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Abstract

In light of rising global surface temperatures and sea-level rise, it is more important
now than ever to understand what role the cryosphere will play in the Earth’s evolution.
The Antarctic ice sheet contains enough ice to raise the global sea-level by approximately
58 m; and for this reason alone, it is essential for scientists to be able to predict how the ice
masses within will behave in the future. One way to study the future behaviour of glaciers
and ice sheets is by applying geospatial data to mathematical models based on the relevant
physics. In this thesis, the Glacier Drainage System model (GlaDS) and the Ice-sheet and
Sea-level System Model (ISSM) are used to model subglacial hydrology and ice dynamics,
respectively, for Slessor Glacier, East Antarctica.

First, an in-depth description of the necessary physics and numerical framework govern-
ing the two models is presented. With this framework in place, a sensitivity test comprised
of 48 transient runs is performed with the GlaDS model, and 13 inversion simulations are
performed with ISSM. The sensitivity test consists of altering several poorly constrained pa-
rameters to understand their impact on the modeled hydrological network beneath Slessor
Glacier. The results from the sensitivity test are then used to determine which model con-
figuration is most appropriate based on the current understanding of subglacial networks
beneath the Antarctic Ice Sheet. However, this is a limited method of model validation
in the absence of observed data such as specularity content (data derived from geophysi-
cal radar surveys to determine locations of distributed subglacial water). To mediate this
issue, the model outputs from the inversion simulations, observed ice sheet melt rates,
and a hydrostatic inversion of high resolution ice shelf surface elevation data are used to
validate the model outputs. This is followed by a suggested workflow that can be adopted
by modelers to use inverse methods to validate subglacial hydrology model outputs.

The model outputs from this study suggest an active subglacial hydrological network
beneath Slessor Glacier and the surrounding area. There is good agreement between areas
of fast ice flow and areas where the model predicts deep water, low effective pressure and
an efficient drainage network. These results are consistent with areas of inferred low basal
friction coefficient from the ice dynamics model, which also recovers observed velocities
from a stress balance simulation.

The results of this thesis demonstrate some control of basal hydrology on ice dynamics
in the Slessor Glacier study area. Furthermore, the methods used here provide subglacial
hydrology modelers an additional means of model validation, which is valuable where
observed data is sparse or not available.

il



Acknowledgements

I first would like to acknowledge that all work on this thesis performed in the Waterloo
area was done so on land that was originally cared for the by Haudenosaunee, Anishnaabe
and Neutral Peoples. I acknowledge the traditional practices, beliefs and values of the
Indigenous People with whom I share this land.

I would like to acknowledge the funding I received from the University of Waterloo, the
Ontario Graduate Scholarship, the Northern Scientific Training Program and the ArcticNet
Training Fund. I also would like to make a special statement thanking the indigenous orga-
nization Indspire as well as the Qalipu First Nation band of Newfoundland that provided
me with funding and support throughout the duration of my graduate studies.

From the uWaterloo glaciology group, a very special thank you goes out to Kevin Siu.
You answered countless questions and were always willing to help out when I needed it, I
sincerely appreciate it. I also owe thanks to Anna Hayden, the feedback you provided me
towards the end of my project was valuable and helpful.

Thank you to Dr. Felicity McCormack of Monash University for editing my work and
answering many questions about ice dynamics and inversion modeling. Your kindness is
appreciated.

Thank you to Michael Waite who stepped in as my supervisor for the final semester of
my degree. The feedback and edits on my work that you provided are appreciated, and
thank you for handling all the necessary supervisor duties during my final semester.

The work presented in this thesis was possible only under the careful supervision of
Dr. Christine Dow. Thank you so much for being incredibly patient, editing my work and
introducing me to the world of glaciers and ice sheets. You are an incredible scientist and
working under you was inspiring to say the least.

To my roommates (and close friends) Michael and Jenna, thank you for keeping me sane
and providing endless good times. To my close friend Shihao Wu, I want say thank you for
keeping in touch and that I miss you dearly. To Phil, thank you for always encouraging me
to shoot for the moon and always being ready for a chat. To my other friends - Brendan,
lan, Amy, Brett, Aaron, Keenan and Lexi, thank you for always being there.

To my Mom and Dad, you were always perfect parents in my eyes. Thank you for the
endless encouragement and support over the past 25 years.

Most importantly, I want to thank my lovely girlfriend, Mallory. Thank you for never
doubting me, providing constant reassurance, and above all else, making me happy. I could
not have done any of this without you.

v



Dedication

This thesis and all the work that went into it is dedicated to Dr. Pierre-Michel Rouleau.
You taught me what it means to “think like a physicist”.

Merci pour tout.



Table of Contents

List of Figures

List of Tables

1 Introduction

1.1

1.2

1.3

1.4

1.5

Subglacial Hydrology . . . . . . . . . .. ... .
1.1.1 The Subglacial Hydrological System . . . . . . .. ... .. .. ...
1.1.2  Channels and Cavities . . . . . . . .. ... ... ... ...
1.1.3 Subglacial Water Pressure and Surface Velocity . . . . .. .. ...
1.1.4 Channelized and Distributed Subglacial Drainage Networks . . . . .
1.1.5 Overdeepenings and Subglacial Lakes . . . . . ... ... ... ...

1.1.6  Subglacial Hydrology Beneath the Antarctic Ice Sheet and Floating
Ice Shelves . . . . . . . . .

Subglacial Hydrology Models and their Limitations . . . . .. .. ... ..
1.2.1  The Basics of a Subglacial Hydrology Model . . . . . . .. .. ...
1.2.2  Limitations of Subglacial Hydrology Models . . . . . ... .. ...
Inverse Modeling for Ice Dynamics . . . . . . . .. .. ... ... .....
1.3.1 Inverting for Ice Rigidity and the Basal Friction Coefficient . . . . .
1.3.2 Limitations of Inverse Models . . . . . .. .. ... ... ... ...
Slessor Glacier, East Antarctica . . . . . . . . ... ... ... ... ....
1.4.1 Importance of the Study Area . . . . . . . .. ... ... ... ...
1.4.2 Notable Features of Slessor Glacier . . . . . . ... .. ... ....
Thesis Layout . . . . . . . . . ..

vi

ix

XV

N Ot e NN NN



2 Methodology
2.1 The GlaDS Subglacial Hydrology Model . . . . . . . ... ... ... ...
2.1.1  The Channel Network . . . . . .. ... ... ... ... .. ....
2.1.2  The Distributed System (Sheet Model) . . . . ... ... ... ...
2.1.3 The Efficient Drainage System (Channel Model) . . . . . . . . . ..
2.1.4  Summary of Model Equations . . . . . ... ... ... ... ...
2.1.5  Model Boundary Conditions . . . . . . .. ... ... ... .....
2.1.6  Weak Formulation . . . . ... ... ... ... ... ... ...
2.1.7  Overview of Model and Numerical Solution . . . . . . .. ... ...
2.1.8 Values for Independent Variables . . . . .. ... ... ... ....
2.1.9 Performing GlaDS Model Runs . . . . . . ... .. ... .. ....
2.2 The Ice Dynamics Model . . . . . . . . . .. ... ... ...
2.2.1  Mechanical Model . . . . . . .. ...
2.2.2  The Inversion Method . . . . . . . . ... ... L.
2.2.3 Performing ISSM Model Runs . . . . . . ... ... ... ... ...
2.3 The Study Area . . . . . . . L
2.3.1 Mesh Creation Procedure . . . . . . . ... ... ... ... ....
2.3.2 Ice Shelf Basal Topography and Melt Rates . . . . . ... ... ..

3 Results
3.1 Sensitivity Test Results . . . . . . . . . . .. ... . ... ... ...
3.1.1 Varying Sheet and Channel Conductivity . . . . . . . ... ... ..
3.1.2  Varying Water Input and Basal Velocity . . .. ... ... ... ..
3.2 Ice Dynamics Results . . . . . . .. .. oo
3.2.1 Ice Rigidity . . . . . . . ..
3.2.2 Basal Friction . . . . .. .. .o
3.3 General Trends from the Models . . . . . . . ... ... ... ... ...,

4 Discussion
4.1 Limitations of the Models . . . . . . . . .. . ... .. .
4.2 Parameter Selection and Model Outputs . . . . . ... .. ... ... ...
4.3 Ice Shelf Melt Rates and Basal Channels . . . . . . ... ... ... ...,

4.4 Comparison with Existing Literature . . . . . . . ... ... ... ... ..

vil

28
28
28
29
30
32
33
34
35
37
38
40
42
44
47
48
o1
5}

57
o7
o8
66
71
71
74
84



4.4.1 Subglacial Water Flux . . . .. ... .. ... ... ... .. ..., 98

4.4.2 Subglacial Lakes . . ... ... . .. ... 100
4.4.3 Basal Friction Coecient. . . . . . . .. ... .. ... .. .. ... 102
4.5 A Work ow for Model Validation Using Inverse Methods . . . . . ... .. 103
5 Conclusion 105
5.1 GeneralConclusions . . . .. . . . . . . . . . 105
5.2 Improvements and Future Work . . . . . .. .. ... L 107
References 110

viii



List of Figures

1.1 An idealized subglacial cavity network. From Fountain and Walder (1998). 3

1.2 Idealized visualization of velocity as a function of subglacial water pressure.
Adapted from Iken and Bindschadler (1986). . . . . .. .. ... ... ... 4

1.3 Visualization of functional relationship between basal velocity of ice, sub-
glacial water depth and pressure, and the nature of the hydrological system. 5

1.4 (a) Cross sectional view of a channelized drainage network.(b) Cross sec-
tional view of a distributed drainage network. From Fountain and Walder

1.5 Flotation fraction f (top) and correction factor h;(1 f) (bottom) versus
overdeepening depth B at supercooling threshold foh; = 400mand S =
40m. Solid red line represents the classical result, and the solid black line
represents equation (1.7). x represents the dierent adverse bed slope
lengths for various model runs. From Werder (2016). . ... .. ... ... 9

1.6 Conceptual diagram of subglacial lake formation. From Siegert (2005) . . . 10

1.7 Subglacial lake inventory beneath Antarctica. Red circles are stable lakes
(i.e., those that are either closed systems or have balanced in ow and out-
ow) and blue triangles represent active lakes that periodically Il and drain.
Image from Livingstone et al. (2022). . . . . ... ... ... .. ...... 11

1.8 Photo evidence of a subglacially formed channel system incised into the
bed in western Wright Valley, Dry Valley region, East Antarctica. From
Ashmore and Bingham (2014). . . . . . . . . . . . . oo 12

1.9 Comparison of predicted lake locations between a model run (areas of high
water depth) and altimetry data (black polygons). From Dow et al. (2018a). 13

1.10 Pathways with accumulated melt ux greater than 01 ma !. Magenta
represents lled sinks/potential subglacial lake locations. From Willis et al.
(2016). . . . . e 14

1.11 Pictorial representation (not to scale) of ice shelf basal channel formation.
The red arrow represents the relatively warm ocean water being entrained
by the channel discharge. Image from Le Brocq et al. (2013) . . . ... .. 15

1.12 lllustration of spatial dimensionality and model sophistication from the early
1970s to present day. From Flowers (2015). . . . . . . . . .. .. ... ... 17

iX



1.13 Various estimates of geothermal heat ux beneath the AIS. From Burton-

Johnson et al. (2020). . . . . . . . . . . 18
1.14 Basal friction calculated from exact and incomplete adjoint inversion method.

From Morlighem et al. (2013). . . . . . . . . . . ... .. . 20
1.15 Depth averaged, Antarctic-wide viscosity from an inversion model. From

Arthern et al. (2015). . . . . . . . . L 20

1.16 Outline of study on top of mask of Antarctic Ice Sheet in magenta. Black
represents ocean water, white represents oating ice, and black represents
grounded ice. . . . . . ... e e 22

1.17 Left: mosaic of Antarctica with ight lines and eld camp. Right: Close
up of ight survey area with four troughs containing the investigated trib-
utaries: Slessor tributary north (STN), Slessor tributary central (STC),
Slessor tributary south (STS), and the deep southeastern trough (DSET).
Adapted from Rippin et al. (2006). . . . . .. .. ... ... ... ..... 23

1.18 Left: Mosaic of the study area containing two features. Right: Enlargement
of the two features found in the study area. On the left is the feather-shaped
feature, and on the right is the oval shaped feature. Adapted from Koike
etal. (2012). . . . . . . e 24

1.19 Slessor Glacier outlet containing subglacial lakes Slessamd Slessos; (inset
gure 2). The inset in the bottom right represents the location in Antarc-
tica, the black lines indicate ight lines for Operation IceBridge, coloured
circles along the ight line re ect surface-elevation change, and cyan poly-
gons represent the subglacial lakes. From Siegfried et al. (2021). . . . . . . 25

2.1 A portion of the channel network connected to the domain boundary@
(blue). The orange line, j, represents a typical edge that partitions the
domain, , into subdomains ;, and the nodes, , represent points where
edges meet. Channels can only form on edges, and the sheet is constrained
to subdomains. Adapted from Werder et al. (2013) and Brinkerho et al.

(2021). . . . o e 29
2.2 Spatially variable ISMIP6 data for (a) the water input (log scale), and (b)

the basal velocity. . . . . . . . . . .. 38
2.3 Flow chart of the iterative process of a variational inverse method. Adapted

from Nardi et al. (2009). . . . . . . . . . .. 45

2.4 Topographies at the Slessor Glacier study area. (a) Bed elevation, (b) sur-
face elevation and (c) ice thickness. For subplots (a) and (b), the elevations
are in meters with respect to the height above sealevel. . . . . . ... ... 49

2.5 Slessor Glacier bed topography with key area labels overlain. Bed elevation
is in meters with respect to the height above sealevel. . . ... ... ... 50

2.6 (a) Dierence between BedMachine and smoothed basal topography. (b)
Di erence between BedMachine and smoothed surface topography. Outline
of catchmentin black. . . .. ... ... ... ... ... .. .. .. ... 51



2.7 Drainage basin delineation at Slessor Glacier study area with hillside shading

representing basal topographic depressions. Drainage basins are separated

by colour. . . . . . .

2.8 Re ned, unstrucutred, triangular mesh of Slessor domain to be used for
GlaDS Subglacial hydrology simulations. Red dots represent boundary
nodes. Mesh is re ned near outlet and at several predicted subglacial lake
locations. Red nodes outlined with black represent nodes on the grounding

52

iNe. . . e 53

2.9 Re ned, unstrucutred, triangular mesh of Slessor domain for ISSM inversion
and stress balance simulations. . . . . . . ... L L oL

2.10 Observed MeASUREs velocity eld to be used as observable for inverse
methods applied to Slessor Glacier study area. . . . . .. .. ........

2.11 Filchner Ice Shelf basal elevation calculated from hydrostatic inversion. Blue
polygons represent zones of blue ice from Hui et al. (2014). Ice shelf elevation
is with respect to the height above sealevel. . . . . .. ... .. ... ...

3.1 Log plot of water thickness [m] at the end of base runs with spatially variable
water input and basal velocity. Inset titles in each sub gure correspond to
parameterizations as in table 3.1. Magenta circle in sub gure brLM shows
deep water in DDT area. The colour bar is capped to highlight where water
isdeepandshallow. . . . . . .. .. ... .. ...

3.2 Flotation fraction at the end of base runs with spatially variable water input
and basal velocity. Colour bar is capped to highlight areas of low otation
fraction/high e ective pressure. Run names have the same parameters as
those in gure 3.1. . . . . . ..

3.3 Channel discharge [ds !] at the end of base runs with spatially variable
water input and basal velocity. Colour bar is capped to highlight where

56

59

61

channel discharge is higher. Run names have the same parameters as those

speciedintable 3.1 . . ... .. ... .. ... e

3.4 Channel CSA [M] at the end of base runs with spatially variable water input
and basal velocity. Colour bar is capped to show where small channels form.
Run names have the same parameters as those speci ed in table 3.1. Bed
elevation is in meters with respect to height above sealevel. . .. ... ..

3.5 Several parameters related to the low otation fraction at the Touchdown
Hills (i), Theron Mountains (ii) and Shackleton Range (iii): (a) bed elevation
with overlain channel CSA, (b) otation fraction, (c) log plot of melt data
and (d) surface elevation. Surface and bed elevation are in meters with
respect to height above sealevel. . . .. ... .. ... ... ........

3.6 Water sheet thickness di erence plots between synthetic and spatially vari-
able water input or basal velocity at end of model runs: (a) wiH - brHM,
(b) wiL - brLM, (c) bvH - brHM and (d) bvL - brLM. Colour bar capped
to 0:1 m to highlight areas where dierencesare small. . . ... ... ..

Xi

63



3.7 Flotation fraction di erence plots between synthetic and spatially variable
water input or basal velocity at the end of model runs: (a) wiH - brHM, (b)
wiL - brLM, (c) bvH - brHM and (d) bvL - brLM. Colour bar limits are set
to 0:15 to highlight where di erencesare small. . . ... ... ...... 68

3.8 Channel discharge at end of model runs with constant water input and basal
velocity: (a) wiH, (b) bvH, (c) wiL and (d) bvL. Colour bar limits are set
to 20 m’s !to show low discharge in (iii). . ................ 70

3.9 Channel CSA at the end of model runs with constant water input and basal
velocity: (i) wiH, (ii) wiL, (iii) bvH and (iv) bvL. Colour bar is capped
at 100 n? to show range of channels with smaller channel CSA. Actual
maximum channel CSA is 500 h Bed elevation is in meters with respect
to height above sealevel. . . . . . . . . .. .. .. ... .. ... .. ... 71

3.10 L-curve analysis results for 30 Tikhonov regularization coe cients when
inverting for ice rigidity at the oating ice shelf. The values of the coe cients
label the corresponding magenta marker. . . . . . .. ... ... ...... 72

3.11 Modeled ice rigidity over oating ice shelf from inversion simulation in ISSM.
White circle marks maximum calculated ice rigidity. . . . . . .. ... ... 73

3.12 Error measured as di erence between observed and modeled velocity for ice
rigidity inversion over the oating ice shelf. Red corresponds to areas of
larger observed velocity, and blue corresponds to areas of higher modeled
velocity. Black dots show the domain boundary. . . . . . ... ... .... 73

3.13 Ice rigidity eld over the entire domain to be used as a prior for friction
INVEISIONS. . . . o o e e e e e e e e e e 74

3.14 L-curve analyses results for 10 Tikhonov regularization coe cients when
inverting for friction coe cients. (a) - Weertman friction law, (b) - Budd
friction law and (c) - Schoof friction law. E ective pressure from brHL is
the priorfor (b)and (c). . . . . . . . .. 75

3.15 Mean error in=year] measured as absolute value of mis t between observed
and simulated surface velocities for each tested Tikhonov regularization coef-
cient in the L-curve analyses: (a) Weertman friction law, (b) Budd friction
law, (c) Schoof frictionlaw. . . .. .. ... ... ... .. ... ... ... 76

3.16 Inversion results for basal friction coe cient using the Weertman friction
law. Domain is restricted to grounded ice. . . .. ... ... .. ... ... 78

3.17 Inversion results for basal friction coe cient: (a) Budd friction law, (b)
Schoof friction law. Inset labels describe which e ective pressure output
was used. Domain is restricted to groundedice. . . ... .. .. ... ... 79

3.18 Ice thicknessr] with areas that are prone to high mis t encircled. Area at
base of Theron Mountains is surrounded by a green circle, fractures on the
oating ice shelf are surrounded by a blue circle. Grounded ice is surrounded
by ablack line. . . ... ... ... . 81

Xii



3.19 Mist [m/year] between modeled velocity and observed velocity: (a) Weert-

man friction law, (b) Budd friction law with e ective pressure from brHL,
(c) Schoof friction law with e ective pressure from brHL. Mis t is capped at

50 m/year to increase visibility of error. Blue represents higher modeled
velocity. . . . . . e e 82

3.20 Inferred friction coe cients beneath grounded ice for the Weertman friction

4.1

4.2

4.3

4.4

4.5

4.6

4.7

law whenm=1(@)and m=2 (). . . . . . ... .. .. ... . ... 83

(a) 3D visualization of Slessor Glacier and surrounding area. (b) Photograph

of area in the Shackleton Range marked by blue star in sub gure (a). (c)

X;y cross sectional view of the Slessor Glacier area with bed surface marked

by black line and ice surface marked by blue line. From Paxman et al. (2017). 88

(a) E ective pressure at the end of brLM and (b) MeASUREs surface ve-
locity (Mouginot et al., 2019). Colour bar for e ective pressure is capped to
highlight similarities with surface velocity. . . . . .. ... ... ... ... 89

Di erence plots between normalized e ective pressure for each base run
and friction coe cient from the three friction law inversions. Dierence

is restricted to areas with observed ice velocity 50 m/year. Model run
parameterizations are denoted by inset labels, and relevant friction law is
denoted on colour bars. Colour bar is capped at0:3 to highlight areas

with small dierences. . . . . . . . . . . . . . e 91

Areas of locally high ice shelf melt rate on the Filchner Ice Shelf. A positive
melt rate corresponds to melting. Channel discharge on GlaDS mesh edges
from brLM are overlain in shades of blue. An outline of the model boundary

is in black, green dots represent grounding line nodes, and brown ellipses
represent three areas of high observed shelf melt rates. Melt rate data is
from Adusumilli et al. (2020). . . . .. ... .. ... .. .. .. ... ... 94

Basal topography of the Filchner Ice Shelf. Coloured lines represent basal
channels and coloured circles represent areas of modeled discharge in areas

1 and 3. The zone of high observed shelf melt rate from Adusumilli et al.
(2020) where models do not simulate discharge at the grounding line (area

2) is represented by a dotted blue line, and two basal channels originating
from that area are shown by blue lines. Hillshade is applied to the basal
topography data to highlight topographic depressions, and the study area

is shown in the image below. . . . . . .. .. ... .. ... ......... 96

Inferred ice rigidity and ice shelf basal elevation. Pinning point is indicated
with a black arrow, and two solid black lines indicate two large fractures in

the ice shelf. Basal topography is in meters with respect to height above sea
level. . . . . e 97

Results form brLM which have been found to most likely be representative
of the subglacial hydrological network beneath Slessor Glacuer and the BIS. 98

Xiii



4.8 Comparison of channel discharge between model outputs from the sensitivity
test (red) and an Antarctic-wide model simulation of subglacial water ux
performed by Le Brocq et al. (2013) (blue). Slessor Glacier grounding line
used by Le Brocq et al. (2013) is represented by opaque green circle. Colour
bar is capped at 5 m®s ! to highlight di erences between the two models. 99

4.9 Predicted subglacial lake locations at time step corresponding to maximum
water sheet thickness. Black polygons represent potential subglacial lake
locations from the model runs and magenta polygons represent subglacial
lake locations from Smith et al. (2009). Modeled lake locations are labeled in
sub gure brLM and use naming convention SM, and observed lake locations
use a naming scheme based on the one suggested by Livingstone et al. (2022).101

4.10 Volume across all time steps of node that corresponds to highest water sheet
thickness in the modeled subglacial lake locations. . . . . . ... ... ... 102

Xiv



List of Tables

11

2.1
2.2

2.3

3.1

3.2

3.3

3.4

3.5

3.6

3.7

Characteristics of the channelized and distributed subglacial drainage systems. 6

Table of GlaDS model parameters that are not altered in the sensitivity test. 37

Table of all combinations of parameters altered in the sensitivity test. Linear
ramp up schemes start at an input of 1 mmyear and increase to 5 mmyear
over the selected amount of years. SV stands for spatially variable. . . .. 39

Initial parameters necessary to initialize each inverse method. E ective
pressures driving the Budd and Friction law inversions are computed from
base runs in the sensitivity test. . . . . . . ... ... . .. .. . L. 47

Table of names and parameters used in the sensitivity test. Base runs have
names of the form brXY, where br stands for base run and X is H for the
highest value of sheet conductivity and L for the lowest, similarly, Y is H
for the highest value of channel conductivity, M for the middle value and L
for the lowest value. Model runs using a constant water input have names
of the form wiX, where X is H for a high sheet conductivity and L for a low
sheet conductivity, and model runs with a constant basal velocity follow the
same naming scheme as model runs with a constant water input. SV stands
for spatially variable, and linear ramp-up refers to the scheme described in

section 2.1.8. . . . .. L e 58
Statistics for water volume at end of base runs. Run names have the same
parameters as those intable 3.1. . . . . . ... .. ... ... ........ 60

Statistics for water volume at the DDT area at the end of the base runs.
Run names have the same parameters as those intable 3.1. . . . . .. . .. 60

Statistics for subglacial water pressure at the end of base runs. Run names
have the same parameters as those intable 3.2. . .. ... ... ...... 62

Statistics for water in the DDT at the end of the base runs. Run names
have the same parameters as thoseintable 3.1 . . . . .. .. .. ... ... 62

Statistics for channel discharge at the end of the base runs. Run names have
the same parameters as those intable 3.Q,=0:1m?s % . ... ... .. 63

Statistics for channel CSA at the end of base runs. Run names have same
parameters as those intable 3.1. . . . . ... .. ... ... ... ... ... 65

XV



3.8

3.9

4.1

4.2

List of cost function coe cients used for basal friction coe cient inversion
simulations. E ective pressure used as a prior for Budd and Schoof friction
law inversions are denoted by the corresponding base run, taken from the
nal time step. . . . . . . . . e 77

Statistics for friction inversion simulations. Overestimation refers to where
the model is producing a velocity higher than what is observed. Percentage
of nodes with a mist less than 50 myear and mean mist are calculated

for the absolute value of themist. . . . . .. ... ... ... ....... 84
Mean of absolute value of di erence between normalized e ective pressure
and friction coe cient for all baseruns. . . . . . ... ... ... oL 92
Discharge at areas 1 and 3 at the nal time step of the base runs. The

discharge measured at area 3 for brHL is less thanl0Om®s ! so it is not
recorded. . . . . .. L e 95

XVi



Chapter 1

Introduction

Glaciology is a eld that is becoming increasingly crucial in light of global climate change.
Melting ice sheets and glaciers cause global sea level rise, alter the path in which waterways
ow, and have major implications for tourism, hazard warning, and clean water supply for
many northern/indigenous communities (Hovelsrud et al., 2011; Edwards et al., 2021).
This leads to the need to be able to predict the future behaviour of glaciers and ice sheets.

Advancements in technology and eld work methods have led to the generation of data
(e.g., Morlighem et al., 2020; Prior-Jones et al., 2021) that have improved our understand-
ing of glaciers and ice sheets. However, there are still many crucial aspects of glaciers
that in many areas cannot be measured or tested due to ice thickness being on the order
of kilometres. It is important to understand the drivers of glacier ow as they govern
the speed at which ice ows into the ocean, and thus how fast the global sea level will
rise. The subglacial hydrological system is a known driver of ice dynamics and a crucial
component of the glaciological system (lken and Bindschadler, 1986; Fountain and Walder,
1998; Clarke, 2005). Ice rigidity and basal drag are two parameters directly related to ice
deformation and basal velocity respectively, yet, like the subglacial hydrological system,
they are di cult to measure and so remain poorly constrained despite being the two main
physical components that parameterize glacial dynamics (Cu ey and Paterson, 2010).

Mathematical models are tools that can be used to characterize unknown parameters
and project the behaviour of ice masses into the future. To create an e ective model,
one needs a sound physical basis, a mathematical framework and high quality data sets
of quantities that can be measured. This has been done in glaciology, and there exists
many models and methods to extract details about subglacial hydrological networks (e.g.,
Flowers, 2015) and to constrain physical parameters (e.g., MacAyeal, 1992; Morlighem
et al., 2013; Brinkerho et al., 2021). Since it is not possible to know the exact nature of
basal processes and parameters beneath glaciers and ice sheets without direct measurement,
mathematical modelling is the only method currently available to estimate these important
quantities. It is therefore of the utmost importance to model carefully and accurately as
the timeline of global climate change, and what it will do to the Earth's cryosphere, still
remains unknown.



1.1 Subglacial Hydrology

For a typical mountain glacier, hydrology is broken down into three components, supraglacial
(surface), englacial (middle), and subglacial (basal) hydrology. In Antarctica, there is no
supraglacial nor englacial hydrological systems (see section 1.1.6 for more on this), and so
this study focuses on the subglacial hydrological system only.

1.1.1 The Subglacial Hydrological System

Water at the base of a glacier is considered to form the subglacial hydrological system.
Many glaciers have water at their base (though there are cold-based glaciers that are
frozen to their base) and several processes/properties are responsible for generating this
meltwater: (1) heat from the Earth, or geothermal heat, that warms the base of ice; (2)
heat production from friction as the ice slides over hard sediment/bedrock heat; (3) the
pressure-dependence of the melting/freezing point of ice, by which water at the base of
the glacier/ice sheet is under pressure from the overlying ice, and water can persist at
temperatures below 0C when under su ciently high pressure; and (4) water at the base

of a glacier is insulated from cold atmospheric temperatures from the overlying ice.

The persistence of liquid water at the base of a glacier/ice sheet has many implications
for glacier movement and ice dynamics. It follows that an important consideration for
understanding the impact of subglacial hydrology on ice dynamics is the complex system
of subglacial channels (or conduits) and cavities that forms beneath the glacier.

1.1.2 Channels and Cavities

The following section will provide an introduction to subglacial channels and cavities,
including how they open and close, the R-channel theory, and a review of cavitation.

A channel beneath a glacier that is completely void of water will close due to a process
called ice creep - the inward closure of ice due to the weight per unit area of the overlying
ice, i.e., ice overburden pressure:

p= igH; (1.1)

wherep; is the ice overburden pressure, is the density of ice,g is the acceleration due to
gravity, and H is the thickness of the ice. Ice-creep will not close a water- lled channel if
the water pressurepy, is equal to or greater than the ice overburden pressure (Fountain
and Walder, 1998). As water ows through these channels, there is melting of the channel
walls due to heat from friction, and if this heat energy is su ciently high, channels can
persist and grow at pressurep, pi (Rethlisberger, 1972; Fountain and Walder, 1998).

A common theory used for treating channel formation beneath glaciers was described
by Rethlisberger (1972). In his paper, Rethlisberger (1972) derives a governing di erential
equation for water pressure when the melting of ice in a channel wall (expansion) and
closure from ice creep (shrinkage) are in balance for a given discharge. The result was a



simpli ed model simulating a channel with a circular cross-section completely embedded
in ice (englacial channel), and a semicircular shape if at the base of the glacier (subglacial).
These channels are commonly referred to as Rethlisberger-, or R-channels.

The R-channel theory is not the only treatment of subglacial channels, and it is not
without its limitations and criticisms (e.g., Walder, 2010). It has previously been suggested
that broad, low channels may capture basal water measurements more accurately (Hooke
et al., 1990), however, the R-channel theory provides a tractable mathematical formula-
tion for channel development, and has served as the basis for many hydrology models in
glaciology (e.g., see table 3 in Flowers, 2015).

In contrast, subglacial cavities form from the separation of sliding ice and the glacier
bed, and the faster the ice and rougher the bed, the more likely cavities are to form
(Fountain and Walder, 1998). Lliboutry (1976) described two regimes that cavities fall
under: (1) an autonomous regime, in which meltwater within the cavities stagnates and
has no e ect on the subglacial system, and (2) a connected hydraulic regime where cavities
are linked to R-channels. The second regime is more relevant to dynamical changes in the
subglacial system, and widespread cavitation as it is in the second regime will be referred
to as a \linked-cavity system", which is nonarborescent in shape, and contains a large
volume of water with very little ux (gure 1.1).

Figure 1.1: An idealized subglacial cavity network. From Fountain and Walder (1998).

There have been investigations into other states of the linked-cavity system as well.
A useful quantity in glaciology that couples subglacial hydrology to the ice above it is
e ective pressure

N B pw (1.2)



whereN is the e ective pressure andy, is the pressure of the subglacial water. Water ow
beneath a glacier is driven by gradients in hydraulic potential, which is stated as

= mt Pws (1.3)

where ,, = 0B is the elevation potential, ,, is the density of water, andB is the bed
elevation. Creyts and Schoof (2009) found that by varying combinations of the gradient
of hydraulic potential (r ) and e ective pressure, the distributed system can exist at
multiple di erent steady states. This di ers from what was suggested by the classic theories
suggested by Rethlisberger (1972) and Shreve (1972) as they theorized that water ux may
only increase monotonically as a function af and N.

1.1.3 Subglacial Water Pressure and Surface Velocity

A pressurized basal water system will have an in uence on the entire glacier/ice sheet.
Indeed, after running a nite element scheme in an idealized numerical model, Iken (1981)
found that subglacial water pressurep,, has an e ect on the glacier sole which can be
broken down into two phases. The rst phase is a transient phase, which consists of
two sub-phases: the rst describes how the action gf, re-distributes the pressure of the
overlying ice, and the second states that there are stages of water- lled cavity growth and
shrinkage. The second phase describes steady state sliding of ice over cavities at a pged
Iken (1981) went on to characterize an important relationship between the sliding velocity
of a glacier and subglacial water pressure; sliding velocity isfanction of both subglacial
water pressure, and cavity size.

However, in an analysis ofy, and surface velocity at Findelengletscher, Switzerland,
Iken and Bindschadler (1986) discovered that, does not a ect the sliding velocity of a
glacier if it is just localized to a small number of channels. It is whep,, is widespread
over large portions of the glacier bed that the relationship between sliding velocity and
subglacial water pressure comes into e ect.

Figure 1.2: ldealized visualization of velocity as a function of subglacial water pressure.
Adapted from lken and Bindschadler (1986).
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In the experiment carried out by Iken and Bindschadler (1986), the depth of water below
the glacier surface was used to measupg, i.e., as the water becomes more pressurized, it
will push itself up further into boreholes. At the same time, they used a pole to measure
the horizontal velocity of the glacier. In gure 1.2, an idealized version of these data are
plotted and two important things can be seen:

1. a functional relationship between sliding velocity angb,, and

2. a vertical asymptote at the ice overburden pressure.

As p,, approaches the same value as that from the overlying ice, the horizontal velocity of
the glacier increases very quickly. It is concluded that short-term velocity variations are
related to the sliding velocity of the base of the glacier, and the mechanism behind this is
that the growth of water lled cavities is dependent onp,, i.e., subglacial cavity growth

is a function of p,, (Iken and Bindschadler, 1986). This established relationship between
basal velocity of ice and subglacial water pressure can be thought of as a hierarchy, and
Le Brocq et al. (2013) provide evidence that this relationship also applies to the ice sheets
as well as alpine glaciers.

Figure 1.3: Visualization of functional relationship between basal velocity of ice, subglacial
water depth and pressure, and the nature of the hydrological system.

1.1.4 Channelized and Distributed Subglacial Drainage Networks

Subglacial drainage networks are typically divided into two types (Fountain and Walder,
1998):

1. Channelized/fast/e cient, and

2. Distributed/slow/ine cient.

Both of these systems host unique properties that distinguish one from the other (table
1.1 and gure 1.4).



Table 1.1: Characteristics of the channelized and distributed subglacial drainage systems.

Channelized/Fast Distributed/Slow
Relatively large basal melt Limited basal melt
Large supply of meltwater Limited supply of meltwater
E ciently removes water from Ine ciently removes water from
system system
Lower pressure Higher pressure
Total discharge sensitive to Total discharge relatively insensitive
changes in system volume to changes in system volume
Low surface-to-volume ratio Relatively high surface-to-volume ratio
Arborescent in shape (tree-like) Non-arborescent with many
complicated ow paths

Figure 1.4: (a) Cross sectional view of a channelized drainage network.(b) Cross sectional
view of a distributed drainage network. From Fountain and Walder (1998).

Glaciers and ice sheets are also not restricted to just hosting one network or the other,
it is entirely possible that part of the bed may host a channelized network whereas another
part may host a distributed system as large-scale changes to a subglacial network are
not instantaneous. Moreover, any region can switch between one system or the other in
response to perturbations in melt input (Fountain and Walder, 1998).
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A natural question that might arise is what triggers the switch between the drainage
modes? For most glaciers, the answer to that question is typically meltwater input from
the supraglacial system. For alpine glaciers, in the fall and winter months there is little
to no input from the surface. In this situation, the subglacial system hosts a distributed
drainage network. This system is highly pressurized due to the small ux; this is a system
ine cient at removing water. Other important characteristics of the distributed system
include water moving through the underlying sediment, for which the meltwater ux,
Qparcy; Can be calculated via

BW d
g ds ; (1.4)

QDarcy =

where and B are the hydraulic conductivity and thickness of the sedimentt/till layer
respectively, W is the glacier bed width,d =ds is the hydraulic gradient, ands is a coor-
dinate which increases upglacier. As well, a thin water Im can exist which a ects water
chemistry and sliding speed, but allows very little ux (Fountain and Walder, 1998).

During the spring and summer months at a temperate mountain glacier, meltwater
input is increased, and suddenly the highly pressurized distributed system is met with
a large ux of water. As water is forced into this linked-cavity system, frictional heat
production from the ow of water will increase, and ice will begin to melt. This melt will
continue until a threshold is passed, and at that point, unstable channel growth begins
where the melt rate is signi cantly larger than the rate of closure due to ice creep. As the
cavity gets larger, water will begin to ow here preferentially, and will be poached from
nearby cavities. At this point, as the water keeps owing through the cavity, it eventually
becomes an R-channel. Once summer is over and fall begins, the meltwater input to the
system will decrease until the closure rate of the channels due to ice-creep surpass the melt
rate, and the distributed network will reform.

If this system is to be modelled in a way that re ects reality, the switch between
the channelized and distributed drainage modes is needed. For example, Schoof (2010)
captured the change by introducing a critical discharge, for which once the discharge falls
below, the system will behave as a distributed drainage system, and while above, an
e cient drainage system. Currently, models simulate subglacial hydrology by allowing
the distributed system to naturally evolve into an e cient drainage system over time
(e.g., Werder et al., 2013; Sommers et al., 2018). For Antarctic glaciers the nature of the
subglacial system is quite di erent as there is no surface water input, and the subgalcial
hydrological system beneath Antarctica will be covered in-depth in section 1.1.6.

1.1.5 Overdeepenings and Subglacial Lakes

Overdeepenings refer to subglacial basins that are a consequence of glacier erosion, and they
have been found beneath mountain and outlet glaciers, as well as beneath ice masses on
the Greenland Ice Sheet (GrlS) and the Antarctic Ice Sheet (AIS) (Cook and Swift, 2012).
Overdeepenings found beneath large outlet glaciers in Antarctica have been shown to be
linked to unstable retreat over adverse slopes, and through modeling studies, the presence
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of an overdeepening has been linked to the hysteresis mechanism unique to marine ice
sheets (Schoof, 2007; Garbe et al., 2020).

Modeling work suggests that subglacial hydrology plays a role in the formation of
overdeepenings near glaicer outlets (e.g., Herman et al., 2011), and Alley et al. (2003) sug-
gest that the depth of an overdeepening is stabilized by subglacial hydrology. Overdeep-
enings certainly play a role in the subglacial drainage network as water is predicted to
ow into these areas, pool, and increase water pressure resulting in a localized inactive hy-
drological system within the overdeepening, whereas glacier margins may be active (Dow
et al., 2014).

It was hypothesized that if the bed of a glacier (the adverse slope) is at a su ciently
steep angle, viscous dissipation (internal friction of water) produces too little heat for the
pressure-melting point to keep subglacial channel opening rates above zero, and hence the
channelized system is shut down completely by ice-creep (Alley et al., 2003). This angle
is referred to as thesupercooling thresholdand when it is reached, the drainage system
switches to distributed. This supercooling threshold was met by satisfying the following
inequality

Q °+ Qpy O (1.5)
whereQ is channel discharge, °and p¢ are the gradients of hydraulic potential and water
pressure respectively, and is a dimensionless constant that is the product of specic
heat capacity, the density of water, and the Clausius-Clapeyron coe cient. Noting that

= pw+ w@B, equation (1.5) can be rewritten as

wgB°
o

1 (1.6)

However, in the study by Alley et al. (2003) it was assumed that water pressure was
at overburden, yet observations do not support this assumption as water pressures down-
stream of overdeepenings are often less than overburden pressure. This led Werder (2016)
to develop a new supercooling threshold.

At any point within an R-channel, the water pressure is dependent on the conditions
downglacier, which means that pressures will usually be less than overburden by a factor
f, the otation fraction. In equation (1.6), if the adverse bed slope of the overdeepening is
high, then to remain at the threshold the pressure gradient must also be high. This means
that the steeper the adverse slope, the larger the water pressure must be in the basin of
the overdeepening to ensure that the supercooling threshold is met, and so when the water
pressure upstream of the adverse slope is at overburden, this is when the highest pressure
gradient will occur.

To account for this pressure gradient, a new supercooling threshold formula is presented

by Werder (2016):
B

S+ h(l f)

whereh; and f are the ice thickness and otation fraction at the downstream end of the
overdeepening respectively.

1:6; (1.7)



Figure 1.5: Flotation fraction f (top) and correction factor h;(1 ) (bottom) versus
overdeepening depth B at supercooling threshold foth; = 400m and S =40m. Solid
red line represents the classical result, and the solid black line represents equation (1.7).

X represents the di erent adverse bed slope lengths for various model runs. From Werder
(2016).

It is concluded that the classical result (solid red line in gure 1.5) gives the depth
where supercooling can occur, but not where must occur, the latter is represented by
the curves for various adverse bed slope lengthsx (Werder, 2016).

Overdeepenings can also give rise to another phenomenon found beneath the AIS.
At the base of the AIS, geothermal heat is su ciently high (approximately 70 mwWm 2
in West Antarctica, and 50 mWm 2 in East Antarctica) to melt the overlaying ice and
produce water at the base of the ice sheet (Wright and Siegert, 2012). This water then
ows according to the Earth's gravitational in uence and ice overburden pressure where
it eventually collects in local hydrological sinks. These sinks are typically bedrock troughs
(overdeepenings), and these collections of liquid water beneath the ice sheet are referred
to as subglacial lakeg gure 1.6).



Figure 1.6: Conceptual diagram of subglacial lake formation. From Siegert (2005)

The most recent inventory of subglacial lakes beneath the AIS accounts for 675 lakes
(Livingstone et al., 2022) (gure 1.7), and Wright and Siegert (2012) give three reasons

why subglacial lakes are of signi cant interest:
1. subglacial lakes provide unique habitats for microbial life to persist,

2. subglacial lakes are locations where it may be possible to collect sedimentary records
of past climate history, and

3. subglacial lakes are an important component of the subglacial hydrological system
as they are known to Il and drain over time.

Subglacial lakes can be classi ed into three di erent types, (1) lakes found in overdeepen-
ings in the interior of the ice sheet, (2) lakes found on the side of subglacial mountains,
and (3) lakes beneath areas near the onset of fast ice ow (Siegert, 2005).
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Figure 1.7: Subglacial lake inventory beneath Antarctica. Red circles are stable lakes (i.e.,
those that are either closed systems or have balanced in ow and out ow) and blue triangles
represent active lakes that periodically Il and drain. Image from Livingstone et al. (2022).

1.1.6 Subglacial Hydrology Beneath the Antarctic Ice Sheet and
Floating Ice Shelves

The subglacial hydrological network beneath the AIS is not seasonally driven, meaning
the nature of the network is fundamentally di erent than those found beneath mountain
glaciers and the GrIS. The reason the subglacial network beneath the AIS is not seasonally
driven is that air temperatures remain too cold year-round to allow for surface melt. This
does not mean that an active subglacial hydrological system does not exist, and in fact,
an active system of subglacial lakes and geomorphological evidence suggest the opposite.
Ashmore and Bingham (2014) show that a landscape in Victoria Land, East Antarctica,
contains evidence for the former existence of an extensive subglacial network ( gure 1.8).
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