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Abstract

The Siple Coast ice streams, which drain the West Antarctic Ice Sheet into the Ross
Ice Shelf, are susceptible to temporal changes in flow dynamics. The Kamb Ice Stream
on the Siple Coast, stagnated approximately 160 years ago, thought to partially be the
result of basal water diversion. The character of its subglacial environment can exert
an important control on long- and short-term ice sheet and ice stream fluctuations.
Were the Kamb Ice Stream to reactivate in response to subglacial or future climate
change, it would have the potential to contribute more substantially to ice discharge
into the Ross Ice Shelf. Therefore, it is important to characterise the present-day
subglacial environment and climatic conditions that may reactivate this flow. This
study investigates the present-day subglacial conditions of the Kamb Ice Stream and
how these conditions may be affected by environmental perturbations.

Due to the difficult nature of making direct observations of ice sheet basal condi-
tions, other methods are employed to investigate the response of the Kamb Ice Stream
to environmental change. Active source seismic surveying data obtained during the
2015/16 and 2018/19 austral summer seasons provides an instantaneous snapshot of
the present-day basal conditions. Flowline and whole-continent numerical ice sheet
modelling is used to investigate the longer-term response of the Kamb Ice Stream and
the West Antarctic Ice Sheet.

Amplitude analysis of seismic lines indicate saturated till beneath the Ross Ice Shelf in
the vicinity of the grounding zone, which is supported by retreat rates of the Kamb Ice
Stream grounding zone post-stagnation. Seismic reflection imaging suggests potential
dewatered till conditions beneath the grounded Kamb Ice Stream. Flowline modelling
of the Kamb Ice Stream indicates that changes to the water content of the subglacial
sediments appear to be self regulating, with high reversibility over centennial timescales.
Oceanic temperature forcings are the key driver of change of the Kamb Ice Stream,
and the ice stream is susceptible to topographic pinning points in 2D and lateral drag.
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Future glaciological change is more likely to occur in response to oceanic than to
atmospheric temperature perturbations. Results from 3D continent-wide modelling
experiments also find that precipitation increases offset the effect of air temperature
perturbations and influence subglacial conditions, indicating more dynamic ice stream
behaviour on the Siple Coast.

This study has worked to re-enforce and strengthen our existing understanding of
the Kamb Ice Stream and its sensitivity to environmental change. Future work using
higher-resolution simulations and a higher density of observational data may help refine
these results.



Contents

Figures xiii

Tables xvii

Abbreviations xix

1 Introduction and Background 1
1.1 Antarctic Glaciological System . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Ice Sheets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1.2 Ice Shelves . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.3 Ice Streams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.1.4 Grounding Zone . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.1.5 Subglacial Environment of the Antarctic Ice Sheet . . . . . . . . 6

1.2 Geographical Setting . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.2.1 West Antarctic Ice Sheet . . . . . . . . . . . . . . . . . . . . . . 14
1.2.2 Ross Ice Shelf . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.2.3 Kamb Ice Stream . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.3 Aim and Research Questions . . . . . . . . . . . . . . . . . . . . . . . . 18
1.3.1 Research Questions . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.4 Active Source Seismology . . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.4.1 Development in Ice Environments . . . . . . . . . . . . . . . . . 20
1.4.2 Application . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.5 Ice Sheet Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
1.5.1 Development of Ice Sheet Models . . . . . . . . . . . . . . . . . 22
1.5.2 The Parallel Ice Sheet Model . . . . . . . . . . . . . . . . . . . 25

1.6 Thesis Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26



x Contents

2 Kamb Ice Stream Seismic Investigation 29
2.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.1.1 Data Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.1.2 Data Processing - Seismic Reflection Lines . . . . . . . . . . . . 32
2.1.3 Data Processing - Amplitude Analysis . . . . . . . . . . . . . . 34

2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
2.2.1 Seismic Reflection Lines . . . . . . . . . . . . . . . . . . . . . . 38
2.2.2 Acoustic Impedance of the Bed . . . . . . . . . . . . . . . . . . 43

2.3 Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
2.3.1 Subglacial Environment . . . . . . . . . . . . . . . . . . . . . . 46
2.3.2 Grounding Zone Position and Sediments . . . . . . . . . . . . . 47
2.3.3 Off-Shore Sediments . . . . . . . . . . . . . . . . . . . . . . . . 48
2.3.4 Acoustic Basement . . . . . . . . . . . . . . . . . . . . . . . . . 49

2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
2.4.1 Grounding Zone Location . . . . . . . . . . . . . . . . . . . . . 50
2.4.2 Subglacial Properties . . . . . . . . . . . . . . . . . . . . . . . . 51
2.4.3 Comparison to Adjacent Ice Streams . . . . . . . . . . . . . . . 54
2.4.4 Utilisation in Model Studies . . . . . . . . . . . . . . . . . . . . 55
2.4.5 Limitations and Assumptions . . . . . . . . . . . . . . . . . . . 55

3 Kamb Ice Stream Flowline Simulations 59
3.1 Theoretical Background . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3.1.1 Ice Dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.1.2 Mass Conservation . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.1.3 Ice Rheology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.1.4 Subglacial Environment . . . . . . . . . . . . . . . . . . . . . . 63
3.1.5 Calving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.1.6 Grounding Zone . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

3.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.2.1 Input Data Sets . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3.2.2 Smoothing and Evolution . . . . . . . . . . . . . . . . . . . . . 72
3.2.3 Model Spin-up . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.2.4 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.2.5 Hydrological Controls . . . . . . . . . . . . . . . . . . . . . . . . 76
3.2.6 Future Projections and Impacts . . . . . . . . . . . . . . . . . . 76

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.3.1 Till Water Storage and Decay Rates . . . . . . . . . . . . . . . 78



Contents xi

3.3.2 Atmospheric Temperature and Precipitation Changes . . . . . . 87
3.3.3 Oceanic Temperature Changes . . . . . . . . . . . . . . . . . . . 91
3.3.4 Combined Scenarios . . . . . . . . . . . . . . . . . . . . . . . . 99

3.4 Discussion: Hydrological Changes in the Subglacial Environment . . . . 102
3.4.1 Temporal Responses of the Subglacial Environment . . . . . . . 102
3.4.2 Spatial Variation . . . . . . . . . . . . . . . . . . . . . . . . . . 103

3.5 Discussion: Projecting Future Change . . . . . . . . . . . . . . . . . . . 103
3.5.1 Pinning Points and Grounding Zone Retreat . . . . . . . . . . . 104
3.5.2 Ice Stream Sensitivity . . . . . . . . . . . . . . . . . . . . . . . 105
3.5.3 Reactivation of the Kamb Ice Stream . . . . . . . . . . . . . . . 106
3.5.4 Model Limitations and Assumptions . . . . . . . . . . . . . . . 107

4 West Antarctic Ice Sheet Simulations 111
4.1 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.1.1 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
4.1.2 Hydrological Controls . . . . . . . . . . . . . . . . . . . . . . . . 116
4.1.3 Atmospheric Temperature and Precipitation Perturbations . . . 116
4.1.4 Geothermal Heat Flux Changes . . . . . . . . . . . . . . . . . . 116

4.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
4.2.1 Hydrological Changes . . . . . . . . . . . . . . . . . . . . . . . . 117
4.2.2 Atmospheric Temperature and Precipitation Perturbations . . . 121
4.2.3 Geothermal Heat Flux Sensitivity . . . . . . . . . . . . . . . . . 127

4.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
4.3.1 Kamb Ice Stream Responses . . . . . . . . . . . . . . . . . . . . 128
4.3.2 Subglacial Variation . . . . . . . . . . . . . . . . . . . . . . . . 128
4.3.3 Adjacent Ice Streams . . . . . . . . . . . . . . . . . . . . . . . . 129
4.3.4 Wider Implications on the Ross Sea Sector . . . . . . . . . . . . 129
4.3.5 Geothermal Heat Flux . . . . . . . . . . . . . . . . . . . . . . . 132
4.3.6 Model Limitations and Assumptions . . . . . . . . . . . . . . . 133

5 Synthesis 135
5.1 Combined Use of Seismic and Model Data . . . . . . . . . . . . . . . . 135
5.2 Subglacial Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

5.2.1 Kamb Ice Stream Subglacial Conditions . . . . . . . . . . . . . 137
5.2.2 Kamb Ice Stream Responses and Thresholds . . . . . . . . . . . 139

5.3 Model Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140



xii Contents

6 Conclusions 143
6.1 Chapter Summaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
6.2 Key Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
6.3 Further Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.3.1 Ice Stream Velocity Changes . . . . . . . . . . . . . . . . . . . . 146
6.3.2 Effects of Model Resolution . . . . . . . . . . . . . . . . . . . . 147
6.3.3 Till Beneath Seismic Line KIS1516-1 . . . . . . . . . . . . . . . 147

References 149



Figures

1.1 Schematic drawing of an ice sheet grounding zone . . . . . . . . . . . . 5
1.2 Simplified Marine Ice Sheet Instability . . . . . . . . . . . . . . . . . . 6
1.3 Subglacial till cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 Cross-section of subglacially deforming sediments . . . . . . . . . . . . 8
1.5 Antarctic subglacial lakes and drainage patterns . . . . . . . . . . . . . 11
1.6 Models of geothermal heat flux . . . . . . . . . . . . . . . . . . . . . . 13
1.7 Geographical setting map . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.8 Future Antarctic Ice Sheet model scenarios . . . . . . . . . . . . . . . . 17
1.9 Acoustic impedance and subglacial material interpretation . . . . . . . 22
1.10 Ice sheet model complexities . . . . . . . . . . . . . . . . . . . . . . . . 24

2.1 Seismic survey locations . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2 Seismic Processing Sequence . . . . . . . . . . . . . . . . . . . . . . . . 32
2.3 AVA, phase angles and incident angles . . . . . . . . . . . . . . . . . . 35
2.4 Amplitude selection and extraction . . . . . . . . . . . . . . . . . . . . 37
2.5 Interpreted seismic survey line KIS1819-1 . . . . . . . . . . . . . . . . . 40
2.6 Interpreted seismic survey line KIS1819-2 . . . . . . . . . . . . . . . . . 41
2.7 Interpreted seismic survey line KIS1516-1 . . . . . . . . . . . . . . . . . 43
2.8 Calculated acoustic impedance for KIS1516 and KIS1819 . . . . . . . . 45
2.9 Simplified view of the subglacial processes and sediments . . . . . . . . 46
2.10 Bulk density and acoustic impedance . . . . . . . . . . . . . . . . . . . 48
2.11 Seismic survey locations with extended grounding zone . . . . . . . . . 51
2.12 Till and ice acoustic impedance and porosity . . . . . . . . . . . . . . . 54

3.1 Kamb Ice Stream flowline location . . . . . . . . . . . . . . . . . . . . . 70
3.2 Original Kamb Ice Stream starting parameters . . . . . . . . . . . . . . 71
3.3 Final ensemble flowline choices . . . . . . . . . . . . . . . . . . . . . . . 74
3.4 Standard deviation against mean absolute error of percentage difference 75



xiv Figures

3.5 Grounded ice rate of change . . . . . . . . . . . . . . . . . . . . . . . . 79
3.6 Flowline ice velocities . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.7 Flowline basal stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.8 Flowline basal temperature, melt rate and friction . . . . . . . . . . . . 86
3.9 Atmospheric temperature forcing ice thickness rate of change . . . . . . 88
3.10 Atmospheric temperature forcing basal ice velocity . . . . . . . . . . . 89
3.11 Atmospheric temperature forcing basal shear stress . . . . . . . . . . . 90
3.12 Atmospheric temperature forcing basal yield stress . . . . . . . . . . . 90
3.13 Atmospheric temperature forcing basal frictional heating . . . . . . . . 91
3.14 Oceanic temperature forcing ice thickness rate of change . . . . . . . . 93
3.15 Oceanic temperature forcing basal ice velocity . . . . . . . . . . . . . . 94
3.16 Oceanic temperature forcing basal shear stress . . . . . . . . . . . . . . 95
3.17 Oceanic temperature forcing basal yield stress . . . . . . . . . . . . . . 96
3.18 Oceanic temperature forcing ice shelf basal melt rate . . . . . . . . . . 97
3.19 Oceanic temperature forcing basal frictional heating . . . . . . . . . . . 98
3.20 Combined scenario ice thickness changes (Locations a-d) . . . . . . . . 100
3.21 Combined scenario ice thickness changes (Locations e-h) . . . . . . . . 101
3.22 Future projection ice surface elevation . . . . . . . . . . . . . . . . . . . 102
3.23 Ice sheet sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
3.24 Ice shelf buttressing effect . . . . . . . . . . . . . . . . . . . . . . . . . 107

4.1 Whole continent surface and basal ice velocity, ice surface elevation, and
ice extent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

4.2 Ice surface elevation of the WAIS with changing amount of effective
water stored in the till . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

4.3 Surface ice velocity of the WAIS with changing amount of effective water
stored in the till . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

4.4 Basal ice velocity of the WAIS with changing amount of effective water
stored in the till . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

4.5 Basal melt of the WAIS with changing amount of effective water stored
in the till . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.6 Ice surface elevation and basal melt with changing atmospheric temper-
atures and precipitation . . . . . . . . . . . . . . . . . . . . . . . . . . 124

4.7 Surface and basal ice velocities with changing atmospheric temperatures
and precipitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.8 Changes in basal melt with changing geothermal heat flux . . . . . . . 127
4.9 Grounding zone evolution in West Antarctica . . . . . . . . . . . . . . 131



Figures xv

4.10 Remotely sensed estimates of geothermal heat flux . . . . . . . . . . . . 133

5.1 Modelled effective pressure estimates . . . . . . . . . . . . . . . . . . . 138
5.2 Comparison of ice-sheet model results from different hybrid model schemes142

6.1 Effects of resolution on the modelled central western coast of Greenland 147





Tables

2.1 Seismic survey acquisition parameters . . . . . . . . . . . . . . . . . . . 31
2.2 Glaciomarine sediment, ice, and ocean water physical properties . . . . 38

3.1 Input options and parameter choices . . . . . . . . . . . . . . . . . . . 69
3.2 Ensemble parameter options . . . . . . . . . . . . . . . . . . . . . . . . 73
3.3 Final simulation parameters . . . . . . . . . . . . . . . . . . . . . . . . 76

4.1 PISM input options and parameter choices . . . . . . . . . . . . . . . . 113





Abbreviations

Acronyms / Abbreviations

AGC Automatic gain control

AI Acoustic impedance

AIS Antarctic Ice Sheet

BIS Bindschadler Ice Stream

CDP Common depth point

DSDP Deep Sea Drilling Project

EAIS East Antarctic Ice Sheet

EISMINT European Ice Sheet Modeling Initiative

ELRA Elastic Lithosphere-Relaxed Asthenosphere

f.ETISH fast Elementary Thermomechanical Ice Sheet

FRIS Filchner-Ronne Ice Shelf

GMST Global mean surface temperatures

GZW Grounding zone wedge

HSSW High Salinity Shelf Water

ISMIP Ice Sheet Model Intercomparison Project

ISSM Ice Sheet System Model

KIS Kamb Ice Stream



xx Abbreviations

MAE Mean absolute error

MISI Marine Ice Sheet Instability

MISMIP Marine Ice Sheet Model Intercomparison Project

NMO Normal moveout

PDD positive degree dag

PIG Pine Island Glacier

PISM Parallel Ice Sheet Model

RCP Representation Concentration Pathway

RC Reflection coefficient

RIS Ross Ice Shelf

RMS Root mean squared

RSU Ross Sea Unconformity

SCIS Siple Coast Ice Streams

SD Standard deviation

SIA Shallow ice approximation

SSA Shallow shelf approximation

TAM Transantarctic Mountains

TG Thwaites Glacier

TWTT Two-way travel time

WAIS West Antarctic Ice Sheet

WIS Whillans Ice Stream



1. Introduction and Background

1.1 Antarctic Glaciological System

1.1.1 Ice Sheets
The Antarctic Ice Sheet (AIS) has large scale interactions with the rest of the Earth’s
systems. It influences global sea level, is altered in size during climatic changes,
and adds or removes fresh water from the ocean. The AIS affects global climate by
reflecting incoming solar radiation from snow and ice surfaces, and physically perturbs
atmospheric circulation by deflecting air masses (Benn & Evans, 2010). Ice sheets
erode their beds, and can transport sediment and debris thousands of kilometres. The
weight of ice sheets contributes to driving viscous flows in the underlying mantle,
which in turn affects land surface elevation and Earth’s gravitational field. The AIS
is characterised by grounded ice flowing at different velocities from the centre of the
ice sheet towards the margins and into ice shelves (see Section 1.1.2). Areas of faster
ice flow are mostly defined by ice streams (see Section 1.1.3) or outlet glaciers. Up
to four kilometres thick, the AIS is underlain by bedrock, sediments, water saturated
sediments, and subglacial lakes. Flow of the ice sheet and ice shelves is largely driven
by gravitational forces and is variably restrained by basal friction (Schoof, 2006). Ice
sheets flow due to three main mechanisms; creep (i.e. internal ice deformation), basal
sliding due to the presence of basal water, and basal sliding as a result of soft bed
subglacial deformation. Due to gravitational driving stresses, all glaciers flow by creep,
however, liquid water presence is typically needed for basal sliding and saturated beds
are necessary for soft sediment deformation. The presence of both basal water, as well
as soft deformable beds, can contribute to fast ice flow (see Section 1.1.3).
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1.1.2 Ice Shelves
Approximately 80% of the AIS drains through its surrounding ice shelves, regulating
the rate at which ice is discharged into the ocean (Alley et al., 2016; Pritchard et
al., 2012). However, ice shelves are also one of the more vulnerable aspects of the
Antarctic glaciological system (DePoorter et al., 2013). These ice shelves are formed
from continental outlet glaciers and ice streams which flow and spread into oceanic
embayments (Alley et al., 2007; Paolo et al., 2015). They are in contact with both the
ocean and the atmosphere, which are dynamic and changeable (Bromirski & Stephen,
2012) and are particularly sensitive to atmospheric and oceanic forcings (Ashmore et
al., 2017; Pritchard et al., 2012). Oceanic forcing is known to play a much larger role in
the mass balance of the ice shelf than atmospheric forcings, and consequently changes
in sea water temperatures can have large effects on the mass balance of an ice shelf
(Pritchard et al., 2012; Jacobs et al., 1992; Smedsrud & Jenkins, 2004).

Even though ice shelves themselves are not grounded, they have the ability to
buttress the grounded ice sheet, through intermittent pinning on the seabed and lateral
stresses which reduce or counteract some of the longitudinal stresses at the grounding
zone (Goldberg, Holland & Schoof, 2009; Ashmore et al., 2017). It has been observed
that ice velocities and discharge increase as a result of ice shelf collapse (e.g. after the
collapse of both Larsen A and B; Dupont & Alley, 2005; Alley et al., 2016; Scambos
et al., 2004). The potential loss of buttressing ice shelves makes the West Antarctic
Ice Sheet (WAIS) vulnerable to rapid ice loss during climatic warming as global sea
temperature rise significantly enhances basal melt rates (DePoorter et al., 2013). As
a result, ice shelves strongly modulate AIS ice discharge and the eustatic sea level
(Ashmore et al., 2017).

1.1.3 Ice Streams
Ice streams are areas of faster flow within an ice sheet, and often flow orders of magnitude
faster than their surrounding ice. Ice streams currently discharge approximately 90%
of AIS ice and sedimentary outputs (Rignot et al., 2011). Therefore, their stability
and behaviour are important to the overall mass balance and dynamics of the AIS
(Bennett, 2003). A complex system of tributaries extends hundreds to thousands of
kilometres into the AIS interior and feed ice stream trunks that are typically tens of
kilometres in width, hundreds of kilometres in length, and flow velocities between 0
to 800 m per year (Stokes & Clarke, 1999; Rignot et al., 2011; Bamber, Vaughan &
Joughin, 2000).
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Ice streams can be either topographically constrained, or constrained by areas of
slower moving ice surrounding the faster channel, and are defined as topographic ice
streams or pure ice streams, respectively. Both types of ice stream frequently occupy
areas of topographic lows, as the thicker ice can lead to a faster velocity and greater
driving stress at the bed (Bennett, 2003; Cuffey & Patterson, 2010). Thicker ice has
higher basal temperatures enhancing basal sliding due to melting (Benn & Evans, 2010).
A thick layer of deforming till can be developed through the movement of subglacial
sediments, which results from ice flow over unconsolidated beds, and facilitates more
rapid ice flow than pure internal deformation (Alley et al., 1986; Alley, 1989). A low,
basal effective pressure (i.e. the difference between the water pressure and the ice
overburden pressure at the ice base) is often associated with faster ice stream flow
and is thought to be fundamental to glacier dynamics (Boulton & Hindmarsh, 1987).
This is observed on both the Whillans Ice Stream (WIS) and Bindschadler Ice Stream
(BIS; Blankenship et al., 1987; Blankenship et al., 1986; Kamb, 2001). There is also
growing evidence that soft, deformable sediments are a requirement for faster ice flow,
and understanding the subglacial environment is important to understand ice stream
location and behaviour (Winsborrow, Clark & Stokes, 2010).

The velocity, thickness, and grounding zone (i.e. the zone where the ice begins to
float and transition from the ice sheet to the ice shelf) locations of ice streams are
variable both spatially and temporally, with Antarctic observations showing stagnation,
deceleration, acceleration, lateral migration and thinning of ice streams (Joughin &
Tulaczyk, 2003; Livingstone et al., 2012; Rignot, 2008; Retzlaff & Bentley, 1993).
The complex mechanisms that control this variable ice flow are not well characterised
(Vaughan & Arthern, 2007); however, subglacial conditions exert an important con-
trol on long- and short-term ice stream fluctuations (Anandakrishnan et al., 2007;
Winsborrow et al., 2010; Bougamont et al., 2015; Colleoni et al., 2018). Other con-
trolling mechanisms are thought to include oceanic temperatures, sea level changes,
atmospheric temperatures, as well as physical conditions such as topographical pinning
points, meltwater beneath ice streams, and drainage basin size (Livingstone et al.,
2012).

Siple, Shirase, and Gould Coast Ice Streams

Some of the world’s only pure ice streams (i.e. they are not topographically defined,
but instead shear zones mark their boundaries; Truffer & Echelmeyer, 2003) are located
on Siple, Shirase, and Gould Coasts, on the WAIS side of the Ross Ice Shelf (RIS),
which discharge approximately 40% of the ice from the entire WAIS into the RIS (Price
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et al., 2001). These ice streams are considered to be of particular interest as they
are likely important to the stability of the WAIS under changing climatic conditions
(Bennett, 2003; Alley & Bindschadler, 2001). These ice streams range between 300 to
500 km in length, up to 50 km wide, and 1 km thick, with ice velocities of 100 to 800
m per year (Bennett, 2003). Between the ice streams the ice sheet is frozen to the bed,
and these margins are characterised by lateral shear zones and crevasses (Bentley, Lord
& Liu, 1998). The Kamb Ice Stream (KIS) and BIS both overlie local sedimentary
basins, whereas the surrounding non-streaming areas overlie areas with thin or no basal
sediments (Peters et al., 2006; Winsborrow, Clark & Stokes, 2010).

The Siple Coast Ice Streams (SCIS) display ice flow velocity variation, both between
the ice streams, as well as variation of internal ice velocities. This is observed in the
stagnated KIS (see Section 1.2.3), the stagnation and reactivation of the WIS 850 and
450 years ago, respectively, and the currently flowing BIS (Joughin et al., 2002; Joughin
& Tulaczyk, 2002; Retzlaff & Bentley, 1993; Conway et al., 2002; Catania et al., 2012).
Pure ice streams are essentially unstable, and as some of these glaciers are currently
thinning, a reduction of driving stress could lead to ice velocity deceleration (Joughin
et al., 2002). However, some of these ice streams have thickening ice accumulation
areas, such as the KIS. The KIS currently has a positive mass balance, as there is no
ice discharge from its system (Joughin & Tulaczyk, 2002; Pritchard et al., 2012). Due
to the thinning of the WIS, some ice flow which previously discharged into the KIS
currently discharges into the WIS instead (Conway et al., 2002). Grounding zones
of the SCIS have also experienced advance and retreat over the previous centuries
(Catania et al., 2012), with suggestions that they could experience punctuated rather
than continuous change with changes to the discharge regime (Elsworth & Suckale,
2016). Bougamont and others (2015) have also shown that instability and weak basal
resistance in the upper region of the KIS can lead to major restructuring of the
SCIS flow, and the potential reactivation of the KIS (van der Wel, Christoffersen
& Bougamont, 2013). This high variability over relatively short timescales makes
it difficult to utilise short term observations for meaningful, long term conclusions.
However, short term observations can be combined with centennial to millennial ice
sheet modelling in order to understand their response to future environmental change
and geologic constraints.

1.1.4 Grounding Zone
The point where the ice begins to float and transition from the ice sheet to the ice
shelf is called the grounding zone (Figure 1.1), which is applicable in areas where the
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ice surface gradient is low, and there is a larger transition zone between barely floating
and lightly grounded ice (Benn & Evans, 2010). Identification of the grounding zone
is possible from surface elevation data; due to the transition in basal friction, and
is observable as a break in slope, as well as a high gradient zone (Dowdeswell et al.,
1994; Rignot et al., 1997). It is also observable in both radar and seismic data surveys
conducted over grounding zone areas (e.g. Jezek et al., 1979; Ananadakrishnan et al.,
2007; Catania, Hulbe & Conway, 2010; Horgan et al., 2017).

Fig. 1.1 Schematic drawing of an ice sheet grounding zone (adapted from Friedl et al. 2020 and
references therein). The schematic indicates the true landward limit of tidal ice flexure (F), the true
grounding line (G), landward limit of freely floating ice (H), and the coupling line (C). The hydrostatic
ice surface is indicated by the black dashed line, while the red dotted line indicates the amplitude of
tidal flexure on grounded ice (Td=0) and on freely floating ice (Td=1)

Marine Ice Sheet Instability

The stability of the grounding zone to retreat or advance depends on the system’s
response to an initial ice thickness perturbation, and in particular whether feedback
processes increase or decrease the initial perturbation. In the Marine Ice Sheet
Instability (MISI) theory, a key feedback exists between the ice thickness and ice
discharge at the grounding zone, as well as the bed slope beneath the ice sheet.
Generally the ice discharge (or ice flux, Q), increases with ice thickness at the grounding
zone, and these are related by a power-law relationship (Weertman, 1974; Schoof, 2007a;
Tsai et al., 2015). If the marine ice sheet is based on a reverse bed slope (i.e. where
the bed slopes downward away from the ocean), an initial retreat in grounding zone
position will lead to an increase in ice thickness and an increase in ice discharge at
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the grounding zone (Figure 1.2, panel a). This increase in ice discharge could lead to
further, self-sustaining, grounding zone retreat.

In idealised, unbuttressed ice streams, this positive feedback process means that
there is no stable grounding zone position in sections of reversed bed slopes (Figure 1.2,
panel b; Schoof, 2007a, 2007b). However, in realistic ice stream systems the buttressing
effect of ice shelves has a stabilising effect on marine ice sheets (Goldberg, Holland &
Schoof, 2009; Gudmundsson, 2013; Fürst et al. 2016; Pattyn, 2018). Jamieson and
others (2012) as well as Gudmundsson and others (2012) present simulations that show
the ability of grounding zones to stabilise on reverse bed slopes, where ice stream width
and retreat history, as well as bed topography, can inhibit retreat, for example through
the presence of pinning points. Large sections of the WAIS rest on bed slopes that
deepen away from the ocean, which highlights the relevance of MISI on this potentially
unstable ice sheet (Fretwell et al., 2013). Ice streams are also sensitive to changes of
grounding zone force balances (Waibel et al., 2018), and small changes could propagate
up the ice streams, affecting ice discharge and ice sheet mass balance (Payne et al.,
2007).

Fig. 1.2 Schematic of the Marine Ice Sheet Instability processes that lead to a potential unstable
retreat of the grounding zone showing the initial geometry and ice fluxes of a marine ice sheet under
equilibrium conditions (a) and the start of self-sustained grounding zone retreat due to climatic
changes (b). Q refers to the incoming and outgoing ice fluxes of the ice sheet. Modified from Church
and others (2013).

1.1.5 Subglacial Environment of the Antarctic Ice Sheet
The character of the subglacial environment can exert an important control on long-
and short-term fluctuations in ice sheet and ice stream flow. It is therefore important
to characterise the subglacial environment and processes in order to predict future ice
stream flow, and is the focus of many studies (e.g. Scambos et al., 2009; Bougamont
et al., 2015; Anandakrishnan et al., 2007; Colleoni et al., 2018; Stearns et al., 2008;
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Winsborrow et al., 2010). Many subglacial processes and conditions, such as till
friction angle, sediment saturation and porosity, basal deformation, and subglacial till
hydrological coupling are not well constrained or quantified (Bougamont et al., 2015).
Some studies have shown that, for example, basal friction from an increase in ice-
sediment contact has the ability to slow and thicken ice (Alley et al., 2007), whereas an
increase in basal meltwater may accelerate flow (Stearns et al., 2008). These processes
are particularly important near and beneath ice streams, where subglacial hydrology
and thermal regimes play an important role in their overall velocity (Bougamont et al.,
2015; Schoof, 2004; Joughin & Alley, 2011). Figures 1.3 and 1.4 illustrate the effects
of changing water content and pressure can have on subglacial sediment deformation
and basal sliding. Basal conditions also play a large role in pinning the ice shelf at
the grounding zone, and determining whether ice streams are stagnated (e.g. KIS;
Catania et al., 2006) or flowing (e.g. WIS, which has previously been stagnant; Hulbe &
Fahnestock, 2007). The influence of warmer climatic conditions on AIS basal conditions
remains a focus area of studies, as well as the related effects this may have on ice stream
and ice sheet velocity. Therefore, there is still a need to focus efforts on characterising
the subglacial environment from observations, as the interactions between processes
are inadequately quantified (Bougamont et al., 2015; Bueler & Brown, 2009).
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Fig. 1.3 The subglacial till cycle illustrates how changes in water pressure can lead to, or reduce,
subglacial deformation, change basal sliding velocities and increase ice-bed coupling. Modified from
Evans and others (2006).
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deforming material and its relationship to dilation, displacement, sediment volume, cohesive strength,
connectivity and pore water pressure. Modified from Evans and others (2006).
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Basal Sedimentary Controls on the Antarctic Ice Sheet

Sediments that have a high porosity can provide a weaker, more easily deformable
subglacial environment that reduces basal drag, increases basal sliding, and consequently
facilitates faster ice flow (Boulton & Jones, 1979; Bentley, 1987; Boulton & Hindmarsh,
1987; Brisbourne et al., 2017). Large areas of the WAIS rest on weak, unconsolidated
sediments, which is thought to enable the relatively rapid ice flow of the SCIS into the
RIS (Blankenship et al., 1986; Kamb, 2001).

The driving stresses of these ice streams are approximately an order of magnitude
lower than other outlet glaciers, yet these ice streams have comparable ice velocities
(Alley et al., 1986; Rignot et al., 2011). Interesting contrasts are also exhibited in
these ice streams, for example, studies suggest that the WIS is underlain by up to
13 m deformable sediments, which have a high porosity of approximately 48%, as
well as a heterogeneous grain size (Blankenship et al., 1987; Tulaczyk et al., 2001).
A similar layer has been observed beneath the BIS, which has a higher porosity of
approximately 50-60% (Kamb, 2001). Till porosity varies widely over the WIS area,
and is likely also dependent on the hydrological conditions (Blankenship et al., 1986;
Luthra et al., 2016). Borehole observations from the WIS showed that it moves over
soft, unconsolidated till, and suggest that 70-80% of this motion is due to basal sliding
(Dowdeswell, ÓCofaigh & Pudsey, 2004). Deformation of a thin sediment layer is
thought to contribute approximately 25% of the total ice flow (Engelhardt & Kamb,
1998; Tulaczyk et al., 1998). Borehole experiments show that approximately 80% of
movement of the BIS is shown to be due to sediment deformation (Kamb, 2001). Even
though the SCIS are often associated with deformable till and ice flow due to basal
slip, the role of subglacial deformation and hydrology remains an area of investigation
as its full contribution toward ice flow is not well characterised (e.g. Bougamont et al.,
2015; Brisbourne et al., 2017; Diez et al., 2018).

Basal Hydrological Controls on the Antarctic Ice Sheet

Early studies (e.g. Iken, 1972; Budd et al., 1979; Bindschadler, 1983) highlighted the
possible link between basal sliding and subglacial water pressure. Basal ice conditions
can range from a warm bed at pressure melting point, with liquid water in saturated
sediments, subglacial lakes and conduits, to a cold and frozen bed (Pattyn, 2010; Carter
et al., 2009). Observational evidence has established that there is an active subglacial
drainage system of saturated till beneath the AIS, with subglacial lakes connected by
water conduits (see Figure 1.5; Wingham et al., 2006; Fricker & Scambos, 2009; Gray
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et al., 2005; Fricker et al., 2007). Subglacial water can lubricate the bed and reduce
basal drag, which increases sliding, alters the thermal regime, and warms the basal ice
(Fricker et al., 2007; Stearns et al., 2008; Winsborrow et al., 2010). Conversely, water
can also form channels and conduits, concentrating subglacial discharge, which slow
ice flow due to an increase in the basal drag (Downs et al., 2018) and water “piracy”
has been suggested as a possible reason for KIS stagnation (Retzlaff & Bentley, 1993;
Anandakrishnan & Alley, 1997).

Basal temperatures and the pressure melting point are important factors for the
presence of subglacial melting and meltwater. As the pressure melting point is a
function of ice thickness, it can be estimated for most of Antarctica (Fretwell et al.,
2013); however, the basal temperature distribution is not well quantified and is largely
derived from modelling studies that incorporate modelled geothermal heat fluxes (e.g.
Pollard et al., 2005; Shapiro & Ritzwoller, 2004; Fox Maule et al., 2005; Purucker,
2013; An et al., 2015; Martos et al., 2017).

Ice overburden pressure, determined by bed topography, surface topography, and
gravity influence water storage and location beneath ice sheets. Water will flow along
the steepest hydrological potential gradient towards areas of low hydrological potential
(Figure 1.5; Shreve, 1972; Livingstone et al., 2013). In Antarctica, subglacial lakes form
readily in topographic basins due to the continent’s overall low hydrological potential
gradient (Le Brocq et al., 2009; Livingstone et al., 2013; Willis et al., 2016; Wright &
Siegert, 2012). Earlier studies such as Smith and others (2009), detected 124 subglacial
lakes by ICESat, while more recent studies identified over 400 smaller subglacial lakes
beneath the AIS using satellite imagery, as well as larger lakes such as Lake Vostok
(Figure 1.5; Siegert et al., 2016). The presence of these active lakes are evidence
of the non steady-state component of subglacial hydrology beneath the AIS. Where
topography does not provide much influence on ice flow, the subglacial sedimentary
and hydrological conditions have a higher degree of control over the behaviour, rate
and extent of ice stream development and flow (Blankenship et al., 1986; Engelhardt
& Kamb, 1998; Tulaczyk et al., 1998; Bougamont et al., 2015; Schoof, 2004; Joughin &
Alley, 2011).



1.1 Antarctic Glaciological System 11

Fig. 1.5 The location of 400 known Antarctic subglacial lakes, the ice-sheet surface elevation, and
large-scale flow paths of subglacial water. Some of the larger drainage basins are coloured where no
specififc significance is attached to the colours. Adapted from Siegert, Le Brocq and Payne (2009)
and Siegert and others (2005).

Studies show a wide range of basal conditions beneath ice streams. For example, the
stability of the Institute and Möller Ice Streams discharging ice into the Filchner-Ronne
Ice Shelf (FRIS) are inferred to be influenced by a combination of basal sediments
and water, and to have potentially experienced instabilities in the past (Bingham &
Siegert, 2007a; Ross et al., 2012; Jordan et al., 2013; Rippin et al., 2014; Siegert et al.,
2016). Water from multiple subglacial lakes beneath the Recovery Glacier is thought
to exert an important control on ice flow, and a large subglacial lake was inferred
from surface slope analysis (Siegert & Bamber, 2000; Bell et al., 2007; Le Brocq et al.,
2008; Fricker et al., 2014). In the Slessor Glacier, two of the three main contributing
tributaries are thought to be driven largely by internal deformation, and one by the
presence of water and sediments (Rippin et al., 2003; Rippin et al., 2004). The main
channel of the Slessor glacier also has small subglacial lakes identified beneath, as well
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as a thick sediment layer thought to play an important role in ice dynamics (Bamber
et al., 2006; Shepherd et al., 2006; Smith et al., 2009). In another example, Smith
(1997) contrasted areas of both dilated and lodged till along a seismic line beneath the
Rutford Ice Stream.

Geothermal Heat Flux

Affecting the basal interface of the ice sheet, the GHF is an important control and
boundary condition that helps determine whether melt or freezing is occurring beneath
an ice sheet (Joughin et al., 2004; Pollard et al., 2005; Joughin et al., 2009; Golledge
et al., 2014). Significant spatial variation of the GHF is known beneath the WAIS,
because it overlies areas of volcanic activity and the West Antarctic Rift System (White-
Gaynor et al., 2019; Van Wyk de Vries et al., 2018). However, direct observations
and measurements of the GHF are limited, as measurements are difficult to obtain,
and as a result, GHF models interpret the GHF distribution differently (Figure 1.6).
These maps show the spatial variation of GHF, with panels E and F showing the most
recent models based on seismic data (An et al., 2015) and high resolution magnetic
measurements (Martos et al., 2017). There is also significant variation between the
two models.
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Fig. 1.6 Models of geothermal heat flux. (A) Pollard et al., (2005); (B) Shapiro and Ritzwoller
(2004); (C) Fox Maule et al., (2005); (D) Purucker, (2013); (E) An et al., (2015) and (F) Martos et
al., (2017). Figure from Van Liefferinge (2018).

The few measurements from direct observations that exist (e.g. Figure 4.10), such
as 69 mW m-2 inferred at Siple Dome (Engelhardt, 2004), are similar to average
continental crust GHF estimations (e.g. 71 mW m-2, Davies & Davies, 2010). It is
unclear whether the value at Siple Dome is representative of the entire West Antarctic
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GHF; however, it has been used to infer melt and refreezing rates beneath the WAIS
(Joughin et al., 2004; Joughin et al., 2009). Other measurements, such as those from
the WIS grounding zone and Whillans subglacial lake (Begeman et al., 2017; Fisher et
al., 2015) show a range of values over a 100 km distance, from 88 ± 7 mW m-2 to 285
± 80 mW m-2, respectively. Both Martos and others (2017) and An and others (2015)
infer lower values by a factor of two at the Byrd ice core site, of 136 ± 22 mW m-2 and
68 mW m-2, respectively (Figure 1.6), while Carson and others (2014, and references
therein) present borehole GHF measurements between 60 and 164mW m-2 from the
McMurdo Sound and Western Ross Sea. Thus, there is still a large uncertainty of the
GHF beneath the WAIS, including the Ross Sea Sector.

1.2 Geographical Setting

1.2.1 West Antarctic Ice Sheet
As the world’s largest store of fresh water, the AIS holds approximately 26.1x106 km3

of ice (including the fringing ice shelves), spread over an area of 13.9x106 km2 (Fretwell
et al., 2013). The AIS is composed of two ‘sub-ice sheets’, the East Antarctic Ice Sheet
(EAIS) and the WAIS, separated by the Transantarctic Mountains (TAM) which run
across the continent. Approximately 8.5% of the total grounded ice is below sea level,
as most of the WAIS, and large sections of the EAIS, are grounded below sea level
(Lythe et al., 2001; Bamber et al., 2007). If the AIS were to melt completely, it could
contribute an equivalent of up to 58.3 m of sea-level rise (Fretwell et al., 2013). While
the EAIS is the larger of the two ice sheets, it is also the more stable when subjected
to increases in ocean and atmospheric temperatures (Sugden et al., 1995; Marchant et
al., 2002; Siegert, 2008). Large sections of the WAIS are grounded below sea level and
lie on bedrock that slopes towards the interior of the ice sheet (Fretwell et al., 2013).
This makes the WAIS more vulnerable to the risk of MISI, where atmospheric and
oceanic warming could result in increased melting and recession of the grounding zone
(Bamber et al., 2009). Complete melting of the WAIS could raise global sea level by
an average of 4.3 m (Fretwell et al., 2013), however, Bamber and others (2009) predict
a sea level rise of approximately 3.3 m if WAIS melting occurred due to MISI. Figure
1.7 shows the location of the WAIS, RIS and the KIS.
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Fig. 1.7 Series of maps showing the location of the West and East Antarctic Ice Sheets (WAIS and
EAIS respectively; A), the Ross Ice Shelf (RIS; B), and some of the Siple Coast ice streams (C;
Kamb Ice Stream - KIS; Whillans Ice Stream - WIS; Bindschadler Ice Stream - BIS). Maps A, B,
and C show the MODIS MOA surface morphology (Haran et al., 2014), while map C also has the
MEaSUREs ice velocity data overlain (Rignot, Mouginot & Scheuchl, 2011). The grounding line
(pink) is inferred from the MEaSUREs ice velocity data (Rignot et al., 2011). Data and sources are
found in Quantarctica3 (Matsuoka, Skoglund & Roth, 2018)

.

1.2.2 Ross Ice Shelf
The RIS is the world’s largest ice shelf. It buttresses ice flow from the EAIS through
the TAM outlet glaciers, and ice flow from the WAIS ice streams (Denton, 2000;
Rignot et al., 2008; Anderson et al., 2002; Pollard et al., 2015). The RIS is an
important interface between the two ice sheets and the ocean, and understanding
the ice shelf’s response to past climatic change, as well as its present-day state and
processes, is important for projections of future change. The potential loss of the RIS
as a buttressing ice shelf makes the WAIS vulnerable to rapid ice loss during climatic
warming (DePoorter et al., 2013). Ice-sheet model simulations suggest that collapse of
the RIS would accelerate global sea level rise due to faster ice discharge from the ice
streams (Figure 1.8; Golledge et al., 2015; DeConto & Pollard, 2016). Determining
the rates at which physical processes, such as ice shelf melt, basal sliding, subglacial
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deformation, crevassing and rifting, occurred in the past can improve our models for
future change predictions.
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Fig. 1.8 Future modelled ice sheet evolution under Representative Concentration Pathway (RCP)
based warming scenarios at 2100 CE (a, d, g, j), 2300 CE (b, e, h, k) and 5000 CE (c, f, i, l). The
magnitudes and rates of sea-level contributions are shown for each panel, for both high and low
grounding zone sensitivity experiments (which are shown in the parentheses). Faster ice velocities are
indicated in grey, slower in white. WAIS, West Antarctic Ice Sheet; EAIS, East Antarctic Ice Sheet;
(Golledge et al., 2015).
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1.2.3 Kamb Ice Stream
The KIS is one of the six main ice streams that drain the WAIS into the RIS. Current
observations of the KIS show that it is stagnated (Figure 1.7) approximately 160
years ago (Retzlaff & Bentley, 1993; Catania et al., 2006), likely as a result of a
switch of the subglacial drainage system from sheet to channelised flow (Catania et
al. 2006). Satellite radar interferometry and GPS surveys have measured present-day
surface ice velocities of less than 10 m y-1 (Conway et al., 2002; Rignot et al., 2011;
Engelhardt & Kamb, 2013), and drilling through the ice stream confirmed that sections
of the KIS are frozen to the bed, but liquid water was also found (Engelhardt &
Kamb, 2013). It is likely that the KIS stagnated due to changes in the subglacial
sedimentary and hydrological environment, and there are indications that this could be
occurring on the WIS (Anandakrishnan et al., 2001; Bindschadler et al., 1996; Peters
& Ananadakrishnan, 2007; Luthra et al., 2016). Radar surveys show agreement with
seismic data and borehole results, which show basal variation of frozen and non-frozen
areas (Catania et al., 2003; Jacobel et al., 2009). The non-frozen sections could favour
fast flow in the future and aid the reactivation of the KIS (Vogel et al., 2005). However,
these well-lubricated sections are not present over the entire ice stream. A low, basal
effective pressure was also observed by Kamb (2001) in parts of the KIS from borehole
experiment analyses. Borehole results indicate a frozen bed near the sticky spot, where
it was found that water was unable to easily drain from the borehole, compared to rapid
draining in a borehole further away from the sticky spot (Engelhardt, 2004; Luthra et
al., 2017). Two other boreholes were drilled near the edge of the sticky spot, where one
encountered a 1.4 m deep water body, and the other drained water after a delay, which
suggested there might be some freezing of the bed (Engelhardt, 2004). Analyses of till
from beneath other SCIS showed some similarities, such as similar measured mean till
porosity the KIS, WIS, and BIS, but also differences, for example that the KIS had
overall lower minimum porosity, more variability, and higher maximum till strength
(Kamb, 2001).

1.3 Aim and Research Questions
The aim of this thesis is to asses how the subglacial environment has a controlling
effect on the KIS and its present-day state, and how this may change under future
climate change scenarios.
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1.3.1 Research Questions
In this research the three following questions are addressed:

1. What are the present-day subglacial properties beneath the Kamb
Ice Stream and its grounding zone, and how do we best incorporate or
assimilate these in our ice sheet model?
This question is investigated using active source seismology surveys, which provide
remote observations of the subglacial environment. Analysis of the seismic data has
the potential to provide an insight to the subglacial environment, specifically the
sedimentary, deformational and hydrological aspects. Analyses from other ice streams
will also be compared, to understand what similarities and differences are observed
and inferred between the different ice streams. This research question is explored using
seismic data analysis in Chapter 2.

2. What are the responses and thresholds to changing mechanical processes
and boundary conditions of the Kamb Ice Stream subglacial environment
and its grounding zone?
The second research question aims to characterise how changing boundary conditions
of the KIS and RIS affect the mechanical processes that occur at the basal interface,
how these affect its ice flow, and at which temporal scales threshold changes are
observed. This is investigated using numerical ice sheet modelling, where the KIS
and RIS are modelled over the next 1000 years. It also investigates whether the KIS
returns to its original state, or whether there is a new state, and whether a steady-state
or equilibrium is reached. The numerical modelling allows threshold values to be
quantified. This research question is explored using both flowline and whole continent
numerical modelling in Chapters 3 and 4.

3. How will these present-day conditions change under future climatic
changes?
The last research question addresses how the KIS and RIS respond to climatic changes.
This question focuses on identifying and quantifying potential changes in subglacial
mechanical processes and threshold responses under increasing oceanic and atmospheric
warming over the next 1000 years. This research question is explored using both flowline
and whole continent numerical modelling in Chapters 3 and 4.
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1.4 Active Source Seismology
Active source seismic surveying enables imaging of areas which cannot easily be observed
directly, at a relatively low cost and effort compared to other techniques, such as drilling
through an ice sheet.

1.4.1 Development in Ice Environments
With some of the earliest active source seismic data collected in Antarctica during the
Byrd Antarctic Expedition II in 1933-35 on the Bay of Whales (Poulter, 1947), there
is a long history of using active source seismic techniques to understand the continent.

This early survey used buried explosive seismic sources and geophones (which convert
the analogue ground movement signal into an electrical seismic signal). Following
this, surveys conducted in the early 1950s used very similar techniques, with the
Norwegian-British-Swedish Antarctic Expedition of 1949-52 burying TNT explosives
2-12 m deep (Robin, 1953; Robin, 1958). In subsequent decades, a multitude of studies
(e.g. Bell, 1966; Röthlisberger, 1972; Kirchner & Bentley, 1979; Determann, Thyssen &
Englehart, 1988; Beaudoin, ten Brink & Stern, 1992; Smith, 1997) utilised active source
seismology to understand ice properties and the subglacial environment in Antarctica.
However, acquisition techniques have remained relatively similar (with the exception of
data recording and drilling technology improvements). More recent studies (e.g. Smith,
2007; Horgan et al., 2013; Luthra et al., 2016; Horgan et al., 2017; Luthra et al., 2017;
Smith et al., 2018), including this one, still utilise explosive seismic sources buried
into the ice (often at 20-30 m depths) and some burial of the geophones (0-0.5 m) to
conduct seismic surveys in Antarctica. What has changed since the early 1930s, is our
ability to process and analyse the collected seismic data, with studies focusing on the
quantitative determination of subglacial and seafloor properties using the analysis of
seismic amplitudes, and their relationship to material acoustic impedance (e.g. Smith,
1997a, 1997b, 2007; Holland & Anandakrishnan, 2009; Smith et al., 2015; Smith et al.,
2018; see Section 2.1).

1.4.2 Application
Seismic data are used in this study to characterise the subglacial environment beneath
the KIS, its grounding zone, and beneath the ocean cavity. Seismic waves can be
reflected, refracted, and transmitted at an interface that has an abrupt change in
seismic velocity and physical properties, and generally the larger the contrast between
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two layers, the stronger the reflection (Mussett & Khan, 2000). Estimating subglacial
acoustic impedance and comparing results to known subglacial properties allows
subglacial lithology to be determined (e.g. Figure 1.9). It is also possible to use
acoustic impedance as a proxy for porosity, which can be used to distinguish between
deforming and non-deforming sediments (Blankenship, 1986; Alley et al., 1986; Alley
et al., 1987). A porosity of 30% or lower would indicate a non-deforming (lodged)
sediment, and values closer to 40% indicate shear deformation of saturated sediments
(as the shear deformation often causes dilation and a resultant higher porosity). Other
parameters, for example fluid presence, sediment type, and sediment roughness, are
also important to characterise in order to understand basal sliding, deformation and
hydrology (Holland & Anandakrishnan, 2009). Seismic reflection amplitudes can aid
in the characterisation of subglacial properties such as liquid water presence, sediment
and rock types, basal roughness, sediment physical properties (e.g. porosity, thickness,
saturation, deformation, consolidation), and water thickness (Smith, 1997a, 1997b,
2007; Holland & Anandakrishnan, 2009; Smith et al., 2015). Understanding these
characteristics is important in order to identify broader scale subglacial mechanisms,
such as subglacial hydrology, basal sliding, subglacial till deformation, and internal
deformation. Seismic data analysis enables characterisation and quantification of the
subglacial environment. These constraints can then be used both as guidance for
numerical modelling parameter choices (i.e. to constrain input parameters), and vice
versa, where model experiments and parameter choices may help understand the seismic
data analysis.
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Fig. 1.9 Lake bed and subglacial material interpreted from seismic reflection strengths. The right
axes show acoustic impedance determined from reflection strengths, and the left side axes the elevation.
Gaps show where clear reflections from the bed are not identified, or their reflection strength is not
able to be measured. From Smith and others (2018).

1.5 Ice Sheet Models
Numerical ice sheet models attempt to capture complex glaciological, geological,
atmospheric, and oceanic processes and interactions to simulate the observed behaviour
of ice sheets. Capturing the processes and interactions correctly can then allow past,
present, and future behaviour to be investigated (Bindschadler et al., 2013). The
modelling process can be designed to minimise differences between modelled and
observed data, such as ice sheet velocities and thickness, but no model is likely to
capture every aspect correctly (Bindschadler et al., 2013). Furthermore, models need
to accommodate different timescales that characterise ice sheet processes. Section 3.1
discusses model components and modelling methodology.

1.5.1 Development of Ice Sheet Models
Early numerical ice sheet models utilised laboratory based flow law approximations
to calculate ice velocities (Campbell & Rasmussen,1969, 1970; Rasmussen & Camp-
bell,1973). After these initial developments, the creation of two-dimensional, dynamic
glacier model equations subsequently led to the development of three-dimensional
models (Mahaffy, 1976). These early models used a Glen-type ice flow rheology as well
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as shallow ice approximations (SIA; see Section 3.1.1 for a more detailed explanation).
A more rigorous and consistent SIA for ice sheet models was later derived by Hutter
(1983) and Morland (1984). Simultaneously, the first thermomechanically coupled
model was applied to the Greenland Ice Sheet (Jenssen, 1977), and later to the AIS
(Budd & Smith, 1981, 1982; Budd et al 1984). Concurrently, Oerlemans (1982a, 1982b,
1982c, 1983) improved the computational efficiency of thermomechanically coupled
ice-sheet models, as well as accounting for glacial isostatic bedrock adjustment, and
a basic inclusion of ice shelves in the Antarctic model. Subsequently, Huybrechts
and Oerlemans (1988) and Huybrechts (1990) developed the first comprehensive, 3-D,
thermomechanically coupled ice-sheet model (i.e. accounts for variations in ice temper-
ature and viscosity with depth), where the AIS included the earlier derived shallow
shelf approximation (SSA; see Section 3.1.1). It also included basal sliding and an ice
sheet to ice shelf transition model. Herterich (1988) and Bohmer and Herterich (1990)
developed a similar model, which included a coupled ice sheet and ice shelf based on
the SIA and SSA, respectively, as well as specific treatment of the transition zone.
Other 3-D thermomechanically coupled ice-sheet models were developed in the 1990s,
which led to the first model intercomparison project, the European Ice-Sheet Modelling
Initiative (EISMINT; MacAyeal et al., 1996; Huybrechts et al., 1996; MacAyeal, 1997;
Huybrechts, 1998; Oerlemans et al., 1998; Payne et al., 2000). From here, models
using the full Stokes simulation of ice flow were developed (e.g. Gudmundsson, 1999;
Luthi & Funk, 2000; Zwinger et al., 2007; Jouvet et al., 2008), which are computa-
tionally more demanding than the SIA and SSA models, particularly if also applied
to continental-scale ice sheets. A first order approximation of the full Stokes solution
was implemented (Saito et al., 2003), as well as a similar model developed by Pattyn
(2003). A concentrated effort to create higher-order and full Stokes models led to the
Ice-Sheet Model Intercomparison Project (ISMIP; Pattyn et al., 2008), and the later
Marine Ice Sheet Model Intercomparison Project (MISMIP; Pattyn et al., 2012).

Currently multiple models are in use in the ice sheet modelling community, with
their own specific advantages and disadvantages. Some of the main ice sheet models
will be described here, specifically in comparison to the Parallel Ice Sheet Model
(PISM) which is used for this study (see Section 1.5.2). Figure 1.10 shows some of the
increasing complexities of specific model examples.
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Fig. 1.10 Simplified diagram showing the different levels of ice sheet model complexities, with example
models. Figure adapted from Davies (2015).

BISICLES is an adaptive mesh refinement ice-sheet model, with a polygon-based
grid that can be resized as needed, allowing for finer resolution near the grounding
line. This model has the distinct advantage that adaptive mesh refinement is able to
resolve changes along complex boundaries, such as the grounding zone or ice stream
margins, by increasing the resolution to capture changes at the correct scale (Cornford
et al., 2013). BISICLES uses vertically integrated ice flow calculations that include
longitudinal and lateral stresses and a simplified treatment of vertical shear stress
(Schoof & Hindmarsh, 2010), and is most suitable for ice streams and ice shelves.

The fast Elementary Thermomechanical Ice Sheet model (f.ETISH) is a vertically
integrated thermomechanically coupled, hybrid ice sheet-ice shelf model. The model
uses two different flux conditions for the marine boundary which are coherent with
Coulomb basal friction and power-law basal sliding. It has an increased sensitivity of
the grounding zone, and is represented by two different conditions, which are consistent
with Coulomb basal friction and power-law basal sliding (Pattyn, 2017).

The Ice Sheet System Model (ISSM) is a coupled thermomechanical ice flow
model that includes full Stokes approximation anisotropic mesh grids, higher-order
stress components, a higher spatial resolution capability, and relies on a parallelised
architecture. It utilises classical conservation laws for mass, momentum, and energy
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balances and combines these with material laws and boundary conditions (Larour et
al., 2012). An advantage of the ISSM model is the higher-order treatment of complex
boundaries (similar to BISICLES) which allows for a better treatment of these areas.

A distinct disadvantage of the above-mentioned models is that there is a lower level
of user-controlled parameters for the subglacial environment (e.g. till friction angles)
compared to PISM, which is the main focus of this study.

Representation of the grounding zone in ice sheet models has been the focus of
multiple studies, and until the development of higher-order models this transition was
not accurately captured in models, due to the utilisation of different approximations
between the grounded and the floating ice components of the model. The abrupt
change from shear dominated flow to flow dominated by longitudinal extension creates
issues in modelling this transition, and as a result multiple studies have focused on
solving the Stokes equations to better capture the grounding zone transition (e.g.
Hindmarsh & LeMeur, 2001; Hindmarsh, 2006; Pattyn et al., 2006). Vieli and Payne
(2005) indicated that capturing this transition zone in ice sheet models is sensitive
to grid resolution, which more recent ice sheet models address (e.g. BISICLES and
ISSM). An analytical solution was obtained by Schoof (2007a, 2007b) which confirmed
that marine ice sheets are susceptible to grounding zone instability, and that in areas
of reversed bed slopes and in the absence of buttressing, there is no stable grounding
zone position on reverse bed slopes. This model is a two dimensional solution rather
than a realistic ice sheet, but it can nonetheless be utilised as a benchmark comparison
for marine ice sheet models (e.g. The Marine Ice Sheet Model Intercomparison Project;
Pattyn et al., 2012).

1.5.2 The Parallel Ice Sheet Model
The Parallel Ice Sheet Model (PISM, version 0.7) was initially developed at the
University of Alaska Fairbanks, and is the numerical model used for this thesis. PISM
uses a hybrid stress balance that heuristically combines velocity solutions of the SIA
and SSA across the model domain (Bueler & Brown, 2009). PISM simulates two main
processes; the mass balance of an ice sheet (i.e. where the ice sheet is either losing or
gaining mass) and the flow of the ice sheet. The flow of an ice sheet is a continuous
process, represented in ice sheet models using a series of discrete steps where multiple
equations are solved and the results are then used as the input for the next series
of equations. PISM is a fixed grid, finite difference model with an applied sub-grid
grounding zone scheme in this study. It is thermomechanically coupled, where the
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ice temperature is calculated simultaneously with the velocity field. Adaptive time
stepping is used, so that the size of the time step changes as each set of calculations
proceeds, in order to maintain stability. PISM has been widely used for modelling
both the Greenland and the Antarctic Ice Sheets (e.g. Beyer et al., 2018; Colleoni
et al., 2018; Golledge et al., 2019), and can simulate ice sheets at temporal scales
ranging from decades to millennia. A key strength of PISM is the evolving basal
substrate model which allows detailed investigation of basal sediment and hydrological
conditions, some of which can be constrained by seismic data analysis. The higher
level of user-controlled subglacial parameters will allow for more relevant parameter
adjustments in respect to seismic data results.

1.6 Thesis Structure
Following the Introduction and Background, this study proceeds methodically, from
smaller to larger scales of investigation, beginning with smaller spatial and temporal
scale seismic survey results, increasing the temporal and spatial scale to both KIS flow-
line modelling and WAIS simulations, and lastly focuses on both the KIS and the West
Antarctic Ice Sheet under changing climatic conditions over 1000 and 10,000 year scales.

Chapter 2: Kamb Ice Stream Seismic Surveys, reviews the theoretical background
of seismic data processing, and describes, analyses, and interprets the results from
active source seismology surveys in an effort to understand the subglacial sedimentary
and hydrological conditions beneath the present day KIS. Data were collected during
both the 2015/2016 and 2018/2019 austral summer Antarctic seasons. This chapter
addresses Research Question 1.

Chapter 3: Kamb Ice Stream Flowline Simulations, outlines the theoretical back-
ground of numerical ice sheet modelling, and explores the controlling basal conditions,
processes, interactions, and thresholds of the KIS and its catchment. This is achieved
by using PISM to run a KIS ensemble experiment with differing subglacial conditions
over 1000-year periods. This chapter addresses Research Questions 2 and 3.

Chapter 4: West Antarctic Ice Sheet Simulations, explores the basal conditions,
processes, interactions, and thresholds of the WAIS, in order to understand the WAIS
as a whole and the wider scale impacts of the subglacial environment explored in the
previous two chapters. This chapter addresses Research Questions 2 and 3.
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Lastly, Chapter 5: Synthesis, and Chapter 6: Conclusions, discuss the key results from
both the numerical modelling and the active source seismology in the context of the
research questions, and identify both the key findings as well as areas where further
research is required.

Data Acquisition and Data Ownership

The active source seismology section of this thesis relies on data collected on the Kamb
Ice Stream during two austral summer field seasons, 2015/2016 and 2018/2019. The
data collected during the 2015/2016 season are provided by Huw Horgan and his
collaborators, and in part have been published under Horgan et al., (2017). However,
the specific analyses that form part of this thesis have not been previously performed
or published. The second data set was collected during the 2018/2019 field season by
the author of this study and colleagues after two previous attempts to collect these
data were unsuccessful.





2. Kamb Ice Stream Seismic Inves-
tigation

Here, active source seismic methods are used to image and characterise the Kamb
Ice Stream’s substrate near the grounding zone at the present time, and potentially
utilise these in comparison to model results in the subsequent chapters. The seismic
methodology, data acquisition, processing and analysis, are presented initially, followed
by the results, interpretation, and discussion. Seismic data from two seismic surveys,
KIS1516 and KIS1819, are processed to calculate the seabed acoustic impedance,
providing quantitative constraints of the underlying material. The method produces
mean acoustic impedance values for three seismic lines, of 3.5 ±2.0x106 kg m-2 s-1 for
line KIS1819-1, 2.9 ±1.2x106 kg m-2 s-1 for line KIS1819-2, and 3.7 ±1.4x106 kg m-2

s-1 for line KIS1516-1, which indicate water-saturated, soft sediments. No acoustic
impedance was able to be calculated for the grounded section of KIS1516-1 due to the
low acoustic impedance contrast at the bed. However, this low contrast indicates a
subglacial acoustic impedance similar to that of ice (∼3.5x106 kg m -2 s-1). Subglacial
material with this acoustic impedance is likely to be dewatered till (Zechmann et al.,
2018). Both seismic surveys are compared and contrasted to other ice streams around
Antarctica (e.g. Luthra et al., 2016; Horgan et al., 2012; 2013a; 2013b; Brisbourne et al.,
2017; Smith & Murray, 2009; Smith et al., 2015) to characterise subglacial differences.
Lastly, linking the porosity and effective pressure provides a method of comparison
with observational data, as well as ice sheet modelling presented in Chapters 3 and 4.
The KIS1516 seismic survey has been partially analysed and presented previously by
Horgan and others (2017), however, the survey is processed using a different method
in this study. The KIS1819 seismic survey is first presented in this study.
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2.1 Methodology

2.1.1 Data Acquisition
Tailored data acquisition techniques are essential for collecting high quality data in
polar environments. Multiple studies on the collection and analysis of active source
seismic data in ice environments inform data acquisition and analysis techniques for
this study (e.g. Smith, 2007; Holland & Anandakrishnan, 2009; Horgan et al., 2012;
Luthra et al., 2017; Smith et al., 2018). Two active source seismic surveys are used
in this study, KIS1516 collected in 2015/2016 and KIS1819, collected in 2018/2019
during the austral summers on the KIS, Antarctica (Figure 2.1). Both seismic surveys
use explosive charge seismic sources, due to their wide frequency bandwidth and highly
repeatable signal. As snow and firn efficiently dissipate seismic energy, charges must
be buried to achieve the best energy input into the subsurface. A hot water drill
was used to bury the Pentax explosive charges ∼25 to 27 m into the ice (with an
approximate density between 550 and 700 kg m-3; Ligtenberg, Helsen & van den Broeke,
2011), which provides a better coupled seismic signal, and retains a consistent source
amplitude for the entire survey (Luthra et al., 2016). Detonating the source at this
depth also separates the primary reflection from the source ghost (short-path multiple
between the source and receiver), which can contaminate the data. The geophones are
buried up to approximately 0.5 m below the surface where they have a higher detection
of the seismic signal, as the burial process provides better snow coupling and reduces
the impact of wind noise.

The KIS1516 data set was collected prior to this study by Huw Horgan and others
(2017). Table 2.1 summarises the acquisition parameters for KIS1516 and KIS1819
surveys discussed in this study. Figure 2.1 indicates the locations of three seismic
lines, KIS1819-1, KIS1819-2, and KIS1516-1, as well as the Kamb Ice Stream flowline
position (see Chapter 3), the grounding zone position, and the low ice velocities. The
KIS1819 seismic lines were chosen due to KIS grounding zone proximity and imaging
of potential pre-stagnation sediments, while the KIS1516 line was chosen as it crosses
the KIS grounding zone, and also images subglacial sediments beneath the KIS.
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Table 2.1 Seismic survey acquisition parameters for the KIS1516 (Horgan et al., 2017) and KIS1819
seismic surveys.

KIS1516 and KIS1819

Shot interval 240 m
Shot-receiver near offset 5 m
Shot-receiver far offset 475 m
Number of live channels 96
Recording equipment 4 Geometrics 24-channel Geodes
Geophone depth 0.5 m
Source type 2.4 kg Pentax
Geophone spacing 10 m
Geophone type 40 Hz geophones
Sampling rate 0.5 ms
Record length 4 s
Shot depth ∼25 m

Fig. 2.1 Map of the KIS1516 and KIS1819 seismic survey line locations (grey). The grounding line
position (pink) has been inferred from the MEaSUREs data (Rignot et al., 2011), and the MODIS
MOA satellite imagery is used as the background to highlight the surface terrain (Haran et al., 2014).
The KIS flowline model path (black) is also illustrated. Data from line KIS1516-2 are not analysed in
this study.
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2.1.2 Data Processing - Seismic Reflection Lines
The seismic data are processed in GLOBE Claritas (Ravens, 2001), as well as MATLAB
and Python using custom scripts, and standard seismic processing procedures are
followed to produce final stacks. The seismic processing follows standard processing
sequences which are described in depth in extensive literature (e.g. Drijkoningen &
Verschuur, 2003; Yilmaz, 2008; Sheriff, 2002). Figure 2.2 shows the key steps of seismic
processing. The same processing sequence is applied to both KIS1516 and KIS1819
data to reduce variation introduced due to seismic processing. The final seismic stacks
are used for qualitative interpretation such as seabed characteristics, potential internal
sedimentary layering, and a potential deeper interface (see Section 2.3).

Fig. 2.2 Seismic survey processing sequence used in this study to produce the final seismic lines.

Data Input

Seismic shot records are collected in the field as SEG-D files, where each file contains a
single shot record and the pertaining information, which is converted to SEG-Y file
formats for both amplitude selection and further processing.

Geometry

The shot sorted data has geometry information added, consisting of GNSS shot
locations and calculated geophone locations (provided courtesy of Andrew Gorman).
The shot records are subsequently sorted into common depth-point (CDP) gathers,
which increase the signal-to-noise ratio of seismic data. In this step of the processing
sequence, field geometry (i.e. latitude, longitude) is incorporated into the headers
of the SEG-Y files. Once the traces are sorted into CDPs, they are further ordered
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by increasing or decreasing offset, which contain information relating to the same
subsurface points.

Filtering and Gain Recovery

Raw seismic traces contain both the seismic signal and introduced noise, and it is
desirable to increase the signal-to-noise ratio. This is achieved through bandpass
filtering, which is defined by four corner frequencies that filter data outside that range.
Gain recovery in seismic data adjusts for energy decay between the source and the
receiver. The greater energy close to the source resulted in higher amplitudes at the
top of traces which can obscure lower amplitudes at depth, and gain recovery equalises
the traces (Drijkoningen & Verschuur, 2003). Automatic Gain Control (AGC), is
an operator that scales a trace sample by sample, by normalising the amplitude of
a sample by the average amplitude of a specified window (250 ms) centred on that
window.

Velocity Analysis and Normal Moveout

Seismic wave velocities provide the means to link time and depth, and the velocity
model is an important parameter in seismic processing (Drijkoningen & Verschuur,
2003). The normal moveout (NMO) describes the effect that the distance between a
seismic source and receiver, the offset, has on the return time of energy. This causes
flat reflections appear approximately hyperbolic in shape. NMO velocity calculations
for this hyperbolic moveout correct the velocity prior to stacking and are also used for
accurate layer thickness calculations. This relationship is summarised in Equation 2.1

t2 = t2
0 + x2

V 2 (2.1)

where t and t0 are the offset and zero offset, respectively, x the distance between
the source and the receiver, and V the layer velocity.

Source-Signature Deconvolution

The source signature deconvolution goals are to compress the recorded wavelet and
attenuate any reverberations. This increases resolution and creates a more accurate
representation of subsurface reflections. Random noise removal can be achieved through
the use of frequency-space (f-x) deconvolution, which attenuates random noise using
Wiener deconvolution in the f-x domain.



34 Kamb Ice Stream Seismic Investigation

Raw Stack

To increase the signal-to-noise ratio of a seismic section, data are stacked. The raw
stack consists of NMO corrected CDP traces which use a velocity model, and consists
of one output trace for each CDP.

Time-Depth Migration

Migration attempts to return dipping reflections to their original and true locations
within the subsurface, and to collapse any diffractions (Drijkoningen & Verschuur,
2003). A basic velocity model is used as an input for migration processing. This process
increases the spatial resolution of a seismic section and creates a more accurate seismic
image of the subsurface. Post-stack, finite-difference migration is used on the KIS data,
and is the last processing step on the KIS1516 and KIS1819 data before the final stack
is produced.

2.1.3 Data Processing - Amplitude Analysis
Amplitude analysis follows the methodology outlined in Smith and others (2018) with
extra parameters drawn from Holland and Anandakrishnan (2009).

Acoustic Impedance and Reflection Coefficients

The relationship between acoustic impedance (Z) and reflection coefficients (RC) can
be used to obtain both qualitative and quantitative information about the subglacial
bed and seabed properties, using both Equations 2.2 and 2.3.

Z = Vpρ (2.2)

where the acoustic impedance of a material is indicative of its material properties,
and is the product of bulk density (ρ) and the material P-wave velocity (Vp). This is
related to the RC by Equation 2.3

Riw = (Zw − Zi)
(Zw + Zi)

(2.3)

where Riw in this example is the RC of the ice-water interface, Zi the acoustic
impedance of ice, Zw the acoustic impedance of water. The RC is a value between -1
and +1, which is how much of the seismic energy is either reflected or transmitted at
a seismic interface. A negative RC between -1 and 0 indicates a decrease in acoustic
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impedance, for example at an ice-water interface where ice overlays water. The RC
value of the ice-water interface (Riw) is dependent on the angle of incidence at the
ice base (Figure 2.3), and calculated for KIS1516 and KIS1819. Returns which are
reflected at angles that exceed 10° from the normal incidence are not used for amplitude
analysis, following the methods of Holland and Anandakrishnan (2009). Figure 2.3 also
shows the incidence angle and corresponding phase angles at the ice base calculated
from Zoeppritz equations (Horgan et al., 2012), which are indicative of the reflection
and refraction properties between two different interfaces.

Fig. 2.3 Three potential bed scenarios and their corresponding P-wave reflection coefficients (a) and
phase angles (b) are plotted against the seismic incident angles. Ice overlaying water (solid line),
normal sediments (dotted line) and soft sediments (dashed line) are plotted. Panel (c) plots the
incident angle at the ice base against offset from the seismic source for the KIS1516 and KIS1819
data sets. Modified from Horgan and others (2012).

The RC at the seabed is calculated as the difference in energy between the ice-water
and water-seabed reflections (Equation 2.4). An advantage of using this method to
calculate the seabed RC, is that it uses variables calculated directly from the seismic
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shot records, as opposed to techniques that require estimations for attenuation and
spreading losses, as an example (Holland & Anandakrishnan, 2009).

R2
wb = EwbR

2
iw

Eiw(1 − R2
iw)2 (1 + Vwhw

Vihi

) (2.4)

where V is the material P-wave velocity, hi the ice thickness, and hw the water
thickness. The amplitude energies at the water-seabed and ice-water interfaces, Ewb

and Eiw, are extracted from the seismic wavelet amplitude breaks. These are picked
in GLOBE Claritas at consistent locations on the wavelets across all data sets, which
allows for amplitude value comparison between the data sets. Panels (a) and (b) on
Figure 2.4 illustrate the picked locations of the ice-water interface and the water-seabed
interface, using KIS1516-1 as an example. The ice-water interface breaks are picked at
the zero crossing of the normal polarity peak before the reverse polarity trough of the
ice-water interface to capture the entire following wavelet. The water-bed interface is
picked at the reverse polarity trough before the positive polarity peak. Panels (c) and
(d) on Figure 2.4 illustrate wavelet signals where accurate amplitude selection is difficult
(e.g. due to noise interference), and a pick is selected in relation to amplitude picks on
adjacent channels, as otherwise the entire wavelet amplitude would not be captured.
It is not possible to pick ice and water amplitudes on every shot, as interference with
the wavelet does not allow for accurate selection.



2.1 Methodology 37

Fig. 2.4 Amplitude selection for the ice-water interface and the water-bed interface from seismic
shot records on line KIS1516-1. Panels (a) and (b) show the preferred locations for break picking,
which capture the entire following wavelet peak for either the ice base or sea bed. Panels (c) and (d)
show sections of the ice base or sea bed where picking the preferred location is not possible. Pick
locations are selected to retain the overall reflection horizon (e). The red arrow indicates the extent of
an example time window used for amplitude extraction. The yellow star indicates the seismic source
location.

Amplitudes are extracted using the pick locations in GLOBE Claritas, and the
absolute peak amplitude values are extracted using the second and third zero wavelet
crossings that follow the pick location. On shots where both ice-water and water-bed
interfaces are picked, the amplitude energy (E) is calculated for each channel using
Equation 2.5, and the extracted amplitude values (a).

E =
N∑

i=1
a2 (2.5)
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Subsequently, the thickness of the water column (hw) and ice (hi) is calculated
using the shot-dependent RMS velocity (Vrms) and ice velocity (Vi) with Equation 2.6
to NMO correct with offset. Equation 2.6 also uses the zero offset one-way travel times
(ti) from the amplitude picks through the ice and water column.

Vrms =

√√√√∑N
i=1 V 2

i △ti∑N
i=1 △ti

(2.6)

Lastly, using the calculated water-bed RC from Equation 2.4, Equation 2.3 is used
to calculate the RC and subsequently the acoustic impedance of the seabed material.
Table 2.2 summarises P-wave and S-wave (Vs) velocities, as well as material densities
and resulting acoustic impedance values, of ice, ocean water, and likely sediments
encountered in this study. The measured range of seismic velocities and densities
are drawn from Zechmann and others (2018), Smith and others (2018, and references
therein) and Peters and others (2006).

Table 2.2 Glaciomarine sediment, ice, and ocean water physical properties used throughout this
study, and corresponding acoustic impedance values. Sediment values drawn from Zechmann and
others (2018), Smith and others (2018), and Peters and others (2006).

Sediment type Vp (m s-1) Vs (m s-1) ρ (kg m-3) Z (106 kg m-2 s-1)

Ice 3860 1930 917 3.5
Ocean water 1440 0 1020 1.5
Dilatant till 1500-1800 0-500 1700-2000 2.6-3.6
Dewatered till 1600-2000 400-1100 1900-2200 3.0-4.4
Consolidated till 1900-2300 1000-1200 2100-2500 4.0-5.8

2.2 Results

2.2.1 Seismic Reflection Lines

KIS1819

Figures 2.5 and 2.6 show both the uninterpreted and interpreted stacks of the KIS1819
seismic lines. The interpreted seismic lines have not been depth corrected for consistency
when comparing to the non-interpreted lines. The seismically imaged ice-water interface
(A) return is a strong, high amplitude, negative polarity reflection at an approximate
two-way travel time (TWTT) between 310-330 ms, and is imaged along the entire
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seismic line. Larger sections of lower amplitudes at both the seabed and below, are
likely due to poor shot and receiver coupling, higher noise level during data acquisition,
or due to incorrect seismic geometry and stacking during data processing. The next
prominent reflection (B) is likely a ghost signal, which is similar in appearance to the
ice-water interface reflection, and results from the short-path multiple of the ice base as
a result of shot burial. Following the ghost signal, the seabed reflection (C) is imaged
as a positive polarity, moderate amplitude reflection between a TWTT of 350-380
ms along the entire line, and shows a gentle normal slope towards the deeper end of
the line (Y’/Z’). It has corresponding gaps to the ice-water interface, and displays a
uniform seismic signal. Following this, the seabed ghost (D) is visible as a negative
polarity reflection that follows a similar appearance of the seabed reflection at a TWTT
of 380-400 ms. Deeper reflections (E) is imaged between a TWTT of 490-560 ms,
with some possible associated layering. It displays positive polarity, high amplitude
reflections along line 1 between 3-12 km, with low amplitude reflections on either
side. The reflection dips towards the deeper end (Y’) of the seismic line. In line 2
this reflection is imaged between a TWTT of 500-560 ms, displays positive polarity,
low amplitudes, and becomes shallower towards the far offset (Z’) of the seismic line.
Reflection E also indicates that enough seismic energy is transmitted past the ice and
water to image significant impedance contrasts in the deeper subsurface.
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Fig. 2.5 Interpreted seismic survey line KIS1819-1. The top figure shows the uninterpreted final
stack, with distance (km) across the x-axis, and two-way travel time (ms) along the y-axis. The lower
figure shows the interpreted environments of this seismic line, with ice at the top (white), followed by
oceanic water (blue), interpreted till sediments (light brown), and an acoustic basement boundary in
the subsurface (dark brown). Note that this line has not been depth converted, and intersections with
other seismic lines are annotated.
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Fig. 2.6 Interpreted seismic survey line KIS1819-2. The top figure shows the uninterpreted final
stack, with distance (km) across the x-axis, and two-way travel time (ms) along the y-axis. The lower
figure shows the interpreted environments of this seismic line, with ice at the top (white), followed by
oceanic water (blue), interpreted till sediments (light brown), and an acoustic basement boundary in
the subsurface (dark brown). Note that this line has not been depth converted, and intersections with
other seismic lines are annotated.
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KIS1516

The KIS1516-1 seismic line is described in Horgan and others (2017), and is briefly
summarised in this study as a comparison to the KIS1819 seismic lines, with updated
event labels (A-F) to reflect those of this study (Figure 2.7). The grounding line
location is imaged at approximately 9 km, corresponding to the onset of tidally induced
vertical ice shelf motion (Horgan et al., 2017). The ice-water (A) and water-seabed (C)
interfaces are imaged at similar TWTTs to the KIS1819 data, of approximately 310 ms
and 350-380 ms, respectively. The ice-water interface is imaged as a high-amplitude,
negative polarity bed return (A) and is identified from km 9-23, with small gaps in the
bed that likely indicate basal crevassing, for example as imaged at 16 km down the
seismic line. The next reflection (B) is a ghost multiple of the ice base resulting from
the buried shot. The water-seabed reflection (C) is a moderate amplitude, positive
polarity reflection from 9-23 km. Following this, the seabed short-path multiple is
visible (D) as a negative polarity signal that follows a similar appearance of the seabed
reflection at a TWTT of 380-400 ms. A deeper reflection (E) is visible in this seismic
line, between a TWTT of approximately 450-550 ms, similar to that observed in the
KIS1819 lines. Lastly, the ice basal return (F) is imaged as a low amplitude, positive
polarity reflection from 0-9 km, at approximate TWTT of 350-330 ms, and radio echo
sounding profiles indicate a slight reverse bed slope (Horgan et al., 2017).
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Fig. 2.7 Interpreted seismic survey line KIS1516-1. The top figure shows the uninterpreted final
stack, with distance (km) across the x-axis, and two-way travel time (ms) along the y-axis. The lower
figure shows the interpreted environments of this seismic line, with ice at the top (white), followed by
oceanic water (blue), interpreted till sediments (light brown), and an acoustic basement boundary in
the subsurface (dark brown). Note that this line has not been depth converted, and intersections with
other seismic lines are annotated.

2.2.2 Acoustic Impedance of the Bed
Figure 2.8 plots the offshore calculated acoustic impedance for KIS1516-1, KIS1819-1,
and KIS1819-2, showing the mean absolute peak acoustic impedance. The average
mean is calculated per seismic line, as the assumption is made that limited spatial
variation exists in areas of no extracted amplitudes. Line KIS1516-1 has an average
absolute peak mean acoustic impedance of 3.7x106 kg m-2 s-1 with a standard deviation
(SD) of ±1.4x106 kg m-2 s-1, KIS1819-1 an average acoustic impedance of 3.5x106 kg
m-2 s-1 with a SD of ±2.0x106 kg m-2 s-1, and KIS1819-2 an average acoustic impedance
of 2.9x106 kg m-2 s-1 with a SD of ±1.2x106 kg m-2 s-1. As the data display some
distinct outliers, the upper and lower limits of plotted data are calculated using the
first and third quartiles, and the inter-quartile range. Data outside of the calculated
range between the upper and lower limits are rejected and not used for calculating the
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average acoustic impedance per line. A decision was made to reject values outside of a
geologically probable range, in other words, below the acoustic impedance of ocean
water (1.5x106 kg m-2 s-1) and below the acoustic impedance of dense, basement rock
(10x106 kg m-2 s-1). Further analysis of the raw shot records shows no distinct difference
between shots used to calculate the outlier acoustic impedance values and those within
the accepted data range. It is suggested that slight variation within pick location could
be a factor of the outlier presence. Using the methodology from Smith and others
(2018), it is not possible to calculate the acoustic impedance for the grounded section
of KIS1516-1 is not possible without a multiple reflection. This is not imaged on Figure
2.7, and the low amplitude reflections do not present a high enough amplitude peak in
raw shot records to accurately pick.
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Fig. 2.8 Acoustic impedance for KIS1516-1, KIS1819-1, and KIS1819-2. The mean absolute peak
acoustic impedance are plotted along the seismic line distance, with the upper and lower standard
deviation range shown in light blue. The till acoustic impedance range described in Atre and Bentley
(1993) is shown in dark grey, the upper and lower limits of water-saturated sediment acoustic impedance
described in Smith and others (2018) denoted in light grey, and the ice acoustic impedance in white.
Corresponding till porosity ranges, described by Atre and Bentley (1993), are plotted, as well as the
average acoustic impedance value per seismic line.
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2.3 Interpretation
Figure 2.9 highlights the main processes and sediments at the grounding zone, and
proximal to the grounding zone, which provides glaciological context for the seismic
interpretations in the following sections (Smith et al., 2019). While limited information
is able to be derived from below the grounded ice in the seismic lines, some first order
assessments can be made when comparing the seismic interpretations with grounding
zone and subglacial processes, such as the low amplitude reflections of the grounded
portion showing no evidence of water presence.

Fig. 2.9 Simplified view of the subglacial processes and sediments near and at the grounding line. The
presence of subglacial debris, till, subglacial water and grounding zone wedges (GZW) are indicated
on the schematic, as well as the position of the grounding line. Modified from Smith et al., 2019

2.3.1 Subglacial Environment
The ice basal contact with the subglacial sediments on KIS1516-1 is imaged as a faint,
low amplitude, positive polarity reflection. Distinct amplitude peaks are not visible on
the raw seismic shots and cannot be used for acoustic impedance calculations. Instead,
the positive nature of the faint reflection, the lack of strong reflection amplitudes and
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impedance contrasts at this interface, and the imaging of deeper reflections, indicating
that sufficient energy has reached this interface, implies a subglacial material with
a similar acoustic impedance as the ice (Atre & Bentley, 1993; Horgan et al., 2017).
The subglacial acoustic impedance is therefore between 3.3x106 kg m-2 s-1 from Atre
and Bentley (1993) and 3.5x106 kg m-2 s-1 using the P-wave velocity and densities in
this study (Table 2.2). Atre and Bentley (1993) also show the relationship between
differences in acoustic impedance values and porosity, with subglacial till ranging in
porosity between 0.3 and 0.45. This range includes non-deforming saturated sediment
with a porosity of ∼0.3 and lower, and deforming saturated sediments that are dilated
with increased porosity of ∼0.4 and greater (Boulton & Dent, 1974; Boulton & Paul,
1976; Alley et al., 1986; Alley et al., 1987). No other hydrological observations of the
subglacial environment can be interpreted from the KIS1516 and KIS1819 lines, as the
low amplitude reflections of the grounded portion show no evidence of water presence,
which would be imaged as high amplitude, negative polarity reflections (Peters et al.,
2007).

2.3.2 Grounding Zone Position and Sediments
The grounding zone position is visible on the KIS1516-1 seismic line, and its location
is likely imaged at the first occurrence of a high amplitude, negative polarity bed
reflection (Horgan et al., 2017), where there is an increased impedance contrast in
comparison to the first 9 km of the seismic line. Grounding zone wedges (GZWs)
typically form asymmetrical, wedge-shaped deposits (Dowdeswell & Fugelli, 2012), with
semi-transparent to chaotic acoustic characteristics (Ó Cofaigh et al., 2005; Dowdeswell
& Fugelli, 2012). At the grounding zone of KIS1516-1, no distinct grounding zone
deposits are imaged (such as GZWs) which Horgan and others (2017) suggest indicates
a lack of significant sediment flux due to melt out of englacial debris or subglacial
deformation or a grounding line not present at that position for long. Provided the ice
stream was flowing, they have estimated sediment depositional rates of approximately
2.5 m per 100 years, which makes it likely that a seismically resolvable unit would
have been deposited subsequent to the stagnation of the KIS. In comparison to the
WIS grounding zone, which migrated to its current position within the last 120 years
(Marsh et al., 2016), a detectable seismic unit has resulted from englacial sediment
melt out and deforming till (Horgan et al., 2013). Horgan and others (2017) provide a
further in-depth discussion of the grounding zone position and lack of grounding zone
deposits for this seismic line. Despite covering approximately 40 km of seafloor, no
grounding zone deposits are imaged in the KIS1819 seismic lines.
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2.3.3 Off-Shore Sediments
Lines KIS1819-1, KIS1819-2, and part of KIS1516-1 are located offshore, and image
subglacial till previously beneath the KIS. The material at the seabed has an acoustic
impedance range between 2.9-3.7x106 kg m-2 s-1, which is similar to acoustic impedance
values of till and seabed sediments (Hamilton, 1971; Richardson & Briggs, 1993;
Smith, 1997 and references therein; Vardy, 2015). Figure 2.10 summarises the acoustic
impedance range of different sediment types highlighted by Smith and others (2018),
Atre and Bentley (1993), as well as the acoustic impedance range calculated in this
study. Acoustic impedance values between ∼2.0x106 kg m-2 s-1 and 3.0x106 kg m-2 s-1

usually exhibit a similar seismic velocity as water (∼1440 ms-1) at the sediment surface,
which increases gradually with depth. The variation within the acoustic impedance
of these sediments is largely due to bulk density differences, such as the variation in
porosity and sediment grain type (Smith et al., 2018). In the glaciomarine environment,
sediments with acoustic impedance values of >3 x106 kg m-2 s-1 are likely to be sandy,
seabed sediments (Smith et al., 2018). In contrast, silt-and clay-dominated sediments
typically have impedance values of ≤2.7x106 kg m-2 s-1.

Fig. 2.10 Potential seabed and subglacial sediment scenarios, with corresponding P-wave acoustic
impedance values. Modified from Smith and others (2018) and references therein.
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2.3.4 Acoustic Basement
Six Ross Sea Unconformities (RSU) are observed within multiple seismic surveys
collected in the Ross Sea, as well as the Deep Sea Drilling Project (DSDP) cores
270-272 (Anderson et al., 1992; Brancolini et al., 1995; De Santis et al., 1995; De Santis
et al., 1999; Robesco et al., 2006), and these regional unconformities are separated
by differing sedimentary units. The RSUs are observed in both the Western and the
Eastern Ross Sea margins, as well as likely on a wider continental scale (Robesco et al.
2006; Halberstadt et al., 2016; Kim et al., 2018). They are thought to date from the late
Oligocene-early Miocene to the mid Plio-Pleistocene (De Santis et al., 1995; De Santis
et al., 1999; Robesco et al., 2006). Deeper reflections imaged on KIS1516-1, KIS1819-1,
and KIS1819-2 likely indicates an acoustic basement, and the positive polarity, high
amplitude reflections indicate that there is a significant impedance contrast between
this unit and the overlying unit. It is suggested that the acoustic basement imaged
in this study is likely an extension of a RSU; however, it is currently unknown which
RSU this may correspond with, and it is outside of the scope of this study to further
investigate the relationship.

2.4 Discussion
This Chapter evaluate the utilisation of off-shore sediments as a means to provide
extra information about sediments previously thought to be beneath the KIS, as well
as discussing the limitations of the seismic studies and the assumptions made (i.e.
to address research question 1). The seismic surveys presented in this study image
the ice-bed contact and the underlying ocean cavity and sediments, consistent with
expectations. Quantitative analysis of the sea bed acoustic impedance values indicate
dilatant subglacial tills and soft, water-saturated glaciomarine sediments. The low
impedance contrast beneath the grounded ice stream indicates KIS is underlain by
dewatered till. There is also enough evidence to calculate a minimum seabed sediment
thickness. A lack of seismic multiples in the data, and a lack of a clear interface, did
not allow for more extensive acoustic impedance calculations of the subglacial material.
This study suggests that due to this lack of strong contrast, and lack of negative
polarity, the acoustic impedance of the subglacial material is likely higher than that of
ice (Atre & Bentley, 1993; Horgan et al., 2017).
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2.4.1 Grounding Zone Location
The grounding zone of the KIS has retreated towards the continent since its stagnation
approximately 160 years ago (Horgan et al., 2017), and Horgan and others (2017)
provide an in-depth discussion of the modern day grounding zone position of the
KIS, and the implications of no imaged grounding zone deposits. The stagnation of
the KIS halted the ice flux upstream, and due to a change in mass balance, among
other processes, the downstream sector of the KIS continued to thin post-stagnation
(Horgan et al., 2017; Moholdt et al., 2014). This resulted in ice flotation and eventually
grounding zone retreat. Horgan and others (2017) place the start of this grounding
zone retreat less than 150 years ago, and it likely ceased more than 30 years ago,
according to satellite imagery evidence. They also calculate potential retreat rates
of at least 0.2 km y-1, which could signify up to a total of ∼24 km grounding zone
retreat since the stagnation of the KIS, over the 120 year period of migration. This
may indicate that all three seismic lines in this study image subglacial material that
was under the KIS less than 120 years ago. Reactivation and re-advance of the KIS
grounding zone would see this material again at the ice-bed contact. Figure 2.11 shows
the locations of the three seismic lines, similar as seen in Figure 2.1; however, it has a
potential pre-stagnation grounding zone extent indicated. This also demonstrates that
future characterisation of the current off-shore sediments on seismic lines can provide
insights into current subglacial sediments.
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Fig. 2.11 Map of the KIS1516 and KIS1819 seismic survey line locations in relation to an extended
KIS (white), pre-stagnation grounding zone position (pink dashed). The current inferred grounding
zone position (pink solid) is inferred from the MEaSUREs ice velocity data (Rignot et al., 2011) and
the KIS flowline model path (black) are also illustrated. The MODIS MOA (Haran et al., 2014)
surface morphology is shown in the background.

2.4.2 Subglacial Properties

Acoustic Impedance Sediment Thickness

The length of the seismic reflection wavelet at the seabed can be used to estimate the
minimum sediment thickness (d) used to calculate the acoustic impedance values. The
recorded wavelet length (in time, t) of approximately 3 ms is equivalent to ∼4.5 m in
the sediments, using a P-wave velocity (VP ) of 1500 m s-1 for water saturated till and
Equation 2.7.

VP = d

t
(2.7)

There are sections of no observed wavelet distortion in multiple shots for all three
seismic lines, which allows for the minimum thickness calculation. Previously collected
borehole data upstream on the KIS (Kamb, 2001) recorded minimum till thicknesses
of 0.3 to 0.7 m, with other seismic surveys inferring till thicknesses up to an average of
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6.5 m (Rooney et al., 1987). The minimum till thickness calculated from the seabed
wavelets in this study fall well within range of these results.

Sedimentary Unit Thickness

A likely maximum thickness of the imaged sediment package can be calculated using the
seabed and the deeper imaged reflection to represent the boundaries of this sedimentary
section. Using the thickest section observed on the seismic lines, which is seen at the
near continent side of the line KIS1819-2, an approximate maximum thickness of 145
m is calculated, using an average P-wave velocity of 1600 m s-1 (where the top third
is implied to have an approximate velocity of 1500 m s-1, the middle third of 1600 m
s-1, and the bottom third 1700 m s-1 to represent increasing seismic till velocities with
depth; Zechmann et al., 2018).

Estimates of Porosity

Comparison of the derived acoustic impedance values to known and expected materials
gives an indication of subglacial properties. Two key, related, properties of the seabed
and subglacial material are the porosity and effective pressure beneath the ice stream,
and it is possible in some cases to discriminate between deforming and non-deforming
subglacial sediment (Davison et al., 2019). The acoustic impedance and effective
pressure are related, namely through this porosity, mineral composition, elastic moduli
(bulk modulus, both dry and wet, and shear modulus, both dry and wet) of both the
dry framework and saturated sediments, and seismic velocity (Luthra et al. 2016).
Data summarised by Atre and Bentley (1993) compares acoustic impedance values of
water-saturated sediments, and the associated levels of porosity, which range between
0.3 to 0.45. The porosity is a reasonable value for subglacial sediments and sediments
that may have previously been beneath an ice stream; however, it does not uniquely
identify subglacial sediments. Till porosity can serve as a proxy for the rheology of till
beneath ice streams to allow for differentiation between non-deforming and deforming
sediments (Alley et al., 1986; Alley et al., 1987). Non-deforming, lodged sediment
generally has a porosity of 0.3 or lower, and can also be referred to as ‘dewatered’
tills (Zachmann et al., 2018). Higher porosities, 0.4 to 0.45, are likely a result from
either shear deformation of saturated sediments or marine sediments, which increases
dilation and porosity (Boulton & Dent, 1974; Boulton & Paul, 1976). Figure 2.8
demonstrates the acoustic impedance and interpreted range of basal conditions from
the KIS1516-1, KIS1819-1 and KIS1819-2 seismic lines, together with the till acoustic
impedance range from Atre and Bentley (1993) and the saturated sediment zone
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from Smith and others (2018 and references therein). The calculated seismic acoustic
impedance values, 2.9, 3.5 and 3.7x106 kg m-2 s-1 from the seismic lines correspond to
medium to high porosity values of 0.41-0.45 for KIS1819-2, 0.32-0.38 for KIS1819-1,
and 0.3-0.33 for KIS1516-1, respectively, which are located on Figure 2.12. Figure
2.12 summarises the relationship between acoustic impedance and porosity, and plots
the acoustic impedance and porosity range of till, ice and the seismic lines discussed
in this study. It is hypothesised that prior to the retreat of the KIS grounding zone,
both lines KIS1516-1 and KIS1819-1 indicate subglacial areas that are associated with
non-deforming sediments. Line KIS1819-2 has a higher porosity range, which indicates
that subglacial deformation was possible at this location prior to the migration of the
KIS grounding zone. Previous studies have estimated mean porosities over the KIS to
be approximately 0.4; however, the KIS shows larger porosity variations than measured
in other ice streams, such as the WIS or the BIS (Kamb, 2001). Measured porosities
from borehole cores upstream on the KIS indicate a porosity range between 0.28 to 0.6,
with mean porosities of 0.42 ±0.015. Data upstream from the KIS sticky spot indicate
areas of no deformation. It is possible that line KIS1819-2 captures an area of more
easily deformable sediment compared to lines KIS1516-1 and KIS1819-1. While limited
subglacial information is available from the grounded section of line KIS1516-1 using
the techniques within this study, it is suggested that the till beneath this section likely
consists of dewatered till. As previously discussed, the low amplitude reflections likely
indicate a lack of contrast between the ice base and the substrate, and dewatered till
occurs beneath slow moving ice (Alley et al., 1987; Peters et al., 2008; Christianson et
al., 2013; Luthra et al., 2016).
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Fig. 2.12 Till and ice acoustic impedance values plotted against porosity, with corresponding acoustic
impedance values from lines KIS1516-1, KIS1819-1, KIS1819-2, and Whillans Ice Stream (Atre &
Bentley, 1993). Modified from Atre and Bentley (1993) and references therein.

2.4.3 Comparison to Adjacent Ice Streams
Comparing the KIS to the WIS provides insights into the similarities and differences
of the two ice streams systems, and why they display different behaviours. Seismically
resolvable water is imaged beneath the WIS (Horgan et al., 2012; Horgan et al., 2013a;
Horgan et al., 2013b), is contrast to the KIS. Some seismic reflection experiments on
the WIS report estimates of basal porosity of approximately 40%, with corresponding
effective pressures of 50 ±50 kPa, i.e. that the pore pressure in the basal layer is 99%
of the overburden pressure (Blankenship et al., 1987). Further seismic profiling across
a wide area showed the basal layer was almost universally present in the survey area,
with thickness ranging from 2 m or less (i.e. too small to be resolved) to 12 m (Rooney
et al., 1987). Alley and others (1987) concluded from theoretical studies that the basal
layer under the WIS is probably deforming and hypothesised that a basal deforming
till is the cause of the high velocity of ice movement observed the upper extent of the
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WIS (450 m year-1; Whillans et al., 1987). A dilatant layer (40% porosity, density 1.99
Mg m-3), with an effective pressure in the range of 30 ±100 kPa, was indeed found at
the bed in the boreholes (Engelhardt et al., 1990).

2.4.4 Utilisation in Model Studies
The overarching aim of this study is to utilise seismic surveys to provide quantitative
constraints for ice sheet modelling, and vice versa, to use model outputs to provide a
qualitative insight into seismic survey observations. While this has not been achieved,
this chapter has provided valuable insight into the present-day state of the KIS at the
locations imaged. Chapter 3 provides modelling insights into the surface and subglacial
environment of the KIS in regards to basal stresses, temperatures, hydrological controls,
and basal and surface velocities, as well as some preliminary effective pressure values.
Seismic data, model results, and observed data from borehole studies on the KIS,
provide three different types of data to quantitatively integrate effective pressure
measurements, key observations, and results of the subglacial conditions. Some studies
(e.g. Siegert et al., 2005; Smith et al., 2013; Ashmore et al., 2014; Kyrke-Smith,
Gudmundsson & Farrell, 2017) argue that there is currently no accurate physical
theory which directly relates the acoustic impedance to basal shear stress or utilises
the acoustic impedance as a parameter in a physical sliding law. However, this study
suggests that effective pressure and porosity are useful parameters for comparison.

2.4.5 Limitations and Assumptions
The data presented in this study provide a picture of the likely subglacial and offshore
subglacial sediment characteristics. However, multiple assumptions have been made in
the processing and interpretation of this data set and the methods have some inherent
limitations.

1. Seismic data resolution and uncertainty
The vertical resolution of interfaces of a layer in seismic data, is limited by the
Rayleigh resolution criterion, which states that in most instances layers of a thickness
of approximately a quarter of the wavelength (λ) can be resolved. This is calculated
using Equation 2.8, which uses the dominant frequency (f) of the seismic data and the
P-wave velocity (Vp) to calculate the dominant wavelength of the data set.

λ = Vp

f
(2.8)
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Using a root mean squared (RMS) velocity of 3654 m s-1 calculated from the KIS
ice and water velocities and thicknesses, and a dominant frequency range between 100
and 250 Hz (which is consistent across all three seismic lines), the minimum vertical
resolution of the data is between ∼4 to 9 m.

The horizontal resolution is limited in sections of the seismic lines where no acoustic
impedance values can be calculated due to the lack of amplitude picks on the shot
records. The KIS1516-1 line displays the best horizontal resolution in the floating ice
section of the line compared to the KIS1819 seismic lines. The shot records display less
interference of the basal ice and bed returns and allow for better amplitude picking.
The assumption has been made that between areas of calculated acoustic impedance
values, particularly on KIS1819-1, the seabed shows limited spatial variation and the
gaps with no data are unlikely to contain different acoustic impedance results. While
it is possible that there is more spatial variability between the separate seismic lines
than is currently assumed, it is argued that this would have limited impact on the
interpretation of the modelling results in the following chapters. With the longest
seismic line in this chapter covering an area of just over 23 km, this represents less
than 0.02% of the KIS flowline modelled in the subsequent chapter. So whilst the
implications of spatial variability are important to consider at the seismic survey scale,
as this chapter does between lines KIS1819-1 and KIS1819-2, it is suggested that this
does not have a significant impact on the interpretation of the modelling results.

Lastly, the uncertainty surrounding the exact material beneath the ice sheet and
at the seabed can also introduce errors into the velocity calculations. The seismic
velocity of a material is also dependent on its porosity (Drijkoningen & Verschuur,
2003), which, while estimated from the acoustic impedance, does not provide enough
certainty to fully constrain the velocity model. With the data collected and presented
in this thesis it is difficult to estimate the uncertainty introduced to the seismic velocity
through variation of material porosities, and it is recommended that with the collection
of additional data more extensive porosity calculations are performed.

2. Subglacial material
The interpretation of the subglacial material beneath the KIS on line KIS1516-1 relies
on the assumption that the low amplitude reflection between the two interfaces indicates
a low impedance contrast and RC between the ice and the subglacial material. It is
likely that the acoustic impedance of the material beneath the ice stream is similar to,
or slightly higher than, that of ice due to the positive nature of the polarity. This ranges
between 3.3 and 3.5 x106 kg m-2 s-1 using the P-wave velocities from this study, as well as
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Atre and Bentley (1993). Atre and Bentley (1993) also give a likely range of till acoustic
impedance values between approximately 2.7 to 3.8 x106 kg m-2 s-1, which would result
in suitably low impedance contrasts to potentially describe what is happening beneath
the KIS, and RC values of between -0.13 and 0.07 (using the upper and lower limits
of the till, as well as both acoustic impedance values of the ice). The interpretation
of the subglacial material is limited to this, as no direct porosity estimation can be made.

3. Basal ice seismic velocity
A significant limitation of the seismic reflection data is the inability to directly measure
seismic velocities, particularly at the ice-sediment interface. When interpreting the
seismic data, both seismic velocity and material density are sensitive to porosity, hence
why acoustic impedance can be used as a proxy for porosity and sediment deformation
(Blankenship et al., 1987). As such, incorrect estimations of seismic velocity can result
in incorrect estimations of porosity and subglacial conditions. Acoustic impedance
calculations would be better constrained with direct seismic velocity measurements
(i.e. using borehole seismic), and result in better constrained acoustic impedance
values. However, direct basal ice (lowermost 10 m of the ice sheet column) velocity
measurements are difficult to obtain, and this uncertainty is likely to remain, unless
other techniques that utilise the relationship between ice temperature and seismic
velocity are explored; however, this is outside of the scope of this study.

4. Source repeatability and geophone coupling
The analysis presented in this study assumes limited to no variation between seismic
source shots or between geophone coupling. It is important that shots are repeatable,
and care has been taking during the acquisition of the KIS1516 and KIS1819 surveys to
achieve the same source shot conditions by using the same seismic source and geophone
burial. Geophone coupling is also important in the shot records. It has less of an
ultimate effect on the final stack as the traces are averaged over the same location
to reduce variation; however, it does matter for acoustic impedance estimates. Shot
source repeatability is difficult to measure, but parameters such as wavelet amplitude,
shape, duration, frequency content and travel time appear consistent between the shot
records of both surveys, and are likely to be a good indicator of shot repeatability.





3. Kamb Ice Stream Flowline Simu-
lations

This Chapter summarises the results of the Kamb Ice Stream flowline numerical
ice sheet modelling, which consist of simulations over a 1000 year period to better
characterise and quantify the present-day and future behaviour of the Kamb Ice
Stream. This Chapter addresses components of all three Research Questions, by
initially simulating the present-day Kamb Ice Stream configuration and characterising
the subglacial processes acting on the ice stream. This ensemble set of simulations
yields 1746 different modelled variations of the Kamb Ice Stream, with changing shallow
ice approximation, shallow shelf approximation, and till friction angles combined to
provide a close match to the present-day state of the Kamb Ice Stream. Observed
surface elevation, ice thickness, and surface ice velocities are compared statistically and
visually to the modelled simulations to select three final model simulations that have a
best-fit to the observed and measured data. As there is no significant variation between
the three simulations, one simulation was selected to be used for the further simulations.
This Chapter investigates how the modelled Kamb Ice Stream responds to changing
hydrological conditions, by simulating either higher or lower amounts of water stored in
the subglacial till, and by using a range of water decay rates. Lastly, a comprehensive
set of future scenario simulations is analysed. This set of simulations incrementally
perturbs the oceanic temperatures by 0.25°C, the atmospheric temperatures by 1.0°C,
or a combination of both. This set of simulations is intended to provide a comprehensive
analysis of changing responses and processes under a changing climate.

3.1 Theoretical Background
This study uses the Parallel Ice Sheet Model whose components are well documented
in the PISM manual (Bueler & Brown, 2009; Winkelmann et al., 2011). This is a
comprehensive document that outlines the usage as well as theoretical background and
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calculations used in PISM. It is the main reference used for this section, and will not
be referenced again separately. External references and references within the manual
will be cited.

3.1.1 Ice Dynamics

Stress Balance

The stress balance equations are solved using temperature, basal strength, and geometry
to determine the ice velocity. A full Stokes model (see Section 1.5.1) is computationally
time consuming, and instead PISM solves two shallow approximations in parallel, the
Shallow Ice Approximation (SIA) and the Shallow Shelf Approximation (SSA). The
SIA describes ice as flowing by shear in planes parallel to the geoid, implying a strong
connection of the ice base to frozen bedrock, without basal sliding, and is used for
most of the grounded ice (Hutter, 1983). For most of the grounded ice sheet the SIA is
an appropriate approximation of the full Stokes model, and the SIA equations use a
local function of the driving stress to describe the vertical stress (Paterson, 1994).

The SSA provides an approximation of membrane-type flow of floating ice which
has a smaller depth-to-width ratio, and limited basal resistance and basal stress, which
better represents ice shelf flow speeds that are frequently an order of magnitude higher
than in the non-sliding, grounded parts of ice sheets (Morland & Zainuddin, 1987;
Weis, Greve & Hutter, 1999; Morland, 1987). This different representation of the basal
stress conditions, with limited basal resistance and basal drag, can also be used to
describe faster flowing areas of the grounded ice sheet, such as the formation and flow
of ice streams, as these calculations require more than the non-sliding SIA (Bueler &
Brown, 2009; Winkelmann et al., 2011). Where different amounts of basal resistance
act on adjacent columns of ice, either spatially or temporally, strong membrane or
longitudinal stresses are exerted on each other that are better solved using the SSA
(Schoof, 2006). This sliding law role for the SSA is in addition to its more obvious
role in ice shelf modelling. The combination of both the SIA and the SSA serves as a
hybrid model approximation of the full Stokes model, which is used in this study. The
-stress_balance ssa+sia parameter in PISM combines the calculated SSA velocity,
using a pseudo-plastic till, with the calculated SIA velocity for the ice flow of the ice
sheet (Bueler & Brown, 2009).
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3.1.2 Mass Conservation

Surface Mass Balance

This study uses a positive degree day (PDD) model to control the surface mass balance
of the model simulations. This PDD model assumes that for each 1°C over 0°C,
a certain depth of snow (measured in millimetres water equivalent, mm w.e.) will
be melted. The PDD model uses time-stepping solutions of the mass conservation
and energy conservation equations (Equation x and x). These use the ice velocity for
advection, and can be incorporated in the SIA, SSA or SIA+SSA hybrid stress balances.
The mass conservation can also be switched off in the model (option -no_mass) where
the ice geometry does not evolve. This option is used in the setup no mass phase
of the model simulations. The mass balance is calculated on a weekly basis in the
simulations, where the PDD model tracks the current snow depth which is necessary
to determine whether melt is calculated. A fraction of the melt is allowed to refreeze in
the PDD model (using option -pdd_refreeze_ice_melt). PISM also does not have
a separate firn model, and the snow depth is calculated from zero at the start of the
model simulations.

Ice and Ocean Interface

In PISM, the components of the ocean model choice (Section 3.1.5) calculate a sub-shelf
ice temperature and sub-shelf mass flux to the ice dynamics core. This sub-shelf ice
temperature is used as a boundary condition (i.e. a condition that is specified for the
solution to a set of differential equations at its boundary) in the energy and mass
conservation code, where a positive flux corresponds to ice loss and a negative flux to
ice gain. This equates the sub-shelf mass flux to a melt rate. The ocean model derives
the basal melt rate and basal temperatures from thermodynamics at the basal ice shelf
boundary layer (Ritz, 1997; Payne et al. 2000). Calculated melt water is not returned
to the surrounding ocean, as no ocean circulation is modelled, and thus not conserved.

3.1.3 Ice Rheology

Flow Laws

Some ice rheology models can be considered isotropic, such as the one used in PISM,
and can be described by flow laws, which are functions of ice temperature, liquid water
fraction, ice overburden pressure, grain size and a stress tensor. In PISM, the Glen-
Paterson-Budd-Lliboutry-Duval flow law is also the only flow law choice in the model
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that calculates the softening of pressure-melting ice as the liquid fraction increases.
This is the default flow law and is the one used for this study as it provides the most
comprehensive flow law taking the liquid water fraction into account and is defined by
Equation 3.1.

A(T, ω) = AC(T )(1 + Cω) (3.1)

where A(T ) is the temperature-dependent ice softness, ω the liquid water fraction, and
C a configuration parameter (default value of 181.25). This law is an extension of the
Paterson-Budd flow law, which relies on different Arrhenius terms for pressure adjusted
temperatures either above or below 263 K (Paterson & Budd, 1982), and does not
include a liquid water fraction.

Enhancement Factors

For any variations of strain rate not explained by either stress or temperature in ice
creep, enhancement factors can provide a way to adjust modelled velocities. The
enhancement factors are not physical variables (i.e. a factor that can be changed),
however, these might represent unknown or unrepresented physical properties, and
provide a way to “fine-tune” the ice sheet model to more closely resemble present-day
conditions. An enhancement factor can be applied to both the SIA (-sia_e) and the
SSA (-ssa_e) to adjust the flow law and ice flow behaviour. This study uses both the
-sia_e and the -ssa_e to produce model simulations that closely match present-day
observed data.

Driving Stress

The model calculates surface gradients to determine the gravitational driving stress,
which is used for the SIA and the SSA stress balances equations, using Equation 3.2.

τd,x, τd,y = −ρH▽h (3.2)

where H is the ice thickness, ρ the ice density, and h = H + b (b the bed elevation)
the ice surface elevation. In the SIA the driving stress is calculated on a staggered
grid that retains the coupling of pressure and velocity, while in the SSA the basal
driving stress is calculated on a regular grid that uses centred differencing where the
coupling of pressure and velocity is not necessary for the stress balance equations and
more computationally efficient. The -gradient haseloff option is the default option,
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which also alters the slope formula in ice margin areas where an adjacent bedrock
surface elevation is above the ice elevation.

Conservation of Energy

An enthalpy-based scheme is used for the ice and the subglacial layer, which allows for
energy conservation even when the temperature is at the pressure-melting point. When
ice is at the melting point, it is classified as temperate ice and part of its thermal energy
is in the liquid water stored between the temperate ice crystals. The enthalpy-based
scheme calculates this thermal energy, and allows for polythermal ice sheets to be
modelled.

3.1.4 Subglacial Environment

Basal Strength

The option -stress_balance ssa+sia requires a basal resistance model, which is
based on the assumption that the ice sheet is underlain by a layer of till. Three
components of the basal resistance can be controlled: the sliding law, which links the
basal shear stress to the ice base velocity, the model which relates the effective pressure
on the till to the yield stress, and the model that links the amount of water stored in
the till to the effective pressure on the till (Clarke, 2005). The basal shear stress is
a function of the thickness of the ice, as well as the slope of the bed, the sliding law
choice made and the threshold velocity, whereas the basal driving stress is a function
of the thickness of the ice, as well as the slope of the bed, and the material density,
and are typically around 105 Pa at the base (Cuffey & Paterson, 2010).

Sliding Laws

In this study a power sliding law is used, frequently called a pseudo-plastic law, which
is commonly used for glaciological studies (Cuffey & Paterson, 2010). Equation 3.3
describes the pseudo-plastic sliding law, with a power of q and threshold velocity
uthreshold. At the threshold velocity the basal shear stress, τb, has the same magnitude
as the yield stress (τc). The power q is controlled by -pseudo_plastic_q (default
0.25), and uthreshold is controlled by -pseudo_plastic_uthreshold (default 110 m
y-1).

τb = −τc
u

uq
threshold | u |1−q

(3.3)
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Yield Stress

The yield stress (τc) represents the strength of the subglacial material at the base of an
ice sheet that can resist sliding, and can be compared to the basal driving stress, which
makes it a useful parameter (i.e. a measurable factor forming one of a set that defines a
system) to characterise the subglacial environment. When using the -stress_balance
ssa+sia option, a yield stress lower than a driving stress will likely result in basal
sliding (Schoof, 2006).

The option -yield_stress mohr_coloumb calculates the yield stress using till
friction angles (ϕ, tillphi) and effective pressure (Ntil) on the saturated till, and
is also partially determined by subglacial hydrology, such as the amount of till pore
water. The till friction angle is the internal friction angle which is the net result of
the ice sheet mass acting on the subglacial bed and the frictional force, and above
which material failure occurs. In this study tillphi was determined as a function of
bed elevation, which has been found to be an effective way to modify the value, and
is heuristically based on the hypothesis that basal material with a marine history is
weaker (Huybrechts & de Wolde, 1999; Martin et al., 2011; Winkelmann, et al., 2011;
Aschwanden, Adalgeirsdottir & Khroulev, 2013). The option -topg_to_phi was used
to determine the best till friction angles (minimum and maximum angle) and bed
elevation (minimum and maximum elevations) combinations, together with changing
the -sia_e and -ssa_e, to most accurately replicate a present-day KIS configuration.

The yield stress is calculated using Equation 3.4.

τc = c0(tanϕ)Ntil (3.4)

where c0 is the till cohesion (default = 0), but can be changed by using the option
-till_cohesion. Studies summarised by Cuffey and Paterson (2010) suggest that the
true effect of cohesion in deforming tills is probably small enough to be neglected in
most problems and refer to this as the apparent cohesion. This approach is also used
in this study.

Effective Pressure

The effective pressure on the till (Ntil) is determined by the modelled amount of water
in the till, and is a component of a material’s yield stress. With a lower effective
pressure, more of the ice weight is carried by the pressurised water in the till and the
ice can slide more easily as a result. The yield stress equation, Equation 3.5 calculates
Ntil, which is an important component of the yield stress equation (Equation 3.4). It
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is defined as
Ntil = δPo10(e0/Cc)(1−(Wtil/W max

til )) (3.5)

where Po is the ice overburden pressure, which is determined by ice thickness and
density. Wtil is equal to the parameter tillwat, and is the effective thickness of
water in the till. W max

til is equal to the parameter hydrology_till_max which is the
maximum amount of water stored in the till. The remaining parameters are constants,
with default values of 0.69 for e0 (till void ratio), 0.12 for Cc (till compressibility
coefficient), and 0.02 for δ ( till effective fraction overburden).

Subglacial Hydrology

In the -hydrology null model (not mass-conserving, Section 3.1.2; default) a specific
amount of water is stored in the till, set by the option -hydrology_tillwat_max, and
any water that exceeds this is lost permanently. This hydrology model is based on the
undrained plastic bed concept of Tulaczyk, Kamb and Engelhardt (2000). Equation
3.6 calculates the evolution of effective thickness of water stored in the till

∂Wtil

∂t
= m

ρw

− C (3.6)

where m is equal to the basal melt rate (bmelt), ρw is the density of fresh water,
and C is equal to the decay rate (hydrology_tillwat_decay_rate), where water
accumulates in the till at the basal melt rate bmelt, minus this rate. It is argued that
for the exploratory purposes of this thesis, that the -hydrology null model sufficiently
replicates a subglacial hydrological scheme that shows the effect of increased amounts
of water stored within the till on the ice velocity. This scheme is also two orders
of magnitude less expensive computationally than the mass-conserving -hydrology
routing model, and allows for a larger set of simulations.

Earth Deformation Model

This study uses the Lingle and Clarke (lc) model option, which is based on an im-
provement of the Elastic Lithosphere Relaxing Asthenosphere (ELRA) model (Lingle
& Clarke,1985; Bueler, Lingle & Kallen-Brown, 2007), and allows purely-elastic defor-
mation missing from the ELRA model to be calculated. This option is not active by
default, however, and the model version used here is known to contain a code bug in
the calculation of this elastic component. This is not thought to have a significant
effect on the model results at the timescales that models are run in this study.
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Bed Roughness

Altering the stress balance model to allow for flow over rough bedrock topography
requires calculating the amount by which the rough topography lowers the SIA diffu-
sivity (Schoof, 2003). This allows for better handling of bed roughness, as it controls
the effects of stresses that act on the ice as it flows over rougher areas. In this study a
half width value of 10 km was used as recommended by Schoof (2003), to reduce the
effect of bed roughness on the ice flow. The half width is the resolution of the basal
smoothing parameter used in PISM. The application of this smoothing parameter is
largely due to computational efficiency, which parameterises the effects of higher-order
stresses which act on the ice as it flows over bumps and decreases the time needed for
model runs.

3.1.5 Calving
Ice shelf calving fronts are controlled by different physics to the rest of the ice sheet, as
their flow is very different from the SIA flow. The physics at the calving front is better
described by using boundary condition changes to the SSA and vertically integrating
force balance equations (Equation 3.7)

∫ zs+(1− ρi
ρw

)H

zs− ρi
ρω

H
σ · ndz =

∫ zs

zs− ρi
ρω

H
ρωg(z − zs)ndz (3.7)

where n is the horizontal, ocean-ward vector, H the ice thickness, ρω and ρ the
densities of seawater and ice respectively, and σ the stress tensor, for a sea level of zs.
When using the ice flow law, Equation 3.7 is rewritten in terms of strain rates, similar
to the SSA. The option -cfbc replaces stress balance terms according to Equation 3.7
in any fully filled ice boundary grid cells, which then applies the correct stresses at the
calving front (Albrecht et al., 2011; Winkelmann et al., 2011). The right hand side
of Equation 3.7 accounts for the below sea level ice shelf component and the ocean
pressure exertion.

To correctly model the ice shelf calving front movement on a finite difference grid,
the tracking of any partially-filled cells is required (Albrecht et al., 2011). A moving
calving front will add (or remove) ice from the adjacent cell, resulting in a partially filled
cell with comparable ice thickness to its filled neighbour. The option -part_grid adds
the ice to the partially filled cell, and calculates the coverage of the cell depending on
the ice thickness of adjacent filled cells. When a cell becomes fully filled, the remaining
ice is redistributed to adjacent cells using option -part_redist. The stress balance
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equations only use velocities from fully filled cells. The adaptive time stepping scheme
and the Courant-Friedrichs-Lewy (CFL) condition (i.e. that the time steps length
between calculations must be lower than the model resolution and that calculations are
only applied to the immediate neighbouring cells) applied limit ice front propagation
so that a maximum of one adjacent cell is filled or emptied per time step.

Options -cfbc, -part_grid, -part_redist, -no_subgl_basal_melt as well as
-subgl and -kill_icebergs are all used in this study as the most comprehensive
calving scheme and are defined below.

Calving Mechanisms

Multiple calving mechanisms are available in the model. The -calving eigen_calving
is a physically based calving process that has calving rates c which are proportional,
K, to the horizontal strain rates components ϵ̇± (Winkelmann et al., 2011). This
proportional value is set by -eigen_calving_K, and takes the material properties of
ice at the calving front into account, and the relationship is described by Equation 3.8

c = Kϵ̇+ϵ̇− and ϵ̇± > 0 (3.8)

The thickness calving process -thickness_calving calves any ice thinner than
a specified ice thickness Hcr at the calving front, which is set using -thickness
_calving_threshold option. The -calving ocean_kill option removes any floating
ice in sections selected as ice free ocean. This study applies all above discussed calving
mechanisms to capture a comprehensive scheme for ice removal.

Iceberg Removal

The presence of a calving mechanism can create isolated ice patches outside the region
of continuous ice in the model, which can produce either ice filled or partially filled
cells, as well as patches of floating ice (i.e. icebergs). As the ocean applies no resistance
to these icebergs to balance the driving stress, the SSA stress balance fails. Instead,
icebergs are removed in the simulations (-kill_icebergs).

3.1.6 Grounding Zone
The option -subgl turns on the sub-grid grounding zone scheme, which uses a linear
interpolation approach described in Gladstone, Payne and Cornford (2010). When
using this option, an extra flotation mask is calculated, which corresponds to the
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fraction of the cell that is grounded versus floating. Fully floating, or ice free, cells
are assigned the value 0, and fully grounded cells the value 1. Cells that are partially
floating receive a value between 0 and 1. By using this grounding zone scheme, abrupt
changes in basal friction are avoided, and the basal melt rates (M) are interpolated
across cells that span the grounding zone, according to Equation 3.9

Mb,adjusted = λMb,grounded + (1 − λ)Mb,shelf−base (3.9)

where λ is the value of the flotation mask.

3.2 Methodology

3.2.1 Input Data Sets
The coordinates of the KIS flowline are picked manually in QGIS (version 2.16, utilising
the MEaSUREs data from Rignot et al., 2013 and Quantarctica data sets; Matsuoka,
Skoglund, & Roth, 2018) and follow the centre line of the KIS catchment. Figure 3.1
illustrates the flowline location, which is initially divided into 1 km equidistant points.
Surface elevation and topographical data from BEDMAP2 (Fretwell et al., 2013) are
used as input values for the topography and ice thickness, and the MEaSUREs data
(Rignot et al., 2013) for the surface ice velocity. The MEaSUREs ice velocity data is
also used to help define a line of best representation of the KIS surface ice flow. Data
interpolated to the flowline are re-gridded to 10 km intervals, as a higher resolution
is not computationally viable for this study. This study uses the same atmospheric
and oceanic input data as Golledge and others (2015), which are sourced from Comiso
(2000) and Lenaerts and others (2012) and used as boundary conditions for this model
study. Table 3.1 shows the data input parameter choices for the model set-up, as well
as those for the different sets of simulations.
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Table 3.1 Input options and parameter choices for the flowline model simulations, comparing the
smoothing, evolution and spin-up simulations of the model, as well as the different sets of subsequent
simulations.

Option Smoothing Evolution Spin-up Hydrology Temperature ∆

-i x x x x x
-bootstrap x x x x
-Mx, -My, -Mz, -Lz, -Mbz, -Lbz x x x x
-y 20
-ys, -ye 200000, 0 0, 1000 0, 1000 0, 1000
-z_spacing quadratic x x x x
-zb_spacing equal x x x x
-ts_file -ts_times x x x x
-extra_file -extra_vars -extra_times x x x x
-regrid_file -regrid_vars x x x
-skip -skip_max -backup_interval 24 24 24
-o x x x x x
-atmosphere x x x x x
given, -atmosphere_given_file x x x x x
lapse_rate, -temp_lapse_rate, -atmosphere_lapse_rate_file 8.0 8.0 8.0 8.0 8.0
-surface x x x x x
pdd, -pdd_refreeze 0.6 0.6 0.6 0.6 0.6
-ocean x x x x x
th, -ocean_th_file x x x x x
-calving ocean_kill -ocean_kill_file x x
-calving eigen_calving, thickness_calving -pik x x x
-eigen_calving_K 5e15 5e15 variable
-thickness_calving_threshold 50 50 variable
-stress_balance ssa+sia x x x x
-stress_balance sia x
-sia_e 4.0 4.0 variable 3.5 3.5
-ssa_e 0.65 variable 1.5 1.5
-ssafd_ksp_divtol 1e300 1e300 1e300
-ssa_rtol 1e-4 1e-4 1e-4
-periodicity y x x x x x
-ssa_dirichlet_bc x x x x x
-bed_smoother_range 10e3 10e3 10e3 10e3
-adapt_ratio 0.12 0.12 0.12
-no_mass x
-pseudo_plastic x x x
-pseudo_plastic_q 0.25 0.25 0.25
-bed_def lc x x x
-subgl -tauc_slippery_grounding_lines x x x
-till_effective_fraction_overburden 0.02 0.02
-topg_to_phi variable 12,30,-1200,0 12,30,-1200,0
-hydrology_tillwat_max variable
-hydrology_tillwat_decay_rate variable
-hydrology_const_bmelt variable
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Fig. 3.1 Flowline location used for the model simulations, which follows the surface ice velocity
(MEaSUREs ice velocity data, Rignot et al., 2011; background colours), the ice flow orientation (small
black arrows), and is within the bounds of the KIS drainage area (white). The grounding line (pink)
is inferred from the MEaSUREs ice velocity data (Rignot et al., 2011). The flowline (black arrow)
also shows the locations selected for data comparison (a-h, shown in different colours) which are used
in this study. The pink line indicates the inferred grounding zone from satellite imagery.

Figure 3.2 illustrates the KIS flowline at the start of the model ensemble simulations.
The till friction angle is also plotted, as even though this is not a constant in the
ensemble simulations, it remains constant for the following hydrological and temperature
simulations. The ice thickness, surface elevation, and surface flow velocity are used at
the analysis stage to ensure visual and statistical best fit of the ensemble simulations
to present-day KIS conditions.
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Fig. 3.2 Original values and parameters for the ice surface elevation, bed topography, ice thickness
(subplot a; BEDMAP2; Fretwell et al., 2013), ice surface flow velocity (subplot f ; MEaSUREs; Rignot
et al., 2013), geothermal heat flux (subplot c; Shapiro & Ritzwoller, 2004), atmospheric temperature,
and oceanic temperature fields (subplots d and e; Comiso, 2000; Lenaerts et al., 2012). The till
friction angle is also plotted (subplot b), which is not a constant in the ensemble simulations, however,
it remains constant for the following hydrological and temperature simulations. Eight locations (a-h,
top figure) are chosen along the flowline for further in-depth analysis.
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3.2.2 Smoothing and Evolution
The initial stages of model set-up follow a similar approach to Golledge and others
(2015). After the input data have been extracted and combined into raw input file, a
20-year smoothing simulation is performed to remove steep gradients in the data and
to set up the system for the evolution simulation. The evolution simulation allows the
ice temperatures to evolve within a fixed geometry over a 200,000 year period to reach
thermal equilibrium with the initial climate conditions. Both steps are necessary to
ensure a stable starting state. Table 3.1 shows the options and values utilised for the
smoothing and evolution simulations, as well a more detailed explanation in Section
3.1.

3.2.3 Model Spin-up
On completion of the 200,000 year evolution simulation, a nudging procedure is used,
described by Golledge and others (2019), where the bed topography and modelled
ice thickness are reset to present day values. The model spin ups are performed over
a 1000 year period, and use the full, evolving model physics, including the SIA and
SSA, grounding zone movement, calving, bed deformation, and model boundaries. An
ensemble approach is used, as opposed to an iterative simulation procedure, to produce
a model simulation close to present-day observations. This produces a wide range of
simulations that can provide a first order characterisation and understanding of the
effect of parameter choices on the KIS configuration. The ensemble simulations explore
a range of SIA and SSA enhancement factors, as well as a range of till friction angles
(minimum till friction angle - Phimin and maximum till friction angle - Phimax) and till
friction angle depths (minimum till friction angle depth - Phitopmin and maximum till
friction angle depth - Phitopmax). The flow enhancers and till friction parameters are
chosen as they provide a comprehensive degree of control on the subglacial environment
to simulate a best-fit scenario. Table 3.2 shows the ensemble parameters and values, of
the 1746 combinations employed.



3.2 Methodology 73

Table 3.2 Ensemble parameter options combined to produce 1746 model simulations that are compared
to present-day observed values, which allows selection of the best-fit present-day configuration.

SIA Enhancement Factor SSA Enhancement Factor Phimin Phimax Phitopmin Phitopmax

1.0 0.25 2

30

-200

0

1.5 0.5 4 -400
2.0 0.75 6 -600
2.5 1.0 8 -800
3.0 1.25 10 -1000
3.5 1.5 12 -1200
4.0 -1400

3.2.4 Analysis
Both visual and statistical comparisons are used to determine the model simulation
that best fits the observed KIS configuration. Three plots are produced to assist in the
analysis and determine the optimal model simulation (Figure 3.3). Final values of ice
thickness, surface ice elevation, and surface ice velocity are plotted against the KIS
observed data to visually assess model fit to constraints. Subsequently, differences of
ice thickness, surface elevation, and surface ice velocity between the model simulation
and observed values is plotted. This shows where the model simulations differ the most,
or least, from the observed data and is more indicative of best-fit. In particular, the
models do not adequately replicate the observed data between 300 to 600 km along the
flowline (i.e. the KIS trunk), as well as the floating ice immediately downstream of the
grounding zone (Figure 3.3). The standard deviation (SD) and the mean absolute error
(MAE) of the percentage difference between the model simulations and the observed
values are also calculated and plotted on Figure 3.4. The calculations are performed
separately for the total flowline, the grounded ice section of the flowline, and the floating
ice section of the flowline. For both the total flowline and grounded ice, multiple model
simulations have a similar best fit profile to the observed KIS configuration. The
floating ice section is not captured as accurately as the grounded section, particularly
near the grounding zone, which is likely due to the ocean melting component of the
model not capturing all the processes occurring beneath the present-day ice shelf. As
this study largely focuses on the grounded section of the ice stream and the subglacial
environment, model simulations of best fit are chosen that best represent the total and
grounded ice sections of the present-day KIS configuration. Three model simulations
(KIS-1, KIS-2, KIS-3) are determined to have both visual and statistical best-fit to
the observed KIS configuration, with the lowest overall standard deviation and mean
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absolute errors for all three comparison variables, and are plotted on Figure 3.3 and
3.4.

Fig. 3.3 Three final model simulations, KIS-1 (red), KIS-2 (yellow), and KIS-3 (blue) plotted against
observed values (black) to show similarities and differences. The model simulations are most inaccurate
between 300 to 600 km along the flowline, as well as immediately downstream of the observed grounding
zone (grey dashed line at 900-1000 km along flowline). The top panel plots the observed and modelled
ice thicknesses, the centre panel the observed and modelled ice surface elevations, and the bottom
panel the measured and modelled surface ice velocities. Note, the different y-axis values for each plot.
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Fig. 3.4 Standard deviation against mean absolute error of the ice surface velocity (triangles), ice
thickness (circles) and ice surface elevation (diamonds) percentage differences compared to the observed
values. The three best-fit model simulations, KIS-1 (red), KIS-2 (yellow), and KIS-3 (blue) are shown.

These simulations do not have the smallest possible combination of SD and MAE
values, but nonetheless represent the best-fit intersection of all three variables. Lastly,
the mask variable is analysed to determine whether any change in grounding zone
position occurred. Out of the 1746 ensemble simulations, in nine simulations the
grounding zone position moved inland by either 10 or 20 km, and in fifteen simulations
the grounding zone extended ocean-ward past the present-day grounding zone. For
the three simulations of best fit, the grounding zone position has not changed from
its assumed present-day position. As there is limited visual or statistically significant
difference between the three simulations of best-fit, the KIS-3 simulation is chosen as
the starting point for further flowline simulations (Figure 3.3). It is suggested that
the differences between the three model runs do not significantly effect further model
result outcomes. The parameters for this final simulation, as well as the KIS-1 and
KIS-2 simulations, are summarised in Table (3.3).
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Table 3.3 Final simulation parameters for KIS-1, KIS-2, and KIS-3. The KIS-3 simulation is chosen
for further experiments.

KIS-1 KIS-2 KIS-3

SIA Enhancement 3.5 3.5 3.5
SSA Enhancement 1.0 1.25 1.5
Till Friction Angle Min. 12° 8° 12°
Till Friction Angle Max. 30° 30° 30°
Till Friction Depth Min. (m) -1400 -1400 -1200
Till Friction Depth Max. (m) 0 0 0

3.2.5 Hydrological Controls
The first set of simulations explores the characterisation of the subglacial environment
and the KIS response to changing hydrological controls, by changing the amount of
effective water stored in the till, and the decay rate at which the water is removed from
the subglacial environment (i.e. the water accumulates in the till at the basal melt rate,
minus the specified decay rate). This explores the influence of changing hydrological
conditions on the resultant ice velocity and ice thickness, as well as basal stresses and
temperatures. The spin-up uses a default maximum value of 2 m of effective water
stored in the till, and a default decay rate of 1 mm y-1. For the hydrology simulations,
maximum water depths of 0.1, 1.0, 2.0, 3.0, and 3.9 m are used to characterise a range
of responses and maximum water stored in till. These values effectively bracket the 1.4
m water stored in the KIS till measured in borehole data on the upper KIS (Kamb,
2001), whilst also exploring higher and lower values that could occur as a response to
changing hydraulic pathways or climatic changes. Five decay rates are also simulated,
in combination with the effective thickness, to produce an ensemble of 25 simulations,
with changing decay rates of 0.1, 0.5, 1 (default), 1.5, and 2.0 mm y-1.

3.2.6 Future Projections and Impacts
The second set of simulations explores the changes to the KIS under changing climatic
conditions. A range of increasing atmospheric and oceanic temperature perturbations
at the start of the run are simulated, to produce projections of changes along the KIS.
First, surface air temperatures are incrementally increased by 1.0°C to a maximum
atmospheric temperature anomaly of 8.0°C (chosen to be inline with the RCP8.5
scenario; Church et al., 2013). The second set of simulations varies ocean temperatures,
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with incremental perturbations of 0.25°C to a maximum anomaly of 2.0°C above the
control simulation. Lastly, an ensemble of 81 combinations combines perturbations of
ocean and surface air temperatures.

Atmospheric Temperature and Precipitation Changes

Separating atmospheric temperature changes, from changes in oceanic temperatures,
provides a useful insight into the relative importance of each set of boundary conditions.
In realistic scenarios the change in atmospheric temperatures is intrinsically linked
to the change in oceanic temperature; however, as the ocean has a slower response
time than the atmosphere (Bigg et al., 2003), characterising atmospheric effects on
the KIS separately provides insight into decadal-scale forcing changes. Nine different
atmospheric temperature increases are simulated, where the input atmospheric tem-
perature variable is uniformly increased by 1.0°C incremental steps to 8.0°C, starting
with a 0.0°C control simulation. The change in this atmospheric temperature anomaly
also corresponds to a change in precipitation rate, with a precipitation increase of 7.3%
for every one degree Celsius of atmospheric temperature increase (Huybrechts, 2002).
The simulations are run over a 1000 year period, to capture decadal and centennial
temporal changes, as well as spatial changes.

Oceanic Temperature Changes

Similarly, the effect of isolated oceanic warming on the KIS is also useful to explore,
as the slower response time affects changes at the centennial- to millennial-scale.
Nine different oceanic temperature changes are simulated, where the input oceanic
temperature is uniformly increased in increments of 0.25°C, up to 2.0°C, starting with
a 0.0°C control simulation. The simulations are again run over a 1000 year period.

Combined Temperature Scenarios

While it is useful to model the oceanic and atmospheric temperature change components
separately to understand their individual roles, the two are intrinsically linked. The
changing of atmospheric temperatures results in a change of oceanic temperatures, and
the combined scenarios with both changes in atmospheric and oceanic temperatures
are run over a period of 1000 years, to simulate 81 possible climate change scenarios
and their influence on the KIS. These simulations combine the same atmospheric and
oceanic temperature changes as discussed in Sections 3.2.6 and 3.2.6, which are within
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the modelled ranges of the Representative Concentration Pathway (RCP) scenarios
(Church et al., 2013).

3.3 Results
Flowline simulation results are analysed in terms of changes along the entire flowline,
and by comparing discrete locations along the grounded ice section of the ice stream.
Eight locations are selected along the flowline (a-h, shown in Figures 3.1 and 3.2),
which capture the spatial variation. Locations a, b, d, f, and g are selected at regular
150 km intervals, locations c and e are selected as they display different temporal
behaviour compared to the previous locations, and lastly, location h is selected due to
its proximity to the inferred MODIS MOA grounding zone (Haran et al., 2014).

3.3.1 Till Water Storage and Decay Rates

Effect on Grounded Ice Volume

The rate change of ice volume over the grounded section of the ice stream gives a
first order assessment of the influences of changing the total availability of maximum
effective water stored in the till on the entire KIS. The ice volume rate of change is
derived and plotted against time to demonstrate the evolution of the grounded ice
volume over the 1000 year simulation (Figure 3.5), using a constant basal water decay
rate of 1 mm y-1. Changing the maximum amount of effective water stored in the
till to 0.1 m produces an initial rapid increase in grounded ice volume rate of change
over a 50 year period, which reduces rapidly over the following 150 years. The rate
of change decreases in a more linear manner over the remaining 800 years. A change
of maximum amount of effective water stored in the till to 1.0 m also produces an
increase in ice volume growth rate, albeit slower than the 0.1 m simulation. The ice
volume rate of change increases over a 125 year period, and then steadily reduces over
the remaining 875 years. The maximum amounts of effective water stored in the till of
2.0, 3.0 and 3.9 m show similar responses over the 1000 year period, with a very slight,
steady decline in ice volume rate of change. Since all five simulations have a similar ice
volume rate of change at the end of the simulation, this may indicate that a steady
state of the KIS is reached. As the end values are also similar to the starting values,
this may indicate that an increase or decrease of the maximum amount of effective
water stored in the till by ± 1.9 m from the default of 2.0 m does not cross a threshold
in ice dynamics. The maximum response of the KIS is reached within the first 150
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years of the simulation, and the decay is likely diffusion driven subsequent to this (Benn
& Evans, 2010). Changing the basal water decay rate while keeping the maximum
amount of effective water stored in the till constant, responds to the ice volume rate
of change. The lower decay rates (0.1 and 0.5 mm y-1) retained a slightly larger ice
volume at the end of the 1000 year period, where the maximum amount of effective
water stored in the till was higher than 2.0 m, and also stabilised the rate of change
earlier than the higher decay rates. The return of the KIS to near original conditions
after the 1000 year simulation, implies that these changes are transient and reversible
at this scale, and that the KIS is self regulating at the level of changes applied to it in
this study.

Fig. 3.5 Grounded ice volume rate of change under different maximum amounts of effective water
stored in the till (0.1 m = blue; 1.0 m = orange; 2.0 m = green; 3.0 m = yellow; and 3.9 m = purple)
and a constant decay rate (1 mm y-1).

Surface and Basal Velocity

The variations of the basal and surface ice velocities along the KIS flowline provide a
high-level characterisation of the effects of changing the maximum amounts of effective
water stored in the till. Increases in ice velocity can be indicative of higher rates of
sliding at the basal interface due to enhanced lubrication as a result of the availability
of liquid water (Shannon et al., 2013; Nienow et al. 2017). If the subglacial water
pressure is sufficiently high in the ice stream, the formation of cavities at the basal
interface is possible, which can result in bed separation sliding, and subsequently
reduces basal friction and allows faster ice flow (Jiskoot et al., 2011). The surface and
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basal velocities are plotted in Figure 3.6 along the flowline locations. The basal velocity
reflects a similar velocity pattern as the surface; however, at approximately an order
of magnitude lower than the surface flow. The KIS exhibits the highest sensitivity to
changes of maximum amounts of effective water stored in the till of 0.1 and 1.0 m, in
comparison to 2.0, 3.0, and 3.9 m. The upper zone of the KIS, as well as locations d
and f in the trunk zone (Figure 3.1 and Figure 3.6d and 3.6f), demonstrate an initial
lowering of ice velocities with the 0.1 and 1.0 m simulations, which likely indicates a
lack of available water for basal sliding. Locations c and e in the trunk zone potentially
demonstrate “sticky spot” locations along the flowline, for example as discussed by
Luthra and others (2017), where rapid reductions of surface velocity from 100-60
to 20-10 m y-1 and basal velocity from 20-10 to 2 m y-1. In a real world scenario,
increases of upstream melt water draining along the base of the ice is routed around
the sticky spot, and results in the relatively stable ice velocities at this location (Luthra
et al., 2016; Luthra et al. 2017). In the model the hydrological parameter does not
re-route the water around a sticky spot, and is instead removed from the simulation.
Instead, these sections of lowered basal ice velocities could be viewed as analogous
to a sticky spot type scenario rather than the exact capturing of a sticky spot in the
flowline. Lastly, locations g and h in the transition zone exhibit minimal change in
surface and basal ice velocities, indicating that processes such as the influence of sea
water availability govern the ice flow motion at these locations (Padman, Siegfried &
Fricker, 2018). It is suggested that the transition zone is potentially affected by the
low slope angle, which creates a more dynamically moving grounding zone location
(Padman, Siegfried & Fricker, 2018), compared to the upper and trunk zones.
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Fig. 3.6 Surface (solid) and basal (dashed) ice velocities under different maximum amounts of effective
water stored in the till and a constant decay rate (1 mm y-1). Each graph (a-h) corresponds to the
previously described locations of the KIS (Figure 3.1). Note the changing y-scale for each graph.

Effect on Basal Stresses

It is important to characterise the processes that govern the temporal and spatial
variation of basal stresses in order to better understand the behaviour of ice streams
(Sergienko, Creyts & Hindmarsh, 2014), as well as project their future evolution under
changing climates. The gravitational driving stress, basal shear stress, basal yield
stress, and effective pressure are important components of the ice stream, and it is
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important to assess their individual roles on ice stream flow. The gravitational driving
stress is the result of ice thickness and surface slopes, and is calculated using the ice
density, gravitational acceleration, ice thickness, ice surface elevation, and the slope
gradient (Sergienko, Creyts & Hindmarsh, 2014). Typically around 105 Pa at the base
(Patterson, 1994), glacier driving stresses tend to be relatively uniform due to the ice
rheology. Figure 3.7 plots changes in the modelled basal shear stress regime acting
upon the KIS flowline. The variable response of the basal shear stress closely reflects
the changes observed in the surface ice velocity, showing the intrinsic link between the
gravitational driving force and resultant ice flow and stresses acting on the bed. As
the basal shear stress represents the driving force acting upon the bed, and glacial ice
typically can support basal shear stresses of approximately 105 Pa, an observed change
in the ice flow is also exhibited. The ice thickening that produces basal shear stresses
in excess of this leads to increased ice flow and as a result, ice thinning (Marshall et
al., 2011).

This study’s modelled yield stress of the KIS flowline is similar in both the upper and
the trunk zones (Figure 3.7a-f), implying similar substrates beneath these sections of the
KIS flowline. Higher yield stresses are observed for the 3.0 and 3.9 m maximum amounts
of effective water stored in the till in the first ∼500 years of the simulations, indicating
a stronger substrate, as yield stress represents the strength of the subglacial material
at the base of an ice sheet that resists sliding (Bueler & Brown, 2009; Winkelmann
et al., 2011). At values dependent on the yield strength of the substrate, subglacial
material begins to deform in a plastic manner as the yield stress is approached, and at
stresses equal or higher to the yield stress the deformational change is instantaneous
and irreversible. Generally, the glacial ice yield strength is higher than that of till,
∼100 ±50 kPa and 2-90 kPa, respectively (Paterson, 1994; Murray, 1997).

The sliding velocity of an ice stream is in part controlled by basal shear stress and
effective pressure which is the difference between ice overburden pressure (Po =ρhg)
and water pressure (Jiskoot et al., 2011). Sediment deformation occurs if the basal
shear stress is greater than the yield stress of the till (Davies et al., 2012). Figure 3.7
plots the calculated effective pressure along the modelled KIS flowline, which shows
limited spatial variation in the upper and trunk zones of the flowline. The 0.1 and 1.0
m maximum amounts of effective water stored in the till showing the most variable
behaviour, ranging between 4.18x104 to 1.73x105 Pa. The overall linearly increasing
trend of calculated effective pressure observed in each panel (Figure 3.7a-h) illustrates
the increasing resistance to basal sliding along the flowline. The transition zone displays
an apparent lack of sensitivity to changes in the different maximum amounts of effective
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water stored in the till, with lower observed basal shear, and yield stresses, as well as
effective pressures. This low effective pressure occurs with high water pressure or low
ice thicknesses, and results in higher rates of basal sliding, and vice versa (Blankenship
et al., 1987; Blankenship et al., 1986; Kamb, 2001).

Fig. 3.7 Basal shear stress (solid), basal effective pressure (dotted), and basal yield stress (dashed)
under different maximum amounts of effective water stored in the till and a constant decay rate (1
mm y-1). Each graph (a-h) corresponds to the previously described locations of the KIS (Figure 3.1).
Note the changing y-scale for each graph.
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Basal Water Production, Temperature and Friction Heating

The velocity of ice flow and sources of heat beneath an ice stream are intrinsically
linked, as increases of basal heat provide the means to produce water beneath an ice
sheet in the form of basal melt, which plays an important role in the lubrication of
the basal interface. Both geothermal heat flux (explored in Chapter 4) and basal
frictional heating play a role in basal melting, or the refreezing of water beneath the ice
sheet (Feldmann & Levermann, 2017). Higher frictional heating can increase the basal
melt beneath the ice stream, and subsequently, migration of the water can saturate
sediments downstream and enhance ice flow (Benn & Evans, 2010). As a result of
increased ice flow, more frictional heat is produced, leading to further increases of ice
flow speeds. As such, a positive feedback can amplify an initial perturbation to the ice
stream and contribute towards unstable glacier acceleration. However, this feedback
can also be self-regulating at longer timescales due to decoupling from the bed (van
Pelt & Oerlemans 2012).

Figure 3.8 shows the observed changes in basal temperature, basal frictional heating,
and basal melt along the KIS flowline. Given the intrinsic link between ice velocity
and basal frictional heating, the basal frictional heating patterns closely follow those of
the basal ice velocities, as observed in Figure 3.6. Limited basal melt rate variation is
observed between the five simulations in the upper section of the KIS (Figure 3.8a-b),
with all simulations increasing steadily over the 1000 year simulation. The exception is
the first 100 years of the 0.1 m simulation at location a, which exhibits a rapid increase
in basal melt over the first 125 year period from 2.0x10-3 to 3.6x10-3 m y-1, before
increasing in a similar fashion to the other simulations. In reality, the topography
beneath the KIS is a likely factor in the accumulation of basal melt water in these two
locations, as they are located within topographic low points; however, in our model
melt water would remain local in the substrate. Locations c and e demonstrate similar
behaviour where in the 0.1 m simulation initial basal melt rates rapidly drop over a 50
year period from 9.0x10-3 to 3.5x10-3 m y-1 and 1.4x10-2 to 4.0x10-3 m y-1, respectively,
at which it is stable for approximately 100 years. After this, the basal melt rate reduces
rapidly again over a 10 to 20 year period, at which point it linearly increases over the
remaining simulation. Simulation 1.0 m reduces from the first 100 years from 6.0x10-3

to 3.0x10-3 m y-1 and 6.0x10-3 to 4.0x10-3 m y-1, respectively, after which it increases
linearly over the remaining 950 year period to 4.5x10-3 m y-1 for both. The remaining
simulations all increase linearly, and reach near identical end values of approximately
4.5x10-3 m y-1, similar to the 0.1 and 1.0 m simulations. The transition zone displays
distinct behaviour from the upper and trunk zones, and an apparent lack of sensitivity
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to changes in the different maximum amounts of effective water stored in the till. This
observed basal frictional heating at the bed of a glacier is directly proportional to the
product of the shear stress and strain rate (or basal motion; Meyer et al., 2018). Thus,
even if basal velocities are very large, frictional heating will not occur if there is no
traction between the glacier and its bed. This means that frictional heating shuts
down when ice decouples from the bed, preventing runaway basal melting, which is
potentially observed in Figure 3.8. A (second) feedback between ice velocities and ice
thickness exists, where downstream acceleration increases ice extension and produces
dynamic thinning of the ice (Hulbe & Fahnestock, 2004). In cold environments this
increases the heat diffusion away from the basal interface, thus decreasing the basal
temperature and likely the ice velocities, which can stabilise the ice flow (Hulbe &
Fahnestock, 2004; Cuffey & Paterson, 2010). However, in the upper sectors of the ice
stream, acceleration of ice can lead to dynamic thickening down glacier, which inhibits
heat diffusion.
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Fig. 3.8 Basal temperature, basal melt rates and basal friction under different maximum amounts
of effective water stored in the till and a constant decay rate (1 mm y-1) which shows the effect on
basal temperatures (solid), basal melt rate (dotted) and basal friction (dashed). Each graph (a-h)
corresponds to the previously described locations of the KIS (Figure 3.1). Note the changing y-scale
for each graph.



3.3 Results 87

3.3.2 Atmospheric Temperature and Precipitation Changes

Ice Thickness

As increases of atmospheric temperatures increase levels of moisture in the air, the
resultant higher levels of precipitation on the Antarctic Ice Sheet are projected to
negatively contribute towards changes in the sea level if the climate warms (Church
et al., 2013). However, it is important to note that this will be smaller than the
corresponding ice loss from basal melt. By changing ice thickness and surface mass
balance, increased precipitation can have consequences for ice flow and the subglacial
environment (Benn & Evans, 2010; Winkelmann et al., 2012).

In this study, however, the increased atmospheric temperature forcing on the KIS
flowline results in minimal change over a 1000 year period, and no grounding zone
retreat or ice shelf reduction is observed. A small, consistent increase of the rate of
change of ice thickness is observed in the trunk zone of the KIS flowline for the control
simulation; however, between the two end members of the atmospheric temperature
forcing (0.0 and 8.0°C) limited change is observed. Figure 3.9 exhibits these two end
members, and plots the absolute values of ice thickness rate of change of the control
simulation (0.0°C) on the left and the difference between the control and the 8.0°C
simulation on the right. Some observable rates of ice thickness change are present in
the first 100 years of the simulation on the floating section of the flowline. This is
attributed the initial stabilisation after the applied atmospheric temperature forcing.
Limited observable changes in the ice thickness rate of change are also visible in the
grounded section of the flowline. This rate of change propagates from the upper zone of
the flowline down stream over the 1000 year period, but does not reach the transition
zone of the flowline. It is proposed that the propagation of the ice thickness rate of
change downstream is the result of initial upstream ice thickening due to increased
accumulation, where the resultant increase in ice thickness subsequently increases ice
flow (Benn & Evans, 2010; Winkelmann et al., 2012).
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Fig. 3.9 Ice thickness rate of change with increasing atmospheric temperatures over a 1000 year
period. The control simulation (0.0°C) and the difference in ice thickness rate of change between the
control and 8.0°C are plotted. The panels show time on the x-axis, the distance along the flowline on
the y-axis (which is grounded on the lower half of the panel, and floating near the top). The solid
white line indicates the grounding zone.

Ice Velocity

An increase in ice velocity due to increased ice thickness is observed in Figure 3.10,
where the change in basal ice velocity between the control simulation and the 8.0°C
increase in atmospheric temperature is plotted. This simulated temporal and spatial
change in the basal ice velocity partially coincides with the propagation of the ice
thickness rate of change, and accumulation at approximately 600 km downstream of the
flowline. The simulated basal ice velocity at this location coincides with a topographic
high, where a potential pinning point of the KIS exists. This increased change in basal
ice velocity rapidly reduces at the onset of the transition zone, indicating that different
basal controls regulate this zone, potentially the influx of ocean water with grounding
zone retreat (Padman, Siegfried & Fricker, 2018). Initial basal velocity increases in the
first 50 to 100 years of the simulation are attributed to the initial response to a new
perturbation and the subsequent reduction to the stabilisation of the ice stream. It is
suggested that the increases in ice velocity are indicative of higher rates of sliding at
the basal interface due to enhanced lubrication as a result of the availability of liquid
water due to increased atmospheric temperatures (Nienow et al. 2017).
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Fig. 3.10 Basal ice velocity (m y-1) with increasing atmospheric temperatures over a 1000 year period.
The control simulation (0.0°C) and the difference in basal ice velocity between the control and 8.0°C
are plotted. The panels show time on the x-axis, the distance along the flowline on the y-axis (which
is grounded on the lower half of the panel, and floating near the top). The solid white line indicates
the grounding zone.

Basal Stresses

Section 3.3.1 discussed the role of basal shear and yield stresses on basal sliding. The
increase in basal ice velocity coincides with a reduction in the basal shear stress, and a
reduction in the basal yield stress (Howat et al., 2008; Jiskoot et al. 2011). The effects
of increases in atmospheric temperatures on basal stresses, such as the basal shear
stress and basal yield stress, are illustrated in Figures 3.11 and 3.12, which show the
limited changes observed on the basal regime. This lower basal shear stress is observed
with higher atmospheric temperature increase of 8.0°C (Figure 3.12b), which indicates
a weaker substrate (Bueler & Brown, 2009; Winkelmann et al., 2011).
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Fig. 3.11 Basal shear stress (Pa) with increasing atmospheric temperatures over a 1000 year period.
The control simulation (0.0°C) and the difference in basal shear stress between the control and 8.0°C
are plotted. The panels show time on the x-axis, the distance along the flowline on the y-axis (which
is grounded on the lower half of the panel, and floating near the top). The solid white line indicates
the grounding zone.

Fig. 3.12 Basal yield stress (Pa) with increasing atmospheric temperatures over a 1000 year period.
The control simulation (0.0°C) and the difference in basal yield stress between the control and 8.0°C
are plotted. The panels show time on the x-axis, the distance along the flowline on the y-axis (which
is grounded on the lower half of the panel, and floating near the top). The solid white line indicates
the grounding zone.

Basal Temperatures

Figure 3.13 exhibits the changes in basal frictional heating with increased atmospheric
temperatures. The main observed increases in basal frictional heating occurs approxi-
mately 600 km downstream of the flowline, and coincides with the increase of basal
ice velocity, decrease in basal shear stress and the preceding decrease in basal yield
stress. Section 3.3.1 discussed the link between increases of basal frictional heating
and ice velocity increases. However, with the increases in atmospheric temperatures,
the resultant increase in ice velocity and basal frictional heating are inferred to be
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due to both increases of ice thickness, as well as the warming and softening of the
ice (McCarthy, Savage & Nettles, 2017). Glacial ice will soften with increases of
temperature, whether climatic driven, or driven due to the increased temperature
gradients as a result of ice thickening (Paterson & Cuffey, 2010; Larour et al., 2012).

Fig. 3.13 Basal frictional heating (103 W m-2) with increasing atmospheric temperatures over a 1000
year period. The control simulation (0.0°C) and the difference in ice thickness rate of change between
the control and 8.0°C are plotted. The panels show time on the x-axis, the distance along the flowline
on the y-axis (which is grounded on the lower half of the panel, and floating near the top). The solid
white line indicates the grounding zone.

3.3.3 Oceanic Temperature Changes
Eight different oceanic temperature anomalies are explored in this study, incrementally
increasing by 0.25°C up to 2.0°C. Figures 3.14 to 3.19 illustrate the changing properties
of the KIS along the grounded flowline over the 1000 year period. These show ice
velocities, ice thickness rate of change, basal temperatures, basal friction, basal melt
rates, and basal stresses.

Grounded Ice and Ice Shelf Extent

Incremental increases of oceanic temperatures produce substantial changes in grounding
zone location and ice shelf extent. The control simulation, with no change in oceanic
temperatures, illustrates a constant grounding zone location, and no change in ice
shelf extent. With an oceanic temperature increase of 0.25°C, the grounding zone
location remains constant, however, incremental losses of the ice shelf are observed.
A gradual retreat of the calving margin by ∼150 km occurs over the first 250 years,
with a rapid reduction of ∼50 km within a decade (Figure 3.14a). This new ice shelf
extent remains constant for ∼400 years, until a rapid reduction of a few kilometres is
seen. The ice shelf extent remains relatively constant during the rest of the simulation.
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With a 0.50°C increase of oceanic temperatures (Figure 3.14c), a rapid loss of 400 km
of ice shelf extent occurs after ∼100 years. The ice shelf extent increases again over
∼100 years, after which it reduces over a 50 year period, and remains constant until an
increase ∼700 years after the start of the simulation. Subsequently, rapid loss of the
ice shelf is observed after 50 years, with almost no ice shelf remaining. The grounded
ice sheet has two periods of retreat, the first from 0 to 200 years, reducing extent by
∼300 km and then remaining at a constant location, followed by a second reduction at
∼625 years, reducing the ice sheet extent by another ∼200 km. A similar pattern of
rapid ice shelf reduction, stabilisation, followed by a short period of ice shelf growth,
and another rapid ice shelf reduction is seen with the remaining oceanic temperature
increases. However, the period of stability and ice shelf growth occur earlier in each
simulation with a decreasing period of stability as the magnitude of the temperature
forcing increases. Ice shelf extent also remains larger in lower oceanic temperature
changes. The grounded ice sheet displays similar step-wise decreases in extent as
described in the 0.5°C simulation, but these occur earlier in the simulation period,
and after oceanic temperature changes of 1.25°C the grounding zone position appears
to not reduce any further in its extent. The simulations suggest that the patterns of
grounding zone retreat and ice shelf reduction are the result of topographic pinning
points, which provide a control on the retreat of these ice streams (Schoof, 2007).

Ice Thickness

Longitudinal propagation of ice thinning can be observed in Figure 3.14, which illus-
trates key areas of relatively large ice thickness rates of change across the KIS flowline.
The large changes in grounding zone location induce localised velocity responses that
propagate upstream and produce a thinning response in the trunk zone of the KIS
flowline. A dynamic response to ice shelf growth is observed as a retreat in grounding
zone position, also inferred to be due to the additional thinning of the ice and the
longitudinal extension (Goldberg, Holland & Schoof, 2009). The control (0.0°C) and
the 0.25°C panels (Figure 3.14a and 3.14b) demonstrate limited change in ice thickness
rates, with a slight reduction of the ice shelf thickness rate observed in the first 125
years of the simulation. At an increase of 0.5°C (Figure 3.14c), the increases of positive
ice thickness rate of change are seen between 50 to 250 years and 650 to 750 years
on the ice shelf, which initially lead to an increase of ice shelf extent, before it is
followed by accelerated thinning and ice shelf retreat. A similar pattern is followed for
the remaining panels (Figure 3.14d-i), where rapid thickening precedes growth of the
ice shelf, and accelerated thinning precedes grounding zone retreat, as well as inland
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thinning. Rignot and others (2011) note that enhanced flow (>25-30 m a-1)can result
in significant ice motion far into the interior of the ice sheet. Viscous deformation
that causes ice sheet flow does not respond as rapidly to environmental perturbations
compared to sliding (Schoof, 2006; Nick et al., 2009). Consequentially, perturbations
to the ocean system will only cause rapid changes if the ice sheet rapidly propagates
the changes inland (Hindmarsh & Le Meur, 2001). In ice streams and shelves, these
perturbations can rapidly propagate inland due to the dominant membrane stresses
(Nick et al., 2009; Hindmarsh, 2006; Schoof, 2007), which is observed within this
study where ice sheet thinning is observed to propagate inland after the removal of the
buttressing ice shelf.

Fig. 3.14 Ice thickness rate of change with increasing oceanic temperatures over a 1000 year period.
Each panel illustrates an increase in oceanic temperature by 0.25°C. The panels show time on the
x-axis, the distance along the flowline on the y-axis (which is grounded on the lower half of the
panel, and floating near the top). The solid black line indicates the grounding zone, and the white
background indicates open ocean. Note the changing y-scales.

Basal Ice Velocity

Figure 3.15 illustrates basal ice velocities (m y-1). The control simulation (0.0°C) has
temporally consistent grounded and floating basal ice velocities, with limited change
seen over the 1000 year period. The increase of oceanic temperatures by 0.25°C (Figure
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3.15b) demonstrates an increase in basal velocity within the first 50 years on the ice
shelf, and after approximately 750 years at approximately 600 km downstream of the
flowline. The following panels (Figure 3.15c-i) illustrate the rapid grounded basal ice
velocity following the removal of the ice shelf, with large sections of the grounded ice
sheet flowing in excess of 45 m y-1 after approximately 250 years. The ice shelf basal
velocities increase rapidly on the remaining sections, with some areas flowing in excess
of 3200 m y-1. Other studies have demonstrated that the removal of buttressing ice
shelves increases the velocity at which ice is delivered from the continent to the ocean
(e.g. Scambos et al., 2004), and this is suggested as the likely explanation as to the
increased ice flow in the increased oceanic temperature change simulations.

Fig. 3.15 Basal ice velocity (m y-1) with increasing oceanic temperatures over a 1000 year period.
Each panel illustrates an increase in oceanic temperature by 0.25°C. The panels show time on the
x-axis, the distance along the flowline on the y-axis (which is grounded on the lower half of the
panel, and floating near the top). The solid black line indicates the grounding zone, and the white
background indicates open ocean. Note the changing y-scales.

Basal Stresses

The basal shear stress shows limited temporal variation for both the control (0.0°C)
and the 0.25°C simulations as seen in Figure 3.16. For the 0.5 to 2.0°C simulations, the
highest basal shear stress is observed in proximity to the grounding zone, subsequent
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to its retreat. High basal shear stress is also observed near the ice divide (0 to 50 km),
and increases occur earlier with each increase in oceanic temperature. This variable
response of the basal shear stress closely reflects the changes observed in the surface ice
velocity, showing the intrinsic link between the gravitational driving force and resultant
ice flow and stresses acting on the bed. As the basal shear stress represents the driving
force acting upon the bed, and glacial ice typically can support basal shear stresses
of approximately 105 Pa, an observed change in the ice flow is also exhibited. The
ice thickening that produces basal shear stresses in excess of this leads to increased
ice flow and as a result, ice thinning (Marshall et al., 2011). This ice thinning is also
observed in the simulations, particularly in Figure 3.14c-i.

Fig. 3.16 Basal shear stress (Pa) with increasing oceanic temperatures over a 1000 year period. Each
panel illustrates an increase in oceanic temperature by 0.25°C. The panels show time on the x-axis,
the distance along the flowline on the y-axis (which is grounded on the lower half of the panel, and
floating near the top). The solid black line indicates the grounding zone, and the white background
indicates open ocean. Note the changing y-scales.

Figure 3.17 illustrates the basal yield stress, which shows limited variation across
all increases of oceanic temperatures, with some decrease in basal yield stress observed
from 50 to 100 km from 1.25 to 2.0°C. Lower yield stresses are observed with higher
oceanic temperature increases (Figure 3.17d-i), indicating a weaker substrate, as yield
stress represents the strength of the subglacial material at the base of an ice sheet



96 Kamb Ice Stream Flowline Simulations

that resists sliding (Bueler & Brown, 2009; Winkelmann et al., 2011). It is suggested
that the increased oceanic temperatures and subsequent availability of water in the
subglacial substrate, has decreased the yield strength of the substrate.

Fig. 3.17 Basal yield stress (Pa) with increasing oceanic temperatures over a 1000 year period. Each
panel illustrates an increase in oceanic temperature by 0.25°C. The panels show time on the x-axis,
the distance along the flowline on the y-axis (which is grounded on the lower half of the panel, and
floating near the top). The solid black line indicates the grounding zone, and the white background
indicates open ocean. Note the changing y-scales.

Hydrology

The ice shelf basal melt rate is illustrated in Figure 3.18, where the control (0.0°C) and
the 0.25°C simulations show limited ice shelf basal melt. At 0.5°C the ice shelf shows
increased basal melt as the grounding zone moves up the KIS flowline. From the 0.75
to 1.25°C simulations, increases of ice shelf basal melt are observed subsequent to the
reduced extent of the grounded ice sheet. The last three simulations show similar ice
shelf basal melt patterns, as well as increased basal melt along the entire grounding
zone from approximately 300 years onward. From 0.5 to 2.0°C areas of decreased basal
melt, or increased ice growth, can be observed around the area of the the original
grounding zone, which is potentially an artefact of the ice sheet model as opposed to
a response of the KIS. It is suggested that an incorrect basal melting scheme at the
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grounding zone and too coarse a resolution are potentially the cause of this artefact.
Golledge and others (2019) suggest that recent observations of both the Antarctic and
Greenland Ice Sheets indicate ice loss at accelerating rates as a response to increased
oceanic temperatures forcings. A large component of the mass loss occurs on the
ice shelves, and observations show a clear relationship between increasing oceanic
heat to the margin of the ice sheet and the increasing amounts of mass loss (Joughin,
Alley & Holland, 2012). This is observed in this study’s mass loss of the ice shelves
and the increased basal melt rates at the grounding zone. Other recent studies have
also emphasised the sensitivity of the ice sheets to increases of oceanic temperature
perturbations (e.g. Golledge et al., 2015; Rintoul et al., 2016; Webber et al., 2017;
Wood et al., 2018).

Fig. 3.18 Ice shelf basal melt rate (m) with increasing oceanic temperatures over a 1000 year period.
Each panel illustrates an increase in oceanic temperature by 0.25°C. The panels show time on the
x-axis, the distance along the flowline on the y-axis (which is grounded on the lower half of the
panel, and floating near the top). The solid black line indicates the grounding zone, and the white
background indicates open ocean. Note the changing y-scales.
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Basal Frictional Heating

Figure 3.19 illustrates basal frictional heating, and neither the control (0.0°C) or 0.25°C
simulations show any obvious increase. Simulations of 0.5 to 1.25°C display increased
basal frictional heating, subsequent to the retreat of the grounding zone. The last three
simulations, 1.5 to 2.0°C, also show increases in basal frictional heating at the stable
sections of the grounding zones of up to 90 W m-2. As previously mentioned, frictional
heating resulting from ice flow can warm or melt basal ice, perhaps enhancing flow.
Observed increases in basal friction at the grounding zone precede areas of increased
basal melt, and coincide with increases of velocity of the ice shelves, as well as increases
in basal shear stress (Krabbendam, 2016). As the frictional heating at the bed of a
glacier is directly proportional to the product of the shear stress and strain rate (Benn
& Evans, 2010), the linked increases observed beneath the KIS indicate a sensitivity to
oceanic temperature perturbations.

Fig. 3.19 Basal frictional heating (W m-2) with increasing oceanic temperatures over a 1000 year
period. Each panel illustrates an increase in oceanic temperature by 0.25°C. The panels show time on
the x-axis, the distance along the flowline on the y-axis (which is grounded on the lower half of the
panel, and floating near the top). The solid black line indicates the grounding zone, and the white
background indicates open ocean. Note the changing y-scales.
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3.3.4 Combined Scenarios
By combining atmospheric and oceanic temperature changes, 81 simulations are run
to capture a wide range of climate change scenarios. Figures 3.20 and 3.21 show
the changing ice thickness at 100, 500, and 1000 years. Changes in atmospheric
temperatures are plotted along the x-axis, changes in oceanic temperatures along the
y-axis, changes in ice thickness along the z-axis of the block diagrams. Figure 3.20
shows the relative stability of the upper and trunk zones of the KIS (locations a-d)
after 100, 500, and 1000 years into the simulations, with limited ice thickness changes
occurring regardless of the increase of oceanic or atmospheric temperatures. Figure 3.21
shows the ice thickness for locations e-h at 100, 500, and 1000 years into the simulations.
An increased loss of ice with 0.25°C ocean warming is observed in the upper zone, and
the trunk and transition zones have lost the majority of the ice after 500 years and
an increase of 0.75°C of oceanic temperatures. Lastly, after 1000 years, the trunk and
transition zones have lost the majority or all the ice after oceanic temperature increases
of 0.25°C. Large ice losses are observed in the upper zone after 1000 years; however,
some ice remains at these locations. A distinct threshold for change is observed in the
KIS at an oceanic temperature increase of 0.25°C. The transition zone (locations g and
h) shows greater response to increased oceanic and atmospheric temperatures, with a
rapid loss of grounded ice above a 0.25°C oceanic temperature increase after 100 years,
and increasing ice losses with increasing ocean and atmospheric temperatures. This is
consistent with other studies, such as Golledge and others (2017) and Golledge and
others (2019).
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Fig. 3.20 Changes in ice thickness after 100 (solid) and 1000 (transparent) years for the combined
scenario atmospheric and oceanic temperature increases. Each graph (a-d) correspond to the previously
described locations of the KIS.
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Fig. 3.21 Changes in ice thickness after 500 (solid) and 1000 (transparent) years for the combined
scenario atmospheric and oceanic temperature increases. Each graph (e-h) correspond to the previously
described locations of the KIS.

Figure 3.22 illustrates changes in ice surface elevation and the reduction of the ice
shelf with increased oceanic and atmospheric temperatures. It particularly shows the
retreat of the grounding zone with increased oceanic temperatures, to two pinning points
(see Section 3.5.1), and the limited retreat that arises under increasing atmospheric
temperatures. Between an oceanic temperature increase of 0.25 and 0.5°C, a substantial
reduction in ice surface elevation and ice thickness is observed from 300 km downstream
the flowline onward. With a 0.5°C increase the grounding zone has retreated inland
to a pinning point between 340 to 360 km downstream. The increases in oceanic
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temperature between 0.5 to 1.5°C are largely grounded at this location, with retreat to
a new pinning location occurring after the 1.5°C increase to between 280 to 310 km
downstream. The ice surface elevation at the start of the flowline has not reduced over
the 1000 year period. This is due to the imposed boundary conditions of the model
domain as opposed to ice stream behaviour. A consequence of this imposed anchoring
at approximately 2250 m.a.s.l., is the effect of a lower atmospheric temperature at this
location to if this point evolved to a lower elevation. This would potentially lead to
greater melt which is not included in this scenario.

Fig. 3.22 Ice surface elevations under warming oceanic conditions. The nine different oceanic
temperature anomalies are plotted (0.0°C to 2.0°C with 0.25°C increments) and within each oceanic
temperature increase, nine plots of atmospheric temperature increases are plotted. The oceanic
temperatures are plotted in different colours (0.0°C as dark blue through to dark red for 2.0°C). The
atmospheric changes are coloured according to the oceanic changes, as these show higher variation.
Two arrows (grey) indicate potential pinning points.

3.4 Discussion: Hydrological Changes in the Sub-
glacial Environment

3.4.1 Temporal Responses of the Subglacial Environment
The five different simulations of total maximum effective water stored in the till show
three distinct temporal responses. Within the initial ∼250 years of the simulations, the
0.1 and 1.0 m simulations show large scale variation in the KIS responses at locations
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a to f in contrast to the 2.0, 3.0 and 3.9 m simulations (Figures 3.6-3.8). After the
initial ∼250 year period, between 250 and 500 years, the 3.0 and 3.9 m simulations
frequently exhibit a rapid increase in the shown parameter, often to a similar value as
the 0.1 and 1.0 m simulations. Lastly, between 500 and 1000 years into the simulation,
the ice stream appears to stabilise and, for most variables, each simulation of total
maximum effective water stored in the till has near identical end values. It is inferred
from these data that large, instantaneous changes in the total maximum effective water
stored in the till perturb the KIS on a centennial scale; however, the ice stream returns
to a steady state on the millennial scale, often at near similar values as the start state.
The increase of maximum effective thickness of water stored in the till by ±1.9 m from
2.0 m does not cross a threshold of the system, which implies that the changes are
transient and reversible. At the millennial-scale the KIS appears to self regulate and
be reversible with changing amounts of water in the till; however, at longer time scales
modelled oscillatory behaviour of ice velocity is found to occur (i.e. the stagnation and
reactivation of ice streams, potentially due to changes in the basal hydrology), which
may not be evident in this study’s shorter-term simulations (van Pelt & Oerlemans,
2012).

3.4.2 Spatial Variation
A key feature of the KIS are the highly variable subglacial conditions, particularly
when compared with other ice streams, such as the Whillans Ice Stream (WIS) (e.g.
Kamb, 2001; Luthra et al., 2017; Atre & Bentley, 1993; Bentley et al., 1998; Catania
et al., 2003). Seismic and borehole data from the WIS show the stronger homogeneity
observed beneath the ice stream (Kamb, 2001). The data in this study strongly agree
with results of KIS variation, as shown particularly in Figures 3.6 to 3.8, which show
intrinsically different responses along the KIS flowline in the ice velocities, basal stresses,
basal temperatures and basal hydrology.

3.5 Discussion: Projecting Future Change
The future projection simulations show the importance of understanding how present-
day processes and thresholds will impact the reaction of the KIS and the wider WAIS
to changing climatic temperatures and conditions. Global mean surface temperatures
(GMSTs) are projected to warm up to 2.6°C by 2046-2065, and up to 4.8°C by 2081-2100
relative to 1985-2005 average temperatures (Collins et al., 2013). The Representative
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Concentration Pathways (RCPs) are four scenarios where CO2 concentrations are
higher in 2100 relative to present-day as a result of further increase of cumulative
emissions of CO2 to the atmosphere during the 21st century (Church et al., 2013).
This study presents 81 simulations of increasing atmospheric, oceanic, or combined
temperatures that show large scale effects on the KIS, both on the surface and
subglacially. This comprehensive set of simulations encompasses the changes outlined
by the RCP scenarios, and beyond.

3.5.1 Pinning Points and Grounding Zone Retreat
The inland bed deepening of some marine-based ice streams is thought to render these
sectors of the ice sheet inherently unstable, whereas the presence of topographical
pinning points provide a control on the retreat of these ice streams (Weertman, 1974;
Schoof, 2007). Satellite observations of rapid ice-stream thinning and recession seem
consistent with this theory (Joughin, Smith & Holland, 2010; Rignot, 2008; Pritchard
et al., 2009). However, the retreat patterns of palaeo-ice streams show high regional
inconsistencies, which could indicate that local controls such as basin geometry can
provide an important modulation on ice stream retreat in addition to climate and
oceanic temperature forcings (Ó Cofaigh et al., 2008; Livingstone et al., 2012). Jamieson
and others (2012) also show the consistent slowdowns of grounding zone retreat rates
at locations of topographic highs. This study provides evidence that the KIS has
three potential topographic pinning points, 300, 500 and 600 km upstream of the
present-day grounding zone, which provide locations of stabilisation under increased
oceanic temperature forcings. These are presented in Figure 3.22, which shows the
stabilisation of retreat at two topographical pinning points. With oceanic temperature
forcing increases of 0.25°C, the modelled ice stream displays a rapid retreat of the
grounding zone to the first pinning point, and a subsequent rapid retreat to the second
pinning point. Higher temperature simulations show a similar pattern of rapid retreat
to the first and second pinning point positions over 1000 year simulations. With
oceanic temperature forcing of 1.5°C and above, the KIS retreats back to the highest
topographical pinning point. Increased atmospheric temperature forcings have limited
effect on the retreat of the grounding zone; however, it is argued that the first potential
pinning point provides a different basal stress and frictional heating regime with the
increases of atmospheric temperatures that likely increased the ice velocity in this
area. Grounding zone dynamics may also be affected by the pinning points, where the
unpinning of the grounding zone changes the force balance, changing the ice thickness
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and flow velocities (Still, Campbell & Hulbe, 2019; Goldberg et al., 2009; Favier et al.,
2012; Favier & Pattyn, 2015).

3.5.2 Ice Stream Sensitivity
This study investigates the sensitivity of the KIS to climate-related thresholds, through
increases in oceanic and atmospheric temperature perturbations. Figure 3.23 captures
the changes of ice volume with increasing oceanic and atmospheric temperature per-
turbations (panels 3.23a and 3.23b), as well as ice stream sensitivity (panels 3.23c
and 3.23d) for the grounded and floating sections of the KIS flowline. Panel 3.23a
illustrates the oceanic temperature threshold at which large decreases of grounded ice
volume are observed from 500 years onward. This increased ice loss occurs between
temperature increases of 0.25 and 0.5°C, as was observed in Section 3.3. Overall
decreases and final total loss of the ice shelf after 1000 years are also observed. Panel b
shows the limited change in total ice volume with increasing atmospheric temperatures,
for either the grounded or the floating ice over the 1000 year period. The grounded
ice shows a strong sensitivity to oceanic temperature perturbations of 0.25°C after a
1000 years, where the ice volume rate of change rapidly reduces. At the 100 and 500
year time intervals a sensitivity to an oceanic temperature perturbation of 0.25°C is
also observed. Further oceanic temperature perturbations above 0.75°C also highlight
ice stream sensitivity to oceanic warming. The rapid removal of the ice shelves in
the simulations above 0.25°C also shows the high sensitivity of floating ice shelves to
increased ocean warming. This highlights that the grounded ice sheet is more sensitive
to increases of oceanic temperatures at the centennial and millennial scales, and the
floating ice at decadal scales. However, while it is useful to model the oceanic and
atmospheric temperature change components separately to understand their individual
roles, the two are intrinsically linked, and it is suggested that future work should asses
the sensitivity of the ice stream with combined atmospheric and oceanic temperature
increases. These results are in line with the large body of work that has been con-
ducted over the recent years which demonstrate the sensitivity of the Antarctic (and
Greenland) Ice Sheets to increases in oceanic temperatures (e.g. Golledge et al., 2015;
Christianson et al., 2016; Golledge et al., 2017; Tabone et al., 2018; Golledge et al.,
2019; Levy et al., 2019). Lastly, panel d shows the limited sensitivity of the KIS to
atmospheric temperature perturbations of 1.0°C and 3.0°C, while the floating ice shelf
displays minimal sensitivity to atmospheric temperature perturbations. It is also noted
that the anchoring of the ice sheet elevation at the start of the flowline likely aids to
underestimate the role of increased atmospheric temperatures on future evolution of
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KIS than the flowline model results currently suggest. It is suggested that this be
further investigated in subsequent studies to quantify the impact of the anchoring.

Fig. 3.23 Total domain ice volume changes, and rates of change, with increasing oceanic or atmospheric
temperatures. Panels (a) and (b) illustrate the total KIS ice volume for either the grounded (red) or
floating (blue) section of the flowline at increasing temperatures. These are plotted after 100 years
(solid), 500 years (dotted) and 1000 years (dashed) of the model simulations. Panels (c) and (d)
show the ice stream sensitivity with increasing ocean or atmospheric temperatures. Note the different
y-scales.

3.5.3 Reactivation of the Kamb Ice Stream
The removal of the buttressing effect of ice shelves results in increased ice velocities,
such as observed after the partial collapse of the Larsen B ice shelf (Scambos et al.,
2004). The buttressing effect of the RIS is also thought to play an important role
in restraining the outflow of upstream grounded ice on the SCIS (Fürst et al., 2016).
While most of the RIS provides active buttressing, sections have been labelled as
“passive” where the removal of the ice shelf until this point results in minimal increase
in ice velocity (Fürst et al., 2016). Figure 3.24 shows the Ross Sea sector and the
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RIS buttressing effects in relation to the KIS flowline in this study. Data presented
in this study show the possibility of ice stream reactivation with increases of oceanic
temperatures above 0.25°C, where large sections of the ice shelf have melted and been
removed past the “passive” line of buttressing. Removal of the ice shelf therefore likely
resulted in increased basal and surface velocities, and thinning on the ice stream likely
arose from this increased rate of ice loss. This study, however, does not take into
account the buttressing effect that the Ross Ice Shelf provides upon the KIS, with
studies indicating that the RIS provides the highest ratio of buttressing on the KIS in
respect to the other SCIS (Reese, Winkelmann, & Gudmundsson, 2018). The minority
of ice discharges into unconfined, or mostly unconfined, ice shelves, and these provide
limited influence on the upstream ice flow (Schoof, 2007). The majority of ice flow, is
discharged into confined ice shelf embayments, which exert a control on the upstream
ice flow and discharge from the grounded ice sheet (Fürst et al., 2015). In this study’s
flowline simulations, the grounding zone retreat likely occurs at a faster rate, than if it
is discharging into an buttressing ice shelf.

Fig. 3.24 Ross Ice Shelf buttressing effects, where the Fürst and others (2016) data in the left panel
shows the ’passive’ buttressing section of the RIS coloured in blue, and the ’active’ buttressing in
red. The Kamb Ice Stream flowline is indicated in black. The right hand panel shows the buttressing
ratio θ1 along the Ross Ice Shelf grounding zone by Reese, Winkelmann and Gudmundsson (2018),
which indicates high levels of buttressing along the Kamb Ice Stream grounding zone. Modelled ice
velocity is plotted in grey ranging up to 1500 m y-1. Modified from Fürst et al., (2016) and Reese,
Winkelmann & Gudmundsson (2018).

3.5.4 Model Limitations and Assumptions
1. Resolution
Due to the computational constraints of this study, the flowline simulations are at
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a horizontal resolution of 10 km, as opposed to a higher resolution of either 1 or 5
km. This resolution is unable to capture finer detail, and it would be desirable for
future work to consider replicating the simulations at higher resolutions and comparing
the simulations to the lower 10 km resolution flowline. A higher resolution of bed
topography could also be desirable. Secondly, the flowline is limited to two dimen-
sional resolution, any three dimensional lateral variation is ignored within the flowline
simulations. Chapter 4 partially aims to address a more three dimensional extent of
the KIS in comparison to the flowline simulations.

2. Model response versus ice stream response.
An important component of this study is the characterisation of the subglacial envi-
ronment as a response to changing parameters of the flowline model. A limitation
is the consideration of which modelled responses are glaciological and geological re-
sponses, and which responses are due to the choice of model parameters. It would
not be accurate to present all the results in this Chapter without a consideration as
to what extent the model choice and model parameter choices have influenced the
results. The model used is a comprehensive SIA and SSA hybrid model, as previously
discussed, which aims to capture the complex understanding of glaciological, geological
and climatological processes (Bueler & Brown, 2009). This study suggests that the
comprehensive 1746 ensemble simulations in combination with a robust ice sheet model,
provide some certainty that the modelled results presented are indeed responses of the
ice stream, as opposed to a responses inherent to the model.

3. Oceanic and atmospheric components
The oceanographic component of the model used for the KIS may not capture in its
entirety the complex oceanographic processes occurring beneath the RIS, such as basal
melt rates (De Rydt & Gudmundsson, 2016), and likely led to incorrect ice geometry at
and near the grounding zone. It is suggested that an incorrect basal melting scheme at
the grounding zone and too coarse a resolution are potentially the cause of this artefact.
It is outside of the scope of this study to modify the ocean component of the model,
and it is recommended for future work that extra simulations are performed which test
different oceanographic models to better capture the grounding zone transitions.
As suggested earlier in this chapter, the imposed anchoring of the ice surface at 0 km on
the modelled profile likely affected the impact of increased oceanic temperatures in this
location. The upper trunk of the KIS flowline was artificially kept at lower atmospheric
temperatures due to this anchoring, and this likely underestimated the response of the



3.5 Discussion: Projecting Future Change 109

KIS to increased atmospheric temperatures in this section of the profile. While it is
outside of the scope of this study to perform an ensemble of simulations to assess the
impact of this anchoring, it is suggested that this could be included in future research
to better refine the impact of atmospheric temperature increase on this sector of the KIS.

4. Model issues
An issue that occasionally occurs in PISM is failure of the stress balance calculations,
and a simulation unable to finish under certain parameter combinations. This issue can
frequently be solved by changing the adaptive time step used in the model; however,
this strategy did not work for this study. In this study, three model simulations
(combinations of oceanic temperatures of 0.5°C, and atmospheric temperatures of 2.0,
6.0 and 7.0°C) which combined increases in oceanic and atmospheric temperatures
had a stress balance failure, and were not able to run the simulation for the full 1000
year period. When changing the adaptive timestepping ratio other model simulations
resulted in the same issue. The decision was made that out of the 81 model simulations,
the three simulations that failed would not be included in the results. This study argues
that this does not have a significant impact on the presentation and interpretation of
results.





4. West Antarctic Ice Sheet Simula-
tions

This Chapter aims to characterise the larger-scale West Antarctic Ice Sheet subglacial
environment, both in the context of the Kamb Ice Stream, as well as wider, continental
changes. Another aim of this chapter is to assess the robustness of the parameter
choices made for the KIS flowline simulations at a continental scale, and whether the
parameter choices were a function of resolution and model complexity. Two sets of
whole continent simulations are performed, where the first set uses the same parameters
as the KIS flowline simulations (Chapter 3) and investigates changes in subglacial
hydrology. Replication of KIS parameters at a continent level allows for the assessment
of parameter choices made at a flowline level, and whether these are appropriate at
larger scales. The second set of simulations uses different parameters than the KIS
flowline simulations, which better capture the present-day state of the whole continent,
and explore atmospheric temperature perturbations, as well as precipitation changes,
and changing geothermal heat fluxes (GHF). The KIS parameter-based simulations are
run over a 1000 year period, while the AIS parameter based simulations are run over a
10,000 year period to allow for stabilisation of the ice sheet. Both sets of simulations
provide insights into the behaviour of the West Antarctic Ice Sheet, as well as more
focused responses of the Ross Sea Sector and the Kamb Ice Stream.

4.1 Methodology
The methodology of the whole continent simulations closely follows the KIS flowline
methodology, which is comprehensively discussed in Chapter 3. This section aims to
report differences from the main methodology. The initial stages of model smoothing,
evolution, and the spin-up are identical to the KIS flowline simulations; however,
they are performed at the entire Antarctic continent scale. Table 3.1 records the
parameter choices for the model smoothing and evolution, while Table 4.1 records the
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parameter choices for both the KIS-based whole continent simulations, as well as the
longer, AIS-based whole continent simulations. These two subsets of whole continent
simulations explore ice sheet response and behaviour at different temporal scales, as
well as quantifying which parameter choices capture the present-day KIS, Ross Sea
Sector, and WAIS. The initial KIS-based, whole-continent simulation uses the same
SIA enhancement, SSA enhancement, till phi, atmospheric, and oceanic parameters as
the KIS flowline simulations (Table 4.1), and is run over a 1000 year period. Using
the same parameter choices allows for both the seismic survey results and the flowline
model results to be applied in a wider context. The second set of whole-continent
simulations explores different SIA and SSA enhancement combinations, to produce
a 25 simulation ensemble that aims to best capture present-day surface ice velocity,
elevation, and ice extent. These simulations are run over a 10,000 year period, and at
a 30 km resolution, to allow for longer stabilisation and changes of the ice sheet.
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Table 4.1 PISM input options and parameter choices for whole continent simulations, comparing the
KIS and AIS focused spin-ups, and hydrological, temperature increase (°C), and geothermal heat flux
(GHF) change simulations.

PISM option KIS Spin-up KIS Hydrology AIS Spin-up AIS °C; GHF

-i x x x x
-bootstrap x x x x
-Mx, -My, -Mz, -Lz, -Mbz, -Lbz x x x x
-y 20
-ys, -ye 0, 1000 0, 1000 0, 10,000 0, 10,000
-z_spacing quadratic x x
-zb_spacing equal x x
-ts_file -ts_times x x x x
-extra_file -extra_vars -extra_times x x x x
-regrid_file -regrid_vars x x
-skip -skip_max -backup_interval 24 24 100 100
-o x x x x
-adapt_ratio 0.12 0.12 0.12 0.12
-atmosphere x x x x
given, -atmosphere_given_file x x x x
lapse_rate, -temp_lapse_rate, -atmosphere_lapse_rate_file 8.0 8.0 8.0 8.0
anomaly, -atmosphere_anomaly_period , -atmosphere_anomaly_file 1 1
paleo_precip, -atmosphere_paleo_precip_file x
-surface x x x x
pdd, -pdd_refreeze 0.6 0.6 0.6 0.6
delta_T -surface_delta_T_file x x
-ocean x x x x
th, -ocean_th_file x x x x
-calving ocean_kill -ocean_kill_file x x x x
-calving eigen_calving, thickness_calving -pik x x x x
-eigen_calving_K 5e15 5e15 1e16 1e16
-thickness_calving_threshold 50 50 200 200
-stress_balance ssa+sia x x x x
-sia_e 3.5 3.5 4.0 4.0
-ssa_e 1.5 1.5 1.5 1.5
-ssafd_ksp_divtol 1e300 1e300 1e300 1e300
-ssa_rtol 1e-4 1e-4 1e-4 1e-4
-periodicity y x x
-ssa_dirichlet_bc x x
-bed_smoother_range 10e3 10e3 25e3 25e3
-pseudo_plastic x x x x
-pseudo_plastic_q 0.25 0.25 0.25 0.25
-subgl -tauc_slippery_grounding_lines -no_subgl_basal_melt x x x x
-no_subgl_basal_melt x x
-till_effective_fraction_overburden 0.02 0.02 0.02 0.02
-topg_to_phi 0, 12, -1200, 0 0, 12, -1200, 0
-hydrology_tillwat_max variable

4.1.1 Analysis
Both sets of exploratory simulations are visually compared to the observed AIS surface
elevation (BEDMAP2; Fretwell et al, 2013), surface ice velocity (MEaSUREs; Rignot
et al., 2013), and ice extent (SCAR Antarctic Digital Database) in Figure 4.1. This
visual comparison aims to identify whether the results of the set-up simulations appear
similar to observed values at the first order. Whilst the two sets of simulations are run
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for different lengths of time, they are initially compared after both have run for 1000
years, to allow for direct comparison. The simulations are plotted next to the observed
data to assist in the visual analysis and determine the optimal model parameters
(Figure 4.1). This allows for a comparison to establish which model simulations are
most similar to the observed data. From the AIS scale ensemble simulations, a SIA
enhancement of 4.0 and a SSA enhancement of 0.65 have the best visual comparison to
the present-day observations, and are plotted alongside the KIS-parameter simulations.
The AIS simulation better captures the extent of the present-day ice shelves and
grounding zone locations than the KIS-based simulation, as seen in Figure 4.1. The
KIS-based simulation has overestimated the modelled ice shelf extents; however, has
better captured the ice surface elevations, particularly near the TAM and the Victoria
Land Sector. However, since this aim of this simulation is to assess the viability of
the flowline parameter choices on a wider continental scale, these simulations remain
included and are not changed, even with the incorrect ice shelf extents. Some grounding
zone location mismatch is observed at the base of the FRIS on both the KIS and AIS
simulations. Surface ice velocities (top panels) are similarly captured in both the KIS
and AIS simulations; however, the KIS-based simulations have better captured the
overall SCIS velocities. Basal velocities do not have directly observed data, but are
included for comparison between the two types of simulations.
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Fig. 4.1 Surface and basal ice velocities, ice surface elevation, and ice extent of the whole-continent
simulations based on the KIS flowline parameters (middle) and the final selection of the AIS ensemble
simulations (left) after 1000 years. The right-hand column has the observed surface ice velocity, ice
surface elevation, and ice extent. The Ross Ice Shelf (RIS), Kamb Ice Stream (KIS), Filchner-Ronne
Ice Shelf (FRIS), West Antarctic Ice Sheet (WAIS) and East Antarctic Ice Sheet (EAIS) locations are
annotated on the observed surface ice velocity panel.
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4.1.2 Hydrological Controls
The hydrological simulations explore the same parameters as the KIS flowline simula-
tions (see Section 3.2.5), by changing the maximum amount of effective water stored
in the till to 0.1, 1.0, 2.0 (default), 3.0, and 3.9 m to characterise a range of responses
over the entire Antarctic continental scale, focussing on the WAIS and Ross Sea Sector.
This explores the result of changing hydrological conditions on ice velocities and ice
thickness, as well as ice extent. The range of decay rates as simulated in the KIS
flowline simulations are not explored in the whole continent simulations, as they have
been shown to have limited impact in the flowline simulations.

4.1.3 Atmospheric Temperature and Precipitation Perturba-
tions

The second set of simulations characterises the responses of the whole AIS under
longer-term changing climatic conditions, and this is explored using the AIS-based
parameters as opposed to the KIS flowline parameters. The KIS flowline parameters
have been chosen to best represent the subglacial environment of the KIS, whereas the
AIS simulation parameter choices better represent the present-day state of the entire
AIS. Two atmospheric temperature and precipitation perturbations are explored, as
opposed to eight different temperature perturbations in the KIS flowline. This is done
to explore the longer-term, higher increases of atmospheric warming, as opposed to the
shorter term, smaller changes in atmospheric temperature. Perturbations of 5 and 10°C
are applied to the atmospheric temperature to encompass different RCP scenario values,
and the model is then run over a 10,000 year period. The atmospheric component of
the model is modified for the precipitation experiments to include the paleo_precip
choice, which incorporates a 7.3% change of precipitation rate for every one degree
Celsius of atmospheric temperature change (Huybrechts, 2002). The precipitation
change experiments are also performed at atmospheric temperature perturbations of 5
and 10°C.

4.1.4 Geothermal Heat Flux Changes
Lastly, four different GHF simulations are explored as a means to characterise the
timescales at which changing GHF affects the subglacial hydrology. This study explores
a range of GHF values that deviate from the Shapiro and Ritzwoller (2004) model,
to capture the wide range of measured and inferred GHF (e.g. Pollard et al., 2005;
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Shapiro & Ritzwoller, 2004; Fox Maule et al., 2005; Purucker, 2013; An et al., 2015;
Martos et al., 2017). Reductions by both 25 and 50%, as well as increases by 25 and
50% are simulated over a 10,000 year period to explore the effects of increased or
decreased basal heat on the KIS and the WAIS. The changes in GHF are simulated
over a 10,000 year period as opposed to a 1000 year period to capture longer temporal
changes.

4.2 Results
This section aims to provide insights into the response of the WAIS to changing
hydrological, temperature and GHF parameters, and allows the KIS to be understood
in a wider context. Visually comparing the ice surface elevation, basal and surface
ice velocities, and the basal melt to the control simulations, provides comprehensive
characterisation of both temporal and spatial changes of the WAIS.

4.2.1 Hydrological Changes

Ice Surface Elevation

Figure 4.2 shows the change in WAIS ice surface elevation, at 100, 500, and 1000
year intervals. Very limited changes are observed, both spatially and temporally, with
increases and decreases of changing maximum amounts of effective water stored in the
till on the ice surface elevation. The changes in the maximum amounts of effective
water stored in the till do not provide a sufficient modification to the subglacial
environment to result in change. This is different from the response observed in
the flowline simulations, where the changes in maximum amounts of effective water
stored in the till are more concentrated along the KIS, and show larger scale changes
along the KIS. The values used in the KIS flowline simulation for the hydrological
simulations are sufficiently different from the default of 2.0 m to result in change, but
in a continent-wide simulation do not provide a sufficient modification to the subglacial
system to result in change. It is suggested that the whole continent simulations may
be missing a significant response to the hydrological changes, or that the flowline
simulations are more sensitive to changes in the hydrology.
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Fig. 4.2 Ice surface elevation (m a.s.l.) with changing amounts of effective water stored in the till
after a 1000 year simulation. The response of the WAIS to changing the amount of effective water
stored in the till to 0.1, 1.0, 3.0 and 3.9 m is captured at 100, 500, and 1000 year intervals, and are
plotted relative to a control of 2.0 m water storage. The modelled grounding zone is outlined in black.

Surface and Basal Ice Velocities

Limited variation, ±50 m y-1, in basal and surface ice flow is simulated under changing
maximum amounts of effective water stored in the till, as seen in Figures 4.3 and 4.4,
with changes concentrated on the FRIS and the RIS, and within the first 500 years of
the simulation. As suggested in the previous paragraph, the values used in the KIS
flowline simulation for the hydrological simulations are sufficiently different from the
default of 2.0 m to result in change, but in a continent-wide simulation do not provide
a sufficient modification to the subglacial system to result in change. This is evidenced
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in the lack of change in basal and surface ice flow, and likely a result of the whole
continent simulations missing a significant response to the hydrological changes.

Fig. 4.3 Surface ice velocity (m y-1) with changing amounts of effective water stored in the till after
a 1000 year simulation. The response of the WAIS to changing the amount of effective water stored in
the till to 0.1, 1.0, 3.0 and 3.9 m is captured at 100, 500, and 1000 year intervals, and are plotted
relative to a control of 2.0 m water storage. The modelled grounding zone is outlined in black.
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Fig. 4.4 Basal ice velocity (m y-1) with changing amounts of effective water stored in the till after a
1000 year simulation. The response of the WAIS to changing the amount of effective water stored in
the till to 0.1, 1.0, 3.0 and 3.9 m is captured at 100, 500, and 1000 year intervals, and are plotted
relative to a control of 2.0 m water storage. The modelled grounding zone is outlined in black.

Basal Melt

Similar to ice velocities, basal melt shows minimal change, ± 2 m y-1, between different
maximum amounts of effective water stored in the till (Figure 4.5) as opposed to
the changes simulated in the KIS flowline. Changes in basal melt are not observed
until the 1000 year completion of the simulation, where increased basal in excess of,
or reduction of, 2 m y-1 is largely concentrated between the FRIS, the Pine Island
Glacier (PIG), and Thwaites Glacier (TG). The KIS shows no observed change with
different amounts of effective water stored in the till at this scale, in contrast to the
flowline simulations. This is attributed to a likely insensitivity of the model to this
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level of subglacial hydrological change, and further investigation is recommended to the
thresholds at which the whole continent responds to subglacial hydrological changes.

Fig. 4.5 The basal melt (m y-1) with changing amounts of effective water stored in the till after a
1000 year simulation. The response of the WAIS to changing the amount of effective water stored in
the till to 0.1, 1.0, 3.0 and 3.9 m is captured at 100, 500, and 1000 year intervals, and are plotted
relative to a control of 2.0 m water storage. The modelled grounding zone is outlined in black.

4.2.2 Atmospheric Temperature and Precipitation Perturba-
tions

Ice Surface Elevation, Ice Extent and Basal Melt

Response of the WAIS to increasing atmospheric temperatures, compared to the control
simulation, is largely evident in the retreat of grounding zone positions and the ice
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surface elevation changes of the FRIS, TG, and PIG, as observed in Figure 4.6. Limited
grounding zone retreat, approximately 50 km inland in some areas such as the TG and
PIG basins, is observed with the 5°C atmospheric temperature perturbation; however,
large scale grounding zone retreat, in excess of 900 km inland, has occurred in the 10°C
simulation, with the FRIS, TG and PIG subglacial basins connecting and allowing
the through flow of ocean water. The SCIS show minimal grounding zone retreat in
the 10°C simulation, with the retreat of the TG and PIG grounding zone reaching the
upper sector of the KIS drainage basin.

Reductions in ice surface elevation are also observed with an atmospheric tem-
perature perturbation of 10°C. This is again evident in the Amundsen and Weddell
Sea Sectors; however, a large reduction exceeding 500 m in ice surface elevation is
also observed between the Ross and Amundsen Sea Sectors, reducing by ∼500 m
over the 10,000 year period with increased temperature and precipitation. Increased
precipitation leads to different behaviour of the WAIS, with increases of ice surface
elevation by up to 1 km, are observed for both the 5 and 10°C precipitation increases.
This additional precipitation could reduce and offset some of the projected WAIS loss
under increasing atmospheric temperatures (Joughin et al., 2014; DeConto & Pollard,
2016; Medley et al., 2018); however, is likely only significant without an increase in
oceanic temperatures. Some grounding zone advance is observed on the FRIS with both
precipitation increases, as well as a relative stability of the RIS, TG and PIG grounding
zones. Increased ice surface elevation is also observed in the KIS drainage basin. The
changes in basal melt simulated in Figure 4.6 show the reduction of basal melt beneath
the ice shelves with atmospheric temperature changes, and the increase of basal melt
beneath the ice shelves with increases of precipitation. This increase of ice shelf basal
melt likely reflects the thickening of ice shelves with increased precipitation, and the
depth dependent melt rate scheme used in the model (Hellmer, Jacobs & Jenkins, 1998;
Holland & Jenkins, 1999). This is analogous to the presence of colder, High Salinity
Shelf Water (HSSW) beneath the larger ice shelves. This aids the refreezing of ice on
the thinner ice shelf and the increased melting of the ice shelf when it is thicker and
the base sits deeper in the thermocline, with warmer water available to melt the base
of the ice shelf (Holland, Jenkins & Holland, 2008; Webber et al., 2017). The increase
of precipitation and atmospheric temperature perturbation by 10°C show significant
increases of basal melt beneath the grounded ice sheet, which is largely concentrated
between the FRIS, TG, and PIG, with some basal melt increases occurring in the trunk
sector of the KIS drainage area. A perturbation of atmospheric temperatures by 10°C
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without increased precipitation shows large scale increases of basal melt beneath the
newly formed ice shelf in the Amundsen Sea Sector.
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Fig. 4.6 Ice surface elevation (a) and basal melt (b) with atmospheric temperature and precipitation
perturbations after a 10,000 year simulation. The control simulation with no changing atmospheric
temperature perturbation or precipitation is shown on the left, while the changes in atmospheric
temperature and corresponding precipitation are illustrated in the adjacent panels. The Ross Sea
(RS), Amundsen Sea (AS), and Weddell Sea (WS) Sectors are annotated, as well as the Thwaites
Glacier (TG), the Pine Island Glacier (PIG), Filchner-Ronne Ice Shelf (FRIS), Ross Ice Shelf (RIS),
and the Kamb Ice Stream (KIS). The KIS drainage area is outlined in white (solid) and the KIS
flowline modelled in Chapter 3 is shown by a white dashed line.
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Surface and Basal Ice Velocities

Surface and basal velocity changes under atmospheric temperatures and increasing
precipitation are plotted in Figure 4.7. Compared to the control simulation, the
response of the WAIS to increasing atmospheric temperatures is largely evident in
velocity changes of the ice shelves. With increases of atmospheric temperature by 5°C,
the FRIS and RIS show large increases ice velocity in the order of ∼300-500 m y-1, and
with the perturbation of atmospheric temperature by 10°C, large ice velocity increases
are also observed on the PIG and TG. Increased precipitation shows a more spatially
variable pattern of velocity increases and decreases, largely concentrated on the RIS
and FRIS. The KIS is also observed to vary in both surface and basal ice velocities,
where an increase is observed near the grounding zone with increases of precipitation,
and a decrease is observed with atmospheric temperature increases. It is suggested
that the increase in ice thickness is due to increased accumulation, which results in
an ice thickness increase and increased ice flow. The reduction of ice thickness due
to surface melt under warmer atmospheric temperatures results in lower ice velocities
(Benn & Evans, 2010; Winkelmann et al., 2012).
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Fig. 4.7 Surface (top) and basal (bottom) ice velocities (m y-1) with changing atmospheric temper-
atures and precipitation after a 10,000 year simulation. The control simulation with no changing
atmospheric temperature or precipitation is shown on the left, while the changes in atmospheric
temperature and corresponding precipitation are illustrated in the adjacent panels. The Ross Sea
(RS), Amundsen Sea (AS), and Weddell Sea (WS) Sectors are annotated, as well as the Thwaites
Glacier (TG), the Pine Island Glacier (PIG), Filchner-Ronne Ice Shelf (FRIS), Ross Ice Shelf (RIS),
and the Kamb Ice Stream (KIS). The KIS drainage area is outlined in white (solid) and the KIS
flowline modelled in Chapter 3 is shown by a white dashed line. The modelled grounding zone and ice
shelf extents are outlined in grey.
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4.2.3 Geothermal Heat Flux Sensitivity
This study explores the effect of increasing and decreasing the GHF beneath the WAIS,
as a means to characterise the timescales at which changing GHF affects the subglacial
hydrology and to partially assess the effects of GHF model choice. No high heat flux
anomalies are observed within the Shapiro and Ritzwoller (2004) data on which this
study’s GHF simulations are based, in contrast to more recent GHF models (e.g. An et
al., 2015; Martos et al., 2017). The high anomalies likely have a larger influence on the
ice sheet at a local, rather than continental scale. Figure 4.8 shows the change in basal
melt around the WAIS with GHF increases and decreases. Change in basal melt is
observed for the 10,000 year simulations, whether decreasing or increasing the GHF by
up to 50% which is captured within the variation we see in the different GHF models.

Fig. 4.8 Changes in basal melt with changing geothermal heat flux after a 10,000 year simulation.
The control simulation with no changing geothermal heat flux is shown on the left, while the changes
resulting from changes in geothermal heat flux are illustrated in the adjacent panels. The Ross Sea
(RS), Amundsen Sea (AS), and Weddell Sea (WS) Sectors are annotated, as well as the Thwaites
Glacier (TG), the Pine Island Glacier (PIG), Filchner-Ronne Ice Shelf (FRIS), Ross Ice Shelf (RIS),
and the Kamb Ice Stream (KIS). The KIS drainage area is outlined in white (solid) and the KIS
flowline modelled in Chapter 3 is shown by a white dashed line.
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4.3 Discussion

4.3.1 Kamb Ice Stream Responses
The KIS shows a relatively consistent stability in the whole continent simulations,
throughout the changing hydrological, atmospheric temperature, and precipitation
perturbations, with the exception of a 10°C atmospheric temperature change. In the
10°C atmospheric temperature perturbation simulations the entire WAIS is observed
to have largely reduced in volume. Whole continent simulations provide a more
complex replication of the present-day AIS, as opposed to the more isolated KIS
flowline. However, the whole continent simulations are run at a coarser resolution
(30 km) and smaller scale processes are likely not captured as well at this resolution
as that of the KIS flowline (10 km). With the exception of the 10°C atmospheric
temperature increase simulation, the KIS appears to be less sensitive to wider scale
changes than it is to highly local changes as explored in Chapter 3. The grounding
zone also does not display retreat and sensitivity to atmospheric temperature changes
or changes in the subglacial hydrology. However, as previously discussed, the KIS
system likely experienced grounding zone retreat as a result of its stagnation (Horgan &
Anandakrishnan, 2006). While this is outside of the scope of this study, it is suggested
that in future simulations potential retreat of the grounding zone is modelled to confirm
retreat rates discussed in Chapter 2.

4.3.2 Subglacial Variation
A key feature of the SCIS are the highly variable subglacial conditions among the ice
streams (Kamb, 2001; Luthra et al., 2017; Atre & Bentley, 1993; Bentley et al., 1998;
Catania et al., 2003), which show intrinsically different responses to basal ice velocities
and basal melt rates in the SCIS. Whole continent simulations also illustrate the
subglacial variation beneath the entire WAIS, with large differences observed between
the Ross, Weddell, and Amundsen Sea Sectors. High basal melt and basal ice velocity
differences are observed beneath the ice streams within these sectors, both under
changes in atmospheric temperature and precipitation. Increasing subglacial variation
is observed with an atmospheric temperature increase of 10°C in the Amundsen and
Weddell Sea Sectors, where basal ice velocities and basal melt rates between ice streams
display higher variation than at lower temperature increases. This is a potential
indicator of a more stable RIS, where limited grounding zone retreat is observed with
increasing atmospheric temperature and precipitation anomalies and likely indicates
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that at pure atmospheric temperature increases up to 10°C the RIS does not cross a
threshold that results in large scale changes. Changes in hydrological parameters, as
seen in Figures 4.3 to 4.5, show the inter-ice stream subglacial variation, spatially and
temporally, and a lack of temporal variation intra-ice stream.

4.3.3 Adjacent Ice Streams
It has been hypothesised that the WIS has contributed to “water piracy” from the
KIS, where subglacial water from beneath the KIS has been redirected to the WIS
and that this played a role in the stagnation of the KIS (e.g. Anandakrishnan &
Alley, 1997; Joughin, Tulaczyk & Engelhardt, 2003; Carter, Fricker & Siegfried, 2013).
Currently still actively flowing, the WIS has been observed by GPS to have decelerated
between 1973 to 1997, as well as between 2003 and 2004 (Joughin et al., 2005). It is
also hypothesised that the WIS may become completely stagnant, similar to the KIS, if
current widespread basal freezing estimates beneath much of WIS are correct (Joughin
et al., 2004). Basal freezing in turn may dewater and strengthen the till beneath the
WIS (Tulaczyk, Kamb & Engelhardt, 2000), and result in stagnation if insufficient
water is produced or distributed beneath the ice stream (Bougamont et al., 2003).
By potentially contributing to the subglacial water of the WIS, changes in the KIS
hydrology could affect ice flow of the WIS. However, in both sets of the whole continent
simulations, limited change of the WIS is observed, specifically a lack of stagnation
or further deceleration. It is possible that with increased temperatures and changing
hydrological parameters, the KIS continues to provide sufficient subglacial water into
the WIS to sustain its current ice flow and prevent further deceleration or stagnation,
similar the “water piracy” hypothesis of (Anandakrishnan & Alley, 1997). It is also
likely that the WIS itself has an increased amount of subglacial water generation, which
aids in the continuous ice flow over the 1000 and 10,000 year simulations.

4.3.4 Wider Implications on the Ross Sea Sector

Atmospheric Temperature Increases

This study shows a more limited response of the Ross Sea Sector to atmospheric
temperature changes than the more extensive grounding zone and basal melt changes
observed in other of oceanic-forced modelling studies. Martin and others (2019) present
a useful comparison study, where high levels of oceanic melting are applied to different
sectors of the AIS, and simulations are run over 1000 year periods. When applied
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to the Amundsen, Weddell, East Ross and West Ross Sea Sectors, the higher melt
levels produce extensive grounding zone retreat toward the interior of the ice sheet,
as shown in Figure 4.9. In this study’s 10°C atmospheric temperature perturbation
simulations, similar levels of grounding zone retreat are observed in the Weddell and
Amundsen Sea Sectors (Figure 4.9). A comparable amount of grounding zone retreat
is not observed in the Ross Sea Sector, which shows a lesser sensitivity to increased
atmospheric temperatures in the absence of increased oceanic temperatures, with more
stable grounding zone positions. Other useful comparison studies, such as Golledge
and others (2015) and Golledge and others (2017), increase both the oceanic and
atmospheric temperatures according to the four RCPs from the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change, to assess the impact on the
AIS over both centennial and millennial time scales. The inclusion of oceanic warming
shows a similar response in grounding zone retreat in the Weddell and Amundsen
Sea Sectors as both this study and Martin and others (2019), as well as extended
retreat of the grounding zone in the Ross Sea Sector. Other studies with coupled
increases of both atmospheric and oceanic temperatures (e.g. DeConto & Pollard,
2016; Winkelmann et al., 2015), show similar grounding zone retreat patterns in the
Amundsen and Weddell Sea Sectors as observed in this study with an atmospheric
temperature increase of 10°C. This study concludes that over millennial time scales,
both the Amundsen and Weddell Sea Sectors exhibit a significant vulnerability to
atmospheric temperature increases without additional oceanic temperature increases.
However, the Ross Sea Sector has shown a limited sensitivity to increases of atmospheric
temperature without coupled oceanic temperature increases. While the increases in
atmospheric and oceanic temperatures are intrinsically linked, oceanic temperature
increases occur at slower timescales (millennial) than atmospheric timescales (decadal
to centennial). This suggests that the effects of climatic changes on heating the
atmosphere will not be observed in the Ross Sea Sector until the oceans have increased
in temperature significantly.
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Fig. 4.9 Grounding zone evolution illustrated with contours every 200 years for for the Amundsen,
Weddell, East Ross, and West Ross Sea Sectors (Martin et al., 2019), with the addition of the
grounding zone position of this study’s 10°C atmospheric temperature increase after a 10,000 year
simulation (grey). The colour map shows initial melt distribution for each sector. Modified from
Martin and others (2019).

Precipitation Increases

The ability of warmer air to hold higher levels of moisture and increase precipitation,
is expected to contribute positively to the surface mass balance of the AIS in future
projections (Church et al., 2013). Due to a strong dominance of natural variation,
observations have been unable to appropriately constrain the relationship between tem-
perature and accumulation changes (Bromwich, Nicolas, & Monaghan, 2011; Lenaerts



132 West Antarctic Ice Sheet Simulations

et al., 2012). However, models consistently predict increasing accumulation on the AIS
with increasing temperatures (Monaghan, Bromwich & Schneider, 2008; Krinner et al.,
2008; Ligtenberg et al., 2013). This study is in agreement with other model studies,
where increased precipitation with either an atmospheric temperature increase of 5 or
10°C leads to increased accumulation and ice surface elevation. However, the increase of
precipitation and accumulation is spatially variable, with the largest increases observed
on the FRIS. The Antarctic Peninsula and TAM show a more limited pattern of
accumulation. This spatial variation is likely a result of regional patterns of surface
topography, with lower precipitation rates over the higher elevation inner plateau and
large increases in precipitation at the lower elevation coastal regions (Lenaerts et al.,
2012; Van de Berg et al., 2006; Palerme et al., 2014). In this study, the increase of
precipitation also has the effect of increasing ice velocities near ice shelf grounding
zones, inferred to be a result of ice thickening (Marshall et al., 2011; Jiskoot, 2011).

4.3.5 Geothermal Heat Flux
This study explores a range of GHF values that deviate from the Shapiro and Ritzwoller
(2004) model, to capture the wide range of measured and inferred GHF. Both increases
and decreases of the GHF by 25 and 50% are modelled in this study, and these show a
significant effect of GHF on changing the subglacial melt in the simulations. Ice sheet
sensitivity experiments conducted by Pollard and others (2005) vary the GHF beneath
the Cenozoic extent of the AIS. They vary the GHF either by a uniform 37.7 or 75.4
mW m-2 over the entire Antarctic continent, or a spatially variable distribution ranging
between 41 mW m-2 in East Antarctica to 70 mW m-2 in West Antarctica, similarly to
the Siple Dome measurement. Conclusions from the Pollard and others (2005) study
indicate similar results to this study’s simulations, where reasonable changes of the
GHF have limited effect on overall ice volume, extent, and flow velocities; however,
larger changes in the overall location and volume of basal melt are observed in the
sensitivity experiments, which is also observed in other model studies (e.g. Pattyn,
2010), as well as this study. These low levels of basal melt, less than 10 mm y-1, are
also captured with this study’s changes of GHF. As a result, this study concludes
that changing the magnitude of GHF available beneath the ice sheet, has a significant
impact on the subglacial environment beneath the Kamb Ice Stream at millennial and
continent scales using the parameters of this study and that our model choice of the
GHF is an important parameter choice.
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Fig. 4.10 The Ross Sea Sector of the West Antarctic Ice Sheet (WAIS), showing remotely sensed
estimates of geothermal heat flux with direct measurements. Maximum and minimum estimates
(triangles), values from ice-core sites with measured basal temperatures below freezing (square), and
measurements in subglacial sediments (diamonds; Begeman et al., 2017; Fisher et al., 2015). SD =
Siple Dome; ER= Engelhardt Ridge; SR = Shabtaie Ridge; RI = Roosevelt Island; WD = West
Antarctic Ice Sheet divide ice core; BY =Byrd ice core; SLW = subglacial Lake Whillans; GZ =
grounding zone. From Fudge and others (2019).

4.3.6 Model Limitations and Assumptions
1. Resolution.
Due to the computational constraints for this study, the whole continent simulations are
at a horizontal resolution of 30 km, as opposed to higher resolutions. This resolution
is unable to capture all detail within the simulations, and it would be desirable for
future work to consider replicating some of the simulations at higher resolutions and
comparing the simulations to the lower 30 km resolution simulations.

2. Model response versus glaciological response.
As was the case in Chapter 3, characterising the glaciological and geological response
versus the response inherent to the model due to parameter choice, has limitations.
PISM is a comprehensive SIA and SSA hybrid model, which aims to capture the
complex understanding of glaciological, geological and climatological processes (Bueler
& Brown, 2009), and the results in this Chapter are presented in this robust framework.
Through using the same parameters from the KIS flowline simulations, as well as the
25 ensemble simulations, in combination with a robust ice sheet model, some certainty
is provided that the modelled results presented are indeed glaciological responses, as
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opposed to model parameter choice.

3. Model complexity
Another limitation of this study is the complexity of the processes that it aims to
characterise and simulate. By increasing both the spatial and temporal scale in the
whole continent simulations, the scale of process complexity is also increased. The scope
of this study does not allow for the capturing of all smaller scale glaciological, geological
and climatological processes, and instead focuses on replicating the present-day, larger
scale processes and observations, for example the surface ice velocity.



5. Synthesis

This study uses numerical ice sheet modelling and active source seismic data to
characterise the subglacial conditions of the Kamb Ice Stream and its response to
environmental change at different temporal and spatial scales. The work contained in
this study encompasses detailed analyses of two active source seismic surveys conducted
on the Kamb Ice Stream, which specifically focus on the present-day, transient subglacial
conditions, as well as two separate ice sheet model studies that investigate responses
to perturbations over millennial scales. The results presented have given insight to
the sensitivity of the KIS to specific subglacial hydrology controls, as well as the large
impacts of oceanic and atmospheric temperature perturbations. This Chapter aims
to initially address the use of two types of methods to characterise the KIS, then the
combined results from both methods, and lastly any limitations to the methods used
and results presented.

5.1 Combined Use of Seismic and Model Data
A key aspect of this study is the combined use of active source seismic surveys and
numerical ice sheet modelling. This approach allows a comprehensive study of the
present-day KIS, at different temporal and spatial scales. The seismic data analysed
in this study contains detailed acoustically imaged information about the till that is
previously inferred to have been beneath the pre-stagnated KIS, approximately 160
years ago. The numerical ice sheet modelling has provided an in depth analysis of the
KIS and wider WAIS in response to subglacial hydrology changes, and temperature
perturbations. The variable subglacial environment is captured at both scales of
modelling, as well as in the seismic data.

The range of temporal and spatial scales that are analysed and modelled in this
study allows for investigations of centennial- to millennial-scale behaviour, as well a
more instantaneous, present-day state that is captured by the seismic data. Due to
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large gaps in observational data and high spatial variation, many estimates of Antarc-
tic processes, such as surface mass balance, have inherently large errors associated
with them (Richardson et al., 1997; Genthon & Krinner, 2001; Frezzotti et al., 2004;
Frezzotti et al., 2005). This spatial variation is evident at both large and small scales,
for example in the captured variation of acoustic impedance of the seismic lines, and
the glacial behaviour of the KIS at the flowline scale at different locations along the
ice stream. However, at the whole continent scale, this variation is still evident but at
larger scales than resolved in the seismic and flowline studies.

While numerical ice sheet models can provide a continuous and spatially diverse
picture of an ice sheet, there are some inherent scale-based limitations (Åkesson et al.,
2018). For example, grounding zone dynamics are one of the most important physical
processes at the ice sheet/stream and ice shelf interface (Schoof, 2007), which require
higher spatial resolution for more accurate representation in ice sheet models (Vieli
& Payne, 2005; Seroussi et al., 2014; Gagliardini et al., 2016). Flowline models can
resolve grounding zone motion at higher resolutions than is computationally efficient
for whole continent studies, particularly over longer timescales (Åkesson et al., 2018),
and are largely used in ice stream and outlet glacier studies (Jamieson et al., 2012;
Nick et al., 2013; Vieli & Nick, 2011).

While flowline models provide useful characterisation of physical processes, complex
geometries and the interactions between neighbouring drainage basins, such as the
WIS and KIS drainage basins, are not suitably modelled purely using flowline sim-
ulations (Åkesson et al., 2018). This scaling of investigation also provides a better
characterisation of the extent to which either site specific processes or external pertur-
bations dominate the ice stream behaviour (Åkesson et al., 2018). For example, in this
study we see a larger hydrological control on the KIS behaviour at the flowline scale
in comparison to the whole continent scale, where changing subglacial hydrological
parameters result in limited change to the KIS drainage basin and wider Ross Sea
Sector. This study has captured the grounding zone dynamics and other physical
processes at a diverse range of scales, from tens of metres in the seismic data, to 10
and 30 km resolutions in the flowline, and whole continent simulations, respectively,
which has allowed for multiple levels of process investigations.
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5.2 Subglacial Conditions

5.2.1 Kamb Ice Stream Subglacial Conditions
This topic is investigated using active source seismology surveys, which provide remote
observations of the subglacial environment. Analysis of the seismic data allows an
insight to the subglacial environment, specifically the sedimentary, deformational and
hydrological aspects. Analyses from other ice streams are also compared, to better
understand what similarities and differences are observed and inferred between the
different ice streams.

Effective Pressure

The modelled effective pressure values along the KIS flowline depict variable subglacial
conditions across the wider KIS drainage area, particularly in comparison with other
ice streams (Kamb, 2001; Luthra et al., 2016; Luthra et al., 2017). While estimates
of effective pressure are a useful parameter by which modelled data can be related to
seismic survey data (Luthra et al., 2016), due to the more limited subglacial information
available beneath the grounded section of KIS1516-1, an effective pressure is not able
to be calculated at this location. Luthra and others (2016) calculate the effective
pressure of the WIS sticky spot from seismic data using the rock-physics procedure
described by Dvorkin and others (1999). However, their sediment material properties
are better constrained than available from the KIS1516-1 used in this study.

Currently, bore hole data from the KIS provide the most comprehensive effective
pressure measurements on the KIS (Kamb, 2001). The thirteen bore hole measure-
ments contribute evidence of subglacial effective pressure variation, and range between
-1.0 to 1.1x105 Pa, calculated as a result of the ice overburden pressure (P = ρgh)
minus the pore water pressure. Figure 5.1 presents the effective pressures along the
KIS flowline, as well as the values presented in Kamb (2001). The effective pressure
values plotted on Figure 3.7 show that despite varying the maximum effective amount
of water stored in the till, effective pressures are all near identical at the end of the
1000 year simulation. Location f from this study is the closest in proximity to the
bore hole data and the KIS sticky spot falls within the measured data range (Luthra
et al., 2016). This provides some confidence that the modelled data capture the main
subglacial processes of the KIS.
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Low effective pressure in a basal water system is typically associated with fast ice stream
flow and is observed on both the WIS and BIS (Blankenship et al., 1987; Blankenship et
al., 1986; Kamb, 2001). Observational data from the base of mountain glaciers, as well
as theoretical work, suggests that increased basal water pressure reduces the effective
pressure at the bed of the glacier by reducing the ice bed contact area (Bindschadler,
1983; Boulton & Hindmarsh, 1987). With the presence of sediments, low rates of
effective pressure can also increase subglacial sediment deformation and increase basal
flow rates (Engelhardt et al., 1978; Hodge, 1979; Iken & Bindschadler, 1986; Fowler,
1987; Iverson et al., 1999; Bingham et al., 2008). An understanding of effective pressure
at the base of the KIS is important to potentially identify areas of fast ice flow in the
future.

Fig. 5.1 Modelled effective pressure (105 Pa) estimates along the KIS flowline, as well as from the
KIS1516-1 seismic line and bore hole data (Kamb, 2001). The current inferred grounding zone position
(pink) is inferred from the MEaSUREs ice velocity data (Rignot et al., 2011).
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5.2.2 Kamb Ice Stream Responses and Thresholds

Hydrology

This study shows a minimal impact of changing amounts of maximum effective water
stored in the till on the reactivation of the KIS in flowline simulations, or the reor-
ganisation of SCIS flow in the whole continent simulations. While the hydrological
simulations of 0.1 and 1.0 m maximum effective water stored in the till show initial
perturbations to the KIS ice velocity, basal stresses, effective pressure, and basal friction,
over the 1000 year simulations no permanent thresholds of the system are crossed.
All five simulations show a return to pre-perturbation conditions, with no observable
permanent change. At the whole continent scale, minimal change is observed that can
be attributed to changes of maximum effective water stored in the till in this study. It
is suggested that the changing amounts of maximum effective water stored in the till
simulated in this study, are not sufficient enough to perturb the system permanently,
counter to results found in studies such as Bougamont and others (2015), Kyrke-Smith,
Katz and Fowler (2015) and Goeller and others (2015). At longer timescale simulations,
Van Pelt and Oerlemans (2012) have shown the sensitivity of ice flow to changes in the
basal sliding and hydromechanical conditions, where oscillatory behaviour is found to
occur. It is suggested that similar behaviour could be present in this study’s simulated
KIS and SCIS under longer run time conditions, and that the modelled self regulation
of the KIS is timescale dependent.

In contrast, combined with the existence of subglacial till, subglacial hydrology is
shown elsewhere to be a key controlling factor on the regulation of ice streams (e.g.
Schoof, 2004; Joughin & Alley, 2011; Beem et al., 2014; Kyrke-Smith, Katz & Fowler,
2015). Using coupled basal hydromechanical processes and ice flow, Bougamont and
others (2015) show variable ice stream reactivation and stagnation of the SCIS due
to water “piracy” beneath neighbouring ice streams with water influxes beneath the
modelled Siple Coast domain. They highlight that the weak basal resistance of the
KIS tributaries are a key influence on regional instability and the reactivation of the
KIS (Kamb, 2001; Catania et al., 2003).

Temperature Perturbations

The effects of atmospheric and oceanic temperature perturbations on the AIS and
potential sea level rise are extensively studied (e.g. Golledge et al., 2015; DeConto
& Pollard, 2016; Golledge et al., 2017; Martin et al., 2019; Golledge et al. 2019).
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This study shows that with larger magnitude atmospheric and oceanic temperature
perturbations, and increased precipitation, the present-day conditions of the KIS
and RIS are susceptible to climatic change. The subglacial mechanical processes,
such as basal friction, beneath the KIS in the flowline simulations show an increased
susceptibility to increases of oceanic temperature anomalies. A distinct threshold
for change is observed in the KIS at an oceanic temperature increase of 0.25°C.
Minimal change is observed on the KIS flowline with increased atmospheric temperature
perturbations, and no thresholds of permanent change are modelled in this study.
In whole continent simulations, the WAIS shows a susceptibility to atmospheric
temperature increases in the Weddell and Amundsen Sea Sectors, where atmospheric
temperature anomalies of 10°C cross a threshold and cause extensive grounding zone
retreat. While the effects of increased oceanic temperatures at the whole continent
scale were not simulated in this study, it is suggested that this will have a significant
impact on the ice sheets and shelves, and that a similar response will be observed as
that of the flowline simulations.

5.3 Model Limitations
While this study uses an ensemble approach in the attempt to accurately model both
the present-day KIS and the WAIS, the intrinsic limitations of a lack of observational
data does increase the chance of error and inaccuracies in the modelled results. Misfits
between observed surface ice velocities, ice surface elevation, and ice thickness are
presented in both Figures 3.3 and 4.1, and these show that our model has not correctly
captured the entire KIS and WAIS and that certain glaciological processes are missing.

A study presented by Bernales and others (2017) also shows the differences between
different hybrid model schemes, where simulations with the same input data are run
over a 400,000 year period. Figure 5.2 shows an example of the modelled differences
between the four different hybrid schemes (Bernales et al., 2017). In the context of
this study, the results presented in Bernales and others (2017) show that while the
four different hybrid schemes produce comparable fits to observational ice surface
elevations and surface ice velocities, inferred values of basal sliding coefficients show
large discrepancies between the schemes. While this study has demonstrated through
the use of extensive ensemble simulations and the fit of modelled results to observed
data, that it replicates the present-day KIS conditions, the intrinsic variation that
exists between numerical ice sheet models needs to be taken into account.
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Hybrid ice sheet models enable the simulation of ice sheets on continental scales over
hundreds of thousands of years, and perform well in intercomparison tests when com-
pared to full stokes type ice sheet models (Pattyn et al., 2013; Feldmann et al., 2014).
The combination of the SIA and SSA in a hybrid model is heuristically based, and
different models have a different approach to this combination, which range from a
summation over the entire model domain to weighted averages of both velocity solutions
(Bernales et al., 2017). Despite the differences between the hybrid models, common
limitations to the modelling of the present-day AIS exist. Errors in the modelled
data can be introduced due to a shortage of observational data to constrain model
parameters and boundary conditions, such as geothermal heat flux, glacial isostatic ad-
justments, the introduction of flow enhancement factors, and water saturated sediment
distribution (Bernales et al., 2017). In particular, the distribution of water saturated
sediments and its ability to initiate or increase basal sliding, is still thought to be
a large source of misfit between modelled and observed AIS elevations (de Boer et
al., 2015). While recent inverse method studies endeavour to quantify these misfits,
especially in ice velocities, discrepancies between the modelled and observational data
still exist (Joughin et al., 2009; Arthern & Gudmundsson, 2010; Arthern, Hindmarsh
& Williams, 2015).
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Fig. 5.2 Ice sheet state comparison derived from different hybrid model schemes at the end of the
equilibrium simulations. From left to right, the differences between the modelled and observed ice
thickness, distributions of basal sliding coefficients, surface velocities across the grounded ice, and
ratios of the modelled to observed surface velocities are plotted for the four different hybrid schemes
presented in Bernales and others (2017).



6. Conclusions

6.1 Chapter Summaries

3. Kamb Ice Stream Seismic Surveys:

1. Calculated acoustic impedance values between 2.9 and 3.7x106 kg m-2 s-1 of
the offshore sections of the KIS1516-1, and the KIS1819-1 and KIS1819-2 lines
indicate a likely saturated till or sandy sediment environment.

2. Estimates of acoustic impedance between 3.3 and 3.8x106 kg m-2 s-1 beneath
the grounded section of the Kamb Ice Stream likely indicate a dewatered till,
which is supported by retreat rates of the Kamb Ice Stream grounding zone
post-stagnation.

3. No thin water bodies are evident beneath the grounded section of line KIS1516-1,
providing limited hydrological information.

4. The acoustic basement imaged beneath all three lines likely corresponds to a
Ross Sea Unconformity.

4. Kamb Ice Stream Flowline Model:

1. Adjustments of the maximum amount of effective water stored in the subglacial
till below 2.0 m initially have large impacts on the Kamb Ice Stream flow regime
in the simulations, after which the system self-regulates to a steady-state.

2. Changing subglacial water decay rates has limited impacts on the flow regime
and subglacial conditions of the Kamb Ice Stream in the simulations.

3. Increases of oceanic temperature perturbations above 0.25°C have large-scale
impacts on the Kamb Ice Stream and its subglacial conditions in comparison to
atmospheric temperature perturbations, potentially triggering a reactivation of
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the Kamb Ice Stream. Ice shelf extent is also reduced, as well as rapid grounding
zone retreat to topographic pinning points with increasing oceanic temperatures
perturbations.

4. Pure atmospheric temperature anomaly increases, without increases of oceanic
temperature anomalies, have limited effect on the extent and flow regime of the
Kamb Ice Stream, nor the subglacial conditions.

5. West Antarctic Ice Sheet:

1. Continental scale simulations show a decreased sensitivity to changing hydrological
parameters, where very limited changes in the flow regimes of the West Antarctic
Ice Sheet are observed.

2. Large sections of the West Antarctic Ice Sheet are lost with atmospheric tem-
perature increases of 10°C, particularly near the Filchner-Ronne Ice Shelf, and
the Thwaites and Pine Island Glaciers. The Ross Ice Shelf and Siple Coast Ice
Streams show limited change.

3. Precipitation increases due to atmospheric temperature perturbations offset mass
ice loss that is observed with purely atmospheric temperature increase, with up
to 1 km of increased ice thickness in the Weddell Sea Sector.

4. Geothermal heat flux increases and decreases significantly impact the basal melt
production beneath the West Antarctic Ice Sheet, particularly beneath grounded
sectors not associated with ice streams and outlet glaciers.

6.2 Key Conclusions
1. Hydrological simulations of the Siple Coast and Kamb Ice Stream ap-
pear to be self regulating, with high reversibility.
As shown in the hydrological simulations at both the flowline and whole continent
scales, the hydrological perturbations appear to have limited impact on the long term
state of the KIS and SCIS, and these appear to be self regulating. Decreases of the
maximum amount of effective water stored in the till initially show perturbations to
the KIS ice velocity, basal stresses, effective pressure and basal friction, over a 1000
year period. The KIS shows a reversibility, where the initial perturbations on the ice
stream hydrology return the KIS to a steady-state that is similar to the start state of
the KIS. These perturbations of the KIS occur at different temporal scales depending
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on the maximum amount of effective water stored in the till. In the whole continent
simulations, minimal changes to the KIS and WAIS are observed, and it is therefore
suggested that the hydrological perturbations do not permanently cross a threshold
that results in irreversible change under the parameters of this study. This differs
from what previous studies have found, at it is suggested that while the results of this
study are presented within its parameters, the model may not capture all glaciological
processes.

2. Ocean forcing is the key driver of change of the Kamb Ice Stream,
and is susceptible to topographic pinning points and lateral drag.
While atmospheric temperature perturbations up to 8°C show minimal effects on
the KIS subglacial conditions or flow regime, a smaller temperature perturbation of
0.25°C to oceanic temperatures initiates large scale changes of the KIS. Ice shelf loss is
initially observed, and with additional oceanic temperature perturbations large scale
retreat of the grounding zone is also observed. The main constraints on the grounding
zone retreat are shown to be topographical pinning points, where two main pinning
points are identified beneath the ice stream in close proximity to each other. Oceanic
temperature perturbations up to 1.5°C remain stable at the first pinning point, while
perturbations up to 2.0°C remain stable at the second pinning point. Lastly, the KIS is
also shown to be susceptible to lateral drag of the ice shelf. In the flowline simulations
no lateral drag has been applied to the simulations, and rapid grounding zone retreat
and ice shelf losses are observed. However, in the whole continent simulations where
a more realistic “real-world” ice shelf with full stresses is used, it is possible that the
lateral drag of the RIS potentially prevents the large scale retreat of the grounding
zone and large ice shelf losses. This study largely suggests lateral drag as the main
factor due to its high impact in ice shelf systems.

3. Continent-wide precipitation increases offset the effect of atmospheric
temperature perturbations and influence subglacial conditions.
In this study, the increases of continent-wide precipitation largely offset the effects of
pure atmospheric temperature perturbations, by up to 1 km of ice thickness in the
Weddell Sea Sector. The simulations with pure atmospheric temperature perturbations
demonstrate large scale losses of ice thickness of the WAIS, as well as grounding
zone retreat and increases in ice velocity in the Amundsen and Weddell Sea Sectors.
However, the simulations with the inclusion of precipitation show more dynamic ice
stream behaviour on the Siple Coast. Even though the increases in ice thickness have
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partially offset the mass loss observed with pure atmospheric temperature perturba-
tions, increases of ice velocity, as well as increased basal melt beneath the SCIS are
observed.

6.3 Further Research

6.3.1 Ice Stream Velocity Changes
The present-day KIS is not fully dormant, and some of the upper sections still reach ice
velocities of between 60 to 120 m y-1 (Engelhardt & Kamb, 2013). At the convergence
between slower ice and this section of faster flowing ice, a thickening ice bulge is
formed, with thickening rates of approximately 0.55 m y-1 (Price et al., 2001; Joughin
& Tulaczyk, 2002b). Often the movement of ice bulges can form glacier surging, which
may separate the actively flowing section of the ice stream from the stagnant section
(Engelhardt & Kamb, 2013). The KIS shows typical characteristic of glacier surging,
larger accumulation areas, water storage, basal sliding, and a restricted water drainage
in the lower sections of the glacier (Engelhardt & Kamb, 2013). Understanding the
variation of the ice velocities, and the ramifications increasing velocities have further
downstream, the first set of further research that is recommended by this study is the
exploration between the increase of uniform ice velocities, grounding zone position,
and ice thickness. As discussed in Section 2.4, the KIS grounding zone is inferred
to have been located approximately 24 km downstream prior to its stagnation. This
study recommends a set of simulations which explore changes in boundary climatic
conditions, where the ice dynamics are allowed to evolve, but the ice geometry is kept
constant. The potential resultant grounding zone movement and associated subglacial
processes can provide insight into the till conditions beneath seismic lines KIS1819-1,
KIS1819-2, and KIS1516-1 prior to grounding zone retreat. Secondly, increasing the
ice velocity at variable rates across the ice stream can assess the impact of select basal
sliding on the ice stream control, ice accumulation and grounding zone movement.
A flowline model, ensemble approach is recommended, where a similar split of the
KIS as used in this thesis is recommended (upper, trunk and transition zones) and
incrementally increasing the ice velocities in these sectors by 100 m y-1 increments to
maximum ice velocities of 800 m y-1, which would allow for comparisons to the uniform
velocity increase simulations.
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6.3.2 Effects of Model Resolution
The chosen model resolution has a large effect on the modelled results, as observed
in Figure 6.1 (Bueler & Brown, 2009). It is suggested that the impact of model
resolution on this study’s results be investigated, both by scaling up the resolution
and scaling it down. Currently the KIS flowline is modelled at a resolution of 10 km,
and the whole continent at 30 km. While both these resolutions are used due to their
computational efficiency for the scale of simulation, they may not accurately capture
the detailed physical processes that effect the subglacial environment, particularly near
the grounding zone where different behaviour could be observed. An intercomparison
of multiple model resolutions is recommended to asses the validity of our results at
different scales. For the KIS flowline it is recommended that the final selected model
used (KIS-3) is run at the spin-up stage at 20, 5, and 1 km resolutions to assess the
impact this has on the results. The whole continent simulations are recommended to
be re-run at the spin-up stage at resolutions of both 50 and 10 km, to assess the same
impact.

Fig. 6.1 Detailed comparison ice surface velocity of the west coast of Greenland, including Jakobshavn
Isbrae, with different model resolutions of 40, 20, 10, 5 km, from left to right. These panels show the
variation within results due to resolution, particularly in the faster flowing margin areas (Bueler &
Brown, 2009).

6.3.3 Till Beneath Seismic Line KIS1516-1
Lastly, this study recommends further investigation of the material properties of the
likely dewatered till inferred to be present beneath the grounded section of seismic line
KIS1516-1, as the lack of strong reflection beneath the grounded zone of the seismic line
makes it difficult to reach an accurate conclusion in regard to the material properties.
While it is outside of the scope of this study to collect more seismic data, a current
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programme led by New Zealand scientists, "The Vulnerability of the Ross Ice Shelf", has
collected more active source seismic data on the grounded section of the KIS. Processing
and analysis of the collected seismic data may provide further characterisation of the
possibly dewatered till beneath this section of the KIS. The results from these seismic
lines will provide additional context to the current interpretations of the offshore
seismic lines used in this study.
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