shogd an up glacier migration (e.gpeeduphappered closest to

the terminus first) due to melt onset occurring earlier at lower elevation, the pattern for the
autumnspeedupeventswasreversed with initiation at higher elevatioffisst which then
migrated further downglacier over timeNigure2.6). This is as would be expected if the
cause of thespeedupwasa switch back fronchannelisedo distributeddrainage

configuration Melt onset occurring later (and total melt being lower) at higher elevations
should result irchanneliseddrainage systems further upglacier in the system becoming less
well developed initially, and the earlier decrease of melt at these higher elevations means
creep closure processes in subglacial channels will start earlier than at lower elevations

down glacer.

41



(b) Spring/summer, n=38 = === - p—
Mar

Mar

May - = < 2 7 _,_ — f T—n May r =
| ' ® first SEE T e
23 Jun - T % 1ast Jun = (m d'l)

— °~ & "
1 |=oc| ! 0 - 200 400
O e A %ugf,f;
1 # LI
i
Sep - s - —- Sep i m
5000 4500 4000 3500 3000 2500 20 15 10 S 0

(d) Autumn, n=24

(c) Autumn, n=24

TR0 200 400 600 800

1l -

5000 4500 4000 3500 3000 2500 20 15 10 5 0
Elevation (m a.s.l.) Upglacier distance (km)

Figure2.6 Example of downglacier migration of auturepeedupevents.Points mark the elevation and upglacier distance
of first and last observed locationssggeedupn spring and autumn for each glacier in the studgproduced froriNanni et
al. (2023)

It is also worthy of note that in their datdanni et al. (2023)ound examples both where
locations on a glacier demonstratspring / summer accelerations and autumn
accelerations, and examples where only autumn accelerabeosrred The examples of

the autumn only accelerations in the Pamivere all located at higher elevations in the

upper reaches of the study areBigure2.7). This suggests that in these regions insufficient
melt was getting to the ice bed interface in spring and summer to cagpeedup and that

the autumn accelerationwere likely due to a subglacial drainage configuration that had
remaineddistributedall year being overwhelmed by the release of stored runoff at a period

sometime after the melt initially occurred.
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Figure2.7 An example of Hadyrsha 756 Glacier in the western Pamirs which demonstrates seasonal icspetutity
only in the autumn in the region betweemXm upglacier. Note that in the regior206 km from the terminus there are

clear velocity peaks in both spring / summer and autumn, but at the upglacier end c. 3.5 km from the terminus there is only
an autumn gak.Figure and captioneproduced fronNanni et al. (2023)

2.3.1.4Subglacial hydrology in ice sheet contexts

It is important to acknowledge that until relatively recently, our understanding of the
importance of subglacial hydrology on the dynamics of the GrIS (and subsequently the role
it plays in mass loss) was extremely limited. The previous studies discostedrsthis

chapter (section?.3.1.1- 2.3.1.9 almost exclusively relate to work undertaken at alpine
glaciers, and it is in these contexts where development of fundamental theory occurred.
Until the early 2000¢ wasestimated that, in terms of ice velocity, the ice sheet as a whole
would likely respond slowly to increased air temperatures resulting from climate change
due to the period of time required to conduct heat from the surface through many
thousands of metersf ice to the bedAlley and Whillans, 1984; Reeh, 1985; Zwally et al.,
2002) Speedupn ice velocity concurrent with summer surface melt had been observed at
some Greenland outlet glacie(Reeh and Olesen, 1986; Joughin et al., 1996; Mohr et al.,
1998) but this was assumed to be limited to very fast flowing ice near the margin. No
evidence of seasonal ice veloci#yeedupin other areas (e.g. slower moving ice, and areas
further inland towards the ELA) had been observed, and even on some very fast moving
outlet glaciers such as Jakobshavn Isbrae, field studies had not observed patterns of summer

speedupeven far below the ELA within c. 30 km of the calving f(Biehelmeyer and
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Harrison, 1990; Zwally et al., 2002)

The landmark study dwally et al. (2002)as the first to observe a summspeedupevent
linked to surface melt much further inland on the GrIS (near the ELA) than previous studies.
This opened up the possibility that some of the theory relating to subglacial hydrology
developed in alpine contexts over the previous 50 years might pécable in ice sheet
contexts, and that as a result, the dynamic response of the ice sheet to climate change
might be much quicker than previously thoughlienow et al., 2017)A further study bybas

et al. (2008Qirectly linked the drainage of supraglacial lakes to sumspeedupevents

and demonstrated that delivery of surface melt water to the bed via hydrofracture was
possible even through ice nearly 1,000 m thaskdong as melt volume was sustained to keep
fractures full, as is the case when a crevasse is under an overlyin@latehydrofracture

also requires an existing fracture or weakness to be exploitbd.establishment of the fact
that the surface and the bed of the GrIS are hydrodynamically lideeh in areas of thick

ice, far from the margin, near the ELA), prompted a profusion of studies into this previously
largely ignored area. There are a number of full and detailed reviews on the subglacial
hydrology of the GrIS and the reader is referredhiese for a comprehensive coverage of

the last 20 years of scientific progress (&, 2014; Greenwood et al., 2016; Nienow et

al., 2017; Davison et al., 2019Y¥hat follows here is a more selected review of the key

issues which are directly related to the aims of this thesis.

2.3.1.5Ice flow selfregulation: limits and thresholds

It is now universally accepted thtis possible fosurface melt wateto access the bed of

the GrlIS, and that this will exert some control on the dynamics of ice flow (see section
2.3.1.4. The exact nature of these controls, and crucially, whether the impact of increasing
surface melt rates under warming future climate scenarios will result in net increases or
decreases in total ice flux is still uncertain. Some studies have suggesteddieased

surface melt runoff in a warming climate will initiate positive feedbacks by increased
lubrication of the bed leading to increased ice velocity causing dynamic thinning, possibly
also reducing the stability of soft beds, and therefore hastetivegretreat of the ice sheet
(Zwally et al., 2002; Parizek and Alley, 20Rdmeret al., 2011 Shannon et al., 2013;
Bougamont et al., 2014Yhe counter view is that as has been observed in alpine valley

glaciers (see sectior’s3.1.1- 2.3.1.9, high melt will cause efficient channelised subglacial
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drainage configurations to occur causing late seadowdowrs, and increasing melt may
result in this occurring earlier in the melt season, and at areas increasingly further inland,
and that this negative feedback could be sufficient for increasing melt rates to decrease net
ice flux(Nienow et al., 2017) ate seasoslowdowrs have been recorded since the
hydrodynamic links in Greenland were first observed; indéedlly et al. (2002)oted this

in their study. The key question is whether the increased velocities driven by the initial melt
will be offset by the subsequestowdownonce subglacial drainage has become
channelised. The complexity of this question is increased further as it has been
demonstrated by both observatiofsundal et al., 201Bnd modelling Schoof, 2010hat
evolution to channelised subglacial drainage only occurs when threshold levels of melt are
exceeded. As such, a given position on a glacier or ice sheet may see a sloaitywn
resulting from channelisation in some years but not others, depending on the melt levels in
that year Figure2.8). It follows therefore, that an inland limit of channelisation should exist
on the GrlIS, and that this may migrate from year to year based on melt variébD#gity

Fleurian et al., 2016; Koziol and Arnold, 2018)
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Figure2.8 Graphs showing the seasonal velocity patterns for 5 major glaciers in the land terminating sector in the SW of the
Greenland ice sheet. Velocities are derived from satellite observations and are 35 day averages relative to winter means,
taken within the ®0-600 m surface elevation band. Individual velocity measurements are shown as points wilyoree
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Figure and captioneproduced fronSundal et al. (2011)

A number of studies have attempted to determine the net effect of increased melt on
dynamic ice flux, and there appears to be some consensus from studies covering the period
of warming between the late 1990s and 2012 tskwdowndue to enhanced

channelisation later in the seasoddffset increased velocity earlier in the season under
higher melt scenariofsan de Wal et al., 2008; Sole et al., 2013; Tedstone et al., 2013, 2015;
Van De Wal et al., 2015; Stevens et al., 20B6) simply, these studiesdndthat at annual
timescales ice motionid not scale with melt, and higher melt scenarios apparenititte

reduced overall net ice flux.
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There are some caveats that need to be applied to these findings (i.e. those that suggest net
reduction of ice flux under increased melt conditions). Most studies conducted to date have
been quite limited spatially, focused almost entirely in the ablatone of the land

terminating sector of the GrlIS, with the majority of studies only considering individual
glaciers or small selections of glacidfgure2.9 gives a fairly comprehensive review of the
relevant body of work on channelisation patterns and limits, and illustrates graphically how
constrained the area covered by existing research is. In part, the limited spatial coverage is
due to the logistical amplexity and cost of field observation techniques. The only method

to truly directly measure the conditions at the bed is to drill boreholes to measure basal
water pressurgMeierbachtol et al., 2013 he challenges this presents are obvious, and
increase as study sites move inland, further from support infrastructure, and into areas of

thicker ice.

52° W S1°w 50"l w 49° W 48° W 47°W

Remote sensing studies

[] - Spatially extensive speed-up following SGL drainage, with the greatest
speed-up over bedrock troughs (Joughin et al., 2013).
CJ-15m yr? deceleration during 2002-2014 (Tedstone et al., 2015).
[] - Late-season speed-up increases with runoff (Palmer et al., 2011).
| - Late-season slow-down offsets speed-up (Sundal et al., 2011).

[] - Increased ice flux in a warmer year (Fitzpatrick et al., 2013).

- Interannual winter speed-up (Phillips et al., 2013).

GPS studies

- Melt & velocity positively correlated (Zwally et al. 2002).

- Diurnal velocity variations in late-season (Shepherd et al., 2009).

- Overall 10 % slow-down of the margin, but with significant spatial varia-
bility (van de Wal et al., 2008; 2015).

- 2.2 % speed-up during 2009-2012 at highest site (Doyle et al., 2014).

- Feedback between melt and velocity of limited importance on decadal
timescales (van de Wal et al., 2015).

A - Speed-up and runoff variability positively correlated (Bartholomew et

al., 2010; 2011; 2012).

- Annual motion in the ablation area insensitive to melt supply (Sole et
al., 2013; Tedstone et al., 2013).
- 1.8 % speed-up during 2009-2011 at highest site (Doyle et al., 2014),

A - Melt variability drives short-term velocity changes. Decreasing velocity
response to melt over melt season (Hoffman et al., 2011).

A - Multi-year slow-down, but no negative relation between melt and winter
flow (Stevens et al., 2016; North Lake only).
- Gradual winter ice flow recovery (Joughin et al., 2008).
- Rapid SGL drainage through 980 m thick ice (Das et al., 2008).

‘.ﬁ - Meltwater-induced ice flow variations (Colgan et al., 2011; 2012).

> > e

Tracer, borehole and seismic studies
. - Rapid R-channel formation in marginal 40 km (Chandler et al., 2013).
. - Basal water pressures unfavourable for R-channel growth (Meirbachtol
etal,, 2013).
- High water pressure variability in melt season (Wright et al., 2016).
- Boreholes underlain by bedrock (Harper et al., 2017).

- SGL drainage-induced sediment deformation (Kulessa et al., 2017).
- SHR underlain by sediment (Booth et al., 2012; Dow et al., 2013).

- Basal water pressure declines with ice flow (Andrews et al., 2014),
- Site underlain by thick sediment (Walter et al., 2014).

*HN

Figure2.9 Overview of key observations on studies investigating hydrology and ice dynamics in Greenland, reproduced from
Davison et al. (2019Yhe bold contour (1,500m) represents the approximate elevation of the equilibrium line durimg 1991
2011
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al., 2021) that can allow the monitoring of basal water pressure by positioning probes via
moulins (rather than requiring boreholes to be drilled), could offer the possibility of greatly
increasing the amount of direct measurement, but even such approaches drerfar

straight forward(PriorJones et al., 2021 racer studies have also been used to infer basal
conditions from the transit time of dye through the glacial sys{@handler et al., 2013)
Despite the value of such measurements, the logistical complexity means that the total
body of data collected using these approaches in ice sheet contexts is quite |{[Daecson

et al., 2019) Whilst still being challenging to deploy (and maintain), installatio@lobal
Navigation Satellite Systems (GN&f)ipment to measure changes in ice elevation and
velocity (from which subglacial hydrological configuration can be inferred based on
expected dynamic response), offers the benefit of being left in situ to collect longitudinal
datasets with relatively limed intervention.GNSSlata has led to major developments in

our understanding of how subglacial systems ope(@&ally et al., 2002; Hoffman et al.,
2011; Sole et al., 2013; Tedstone et al., 2013; Doyle et al., ,20dt4as with tracer studies,
the amount and coverage of this point data is spdi3avison et al., 2019ptudies covering
larger areas rely on velocity data derived from satellite imagéoyghin et al., 2013;
Tedstone et al., 2015; Williams et al., 2028atellite imagery derived velocity approaches
have historically been limited by the interval of repeat imagery acquisition and the high
computational demands of processifigosenau et al., 201F)ut advances in computing
power and the launch of new satellite constellations such as the European Space Agency
(ESA) Sentinels 1 and 2 has made ice sheet wide 6 day average velocity data available in
recent yeargVijay et al., 2019; Solgaard et al., 2024) studies investigating ice dynamics
at an ice sheet scale in Greenland have used remote sensing derivedtuates covered in

more detail in sectio2.3.1.8

Whilst there has been a heavy focus in the existing body of literature on channelisation
limits in the ablation zone, some studies have started to investigate seasonal ice dynamics
driven by meltabove the ELAand this work indicates that the future response of the ice
sheet may not be as simple as extrapolating out the patterns established in the ablation
zone of higher melt equalling increased channelisation leadingstovadownand a net

annual decrease in ice flux. Both modell{(Bg Fleurian et al., 201&nd observational
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(Doyle et al., 2014tudies have identified that above tlwairrentELA, increased melt is

likely to cause increased ice velocity without late seaslowdownto below the winter

average Figure2.10).
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Figure2.10 Seasonal evolution of theubglacial hydrology above the EfoApart of the land terminating sector of the ice
sheet in SW Greenland. Black $inepresent the start and end of summer. Reproduced from de Fleurian (2016).

The variation in the response of the ice sheet to increased amelind and above the ELA
(compared to at lower elevations in the ablation zone) is hypothesised to be due to thicker
ice and lower surface slopes restricting the development and sustained operation of
efficient channelgMeierbachtol et al., 2013; Dow et al., 201Fus, increased melt would

be associated with increased net ice flux in this zone of the ice sheet. Specific modelling of
potential future melt scenarios in the land terminating sector of the south west GrIS has also
found support for this hypothesi&oziol and Arnold (2018)und that under a predicted

2100 melt regime of 4 x 2011 melt, despite channelisation encroaching 20 km further inland
than modelled for 2012, enhanced creep closure rates due to thicker ice resulted in a
substantive summer velocity increase, with noasated winter velocity decrease, leading

to an overall net annual increase in ice velocity of 25%. As such, there is considerable
uncertainty on the limits of future channelisation and the impact it may have on the future
dynamics of the ice sheet, andishs commonly recommended as an area for future

research.
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2.3.1.6Current established limits of channelisation

Limits of the current inland extent of channelisation are also uncerfable2.1

summarises studies that have specifically identified whether subglacial dravesye
channelised or distributed at a given location. It is important to note that for most studies
the distance inland specified is not a limit, rather just the point at which the measurements
were taken. The study b@handler et al. (201%pnducted tracer measurements at multiple
points on a longitudinal transect and therefore positsatthe channelisation limit for

Russell / Leverett (~ 8M) glaciers at between ~ H7 km inland, under an ice thickness of
between ~ 1,006,200 m. Modelling studies for Russell glacier also idedt# specific limit

of between ~ 350 km and an ice thickness of between ~-800D00 m which corroborates
field observationgDe Fleurian et al., 2016; Koziol and Arnold, 20%8)dies which

determined channelised / distributed configurations for a single point within this area
around 67N (but dd not specify a specific limit) are in line with the ~BBbkm limit. It is
interesting to note that the two of the three studies located further north (*N)0than

those around ~ 6°N identified distributed drainage much closer to the margin (~3Dkm
inland)suggesting a parameter linked to latitude or climatasmodulating the

channelisation limitRecent modelling studies have started to produce estimates of the
likely limit of channelisation over more extensive areas of the ice gihaier et al., 2022)

and this work indicates that the controls on channelisation are likely multifaceted, complex,

and spatially variable={gure2.11).

Table2.1 Studies that have specifically attempted to define the limits of channelisation in subglacial drainage for the GRIS.

Authors Finding Distance Icethickness Type of study Location
inland
Chandler et al. (2013) Channelised ~ 41 km ~1,000 m Tracer Russell /
drainage Leverett, SW
Greenland (~
67°N)
Distributed ~ 57 km ~ 1,200 m
drainage
Chandler et al. (2021) Channelised ~41 km ~9001,000 Tracer Leverett, SW
Greenland (~
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drainage m 67°N)
Van De Wal et al. Channelised ~13 km ~ 600 m Borehole Kangerlussuag
(2015) drainage water SW Greenland
pressure (~ 67N)
Andrews et al. (2014) Channelised ~20 km ~ 600 m Borehole and FOXX, Sermeq
drainage under moulin water Avannarleq, W
moulins, but pressure Greenland (~
distributed in 69°N)
boreholes within
1.6 km
Meierbachtol et al. Distributed 34 km ~830m Borehole Isunnguata
(2013) drainage, minimal water Sermia, SW
pressure pressure Greenland (~
variations 67°N)
De Fleurian et al. Channelised ~ 50 km ~ 1,000 Modelling Russell, SW
(2016) drainage 1,100m Greenland (~
67°N)
Koziol and Arnold 2012 (high melt ~ 50 km ~ 1,000 Modelling Russell, SW
(2018) year), channelised 1,100m Greenland (~
drainage 67°N)
2009 (low melt ~ 35 km ~ 80@;900
year), channelised m
drainage
Dow et al. (2014) Distributed ~ 70 km ~1,200m Modelling Russell, SW
drainage Greenland (~
67°N)
Banwell et al. (2016) Channelised ~ 30 km ~ 1,000 m Modelling Paakitsoq, W
drainage Greenland (~
69°N)
Doyle et al. (2018) Distributed ~ 30km ~600m Borehole Store, W
drainage water Greenland (~
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pressure 70°N)

Maier et al. (2022) Channelised Variable Variable Modelling All W coast

drainage

Active Drainage N (MPa)

x10° x10°

Figure2.11 Drainage analysis of the Greenland Ice SHegire and captiomeproduced fronMaier et al. (2022)A)
Summer mean accumulated discharge (QsiBnLritical discharge (Qc) required for channel formai@rRegions where
the accumulated discharge exceeds the critical discharge indicating channel formation iB)ikgdyglelled effective
pressure within active drainage pathwaysgure and captioneproduced fronMaier et al. (2022)

2.3.1.7Multi year trends in ice velocity: land terminating sector in the SW of the GrIS

As was discussed at the beginning of secBdhl.5 processes have been identified in
Greenland whereby melt reaching the bed cadiéorication and pressurisation of the ice /
bed interface, reduce effective pressure and friction, and therefore cadsee velocity to
increase, and this has the potential to cause year on year increases in ice velocity with
increasing melt under warming climate scenar(@gally et al., 2002; Parizek and Alley,
2004;Palmer, 2011Shannon et al., 2013; Bougamont et al., 20 jernatively, increased
melt may increase channelisation which could offset any increases in ice velocity earlier in

the melt season, or even cause a net decrease in annual ice velocity scénanae Wal

52



et al., 2008; Sole et al., 2013; Tedstone et al., 2013, 2015; Van De Wal et al., 2015; Stevens
et al., 2016) A number of studies have been conducted to explore how these processes may
be controlling the longer term velocity trends of the GrIS and these will be considered in

more detail here.

Multiple studies have suggested that during the sustained period of warming in the early
2000s net ice velocity decrease in the land terminating sector in the south west of the GrIS
was widesprea@Tedstone et al., 2015; Williams et al., 20@&yure2.12a and b), and this

was taken as evidence of the sedigulating effect of increased channelisation in scenarios
of atmospheric warming. However, these signals of slowdown are not universally observed.
A study byJoughin et al. (2018pund much more limited evidence of ice velocity slowdown
than that reported byTedstone et al. (2018ndWilliams et al. (2020)nd, in the area
extending approximately 350 km further south ob#e studies,dundalmost no significant
slowdown over the period 200R016 Figure2.12c). However, there is some difficulty in
directly comparing these studies due to the differing methods adopted. Questions have
been raised as to whether the methods adoptedT®dstone et al. (2018nd Williams et

al. (2020 ccurately refleatd the true annual velocity changé3oughin et al., 2018; Halas

et al., 2023) This is as a result of decisions taken as to when satellite imageveaes

selected (due to the limitations of feature tracking in optical imagery adopted as the
method for velocity generation in these studies), how these are averaged, and that there is
the potential for over representation of the summer signal when channetinaifects

were at a maximum. The level of interannual velocity decrease observed in these studies is
also relatively smalt{.5 ma? over 20022014 inTedstone et al. (201brompared to the
increase in velocity observed over each summer period (~188)meaning the possibility

for bias in methods impacting on the result needs to be carefully considdoedihin et al.
(2018)adopted a different methodology in their study, using SAR imagery to generate
winter velocities for comparison between years. As such, the concerns over timing and the
relative weightings of summer signals are allayed, but if summer processes (such as
enhanced chnnelisation)vere causing a decrease in summer velocity, but not influencing

winter velocities, then this will not be identified by this approach.
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Figure2.12Ice velocity decrease in the SW of the ) Percentage change in ice velocities during the period 307
compared with the period 19894, reproduced fronfedstone et al. (2015B) percentage change in ice velocities during

the period 20022012 compared with the period 192D03. The red rectangle shows the approximate area covered in pane
a. Reproduced frotwilliams et al. (2020)0 significant (p < 0.05) trends (colour) for the period from winter 2200l to

20162017 calculated for the area enclosed by the white outline. The black rectangle shows the approximate area covered
in pane a. Reproduced fradoughin et al. (2018)

In addition to a slowdown between 20a2, Williams et al. (2020Iso observd a period of
speedupbetween 201012 and 201719 Figure2.13a). Thisvashypothesised to be due to a
reduction of ~15% in mean surface melt production coincident with a period of atmospheric
cooling over this interval, and the associated decrease in channelisation that may be
associated with such a reduction in melt. Howewather studies have failed to reproduce

this observation exactlyHalas et al. (2023pundagreement with the 2002012 slowdown
identified byWilliams et al. (202Q)%ut observel a much more complex and spatially

heterogeneous pattern adpeedupand slowdown between 2012019 Figure2.13b).

In summary, there is some evidence to suggest aslmtdownof ice velocity in thesouth
westof the GrIS concurrent with atmospheric warming in the period ~280102, but the
magnitude of this change, and the spatial extent over which a significant change in velocity
was observed is uncertain. Due to different methodological approaches adopted by
different studies, results may not be directly comparable, and further development of
methods may be required to generate truly conclusive observations. Howinege does

not appear to be any evidence to suggest long term ice velspigdupcaused by

atmospheric warming during the period 20@012. It seems likely that there was
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subsequent acceleration in ice velocity in some areas of the land terminating sector in the
south west of the GrIS coincident with the period of atmospheric cooling between-2013
2019(Williams et al.2020) but these trends appear complex and highly spatially variable,
with some areashat experiened acceleration whilst neighbouring areas experiethce

further slowdown As suchit must beconcludel that there is not a simple linear response
between atmospheric temperature and ice dynamics in this region of the ice sheet, and the

processes operating are complex and multifaceted.
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Figure2.13 A) percentage change in ice velocities during the period-2001@ compared with the period 20PD19. The
red rectangle shows the approximate area covered in pand-gime2.12. Reproduced frorilliams et al. (2020B) Map

displaying the linear regression slopes computed on a per pixel basis frol2@DA.2Black rectangle shows the
approximate area covered by pane a. Reproduced fiafas et al. (2023)

2.3.1.8Multi year trends in ice velocity: beyond theouth west

Much of the research conducted into multi year ice velocity trends in Greenland at the
regional scale and above (e.g. covering more thanld §laciershas beerfocused in the

land terminating sector in the south west of the ice sheet. There are likely two reasons for

this. In the land terminating sector, the ice sheet is not subject to marine processes at the
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margin, and so this acts as a real world laboratory for studying the control of subglacial
hydrological process on ice dynamics without the confounding factors of marine influence
(discussed further in sectidh3.2). There has also been a high density of field study in this
sector which is inevitably self perpetuating over time, and therefore also draws focus from
remote sensing based studies. In addition, many studies beyond the south west hegien
often focugd on frontal retreat(Howat and Eddy, 201by total ice discharggEnderlin et

al., 2014yather than specifically on changes in ice velocity. For exargplderlin et ds.

(2014)a (i d&h@mpréved mass budget for the Greenland ice eeRS I SNXYAY SR | Yy ¢
velocity change for 178 Greenland outlet glaciers between ZIP to allow mass budgets
to be calculated, but ther&vasno specific reporting or discussion of these velocity results
within the paper. Overall, there is quite a limited body of literature exploring changes in ice
velocity for the whole ice sheet scale at decadal timescales. The two major studies of note
are those ofMoon et al. (2012and Rosenau et al. (2015)ho both conducted ice sheet

wide studies of over 200 glaciers between 2W12. Followin@g comprehensive review of

the literature, it appears that there are no follow up studies of a similar nature investigating
changes between 2012 and present (analogous to those studigégilbgms et al. (2020)
andHalas et al. (2023pr SW Greenland). The study King et al. (2018Jid extend analysis

to 2016, but the analysis presentegashighly spatially aggregated. This appears to be a
major gap in our understanding of the macro scale long term dynamics of the GrIS and

would warrant further study.

The study byrosenau et al. (2018plculated velocity for approximately 300 Greenland

outlet glaciers between 1992012 with repeat velocity measurements every four years.
Overarching findings of this study were that, over the study period as a whole, the patterns
were highly spatiallyheterogenousn their distribution, but the majority of large outlet
glaciers in NW, CW, and SE accelerated. N, NE, and C&tstwoar very small changes
(Figure2.14). The most spatially coherent resulteie the consistent acceleration along a
1000 km stretch of the SE coast between 2085, followed by an abrupt slowdown until
2008(Rosenau et al., 2015) his trend in the SE was also observedloyray et al. (2010Q)
Moon et al. (2012¢onducted a similar style of study Rosenau et al. (201§enerating a
decade long velocity inventory for over 200 Greenland outlet glaciers. Broad patterns were

in agreement withRosenau et al. (2013)ut with some additional nuance in the analysis,
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especially around the lack of a uniform pattern of synchronous regional velocity trends. For
example Moon et al. (2012highlightedthat in the NW region between 20002005 there

was an average 8%peedupin ice velocity, followed by a further increase of 18% between
2005t 2010. Despite this overall regional trend of acceleration, there was significant
variation between the response of individual glaciers. A third of glaciers in the region
accelerated steaity over the 10 year period, ~15% decelerated between 202005 and

then accelerated more rapidly between 2002010, a third of the glaciers showed no

change, and ~25% slowed ovbke decade.
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Figure2.14 Linear velocity changes (192912) for over 300 observed outlet glaciers. Reproduced Rosenau et al.
(2015)

Studies have been conducted considering ice velocity at the ice sheet scale, but over
shorter, subdecadal periods of ~5 years, or with a regional focus but for longer periods. For
example Joughin et al. (201@pveredall of Greenland but only between 2000/01

2005/06. Some heterogenous pattem&re observed, but the overall conclusiongre of

much more widespread acceleration across the ice sheet than was found in other studies

(Moon et al., 2012; Rosenau et al., 20b8¢r the same period. Again, the comparability of
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results between studies with varying methodological approachasraised here; due to

data availabilityJoughin et al. (201@alculatel average velocity between D&pr 2000/01,

but usel a later period of Sepdan for the 2005/06 average. This inconsistency may in part
explain the more widespread pattern of acceleration observed. Hill. €2@18) is an

example of a study at a multi decadal timescale, dartiducted regionally. The study

focuseal on the northern sector of the GrIS over a 20 year period. Patterns of ice velocity
showed substantial variability between outlet glaciers in close proximity to one another,
with no consistent trend linked solely to patterns of atmospheric warming. Acceleration of
ice velocitywasfound to be high where ice is grounded, but little or no change to ice

velocitywasobserved where outlet glaciers terminate in a floating ice tongue.

2.3.2 Calving and marine processes

Marine processes and ice interactions at the margin have the capacity to influence ice
velocity in a number of ways, including: force balances at the lateral margins, force balance
at the bed (including both bed slope and flotation factors), sea tempeeathanges,

subglacial melt discharge, and sea iteélangechanges. For detailed discussion on these
processes, including how our understanding has developed over the last 30 years, readers
are referred to the excellent review paper yatania et al. (2020Key issues specifically

pertinent to this thesis will be summarised in turn below.

2.3.2.1Calving

Calving is a key mechanism of mass exchange through a glacier, and an extremely efficient
means by which a glacier or ice sheet can lose mass very rapidly when not in equilibrium
(Van der Veen, 2002)Vhere the rate of mass loss due to calving is higher than the rate of
ice flux through the glacier, the ice front will retreat. Increased subsurface sea temperatures
have the capacity to enhance subsurface melt rates at the terminus directly causinmthin
and increased floatatiofMotyka et al., 2003; Nick et al., 20@9hich may increase ice

velocity (Pfeffer, 2007)Increased calving rates will increase ice discharge, potentially
leading to retreat of the calving front of a marine terminating gla@igann, Cowton, et al.,
2017) Increased subsurface ocean temperatures also increases calving rates due to
undercutting reducing terminus stability and therefore potentially increasing velocity

(Motyka et al., 2003; Nick et al., 200®)creased sea temperatures may also impact calving

58



rates by causing enhanced (or earlier seasonal onset of) sea ice and élgitgmbreak up.

The presence of sea ice and rigi¢langehas been shown to supress calving rates and so a
seasonal switch to open water conditions (or a longer term trend towards more open water
conditions) may be linked to retreat of the calving front and associated velocity increase as
discussed abovésohn et al., 1998; Joughin, Das, et al., 2008; Amundson et al., 2010; Howat
et al., 2010; Moon et al., 2015)s such, there are a variety of mechanisms whereby
increased calving might be expected in warming climate scenarios where sea temperatures

rise, potentially leading to frontal retreat of marine terminating glaciers.

Velocity increases linked to reduced stability as a result of retreat and enhanced calving
have been observed to occur at a variety of spatial and temporal scalesahrital
(seasonal) patterns will be discussadsection2.3.3 longer term interannual and multi

annual trends are discussed here.

One of the most prominent and wedtudied examples given as an illustration of frontal
retreat driven by enhanced calving is that observed on Jakobshavn Isbrae in the late 90s /
early 2000s. Jakobshavn is the largest outlet glacier in Greenland and @vaim&% of the
total ice shee{Echelmeyer and Harrison, 1998 a result of its importance to the overall
mass balance of the GrlIS, regularly repeated thickness and velocity measurements have
been taken since 1991. The calving front at Jakobshavn had retreated ~26 km from the Little
Ice Age (LIA) maximum by 1958 Btabilised in this position until the 1990Sohn et al.,

1998) In 2000 a progressive retreat of the ice shelf was initiated leading to the almost
complete disintegration by 2003. Coincident with this dramatic retreat of the calving front,
ice velocity was observed to almost double from 5,708%n 1992 to 9,400 na! in 2000,

and then further to 12,600 ra! by 2003(Joughin et al., 2004)

A number of other studies have observed similar patterns of interannual ice velocity

increase coincident with retreat of the calving front both on individual gla¢léosvat et al.,

2005; Luckman et al., 2006; Nettles et al., 2088) over multiple glacief@owat et al.,

2008; Joughin et al., 2010; Murray et al., 2010; Bevan et al., 28%2 result, by the late

2000s and into the early 2010s, it was widely hypothesised that there was a causal

relationship between retreat and acceleration as reflected by the conclusiodswghin et

al. (2010pg. 425 who stated thatd h dzNJ NB adzZ Ga F2NJ 6KS gK2tS A0S

conclusions of previous regional studjgswat et al., 2005, 2008; Joughin et al., 200)
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indicate that where speedp and retreat coincide, the speeg is largely the result of the
f2aa 2F NBarAadAgdS ailsebBeamddelling stutigs$hava SshdMppgramh NI C
calving linkedspeedupand suggested that the ice dynamics of major outlet glaciers such as
Helheim are not sensitive to mgNick et al., 2009) However, there was broad
acknowledgement within these studies linking frontal retreat to ice velocity increase that

this was not based on a full process understanding, and there are significant uncertainties
about whether this is actually a cause antkeet relationship(Andersen et al., 2010; Viel

and Nick, 2011)it is also clear that there is substantial variation in how different outlet
glaciers respond to retreat of the calving front, and that retreat does not always result in
velocityspeedup For example, Petermann Glacier, on the north coast of Greenland,
experienced a substantial calving event in 2010 as a result of which over 25% (~20 km) of its
floating ice shelf was lost. No subsequent increase in ice velocity was observed following

thisretreat (Nick et al., 2012)

A significant limitation to determining cause and effect of velosjigedus has been the

spatial resolution of the velocity data used. Many studies cited in the paragraph above (e.g.
(Joughin et al., 2010; Murray et al., 2010; Bevan et al., 20&B)on velocity measurements

at a single point near the calving front to determine sgpeedupand slowdown of a glacier.
Considering ice velocity in a one dimensional way like this means it is not possible to
consider potential variable response in ice dynamics at different points on the glacier, or to
investigate the timing and lag of velocitysponse at different distances upglacier from the
calving front. More recent research which utilises a much greater range of velocity data to
encompass spatiafariation beyond a single point near the terminus, and of higher temporal
resolution (e.g. weekly) than has previously been possible, has started to identify process
relationships suggesting that at certain timescales (including-ateual)surfacemelt may

exert a much stronger control on variation in ice dynamics than has previously been
considered likely. In particular, a novel studylitee et al. (2022¢onducted normalised

cross correlation analysis between runoff, terminus position, and ice velocity variability
dzaAy3a + @GFENARSGe 2F 13 LISNA2RaAD ¢KSe& F2dzyR
velocitywasat least as well correlated with runoff as with terminus position, and that the
strongest correlations between ice velocity and terminus position were actually for negative

lag periods indicating that terminus position mayrespondingo velocity variation rather
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than causingthe variation. They conclude that runoff is likely the dominant control on
velocity variation at Helheim for seasonal and irté&nual timescales, but that terminus
position is the dominant control over muiinnual timescales (2002017 in this case)

(Ultee et al., 2022)Recent work byarsen et al. (2023)as also demonstrated the varying
control of runoff and terminus position on ice velocity at different points in the glacial
system. They obserddhat at Upernavik Isstrgri terminus positionrwasthe dominant

control on velocity variation close to the terminus, but that this calving induced acceleration
was only observable up to 6 km inland, and beyond this runoff controlled velocity variation

became dominant.

Investigation of changes in ice dynamics at the ice sheet scale using data not limited to
velocity measured at single points near the calving front of glaciers is extremely limited.
Perhaps one of the only studies to do so is thai\Gifiams et al. (2022vhich compared
multi-decadal ice velocity variation at the margin of 45 outlet glaciers (encompassing all
regions of Greenland) to the velocity variationsBID km inland on these glaciers. They
found a stark difference between the west and east coastsiims of how far inland calving
related acceleration could propagate. Propagation of acceleration was found to be almost
ubiquitous on the west coast (even up to distances of >100 km inland), but not observed at
all on the east coast (with the exceptioh Kangerlussuaq), affirming the complexity of

these systems and suggesting that bed topography may be playing an important role in
controlling ice dynamic@Villiams, Gourmelen, and Nienow, 202These studies clearly
highlight the limitation in restricting analysis to individual point locations close to the
margin, both in terms of how representative the signals here are of the wider ice sheet, and
in terms of being able to confidently ascert@iause and effect rather than basic

correlation.

2.3.2.2Forces at the lateral margins

Frontal retreat may influence ice velocity due to reduction in resistive stress between ice
and both the fjord walls and the be®#terson, 1994Howatt, 2005 Luckman, 2006;

Howatt, 2008 Pfeffer, 2007, Carr, 2014) However, this will depend on the specific
topographic conditions (both laterally and of the bed) at the point of retreat (Joughin 2004).
Retreat into a laterally widening fjord will decrease the resistance provided by the fjord

walls on ice flow, potentié} increasing ice velocity and acceliémg retreat further.
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Conversely, retreat into a constricting fjord geometry may have a bottle necking effect,
increasing resistive stress, stabilising retreat and decreasing vefotit b SSt S | f o3
Kochtitzky and Copland, 2023 classic example which demonstrates both these processes

is the pattern of ice dynamics as Columbia Glacier (Alaska, USA) retreated through Columbia
Bay (sed-igure2.15, (McNabb and Hock, 2014 Between 1989994 the section of the bay

the glacieiwasretreating through is parallel sided and retreamasaccelerating. Beyond this

point the bay narrows to a pronounced bottle neck which forms a lateral topographic

pinning point, and despite atmospheric warming over this period, retreat decelgrate

between 19942006. North of the bottle neck, the bay widens out substantially and

between 20062012 retreat acceleratérapidly (McNabb and Hock, 2014)
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Figure2.15A) Falsecolourimage of Columbia Glacier on 2 July 2014. Solid white lines indicate the retreating Columbia
Glacier ice margin since 1980 (McNabb and Hock, 2014); ReproduceCadson et al., 2017B) Terminus positions over

time for Columbia Glacier. Catoof terminus outline indicates the year from which the scene was acquired. Red arrows
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2004. Reproduced froivicNabb and Hock (2014)

2.3.2.3Force balance at the ice / bed interface

In the same way that a narrowing embayment may cause a lateral topographic pinning
point, high points in the bed can act as vertical topographic pinning points and stabilise the
retreat of outlet glaciergJamieson et al., 2012; Carr et al., 2015; Clason et al., 2016;

Yy1Saazy SO |t ®X H nThg rétredt @ WnBdlt Glackri(notthf ®> HAH MU
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Greenland) provides an excellent case study for a number of mechanisms by which retreat
can vary based on topographic conditions. At ~90 km, Humbolt Glacier is the widest marine
terminating outlet glacier in Greenlar(@€arr et al., 2015)As such, despite being forced by
broadly identical atmospheric and ocean conditions, its large width affords substantial
variation in bed topography, and any variation in ice dynamics can be attributed to these
(and other resulting physical propertiestbi glacier) rather than climate forcingigure

2.16 shows the retreat of Humbolt Glacier since 1975 whiesextremely variable across

the width of the glacier. In the southern section there has been almost no retreat. In the
northern section, retreat increaskwith distance north from the boundary with the

southern section as ocean depth increases reaching a maximum at the head of the deep
trough at T1Figure2.16a). North of the trough, the higher bed elevation acts as a pinning

point greatly reducing the rate of retreat.
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Figure2.16 Basal topography and surface elevation profiles for Humbolt GlacieAHE&sal topography of HG, with

frontal positions (coloucoded as irF), transects T1 and T2 (thick black lines) as showraimd E, and potential basal

pinning point (circled in black®) Mean ice velocity field for HG (colour scale), overlain on basal topography (grey
contours), and potential basal pinning point (circled in bla@kChange in ice velocity for HG between winter 2000/01 and
2008/09 (redyellow: acceleration; blugteceleration), overlain on basal topography (grey contours), and potential basal
pinning point (circled in black), E) Surface elevation, basal topography and flotation elevation for transects Bjng

transect 1 and transect E) Inset area marked by black rectangle in a showing years for retreat malpigede and
caption eproduced fronCarr et al. (2015)

As retreat onto a pinning point of high ground in the bed will increase basal drag, reduce
floatation, and inhibit retreat, retreat down an adverse bed slope into deeper water will
increase floatation and reduce the resistive drag between the ice andetenlith resultant

increases in ice velocitWeertman, 1974; Schoof, 2008uch accelerated ice velocity as a
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calving front retreats down an adverse slope has been observed at numerous Greenland
outlet glaciers. Kangerlussuaqg Glacier on the east coast of Greenland experienced two
periods of retreat, between 20042006 and between 20162019 where ice velocityral
retreat rate both accelerated as the ice front moved down an adverse slope before
stabilising on localised bedrock higiehrl et al., 2017; Brough et al., 2018he study by
Catania et al. (20183 perhaps the most comprehensive investigation of these processes.
They studed 15 marine terminating glaciers on the west coast of Greenland aualcf
widespread evidence that glacier retreat accelerates through wide overdeepened sections
of the bed where bedslopes are adverse in gradient, and that the length of overdeepening
upstream of the terminus at the time of retreat onset is a strong predictdO(8) of total

observed retreatfigure2.17).
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Figure2.17 Overdeepening length upstream of the terminus at the time of progressive retreat onset plotted against total
retreat observed since progressive retreat onset for 15 marine terminating glaciers on the West coast of Greenland. Points
outlined with black ca@les have poorly constrained bed data at progressive retreat onset locations. The black line gives the
1:1 relationship. The red line shows a linear regression using only glaciers well constrained with MCBedluEhef Ehe

linear regression is 0.8. Reduced fronCatania et al. (2018)

2.3.3Intra annual / seasonal velocity variations

In section2.3.1.7and 2.3.1.8significant consideration was given to the longer term trends

in ice velocity, and how external forcings may modulate velocity over the period of years to
decades. Study on these timescales is important as it develops a picture of how glaciers
respond tosustained forcings. However, many of the processes controlling the dynamics of

outlet glaciers operate at much shorter timescales (of days, weeks and months), and so to
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analysis must also be undertaken at a timescale congruent to these pro¢€ssesne et al.,

202000 C2NJ Of F NAGes OGKNRdAzZAKz2dzi GKA&a (KSaia GKS
processes and patterns at a sub annual timescale, associated with increases in temperature
through spring and summer, followed by decreases in temperature through autumn and

winter.

2.3.3.1Early observations

Seasonal variations in ice velocity have been observed on a large number of glaciers in
Greenland since the early 2000s, made possible by the ever expanding availability of high
temporal and spatial resolution satellite imagékyowat et al., 2010; Moon et al., 2014,

2015; King et al., 2018; Davison et al., 2020; Greene et al., 2020; Cheng et al.lt2022)
unclear whether such seasonal variations are a new phenomena resulting from climate
warming over the last 25 years, or if they were previously simply undetected due to satellite
imagery being less ubiquitous. It is established from field base@gwsingGNS$hat
Jakobshavn Isbree is known to have been in a stable position with no seasonal variation in
velocity in the mid 1980&chelmeyer and Harrison, 1990t that significant seasonal
variability has been observed since the early 2000s, coincident with increased atmospheric
and ocean warmin@_uckman et al., 2006YVhat does seem clear is that seasonal variations
of ice velocity in Greenland are currently extremely widespread, and observed across all

regions(King et al., 2018)

Early observations of seasonal variations in the dynamics of outlet glaciers in Greenland
largely either focused on individual glaciers in some detail (such as for Jakobshavn in 1995,
(Luckman and Murray, 2005eeFigure2.18)) or multiple glaciers in less detail (ektpwat

et al. (2008)which considered nine glaciers in west Greenland for 2001 and 2006, but only

in terms of coarse differences in summer and winter average velocities).
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Figure2.18 The evolution through the 199@¢ andB) of surface speeds at two points on Jakobshavn I9Brd&he frontal
position relative to the approximate September 2002. Reproducedlfumkman and Murray (2005)

One of the first studies to consider seasonal velocity variation for multiple glaciers at
relatively high temporal resolution in Greenland was thaHofvat et al. (201Q)which

covered six glaciers in Uummannagq district on the west coast. This allowed the development
of meaningful insight into the seasonal patterns of velocity variation, including the differing
responses between glaciers, and for process interpretatiorntset hypothesised to explain
these differences. For exampleigure2.19a andFigure2.19 show the seasonal velocity
variations for Rink Glacier amangialsbrae respectively. The two glaciers are within 50 km
of one another and terminate in the same embayment so are both subject to almost
identical atmospheric and ocean forcing. However, their seasonal velocity responses are
very different. Ice velocitgpeedupat Rink Glacier appead to coincide with sea ice clearing
and the ice front position starting to retreadipeedupcontinued throughout the summer as
the ice front position continuéto retreat, even once temperatures datarted to decrease

in June and Julyr{gure2.19a). In contrast, alngrialsbrae ice velocitgpeedupstarted as
temperature staredto increase in mieMarch almost a month before sea ice cledand

the ice front position staed to retreat. Velocity staedto slow as temperature staed to
decrease in June even whilst ice front positimasstill substantially retreatingKigure

2.19b). The interpretation of these differences is that at Rink Glacier, seasonal velocity

variationwas being driven predominantly by reduced back st@&ss result of sea ice break
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up and seasonal retreat of the ice front position (as discussed conceptually in sections
2.3.2.2and2.3.2.3 above), whereas dhngialsbrae seasonal velocity variatiaras being
driven by melt accessing the bed causing lubrication and pressurisation of the subglacial
hydrological system, reducing effective pressure and causing velocity to increase (as

discussed conceptually in secti@r8.1) (Howat et al., 2010)
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2.3.3.2Typologies of seasonal velocity variation

Whilst early observations of seasonal velocity variations made in the 2000s identified that
different glaciers may behave in different ways, the low number of glaciers studied (and the
low number of years covered by studies), did not facilitate generahissito be made from
these results. In a landmark papé&tpon et al. (2014)leveraged the much more expansive
satellite imagery data and ice velocity processing techniques that had become available to
conduct a study of seasonal velocity variation covering 55 marine terminating glaciers
distributed across the west and south easiasts of Greenland over five annual cycles
between 20092013. Gaps in velocity data were minimal due to the utilisation of
interferometric synthetic aperture radar speckle tracking techniques rather than optical
satellite imagery (which can be highly bmted by cloud cover) used in earlier studies

(Howat et al., 2008, 2010k total the data coverage was sufficient for the analysis of
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seasonal velocity patterns in 91% of cases giving a dataset of 249 individual glacier seasonal
velocity patterns. Analysis of this dataset revealed three clearly distinct typologies of
seasonal velocity variation, with 211 of 249 (88.8%) seasonal vebatigrns able to be
confidently manually classified as one of these typologwson et al. (2014)ermed these
typologies Type 1, Type 2, and Type 3 and these have been widely adopted in the
subsequent literaturéVijay et al., 2019, 2021; Davison et al., 2020; Solgaard et al.,.2022)
The Moon typologiesHigure2.20) are fundamental to much of the work presented in this

thesis, and frequent reference will be made to them, especialGhapters 4, 5, and 6.
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Figure2.20 Marine-terminating Greenland outlet glaciers with distinct seasonal velocity modes and associated ice sheet
runoff. Top row: Plots include all glaciers with dominant seasonal velocity mod®stype 1,B) type 2, andd) type 3
behaviour. Mean velocity pattern is indicated (thick black line). Bottom row: Smoothed daily runoff (kg/m2d) from
RACMO2.3 for 20@2013 for glaciers with the designated dominant seasonal velocity mode. Mean runoff is included for
each year (colawed lines) as well as theygéar nean runoff (black linefigure and captioneproduced fronMoon et al.

(2014)

2.3.3.3Moon typologies
A short review of the descriptive characterisation of each typology, and the process
interpretation for each typology (as illustrated kingure2.20) is given below. All description

and interpretation is that oMoon et al. (2014)
2.3.3.3.1Type 1

Type 1 is characterised by speedup between late spring and early summer which then
remains high until winter or the following spring. Type 1 shows strong correspondence

between variations in speed and terminus position throughout the season, with retreat
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coincident with speedup and advance coincident with slowdown. Melt may play a role in
Type 1 behaviour during spring / sumnsgreedup but what makes Type 1 distinct from

Types 2 and 3 is the sustained speedup occurring after cessation of melt and runoff.
2.3.3.3.2Type 2

Type 2 is characterised by a strong early summer speedup followed by midsummer
slowdown with velocity then relatively stable between late summer and spring the following
year. Winter velocity may be higher than spring and autumn, but remains lower than the
summer peak. Type 2 shows a strong correspondence between speed and runoff with
summer speedup initiating with melt onset, and further acceleration and subsequent
deceleration trending with melt increase and decrease through the season respectively. As
runoff and velocity changes trend closely with one another and no mid or late season
velocity low is observed, this suggests that channelised subglacial drainage is not developed
(or is limited), for Type 2 glaciers. There is no obvious relationship betsesmonal speed

and ice front position.
2.3.3.3.3Type 3

Type 3 is characterised by a pronouncedsudnmer slowdown leading to a distinct late
summer minimum velocity which then recovers over the winter. Type 3 contrasts with Type
2 as there is substantial decrease in velocity during mid summer whilst rurstiff legh.

This pattern is consistent with the expected signal of an evolution from distributed to
channelised subglacial drainage (as discussed in sexoh.9. There is no obvious

relationship between seasonal speed and ice front position.

2.3.3.4Subsequent ice sheet wide studies of seasonal velocity variation

Three further studies have been conducted following on from the woMadn et al.

(2014) Vijay et al. (2019ssentially repead the general approach d¥loon et al. (2014)

but utilising much higher temporal resolution velocity data derived from Sentinel 1 SAR
data. The 12 day repeat cycle of this satellégey~30 velocity measurements per yeatr,
compared with ~5 measurements per year (approximately one 12 day average per season)
in the originaMoon et al. (2014paper. Theravasalso more robust measurement and
analysis of frontal seasonal retreednductedfor each glacierand some information on

melt wasinferred from SAR backscatter inteng{Bigure2.21). Despite the richer datd/ijay
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et al. (2019proadly confirned the findings oMMoon et al. (2014)As inMoon et al. (2014)

classification of individual glaciers to a typology for each ywesrperformed manually by

visual assessment.
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Figure2.21 Example showing the Type 3 pattern surface velocity together with area change and backscattered intensity
during 20152017. The vertical dashed line indicates the onset of surface melt as depicted from the seasonal trend of
backscattered intensity. Repracked fromVijay et al. (2019)

Vijay et al. (2021progresed the study of seasonal velocity typologies by implementing a

semiautomated method for classifying typology for the first time. The classificatam
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performed by selecting exemplar glaciers for each typology and then measuring the
cumulative residuals of each individual glacier to the exemplars and classifying them if they
werewithin a prescribed residual limit. The study only classifiiaciers as Type 2 or Type 3.
Type lwasexcluded from the study, the reasons for this are not made completely clear. The
semiautomated approach id allow the inclusion of a much larger number of glaciers (221)
than in previous studies, ancigea complete coverage around the margin of the ice sheet
for the first time Figure2.22). It is important to note that all three studies discussed so far
(Moon et al., 2014; Vijay et al., 2019, 202hJy measured velocity for each glacier at a

single location close to the calving front. As such, these resaglte only representative of

the ice dynamics at the margin and sheshnothing of whatwashappening further inland.

-90 -75 -60 -45 -30 -15 0
— + e h 'r

i cw(e) [CE(29) i
H [ 1

.
SW (34)/ :
2 \
. | :.
.
o ( * % Ice velocity
3 . (mdayh)
=0
o W
S 250 60
1212 . ’f‘.\ s 3.75
OT3 i, s 5.00
s e A [ Jops

72



Figure2.22 Seasonal ice velocity classification map of Greenland showing the location-@f fylee dots) and typ8 (red

dots) glaciers in differenPie charts display number of ty2gblue), type3 (red) and unclassified @) glaciers ireach

basin. Reproduced frokijay et al. (2021)NOTE: the legend for the points on the map contained an error when published
and the colours are the wrong way around. Blue = T2 and red = T3.

The most recent comparable study is®glgaard et al. (2022 his studyvassubstantially
different for a number of reasons. Thissthe first study not to limit measurements to

individual points close to the calving margin for each glacier. Velocityegased in its

raw raster format, and patterns of seasonal velocity variabiye analysed for each cell in

the raster. This vastly increagéhe number of observation points from <250 in previous

studies to over 100,000. In order to analyse such a large dataset a machine learning
approachwasimplemented and individual velocity time series data poinese classified

using a Kneans cluster analysis. Four clustersre used, but thesavere interpreted as

being representative of more and less pronounced versions of both Type 2 and Type 3, so as

in Vijay et al. (2021)Type wasnot consideredKigure2.23).
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Figure2.23 Cluster outputs for Greenland velocity 2€2021. The mean and standard deviation of the clusters shown
together with the mean of the normalized runoff. Clusters 1 and 4 are representative of Type 2 seasonal variation, clusters2
and 3 are representativef @ype 3 seasonal variation. Reproduced fofgaard et al. (2022)

This raster based approach ophup the possibility of investigation of along glacier
variation in seasonal velocity typology at an ice sheet wide scale for the firstFigue¢
2.24). A full analysis of these variatiowssnot given, buta handful ofexample glaciers

were highlighted where theravasvariation in seasonal velocity typology along the centre
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Figure2.24 A) Overview of the Greenland Ice Sheet and a view of the spatial distribution of the clusters in 2019. Sectors of
the icesheet is indicated in full black lines, glacier catchments in tleyn @pecific glacier catchments: HuG: Humboldt
Glacier, AG: Academy Glacier, RG: Ryder Glacier, DJG: Dailgyasd Glacier, HG: Helheim Glacier, KNS: Kangiata
Nunaata Sermia, AS: Akullersuup Sermia, NS: Narsap Sermia, JI: Jakobshavn Isbrae and K@atk&agiaBcD) are

zoomins on the three areas markedA)and show the cluster distribution in 2018 and 2019. The legend applies to all
subfiguresFigure and captioneproduced fom Solgaard et al. (2022)

2.3.3.51ce sheet scale interpretation of patterns of seasortBlinamics

The four papers discussed in sec8dh3.33 and 2.3.34 wereall in agreement in terms of
the broad spatial patterns of seasonal velocity variation, and the likely process
interpretations for these patterns. Botkloon et al. (2014andVijay et al. (2019)nked

Type 1 variation to seasonal retreat of the calving front. However, the analysis of this
relationshipwaslimited to subjective visual comparison rather than a robust statistical
analysis. Thererere many exceptions within the data and the significance of the proposed
relationshipwasnot tested. Both studies also only measdreelocity at single points close

to the margin for each glacier, so themasno investigation of how far inland these effects

may propagate.

All four studiegMoon et al., 2014; Vijay et al., 2019, 2021; Solgaard et al., 2022)gly
suggesed that seasonal typology is linked to subglacial drainage configuration and
therefore to melt. Melt datavaspresented for all studies, but analysigslargely limited to
subjective visual interpretation of patterns in the graph figures. Theasgood evidence of
late seasorslowdownoccurring for Type 3 glaciers whilst metasstill high in the data
presented by all four studies, andjay et al. (2021¢stablisled that in aggregate the melt
season for Type 2 glaciesmsshorter than for Type 3 glaciers. Spatial patterns of Type 2
and Type 3 variationid also appear to support the links to melt with higher Type 2
prevalence in higher latitude areas which experience lower melt, and higher Type 3
prevalence in lower latitude areas which experience higher (Wejay et al., 2021; Solgaard
et al., 2022) Speculative links between melt rates in a given year and changes in relative
Type 2 / Type 3 prevalengeere also madgVijay et al., 2019; Solgaard et al., 2022yerall,
despite the apparently strong relationship between melt and seasonal typology, no studies
provided a robust statistical analysis in this regard, and the statistical significance of this

relationshipwasnot tested.

Both Moon et al. (2014) and Solgaard et al. (2@#25ened the notion of a Typ& and
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Type3 not as independent typologies, but rather as end members on a continuum. Switches
between different typologies of some individual glaciers between years$elgaard et al.
(2022)demonstrated that Academy Glacier and Humbolt glacier both swettfrom Type 2

in 2017 and 2018 (low melt years) to Type 3 in 2019 (a high melt yeach) offers some
support but the hypothesigrzasnot robustly and systematically tested. The data generated

by Solgaard et al. (202®%)asthe first of its kind to facilitate the possibility of investigating

how seasonal velocity typology varies along the centreline of a glacier, and how this might
link to the concept of seasonal typologies as a continuum. However,ithimtform a
substantive element of their analysis. One figure in the supplementary matedial d
demonstrate that for Kangilernata Sermia Type 3 domidatethe downstream region of

the glacier, where as Type 2 domindte the upstream region. Despite the limited

discussion given to this in the paper, this is perhaps the strongest evidence in support of the

concept of Type 2 and Type 3 as end members of a continuum.

24¢KS NRfS 2F 20SNRSSLISyAy3Ia Ay
Subglacial topography exerts control on patterns of ice flow through both physically
resisting flow, and through modulating basal conditions of subglacial hydrology or the
strength of the bed. Adverse bedslopes force ice flowing thramgdrdeepeningso flow

uphill at the downstream end of the overdeepening causing backstress which retards ice
flow (Van der Veen, 199'Notyka et al., 2003)The ability of an overdeepening to exert
backstress and act as a pinning point for glaciers flowing over thasdiscussed in detalil
sections2.3.2.2and2.3.2.3and so will not be covered again in this section. For a full review
of the role of overdeepenings in ice sheet dynamics, readers are referred to the
comprehensive paper b@ook and Swift (2012)ere, a brief review of the key areas

specifically relevant to this thesnall be given

2.4.1 Hydrological controls on ice sheet dynamics
Adverse bedslopes are anticipated to modulate basal sliding rates and mechanisms through
their control on subglacial drainage system morphology effidiency (Hooke et gl1989;

Janssonl995). The action of these processes suggests that ice flow through
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overdeepenings may vary, and be more complex, than flow throughovendeepened

areas. As overdeepenings are erosional forms, their location will typically be concentrated in
the ablation zone where there is sufficient runoff to enable their formatiore (section

2.2.1.7. As a result, overdeepenings may be frequent landscape features in dynamic and

sensitive areas of glaciers and ice sheets (Cook and, 30if).

A variety of mechanisms have been proposed by which overdeepenings may exert an
influence on thesubglaciatrainage systems of glaciers. Overdeepenings of the glacial bed
may beassociated with crevasse formation at the surface resulting in focused delivery of
melt to overdeepenings and increased density of links between the surface and the bed
(Hooke et al 1989; Hooke1991). The requirement for water to leave an overdeepening by
flowing up an adverse slogmtentially modulates the subglacial hydrological configuration

in a number of waydt is important to note that the processes discussed below are not
discrete they form part of a continuum of increasing influence on how water flows through
an overdeepening and the consequent impact this may have on ice dyn@aick and

Swift, 2012)Most simply, the need for water to flow uphill reduces the hydraulic gradient,
making the system more sluggish ahérefore suppresses hydraulically efficient drainage.

In addition, higher basal water pressure is maintained on adverse slopes than would be the
case on a normal slope due to energy that would ordinarily be available for melt being used
to sustain water temperature (Hooke 1991). Further, where the-blegheto surfaceslope

ratio exceedsl.2 to-1.7, the supercooling threshold is exceed&His is the physical

threshold beyond which the pressure melting point rises faster than water can be warmed
by viscous dissipation, which may cause some of the water to freeze and water will be
unable to cause chann@lallmelto w (G Kf A0 SNHSNE MpPpTHT w 0(GKfAA&O
Hooke, 1991)Below the threshold, this effect would predict smaller, less efficient subglacial
OKlIyySta (GKIy g2df R 065 SELISOGSR 2y Wy2NXIfQ
channels may close (or be prevented from forming) completely. As a result, subglacial water
pressure would be elevated in comparison to that on normal sl¢@esyts and Clark 2010).
Importantly, absence of channalall melt predicts that pressure within channels will

equalise with iceoverburden pressure, and flow will distribute to flow asheet

(Rothlisberger 1972; Creyts and Clark 20k03.therefore expected that water pressures

within overdeepenings will be persistently higher than that on normal slopes, and, where
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the supercooling threshold is exceeded, the seasonal evolution of channelised drainage
(covered in detail in sectiors3.1.2and 2.3.1.3) will be delayed or prevented entirely. As
such, it would be possible for ice velocity to be faster in overdeepened areas than non
overdeepened areas of a glaci€@ook and Swift, 20123s a result of greater basal sliding
(seeFigure2.25).

There are some caveats that need to be applied to the theory presented in the paragraph
above The stated bed to surface slopapercoolinghresholdratios are based ornhe
assumptiorthat water pressure is always at ice overburden pressure (or a constant fraction
thereof) o w G Kf A & 6 S NH S NowevgrRobseriagioAsShave desnanstrated that

this assumption isften not valid and water pressure downstream of an overdeepening is
often well below overburden(Jansson, 1995; Cook and Swift, 2012; Werder, 20h6)

pressure downstream of an overdeepening esercontrol onthe pressure within the
overdeepening. As such, the bed to surface slope supercooling threshold defined by classic
theory sets the threshold beyond which supercoolimgyoccur, not when itwvill occur

(Werder, 2016)Other factors are also now understood to control supercooling in a more
nuanced way than was suggested by classical theory. Classic theory has tacitly ignored the
importance of distance, meaning supercooling might be expected to occur at any point
along the adverse slope where the threshold is exceeded. More recent work shows that the
threshold is itself variable according to the length of the adverse slope, with lower
thresholds required for longer stretches of adverse slope because of the longer @istanc

over which energy can be dissipat@iferder, 2016)

In terms of seasonal ice velocity typology, due to shppression of hydraulically efficient
drainage on adverse slopdswer prevalence of Type 3 seasonal variation, and higher
prevalence of Type 2 (see secti®13.3.3 might be expected in overdeepenings compared

to nonoverdeepened areas.
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Figure2.25 Schematic diagram showing basal water pressure and sliding velocity over a melt season for a valley or outlet
glacier with an overdeepened or nonerdeepened bed. Water supply from surface runoff and basal melting is shé&yvn in

and hypothesised water pressure and sliding rat8)irf-or the noroverdeepened bed, water pressure and sliding initially
increases with water supply and then declines rapidly as subglacial flow switches from hydraulically inefficient flowpaths to
hydraulically efficient subglaalichannelsFor the overdeepened bedater pressure and sliding are persistently higher as a
result of the lower transmissivity of subglacial flowpaths that must ascend the adverse slope. Higher pressures and sliding
rates may also be sustained for longer because drainage system evolutiodjng switching of flow to alternative

englacial flowpaths, is likely to be slow (curve i) or severely limited (cuivgui)e and captioneproduced fronCook and
Swift (2012)

Alternative suggestions have been made as to how melt water flow might traverse an
overdeepening. It has been suggested that englacial and lateral conduits could form instead
or in addition to subglacial routes in response to the higher water pressuresiatsd with

flow at an overdeepened be@Figure2.26) (Lliboutry, 1983; Hooke, 1984; Fountain and
Walder, 1998)As elevated water pressures at the bed are agoedition for this to occur,

high basal water pressure would still be expected to be maintained wwhaditions of

lateral and englacial flow, but dynamic response to further water input (e.g. through either
enhanced melt conditions or rainfall events) may be muleeé to a proportion of the melt

avoiding the bed (Cook and Swift, 2012).
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Figure2.26 Schematic diagrams showing possible glacial drainage system pathways and morphologies of overdeepenings.
(a) Surface and/or subglacial runoff that reaches a basin or overdeepening may follow subglacial (A), englacial (B) or latera
(C) pathways. (b) Thearphology and efficiency of subglacial flowpaths that ascend an adverse sldpsstfijuted

drainage ascending the adverse sl¢P9. Englacial conduits that traverse an overdeepening may intercept surface runoff
before it can reach the bed (B) and mawyedt subglacial and surface across basins and overdeepening$g@® and

caption eproduced fronCook and Swift (2012)

Given that overdeepenings appear to be so ubiquitous near the margin of th¢Ratisn

et al., 2016)and given that theory discussed above suggests that overdeepenings have a
profound effect on the dynamics of the ice sheet where they are present (and therefore
potentially influence the response to future climate change), it is perhaps surprising that
they have been studied so litti€€ook and Swift, 2012; Patton et al., 2Q18)e most
substantive contribution to the understanding of the importance of overdeepenings for
subglacial hydrology and ice dynamics has arguably come from field studies conducted at
Storglaciaren, a mountain glacier in northern Sweden. Borehole studit®aglaciaren
provide empirical data to support the hypotheses developed from theory, discussed above.
Basal water pressures within the overdeepenitaye beerfound to be consistently around
90% of overburden pressure, ahtle variation inice velocityhas been observefwhich

would normally be expected in response to increased Blirectly downstream of the
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overdeepening, both basal water pressure and dynamic ice response were much more
variable through the melt season and in response to short term melt iiHooke et al

1989; Janssqri995).This consistently observed high basal water pressure indith#ts
perpetual inefficient distributed subglacial drainagy beassociated with

overdeepenings. In addition, both tracer experiments and borehole studies have found
extensive englacial conduit systems at Storglaciaren, suggesting that at least some (and
Ll2adarofe GKS YIF22NRGE 2F0 7FiHbdkeda. 51888 Wo e LJ &4 & C
Hooke and Pohjola, 1994; Fountain and Walder, 1998; Cook and Swift, E@&@)studies in
other areas have also provided data to support the notion of persistently high subglacial
water pressure in overdeepenings, and the prevalence of englacial flow across
overdeepenings. Bottken et al. (1996andHock et al. (199%ave found evidence of
simultaneously inefficient subglacial flow and efficient englacial flow at glaciers in

Switzerland by borehole and tracer studies respectively.

In an ice sheet contexthere is a significant and growing body of literature on channelised

and distributed subglacial flow in Greenland (see sectib@sl.4and2.3.1.5 but to date,

there has been almost no specific consideration of the influence that overdeepenings may

have on drainage routes and their efficier(@ook and Swift, 2012; Patton et al., 2016)

Following the discovery of a much larger number of subglacial lakes under the GrIS than was
previously though{Bowling et al., 2019}here has been intensified interest in subglacial
hydrology(Livingstone et al., 2022hough lake formation concepts have rarely been

directly discussed in the context imie-eroded overdeepeningsA subglacial lake is simply an
overdeepening where the bed to surface slope ratio exceedsti@bof f SR WL Y RAY 3IQ
threshold (where the bed slope exceeds ~10x the ice surface gl6pek and Swift, 2012)

and it is clear that drainage changes that would similarly increase basal water pressure and
reduce icebed friction appear likely at much lower thresholdsw 0 Kf A 86 SNESNJ | yR
1987; Alley et al., 1997; Alley et al., 2008 ve perhaps been ignoredor example, in a

recent review of the topographic modulation of outlet gladiew in Greenland by atania

and Felikson (2022here wasonly very brief consideration of the impact of

overdeepenings on flow, notably the modelling workGseyts and Clarke (20180d the

field study on Storglaciaren byooke (1991jn the 1980s.
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2.4.2Bed controls on ice sheet dynamics

The resistance to flow of ice over the bed is not satelytrolled by hydrological processes

as discussed above. The strength of the bed to support therdteess exerted by the

overlying ice will be a key control on the speed if ice flow. It is established that ice flowing
over soft beds (such as saturated, weak till) can deform at low stress and therefore be
associated with higher ice velocities in compan to flow over hard beddoulton and

Jones, 1979; Alley et al., 1987; Christianson et al., 2@&#)e adverse slopeestricts the

flow of water through the subglacial system (discussed aband)subdues the

development of efficient drainaget follows that the ability for sediment (potentially

eroded from the headwall of the overdeepening) to be evacuated from the overdeepening
will be restricted once the supercooling threshold is exceeded. This has been hypothesised
as a controlling mechasm on the geomorphological evolution of overdeepenings whereby
once the supercooling threshold is exceeded, sediment will stase deposited which will
prevent further erosion of the bed and result in the adverse slope gradient stabilising close
to the supercooling threshold. The accumulation of soft deformable basal till on the adverse
slope may also reduce the strength of thed and cause ice velocity to incregsoke et

al., 1989; Hooke, 1991; Alley et al., 2003; Alley et al., 2B08yever, it is uncertain how
prominent bed deformation within overdeepenings may be as a control on ice velocity, and

it has been suggested that basal sliding is the dominant mechghienson et al., 1995)

25{ dzY Y| NE
This chapter has provided a synthesis and review ok#ybackground relating to the aims
and objective of the thesjsand has provided further context to the rationale for the study

outlined in Chapter 1Thekey take aways from the chapter are summarised below.

1 Overdeepenings are erosive features and so are therdiked/ to occur where
erosive potential is greatest. Ice velocity and melt availability are key determining
factors of erosive potentialAreas of high erosive potential may leaddeeper
overdeepenings, butnechanisms regulating overdeepening erosion controlled by
supercooling processes may inhibit overdeepening evolwiuh restrict the

maximum depth they erode to.
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Existing datasets of overdeepening location and morphometry are sparse, and only
one previous dataset fasverdeepenings in Greenland has been produced.rbst
recent high resolution bed topography data for Greenland is an order of magnitude
higher resolution than the data used aneating the previous dataset of

overdeepenings in Greenland, but this has never been used to map overdeepenings

Theresearch conducted on mountain glacienger the last 70 year® develop

current theory of subglacial hydrology is now thoughbt®applicable to the GrlIS.

Melt availability is key to controlling subglacial hydrology and this is directly linked to
the concepts oflistributed and channelised subglacial hydrology. Switches between
distributed and channelised configurations are key to controliiegvelocity and

seasonal variation in ice velocity.

Marine processes controlling calving ratesd advance and retreat of the calving
front of marine terminating outlet glaciers are also thought to exert a control on

seasonal, anthterannual velocity variation.

The balance of importance marine controls and melt controls on velocity

variations are uncertain and contested.

Only four comprehensive studies of seasonal velocity variation typdahogy
Greenlandchave been conducted to date. Three of these have only utilised velocity

measurements at point locations near the calving frooitglaciers.

Overdeepenings can exert control on the subglacial hydrological configuration by
suppressinghe development of efficient channelised drainage. This is as a result of
reduced hydraulic gradient and supercoolmgtricting the growthof (or even

closing) channels in the ic€his has the potential to modulate ice velodity
overdeepenings by elevating basal water pressures and reducing friction bethe

The potential control of overdeepenings on ice dynamics in Greenland has not been

well studied to dag.



Chapter 30verdeepening location and character under the
Greenland Ice Sheet

Theprimarypurpose of this chapter is tdevelop a semautomated method to
comprehensively identify and map overdeepenings in Greenlahd creation of a
comprehensive overdeepening dataset is essential in order to be able to progress to
answering RQs 2 and 3 and achieving their associated obje(deesectiori.2). Within

this chapter, the overdeepening dataset will be produced and used to fully answeH&@Q1
common are overdeepenings under the GrIS and how variable is their geométrg®der

to answer this question, a detailed analysis of the patterns in overdeepening morphometry
will be conducted. A wide body of theory exists around overdeepening formation and
evolution, but testing of these theories has historically been limitethieyavailability of

data for testing process relationships, especially in ice sheet contexts. Consideration of this

theory will be given in light of the new dataset created.

A secondary purpose of this chapter is to utilise the overdeepening dataset to start to
answer RQDoes bed topography modulate ice velocity in overdeepeningk® will form
a less substantial part of the chapter than the work motivated by RQ1, but analysis will be
conducted to explore at an ice sheet scale whether annual mean ice velocity is modulated
when flowing through an overdeepening. RQ2 and RQ3 wilbbwrehensively answered

(and their associated objectives met) in the work that followShapters 4, 5 and 6.

3ILYGNR RdAzOG A 2Y

Bed topography is known to influence the way in which ice flows over it through a variety of
mechanisms. A detailed review of the processes underlying these influences and the
expected responses is givensection2.4. The geometry of an overdeepened basin can

exert direct topographic control on ice flow. Flow has been observed to be extensional into
the overdeepening, and compressional at the down glacier end of the oveeteepdue to

the back pressure from the riegel or adverse slope combined with converging bed contours
funnelling ice (Hooke et all989 Hooke et al 1992 Van der Veenl997 Cook and Swift

2012). Bed topography also plays an important role in the hydrology of glacial systems. The

majority of glacier motion is due to sliding over the bed where the glacial thermal regime is
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warm basedMaier et al., 2022)as is the case for over a third of the GrlIS including most
areas of fast flowing ice near the margMacGregor et al., 2022%liding is strongly

controlled by the availability of water at the ice bed interface to provide lubricafiicen

and Bindschadler, 1986Bed topography influences the location of surface features such as
crevasses and moulins which are necessary to allow water at the surface to access the bed
(Hooke 1991; Stenborg 1969 Benn et al, 2009 Sundal et a] 2011). Bed topography also
controls how water at the bed flows. Water at the bed of an overdeepening will be forced to
flow up the adverse slope to exit the overdeepening resulting in elevated basal water
pressure. Where the supercooling threshold is edsd the evolution of the subglacial
hydrological system to an efficient channelised configuration under high melt conditions
may be prevented or slowed resulting in hydraulically inefficient conditions persisting with
higher prevalence than on neoverdegened slopegHooke, 1991) Hydraulically

inefficient subglacial drainage configurations are associated with high basal water pressures
(Iken et al.;1983) High basal water pressure reduces sheer stress at the ice bed interface
and therefore increases sliding velocity. Indeed, there are numerous studies which report
elevated basal water pressure within overdeepenings (e.g. Hooke, 98B, Jansson

1995). The link between meltwatsupply variabilityand ice velocity has been well

established (e.g. Zwally et al. 2002), but is complex andinear with suggested threshold
values of melt which if exceeded actually result in a reduction in ice velocity following the
seasonal establishment of efficiechannelised sub glacial hydrological systems (Sundal et
al., 2017, Sole et al 2013. Despite the links between ice velocity and subglacial

hydrological configuration (e.g. channelised vs distributed), and the links between
overdeepenings / adverse slopes and subglacial hydrological configurationfltrence

that overdeepeninggxerton ice velocity has notceived attention within the existing

literature.

Gomprehensive mapping of overdeepenings at a national or continental scale has only been
conducted in a very small number of studies. Haeberli gRflL6) map overdeepenings and
analyse the metrics of their morphology for the Swiss Alps and the Karakoram using a
variety of measured and modelled bed geometries, and for the Peruvian Andes using lake
bathymetry data, to generate a large dataset of soh7€000 individual overdeepenings

across the three study areas. Magrani et(2020) use a bedrock elevation model to map
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and evaluate the morphometrics of the overdeepenings of the Swiss alps and foreland, but
less than 100 overdeepenings are mapped. The only comprehensive mapping and
morphometric analysis of overdeepenings at a continental scale has been conducted by
Pattonet al. (2016) who developed an automated method to map all overdeepenings in

Greenland and Antarctica.

In addition to the control thabverdeepenings may exert on ice dynamics, ice dynamics
control where overdeepenings are located and the size they may evol@veydeepenings
are hypothesised to be more likely occur and to evolve to greater depth where erosive
potential is highe(Lloydet al,2023) Areas of convergent flow on a glacier will cause ice to
thicken and / or accelerate, increasing the erosive potential (Alley et al., 2003; Amundson
and lverson, 2006; MacGregor et al., 2009), and overdeegsrare commonly observed at
glacier confluencefor the same reason@ken et al., 1996; Hock et al., 1998he resistance
of bedrock to glacial erosion has also been shown to influence where overdeepenings form
(Preusser et al., 2010), and the shape an overdeepening evolves to, with more resistant
bedrock tending towards narrower deeper valleys (Hirano angaArii988; Augustinus,

1992; Brook et al., 2004; Swift et al., 2008).

Higher quality bed data for Antarctica and Greenland are now available in products like
BedMachine (Morlighem et al017) which uses mass conservation approaches to generate
bed data at a 150 m resolution. This is a spatial resolution almost 50 times higher than the 1
km Bamber et a2013) bed data, and over 1,000 times higher than the 5 km Bedmap?2 data
(Fretwell, 2013). This new dataset opens up the opportunity to map subglacial features like
overdeepenings at an unprecedented level of detail, and at near complete continental
coverge. However, these new opportunities are not without challenge. When applying
automated processes of mapping and analysis, an order of magnitude increase in spatial
resolution will have a knoein effect order of magnitude increase in processing time. All
other things being equal, automated routines that took days to run on 1 km data will take
weeks or months to run on 150 m data. As such, it may not be possible to simply apply
techniques previously developed to automatically map overdeepenings (suchtas Bat

al, 2015) to this new, much higher resolution bed data. To date, the high resolution

BedMachine data has not been utilised to map overdeepenings for Antarctica or Greenland.
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3.1.1Rationale for this chapter

In summary of the introduction above, the principal rationale for this chapter is as follows:

1.

3.

Bed topographycontrolsice flow, but the understanding of these processes is

limited to localised (e.gsingle catchment) studie3he wider scale impact of bed
topography on ice flovihas notbeenexplicitly investigated, and knowledge

regarding the number and morphology of overdeepenirgaainsweakdespite the
ubiquity of these features

Newer bed elevation model datasets such as BedMachine offer orders of magnitude
higher spatial resolution than the data used in overdeepening mapping and analysis
studies in Greenland to date. There is value in utilising this higher resolution data to
more comprehensively map overdeepenings, and to do so with higher precision and
accuracy than in previous studies.

A new higher resolution dataset of overdeepening location and morphometry will
allow consideratiorandtesting of hypothesised theories of overdeepening

formation and evolution that were not previously possible.

Previous research on iagynamican Greenland habeenheavilyfocused onthe role

that subglacial topography may playthe stabilising (and destabilising) influence of
adverse and normal slopes as calving fronts advance and retreat, and such analysis
has often been limited to individual glaciers or small selections of glg®ersection
2.3.2.3) A complete and accurate dataset of overdeepening location will enable the
analysis of ice dynamics to be made at the ice sheet scale in the context of adverse
and normal bedslopes as well as other potentially important factors relating to

overdeepening mgyhometry .

32aSUK2RA
3.2.1 Mapping overdeepenings

For the purposes of this study, the overdeepenings of interest are those located under

Greenland outlet glaciers and ice streams. The workflow adopted involved:

1.

Identifying and mapping the fronts of all Greenland outlet glaciers and ice streams.

2. Generating flowline fields for each outlet glacier and ice stream from ice velocity
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vector data.
3. Selecting the flowline for each glacier that best representscearal flowline

4. Adding bed data to theentral flowlineto give a longitudinal bed elevation transect

for the flowline.

5. ldentifying topographic lows and highs along tentral flowlinetransect. These
points are broadly representative of overdeepening elevational minima and the

saddles or lip points between overdeepenings.

6. Using the low and high points as a guide, manually select the boundaries of all
closed topographic basins (e.g. overdeepenings) from a contour dataset of the
Greenland bed and copy them into a new shapefile. This is the output dataset of

mapped overdeepenigs.

Each step is described in more detail below.

3.2.1.1ldentifying outlet glacier fronts

The fronts of each Greenland outlet glacier and ice stream were digitised in ArcGIS using
Landsat 8 optical imagery and MEaSUREs annual ice velocity data for 2016 (Joughin, 2017).
The accuracy and precision of these features was not critical as they sedesolely to

generate seeding points for the flowlines. In order to provide effective seed locations, it was
important that the lines were digitised slightly upstream of the ice front within the extent of
the ice velocity coverage, and that the full widihthe fast moving section of the ice front

was covered (seEigure3.1). Lines did not need to follow the shape of the actual ice front.
Where appropriate, the lines were also digitised across the front of tributary glaciers where

they join the main glacier. In total 341 ice fronts were identified and mapped.
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Figure3.1. Example of ice front mapping for Helheim Glacier, south east Greenland showA) beedsat 8 imageng)
MEaSUREs annual ice velocity data for 2016.

3.2.1.2Generating flowlines

Accurate visualisation of the patterns of ice flow through each catchment were required in
order to aid with the mapping of overdeepenings, analyse ice flow characteristics (e.g.
converging / diverging flow) and overdeepening location, and to analysestaganship

between bed topography and flow. Flowlines were created by locatinfjaeeseed points

at 150 m intervals along each ice front mapped. These were then used to seed flowlines
using thelowlineCfunction in Matlab R2016a. As this function gestes flow downstream

from an upstream seed point, the vx and vy vectors of the MEaSUREs 2016 annual velocity
data were reversed to calculate flow through the catchment from the seed points on the ice

front (seeFigure3.2).
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Figure3.2. Example of ice flowline mapping for Helheim Glacier, south east Greestlanmhg flowlines over MEaSURES
annual ice velocity data for 201Biset shows detail of flow seed points at 150m intervals along the mapped ice front.

3.2.1.3ldentifying central flowlines

Through a process of manual interpretation comparing the flowlines generated with the
BedMachines3 bed topography data (Morlighem et.&017), the flowlines best
representing thecentral flowlinefor each glacier were identified and saved into a separate
layer. For more complex glaciers with multiple tributaries more thanaardral flowlineis
mapped. An example of this is showrFigure3.3 for Helheim glacier whersixseparate
flowlines have been selected to represamntral flowlinedor the principal sections of the

glacier.Figure3.4 shows the totakentral flowlinedataset that was generated.
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Figure3.3. Example otentral flowlinemapping for Helheim Glacier, south east Greenl@ehtral flowlinesre shown as
black lines over the BedMachine3 DTM.
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Figure3.4. Thecentralflowline dataset generated for Greenlan@entral flowlinesgre shown as black lines over the
BedMachine3 DTMGrey dashed line shows the 25arhice velocity contour
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3.2.1.4Adding data tocentral flowlines

Thecentral flowlinesvere used as a visual reference guide for the manual identification and
mapping of overdeepenings. To further aid their use as a visual reference, points were
added along eachentral flowlineat 150 m intervals. The bed elevation from the
BedMachine dataset was then added to these points, essentially converting tberi2ial
flowlines to 3D longitudinal transects. This facilitated the plotting and further analysis of
these transects using custom written Python code. In particularftheé_peaks§iool from

the scipy.signal library was used to identify peaks in the longitudinal présées-igure

3.5). These peaks were then exported as points and visualised along witle el

flowlines in GIS.

3.2.1.5Manual identification of closed topographic basins

The basis of mapping the overdeepenings was a contour layer generated from the
BedMachine bed elevation data in ArcGIS 10.7.1. The Contour tool was used with a contour
interval of 50 m, a base interval of 0, and contours generated as polylines. Thesarsonto
were then overlain with theentral flowlinegpeak points, and underlain by a hillshade of

the BedMachine bed elevation layer for reference. The area undesamdundingeach

central flowlinewas systematically inspected starting at the glacier fiaamd moving

upstream. Peak points were used as a visual aid to identify saddles between
overdeepenings, but mapping was not limited to where these points indicated potential
overdeepening boundaries. Where closed topographic basins were identified iotiveuc

layer, these were mapped as overdeepenings by selecting, copying, and pasting them into a
new GIS layer. All parent and sibling (e.g. nested overdeepenings within overdeepenings)
were mapped. Due to computational efficiency in the way very largovéites are

handled, and the functionality to custom assign keyboard shortcuts, this mapping was
conducted in QGIS 2.14. The contours used for the mapping were polylines so the final
mapping step involved running a custom Python script to convert thgipek to polygons,

and order them such that the smallest polygons were at the top of the layer with
sequentially larger polygons lower in the stack. An example of this workflow is illustrated in
Figure3.5
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Figure3.5. Example illustrating the process for mapping overdeepenings, the principal overdeepening for Kangerdlugssuaq
glacier, east Greenland, is show).50m contours generated from the Bédchine3 shown over a hillshade of the same

DTM. The black line showse central flowling black points mark the automatically generated peaks in the longitudinal
transect which are used as a guide for manually identifying closed bBsitlesed basins have been selected and

highlighted (yellow = parent basin, blue = childiba, red = grandchild basin§).Closed basins saved as polygons, colours
asinb.

3.2.2Morphometric Analysis of overdeepenings
Once mapped, a full analysis of the morphology of Greenland overdeepenings was
conducted. The approach adopted was based on that implemented by Patton(2046)

to enable comparison, and can be summarised as follows:

1. Generate true thalweg line through each parent overdeepening using a least cost

path approach.
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2. Add points at 150 m intervals to each thalweg and add dleslation, surface

elevation, and mean annual ice velocity data to these points.

3. Create transects normal to the thalweg at 150 m intervals and clip to the
overdeepening to measure width. These values were used to create an average

width for each parent overdeepening.

4. Apply quality control parameters to remove mapped overdeepenings which are
unlikely to be of glacial origin, or where the data resolution is not sufficient to be
confident that the closed topographic depression mapped is a genuine
overdeepening rather thaa Digital Terrain ModelTM artefact (e.g. very small

depressions).

5. Use code written in Python to generate longitudinal transects through each parent
overdeepening using the data added at 150 m intervals along the true thalweg,
visualise the transects, and derive, aggregate, and analyse key morphometric

parameters.
Each step is described in more detail below.

3.2.2.1Generating true thalwegs using a least cost path approach

Central flowlines generatefbr the purposes of the overdeepening mapping exercise (as in
Figure3.3) do not always follow the true thalweg of an overdeepening. It is common for ice
to flow at a slight angle to the true thalweg for sections of an overdeepening, especially in
longer overdeepenings. This is because the ice is not completely controllée hycal
topography and therefore can diverge from the line of continuous maximum descent as it
flows through an overdeepening. Also, as flowline seedpoints were arbitrarily generated at
the ice front, theflowline selected as the central flowlimeay not be precisely on the line of
continuous maximum descent to start with as it enters the overdeepening. An example of
this can be seen iRigure3.6a; at the downstream end of the overdeepening (to the south
east of the map), theentral flowlineis in the centre of the overdeepening. As the flowline
moves up through the overdeepening it diverges off to the north and by the time it reaches
the upper end of the overdeepening it is at the lateral margin of the overdeepening, quite a
way away from tle true thalweg. This inaccuracy is fine when the lines are being used as a

visual guide for identifying and mapping overdeepenings, but for the purposes of
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morphometric analysis, a more precise determination of the thalweg is required.

To generate true topographic thalwegs, entry and exit lip points for each parent
overdeepening were created. Entry points were taken as the node with the higleest
surfaceelevation in the polygon delineating the overdeepening, exit points as the node with
the lowestice surfaceelevation. For each overdeepening the Cost Distance tool in ArcGIS
Desktop 10.7 was run to generate Cost Distance and Backlink layers with bed slope as the
cost surface, and lip entry point as the source. The Least Cost Path Polyline tool was then
run usng the Best Single setting with the lip exit point as the destination. This generated the
true thalweg following the line of continuous maximum descent from the overdeepening
entry point to the exit pointFigure3.6b shows an example of an overdeepening with the
thalweg plotted between the entry and exit points of an overdeepening using the least cost
path approach. The thalweg is located in the centre of the overdeepening following the line
of maximum descent througput its length, representing the true topographic thalweg, and
eliminating the inaccuracy seen using ttentralflowline method. These true topographic

thalwegs were used for all morphometric and velocity analysis in this chapter.
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Figure3.6. Method for mapping true topographic thalwegs shown for a single example overdeepening. Ice flow is from the
north west to the south east. The overdeepening is shown over BedMachine3 bed elevation data visualised with a hillshade.
A) the purple polygon siws the mapped overdeepening, the black line iscér@ral flowline(as shown irFigure3.3 and

Figure3.4). B) The red line shows the true topographic thalweg for the overdeepening generated using the least cost path
approach. The blue square is the overdeepening entry point, the blue triangle is the overdeepening exit point. C) sGreen line
show transects plted at 150 m intervals normal to the thalweg. Note the error induced which over estimates

overdeepening width where transects are plotted on a 90 degree bend in the thalweg resulting from the raster origin of the
line. D) The smoothed true topographialiveg is shown in blue with associated accurate transects measuring

overdeepening width.

3.2.2.2Adding data to the thalwegs

In order to conduct morphometric analysis and investigate potential relationships between
morphometry and velocity, ice surface elevation, bed elevation, and ice velocity data
needed to be associated with each thalweg. Points were generated at 150 maiistateng
each thalweg to match the spatial resolution of the BedMachine data. Bed elevation and
surface elevation were added from BedMachu3gMorlighem et al., 2017)and mean

annual ice velocity for 2016 was added from the MEaSUREs dataset (Joughin, 2017).
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3.2.2.3Calculating average overdeepening width

As the least cost path polyline is generated from a raster at the resolution of the slope layer
(150 m) the resulting output is quite angular, with curves made up of sequences of
individual 90 degree bend§&igure3.6b). This causes errors when plotting transects to
measure average overdeepening width as some of the resulting transects are not truly
normal to the overdeepening long axis resulting in an over estimate of wiali¢jue3.6c).

To resolve this issue the output least cost path polylines were smoothed using the Smooth
Line tool in ArcGIS Pro 2.8 applying the PAEK algorithm at a 5000 m smoothing tolerance. An
example of the resulting smoothed thalweg line is showRigure3.6d. The transects
generated using these smoothed thalweg lines are normal to the overdeepening long axis
and give an accurate measurement of the overdeepening width. Mean transect width was
calculated using the 150 m spaced transects to give an estimatiorean width for each

mapped parent overdeepening.

3.2.2.4Applying quality control parameters

Quiality control parameters were implemented which followed the approach of Patton et al
(2016), to ensure that the features included in tik@asetdid not include; norglacial

features, features formed under previous ice sheet configurations that are no longer in
equilibrium with the present ice sheet, and features that may be artefacts in the DTM rather
than genuine morphological features. Someustinent to the quality control thresholds are
made to take account of the higher resolution of the data used in this stiydetails of

these deviations artighlighted in the workflow below asppropriate Parameters applied

were as follows:

A Mapped overdeepenings with an elongation ratio of less than 2:1 length:width were
excluded from thedataset In total, 103 (8.0%) of the mapped parent

overdeepenings were removed from the metdatasetbased on this criteria.

A Mapped overdeepenings where long axis orientation is not aligned with ice flow are
excluded from thedataset This was determined by manual visual inspection of each
mapped overdeepening with respect to calculated flowlines. Mapped

overdeepenings were excluded where the majority of the true thalweg was at an
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71°N

angle greater than 45rom averagdceflow over the overdeepenindzigure3.7
shows an example of an overdeepening excluded on this;dasid.1%) of the
mapped overdeepenings were removed from the metric dataset based on this

criteria.

Excluded from metric data set (failed QA)
B [ ] Included in metric data set
= Ice flowlines
7. 50%km Earthstar Geographics

T
48°W

Figure3.7 The overdeepening circled in black is an example where the mapped overdeepening has been
excluded from the metridatasetdue to it being misaligned by more than 45° from ice flow. Note: all other
overdeepenings in the figure marked as excluded have been so as a result of failing to meet other QA criteria,
not misalignment.
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Patton et al (2016) applied a quality control parameter to exclude overdeepenings
with adverse slope length less than 5 km, the resolution of the bed DEM udgéds In
study, no overdeepenings mapped had an adverse slope length less than the
BedMachine v3 resolution of 150 m. As such, none of the mapped overdeepenings

were excluded on this basis.

Mean bed elevation error (using published error estimates from BedMachine v3)
was calculated for each mapped overdeepening. Where the mean bed error was
greater than the overdeepening depth, overdeepenings were removed from the
metric dataset In total, 546 (42.5%) of the mapped parent overdeepenings were
removed from the metric dataset on this badisgure3.8 shows the BedMachine v3
bed elevation error layer in relation to mapped overdeepenings. Overdeepenings
mapped as red, orange, and yellowHigure3.9c are the overdeepenings excluded

from the metric dataset.



Figure3.8 Bed elevation error fdBedMachine v3 (Morlighem et.&016). Mapped overdeepenings are shown in blue,
central flowlinesas black lines.
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Figure3.9. Bed elevation error for BedMachine v3 (Morlighem €2@16), error relative to overdeepening depth, and
overdeepening complexity. A) Published estimated error of BedMachine v3 bed elevation. Mapped overdeepenings are
shown in bluegentral flowlinesare shown as black lines. B) Mean bed error for each mapped parent overdeepening, cold
colours represent lower error, hot colours represent higher error. C) The difference between overdeepening depth and mean
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overdeepening bed error. Negative values indicate overdeepenings where the mean bed error is greater than the
overdeepening depth. D) The number of-bakins (e.g. child basins) contained within each parent basin.

3.2.2.5Morphometric analysisusing Python

Code was written in Python to plot points at 150 m intervals along the true topographic
thalwegs mapped (se&.2.2.9 and extract bed and surface elevation from BedMachine 3
(Morlighem et al., 2017The code then iteratively loops through consecutive nodes on each
thalweg to calculate the bed gradient, surface gradient, bed to ice surface slope ratio
(BSSRbetween each pair of consecutive points. These individual values were then
aggregated, and averages calculated for each overdeepening in the mhataieet Other
metrics such as total overdeepening length, adverse slope length, average adverse slope
gradient, overdeepening depth, and overdeepening asymmetry were also calculated. The
code then created a series of scatter plots of the metrics against ondnantuir
comparison(Figure3.21), and generates a pairwise correlation matfsigure3.22). The

code also calculates overall average values of these metrics for the entire nhetiset

which can be tabulated for comparison to other studi€alfle3.2). Finally, the code

visualises a cross sectional profile of the bed and surface elevation along the true thalweg

for each overdeepening in the metriataset(Figure3.19).

3.2.2.6Classification of topographical control

The method adopted bipatton et al. (2016for determining whether ice flow through an
overdeepening is topographically controlled is also implemented in this study.
Overdeepenings were classified as being topographically confined where the mean
elevation in a 20 km wide buffer area surrounding thverdeepening was more than 500 m

higher than the basin perimeter elevation.

3.2.3Classifying ice flow regime and confluence location

Flow regime refers to the nature of ice flow over the overdeepening. Visual interpretation of
the flowlines over each overdeepening was made, and flow regime was classified as either
converging, parallel, or diverging. Where there was insufficient flovdowerage over an
overdeepening it was marked as unclassifieigure3.10illustrates exemplars of each flow
regime. If the flow regime above an overdeepening was complex or a composite of regimes

it was also marked as unclassified.

102



Figure3.10 Exemplars for each ice flow regime category. Direction of ice flow is indicated by the arrow in each pane. A) An
2PSNRSSLISyAy3a aiildad 6SR Ay ¢02y@SNASyGé¢ Fft26 A0S Ft26d .0 |
overdeepening situateyi ¢ RAGSNHSyYy (¢ Ff2¢6 A0S Fi26d 50 'y 2@GSNRSSLISyAiy3
composite. As such, it has not been classified. Due to the large size of the overdeepening, it has elements of convergent,

parallel, and divergent flow along differergctions of its length.

Each overdeepening was also visually assessed with respect to confluence location using the
flowlinesdataset Glacier confluences were manually identified from the flowlines and
overdeepenings were classified as being either: at a confluence, straddling a confluence,
directly downstream of a confluence, or not at a confluence. Where there was insufficient

flowline coverage over an overdeepening it was marked as unclassified. Exemplars of each
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