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Abstract

Thestability of floating ice shelvesn the Antarctids of great concerastheir current
thinning anduture collapse wilfelease mass from grounded ice sheets into the ocean,
contribuing to sea level riseThe study of sulice shelfenvironmengis essential for
understanding icecean interactias) where warming ocean temperatures have already begun to
reduce the mass Antarctic ice shelvethrough enhanced mef@btaining direct measurements
of the subice shelfcavity remains challenginghis thesislemonstratethatgroundbasedand
airborne Ice Penetrating Rad#PR) can deliver high resolutiogeospatial data of beice shelf
features, which can be used to obseisedraft and surfaceorphology verticalmelt rates, and

hydrostatic balancef theice shelf

In November 201@&nd January/February 2Q1PR surveys were completed over the
Nansen Ice Shelf in Terra Nova Bay, Antarctica. Surveys examamedearsourced basal
channeincised into the bottom of thee shelf. Results reveal@&- 10 km wide, 90 m highbasal
channel, witi20 m high subchannels.Data from2011 and 2014irborne IPR surveys are
compared to the November 2016 ground based IPR to calau@zen direct measurements of
vertical melt rate values within the chanridelt wasfocused more on one channel flank, away
from the chanel center inocal apexesMany of the detectefkaturesverenotin hydrostatic
equilibrium as calculated from surface elevatjandicating the need for more radar determined
ice thicknessneasurement® fully characterizébasal channehorphologyand monitor future

melt.
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Chapter 1

Introduction

1.1 Overview

Ice shelves currently play an important role in preventing large porticghe Ahtarctic kce
Sheetfrom destabilizing and discharging large volumes of ice into the ocean. An ice shelf is the
floating portion of an ice shedheyprovide a crucial buttressing foraecing as retainingwalls
holding grounded ice mass on land, greatly slowing the fliolseosheets into the ocean (Dupont
and Alley, 2005)Reconstructions of sea level frorm8llion-years ago when the Earth had
similar CQ concentrations to present day, sugg#sit the Eastern Antarctic Ice Sheet (EAIS)
could partially retreat and th&estern Antarctic Ice Sheet (WAISpuld fully retreat by the year
2500 (Deconto and Pollard, 2016). Tdwlapse of the WAIS alone tapable ofjenerating3.4

m of sedevel riseoverthe nextfew hundred year§Pollard and Deconto, 2015)rusel et al.
(2015) indicated that after 2050rojectedanthropogenic climatircing will have significant
impacts orthe magnitude ofntarcticice mass losgJnderstanding the dynamic syste that
affect the stability ofce sheetsand the ice shelves thalp tohold them on lands thus of

great importance fanore accuratelpredicting the risef globalsea level

Glaciers transition into ice shelves whbeyflow over the grounding line and begin to float on
ocean waterGuffey and Paterson, 20LGroundng lines on retrograde slopes (ithg glacier
basindeepens wglacier of the grounding line) have been theorized to be conditionally unstable
and potentially susceptible to large scale break up (Weertman, 1974). When retrograde
grounding lines retreathey do so into deeper water and portions of previously grounded ice
begin to float which exacerbates the retreat of the grounding line into deeper water. Ice masses
that exist in sulsea level basingretermed maringdype ice sheets (Weertman, 19749 aely on
theirrespectivace shelves to maintain their ice thickness and protect their retrograde grounding
lines from warming ocean conditions (Pollard and Deconto, 2015). The majority of the WAIS is



a marinetype ice sheet and concern about its stigitilas driven researdhto ice shel processes

and their stability.

Ice shelves exist in a dynamic relationship with the surrounding environment and are susceptible
to thinning, retreat and disintegration from contact with both the oceath@aatinosghere. It

has been hypothesized that some critical oe@amtmosphericemperature thresholds likely

exist, beyonavhich the majority of Antarctic ice shelvesimno longer be stable (Trusel et al.

2015). The rapid nature oécent climate changmuldbe outpacingheability of the Antarctic

ice shelves to arrive at a naguilibriumstateas atmospheric temperatures continue to warm,
ocean circulation dynamics shifind mass balances changes around the continehtthat the

critical thermal limit ofstability forsomeice shelvesnay alreadye exceededandthe limit for

more ice shelvemightbeexceeded in theearfuture (Trusel et al. 2016

Ice shelvesliscussedh this thesisaretheclassic ice shelves found around the coagtef
Antarctic, whichare different from icgongues found in Greenland, or gea ice shelves found
in the Arctic(Dowdeswell and Jeffries, 201Tlassic ice shelvearefed by grounded ice and
expand laterally after crossing the grounding line to filexbays. Antarctic ice shelves are
typically confinedat their lateral boundarids/ contact with langBenn and Evans, 2014), fringe
61% of Antarcticd s  Bindsshadler et al., 201&nd cover more than 1.561 million km
(Rignot et al. 2013Figure 11). Ice shelves experience significant mass loss in three ways:
calving at the ice shelf edge, basal melt underneath the ice shelip anldsser degresurface
ablation (Rignot et al., 2013).

Similar toan ice cuben a glass of water, the meltingan ice sheltloes not raise sea level, as it
has already displacexh equivalent mass @fater upon entering the oceg@cambos et al.,
2004).For a reguldy shaped ice masthis displacement of water by icgedictated bytheratio
between solid andduid water densities 817 kg nv 2 and1025 kg nT 2 in this thesis

respectively). Based on the ratio of these denshigdrostatic equilibriunis oftenassumed,



wherethe heightof floating iceabovethewater surfacésurface elevationy ~11% of thetotal

ice thicknessind ~89% of ice thicknesemainsbelowthesea level as ice draft

i}
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Figure 1.1: Map of the Antarctic showing the spatial extent of major ice shelves (in ordvafa)from QGIS Quantarctica
database.

Theenvironmenbeneath ice shelves (hereafter called the ice shelf cavity), and specifically the
interface of the ice draft topography ahéoceanin the ice shelf cavitywhere melting occurs)

is inaccessibleand difficultto observeRadio Echo Sounding(RES) was me of the ediest

methods used to examine tlse-ocean interfacéSteenson, 1951). RES makes use of
electromagneticadiation in the radio frequenegingethrough theuse of transmitting and

receiving antennas (hereafter Tx and Rx respec)ivBlgS is also referred to as Ground

Penetrating Radar (GPR), or in the case of glaciological investigations, Ice Penetrating Radar



(IPR).IPR utilizes theverylow conductivityof glacialiceto penetraté¢hroughhundreds of

metres ofce using frequencies ranging betwee50 MHz (Arcone, 2009)

Processes at the ioeean interface a@mntrolled bywatertemperature and salinity, the shape

of the ice shelf cavity, and ocean circulation (Holland and Jenk®&®8). Warmer ocean water
provides a greater heat flux to promote melting at depiiie the shape of the ice shelf cavity

plays a large role in either sheltering or exposing ice shelves to warmerwlaezacean
circulation dictates where warm water masses are deliveredthl®dmtarctic coast. In the
Amundsen Sea, for example, these factors all contribute to enhanced melt from upwelling warm
currents, called Circumpolar Deep Water (CDW), which infiltrates underneath the ice shelves in
that location, greatly increasing theadlable heat (Dutrieux et al., 2014). Increased heat delivery
at the base of ice shelves is becoming more common as the ocean and atmosphere warms
(Pritchard et al., 2012).

A common feature obsezd in theice shelf cavity arenvertedchannels inciseohto the ice

ocean interfacecalleddasal channefs . Basal <c¢hanmeehassouecpqgiear t o
relatively warm upwellingwaterpreferentiallyenhancesertical melt along a linear path over
many kilometres (Rignot and Steffen, 2008) as illustrated in Figur®adcimented &sal
channelgangefrom 1-5 kmwide, 50-250m high, and15to upwards of 300 km long (Alley et

al., 2016). Basal channatan exist parallel to one anotherlargeice shelves and cause

topographicalce surfacedepressions as thinner ice subsidem&intainhydrostatic equilibrium

Surface Depressi

Ice Shelf

Buoyant Warm Water

Figure 1.2:Simplified basal channel model showing a cross section of an ice shelf with a source of upwelli
warm water leading to area of enhanced melt and a subsequent basal cid@néished line indicates sea lev
Modified from Dow et al. (2028
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(Vaughan et al., 2012; Dow et al, 201Becent basal channel research has attempted to
guantify: melt variations within basal channels ameirtgrowth over time (Gladish et al., 2012;
Vaughan et al., 2012); the relationship between channel formation and ice shelf strain (Dow et
al., 2018; Sergienko, 2013; Vaughan et al., 2012); and how well small scale basal channel
features are representdutdugh hydrostatiequilibrium (Drews, 2015; Dutriex et al., 2013;
Gladish et al., 2012).

A possible basal channel was identified by a surface depression on the Nansen Ice Shelf
(hereafter NIS) by Alley et al. (2016) and confirmed with preliminary radareys by Dow et

al. (2018). The NIS is a small ice shelf with an area of ~1800 Khis ice shelfwhichis

located in Terra Nova Bay, Antarctica, is part of the Victoria Land Coast of the western Ross Sea
and drains a portion of the EAIS. Recent stadiehe NIS examined a surface riv@ell et al.,
2017)that was observed flowing into a transverse crevasse located across the width of the basal
channel, which subsequently widened until a 204 &ection of the ice shelf calved into Terra

Nova Bay inApril 2016 (Dow et al., 2018). The interaction between the surface river and the
transverse crevasse over the NIS basal channel illustrated a previously undocumesatettbn
betweerbasalchannelenhanced melting, concentrated surface drainage formatd large

calving events over areas of relatively thin ice (Dow et al., 2018).size and morphology of

the NIS basal channel, its rate of growth, the effect the channel aes sivelfstrain ratesits
hydrostatic balance, ants mechanism of for@tion constitutes current knowledge gap

relation to the stability of the NIS that remains tcaddressed

1.2 Researchobjectives

The objective of thisesearchs to examine the NIS and its basal channel using airborne and
groundbased IPR systents contribute to the current understanding of how basal channels
might affect the stability of an Antarctic ice shelf. In this thesi®00 km of IPR are analysed to
determine ice thickness and surface elevations across the NIS, which, comiintae Global

Land Ice Velocity Extraction (G&IVE) database, are used to display, analyze and document the

ice shelf and the basal channel present within it.



Specifically, the research objectives are to:

1. CreateDigital Elevation and Digital Ice Thickness Mdd¢DEM and DITM respectively)
for the NIS

2. Describetheshapeand size of th&llS basal channel

3. Determinetheaccuracy of hydrostatic equilibrium calculations oedicing the ice
thickness of the NIS and itmsal channerea

4. Analyze thespatialcontiruity of small scalesub-channel morphology and compairéo
Go-LIVE derived surface strain rates

5. Determinevertical melt rates in the channélustrate their spatial variability, and

investigatepossiblemechanisms of channel formation using these data

Detailed DEMs and DITMs provide a description of the NIS and its basal chandel

contribue to quantifyingthe relationship between channel shape and ice shelf BoairGo

LIVE data.This analysis alsprovides insight into melt patterns withime NS basal channel,

and demonstrates the capablibf repeat, high resolution, gridded IPR surveys to characterize

and model changes in basal chane&swhereHydrostatic equilibrium is oftensedin mass

bal ance studies of the Antarcticbdbs ice shelve
or to identify basal channels (Alley et al., 2016) using satellite derived surface elevations. In this
thesis, comparing measured ice thicknessddhicknesslerivedfrom hydrostatic calculations

allows the validity of this assumption to be examined across the NIS and its basal channel.
1.3 Thesisstructure

This thesis is organized into seven chapt@hapter 2 reviews the relevant literaturecef
shelves and the technology used to measure them. The stability of ice shelves, their role in
regulating ice mass flomto the ocean and interaction at the@mean interfaces explained.

The current bodgf work related taneasuring, and describidgtarctic basal channels is
summarized through physical descriptions, classifications, and potential roles in ice shelf
stability. Background knowledge of electromagnetic thelitiR, and velocity derived strain

rates are described.



Chapter 3 introduceséffield site, the Nansen Ice Shelf, on the Victoria Land Coast of the East
Antarctic. This introduction includes a physical description of the field site and the surrounding

ocean.

Chapter 4detailsthe methods used in thisesis Field methods included-gundbased and

airborne IPR systems, and precise surface elevation measurements. Custom software for picking

radar data were used to produce ice thickness values. Geoid models and precise point positioning
(PPP) services were utilized together to genexeterrate surface elevations d@onctalculatdace

draft relative to sea level. Computational methods used for the analysis of the processed data are

also described. Finallyncertaintyassociated with ice thickness, surface elevation, and ice draft

valuesfrom both the grourdbased and airborne radar systems are discussed.

Chapter 5 presents the results including the NIS DEMs and DITMs, strain rates calculated from
Landsatderived surface ice velocities, melt rates, and an examination of the hydrostaticed

across the NIS

Chapter 6 discusses the results in order to characterize the behaviour of the NIS basal channel in
the context of the larger NIS environment. Basal channel morphology, melt rates, and strain
regimes are compared to basal channelsritesi elsewhere in the Antarctic. The complex
morphology revealed by the dense grid of IPR and how it relates to local strain rates and
hydrostatic imbalances is also discussed in comparison to other workitiitesstability of the

NIS isdiscussedising historic information for context and observed patterns between basal
channel formation and ice shelf behaviour.

Chapter 7 lays out the conclusions of the B reports on the outcome of each of the thesis
objectivesFuture work is recommended to eaq# possible driving factorthat may drive the
N | Sdyramics



Chapter 2

Ice Shelf ProcessesidMeasurement Techniques

Variables that affect ice shelf stability and their role in ice sheet mass loss include ice shelf
buttressing, the stress and strexperienced by ice shelves, and interactions at thedean
interface. The current state of knowledge of ice shehewell as the glaciological techniques

used to study them, provides the essential background knowledge that is relevant to this thesis
2.1 Iceshelf processes

Figure 2.1 shows an along flow cross section of a typical ice shelf advecting over a grounding
line andthe changes ints ice thickness with distance from land. Ice shelves are typically thinner
at the ice shelf edge where they ultimately calve. Follgwiis trend of ice thickness,

hydrostaic equilibrium dictates thaturface elevatiainear the grounding lineretypically

highe than at the ice shelf edge, producing admtnward slope.

Ice shelf velocity

—

“Down-ice”

Ice shelf edge—»

Glacial Ice

Figure 2.1: Schematic of a typical ice shelf labeled with terminology used in this thesis. Quotation marks denotes termi
used for relative positioning.



2.1.1 Ice shelf buttressing

Ice shelfbuttressing is defined as the backwards directed stressdlsitelvespplyonthe
grounding line ofglaciers andce sheets (Dupont and Alley, 2005). Buttressing forces greatly
reduce the centerline velocity of grounded glaciers into the S&sambag et al., 2004, Furst et
al., 2016). Baclstress is derived from the drag forces experienced by the sidesad shelf

that are in contact with the coastpinning pointsPinning points are land masses that ice
shelves come in contact with dowae from thegrounding linewhich are surrounded by floating
ice. Theyhave a large mitigating effect on discharge rates of tributary gld€iaveer et al.,
2012) and loss of contact witthem(e.g. from basal melting) increadee discharge rate
significartly. Ice shelveshat are not in contact withe coasbr pinning points (an unconfined
ice shelj provide little buttressing force in comparison to confireeshelves (Massom et al.,
2015).

A drawdownof ice surface elevatiohas been observed in mgrntarcticgrounded glacieras
a result ofreductions in buttressing forcé®sm thinningor collapseof ice shelvegShepard et
al., 2004; Dutriex et a).2014; Dupontind Alley, 2005 Greenbaum et alR015).After the
disintegration of the LarseniBe shel on the Antartcic Peninusl#he resulting reduction in
buttressing caused an acceleratibnip-glaciergrounded icdoy a factor of 2 6 (Scambos et al
2004) The retreat oice shelve®n the Antarctic Peninsula $ieesulted in large mass batze
change®f grounded icavith 60% ofmass losslirectly attributedto a reductiorof ice shelf
buttresing forcesthere(Scambos et al. 2014).

The thinning and retreat of ice shelves inAmeundsen Sea (WAIS) B@aused ugglacier
grounded icesurfaceelevations to draw down hyp to 5.5 m yt* (Shepard et al. 2004Df
particular inerestis the thinning of Pine Island Glaci@PIG) and Thwaites Glaciesf the WAIS,
which ha been attributed tthethinning oftheirice shelves fron€DW intrusion(Dutrieux et
al. 2013, Dutrieux et al. 2@1Joughin et al. 2014)Unique tasal topographgllowing for warm
oceanwater intrusiorunderthe Totten Glacielce Shelfhas also maddééEAIS vulnerable to

changecontributingthe largest rates of icgeasdossin the EAIS(Greenbaum et al. 2015).



2.12 Ice shelf stability

The stabilityof anice shelfis definedhereasits ability to retain masand continue to provide a
buttressing force to grounded iffeurst et al., 2016)ce shelves lose massd becora less
stable either through calvingobasal melting or surface meXpproximations of ice shelf
thickness are required to monitor mass change esheéves across the Antarctic (Rignot et al.,
2013) and are estimated on large scales by measuring sel¢aadon with satellite laser
altimeters andhen assumingydrostatic equilibriunfGriggs and Bamber, 201Tjhe volume of
ice mass los®n all major Antarctic ice shelves from calving and melhag been calculated

using5 years ofatellite altimetryobservations (Figure 2.2Rignot et al. 2013).

The alving processs amajor contributor to ice shethasdossthatcaugssudden reductions in
buttressing forceand beginsfter the formation ofrevasseslhere are two types of crevasses
on ice shelves thaancontribute to calving: surface crevasses thahfon the ice shelf surface
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and penetrate down into the ice shelf, and basal crevasses that form on the ice shelf base and
penetrate up into the ice shelf (Weertman, 19¥Bgre arghentwo ice shelfcalvingprocesses
surface crevassé®ing advected dawice towards the thinner ice shelf edge where they may
then penetrate the full ice thickng8enn et al. 2007pr basal crevasseming the samé@Nick

et al. 2010)Crevassethat penetrate thelli ice thickness are called rifts and in #hetarctic,

they canexpand laterallyacross the width of an ichelf,which leads to largealving events,

such as the0l17Larsen C calving event (Hogg and Gudmundsson, )20hrs processften

occurs nearer to the ice shelf edge where ice is thinner ancanfteren and spread laterally

more easily There is no unifying calving law that predipt®ciselywhen or how calvingyill

occur(Bassis, 2011).

In comparison to surface crevasses, basal crevasses are less commonly observed (Luckman et al.
2012), but ha® been detected with a greater frequency in floating ice shelves/tongues than in
terrestrial glaciers (Van Der Veen, 1998jetassesriginating at the base of an ice shwfve

been estimated taoitially penetrate up to two thirdsf the full thicknes®f an iceshelf affecting

the strain response and mechanics of the ice @hetkman et al. 2012)0ceanwatercanfreeze
asmarineice within basal crevassese due to superaoling when water rises ito the newly

opened space, rapidly decreasing tresgurefreezing point (Bassis and Ma, 2015)

2.13 Ice-oceaninteraction

Ice-ocean interactionsiodellers havelucidated empirical formulas for iEean melting
(Holland and Jenkins 1999yechanisms for thizeezing andaccumulation of marine idg.ewis
and Perkins, 1986), as well as the influence of temperatureasaditopography on melt rates
(Holland et al., 208).

Oceandriven ice shelf thinning currently accounts for 40% of annual Antarctic mass loss
(Pritchard et al. 200)2vhich is especiallydrge around th@/AlIS, particularlyin the Amundsen

Sea wheretheice shelvegherehave lost 18% of their thickness since 1894l ice shelmass

loss rate has increased 70% in the last decade (Paolo et al.2QuEy.2.2 demonstrates that

ice shelf size alone does not determine net mass loss, as the four largest ice shelves contribute a

small fraction of total Antarctic meltwater due to the protected cold continental shelf waters
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underneath their large areasdRot et al., 2013). The ice shelves that contribute the most
meltwater tend to do so through basal melting as opposed to iceberg production from calving,

highlightingt he oceandés control on melt flux from ic

The freezing temperature of sea water is a linear function of pressure and a wedkigaron
function of salinity, and is referred to as the pres$ugezing poini{Millero, 1978) When the
nonsaline glacial ice crosses over the grounding line and £am contact with high pressure,
saline, ocela water, ice begins to melt becawseelativelylow pressurdreezing pointsat the
ice-ocean interface (Holland and Jenkins, 1999). Submarine melting from contact with ocean
water begins at the groundingdi and continues along the length of thedcean interface
towards the ice shelf edg€\fffey and Paterson, 20l Assuming a constant salinity, the
pressurdreezing temperature of water decreases with depth, which igwithyall other factors
being gual)there is typically a faster melt rate along theacean interface at the grounding

line than there imear the ice shelf edge (Holland and Jenkins, 1999).

Melt rates in théce shelfcavity are alsacontrolledin partby largescale oceanic circation
driven by thermohaline gradiertsatinfluence mass and energy exchange at thecean
interface (Jenkins, 19917 he relationship betweeaoe shelfcavity melt rates and ocean
temperatures/asvariablebetween a number of studies as summaiizédgure 2.3 Hellmer et
al., 1998 Jenkins 1991, Rignot and Jacobs, 2002hepard et al2004 Williams et al, 1998;
Williams etal., 2002).This pevious workwas reexamined by Holland et g2008)with a
description of a more comprehensive, full megeneral circulation model for an idealized ice
shelf cavity.lt wasconcludel that the reldonship between ice shetielt ratesand ocean
warming is quadratic because of the cumulative linear relationships between meithrateth
ocean temperatuandt h e o0 c e abasal topographfigeé Bigure 2.1Hollandet al., 2008)
Basaltopography consequently has a large effect on the melt rate of an ice shelf and serves as a
proxy for ocean circulationharacteristicen the ice shelf cawt Deeper ceities aremore
susceptible to warm water intrusgand this will increase ice shelf basal melt, as has been

observed in the Amundsen Sea and the Totten Glacier in the East Ar{tareeobaum et al.
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Figure 2.3:Graphfrom Holland et al. (2009) showing a summary of previous work attempting to characterize the relatio
between ocean temperature and basal melt rate

2015). Rignot et a(2013)alsofound basal melt rate was associated with deeper basal

topographiegrom their Antarctiovide ice shelfmass balance studiigure2.2).

Marine ice is highly saline ice that freezes out of ocean water onto the bottorrexigineg ice
bodies andanaccumulag substantiallyin ice shelf environmenlong the iceocean interface
producing additional icehtckness (Tison et al., 200The fundamentals of tticep u mp 6, a
marine ice accumulation model, is illustrated in Figure(@dépted fronLewis and Perkins,
1986) where a vertical column of ice is submerged in a column of seawater of heagilthé
interface between #m is the line AA. Mlting occurs at the bottom of the interfacieere the
pressure and salinity are greater, generagigjively fresh, supecooled low density melt

water, whichrises to the top of theatercolumn.The pressureéezing point decreases as the
supercooled waterisesup the colummwhere it freezesn to a given surfac&Vhere freezing
occurs, salt is expelled, driving relativelgnse watedownward toward¢he base of thevater
column.Sinkingsaline sea wat@arhances the rising dupercooled watein aconvection cell
that initiateghe pump mechanism. Over tinmbe differential melhg and freezing caused by the
ice pumpwill change line AA to line BB where the new ice deposdethe top of the ice
columnwi | | abéenémi ced wandam ordeoof magnituddanelsdltlinelusions

thanglacial ice (Tison et al. 2001)yeasurements of thick layers of accumulated marine ice have
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Figure 2.4:Schematic of the ice pump. Line AA representstiigénal interface of
height H, and line BB is the new interface caused by ice pumping after some
(modified from Lewis and Perkins, 1986)

revealed vertical stratification with internal freezing and melting z¢fiesn et al., 2001)

Thick layers of marine ice form in relatively calm environmenideuran ice shelf such hasal
crevasses, rifts near the grounding line, and possibly in basal channels wheslguer
meltwater can rise into topographical apewkere it will beprotected from mechanical mixing
by turbulent ocean currents (Tison et al., 1998 formation of marine ice is an important
process in th&e shelf cavity agnarine ice possesses different rheological and electrical
properties than gkial ice(Dierckx and Tison, 2013yhich is an important consideration for the

IPR investigation presented in this thesis
2.2 Antarctic basalchannels

Basal channels are melt features forraethe iceocean interfacéom consistent enhanced
energy deliveryo a particularlocation melting out inverted channels over time (Rignot and
Steffen, 2008). Basal channels have been observed to possess a variety of lengths, widths,
heights,andformation mechanisms, and haveehecategorized based on these characteristics
(Alley et al., 2016). The effect of basal channels on ice shelf stability remains controversial
(Gladish et al., 2012; Rignot and Steffen., 2008; Vaughan et al., 2012).
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2.21 Physicaldescription

Basal channslrequire a source of heat to Idganhancemelt, which may vary depending on

the location of the channel @the ocean dynamics in the sleelf cavity.Basal channels forrat

the iceocean interfacdue to relatively warm buoyant plumes rising alonguaably sloped ice

draft topographyfinding preferred pathin local apexes of the ice draft topography,
andenhancingeltalong these preferred patnger time (Sergienko, 2013ased on

estimations using surface elevation data, Antarctic basal clsaramgle in width from 1 to 5 km
across, 50 to 250 m tall and can be 100s of km long (Alley et al., 2016). Basal channels have
been observed to grow over time, such as a 20 km extension of the Getz Ice Shelf basal channel
over30 years (Alley et al. 2016Jhe highest concentration of basal chanieselmder thece

shelves of the WAIS, whei@DW intrusion in theAmundserSea appears to be linked+®2 %

of thebasal channsithere(Alley et al, 2016 Drewset al., 2015). The velocity of buoyant

plumes is also a variable that can contribute to melting ice by increasing the relative energy
transport and turbulence, which is generated by the movement of ocean water across a rough,

nonuniform, ice surface (J&ms, 2017).

Models have suggestdigiat enhancetheltingas a result of buoyant plumes seeking transverse
variation in ice thickness feasible mechanism for formation and growth of basal channels
(Drews et al, 2015; Sergienko, 201Bjansverse variatits in ice draft topography are common

on ice shelves and acaused by land featuresar the grounding line, pinning points, or suture
zones (convergence of tributary glaciers of differing ice thicknesses) (Sergienko,2006).
zoneshetween ice shelfranches (segments of an ice shelf directly sourced to a tributary glacier
at the grounding line) often have contrasting ice thickneaseéscarsupport the formation of

basal channelsuch aghoseobservedetween the three branch@#sthe Amery Ice Sélf

(Fricker et al. 2009Sergienko, 2013). Alsaneltwateroutflow at the grounding line can provide
sufficient energy to melt a basal chanaglis observedith the presencehannelsear the

grounding line of théargest, fastest flowing Antarctic glaers(Le Brocq et al., 2013)

Mostbasal channels in the Antarctic are orierdedwardnorth), with many possessing
evidence of enhanced melt through the Coridfisot whereby channels are either steeper on

their western flank or deflected towards test on the kilometre scale (Alley et al., 2016;
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Dutrieux et al., 2013; Dutrieux et al., 2014; Gladish et al., 2012; Mankoff et al., 2012; Millgate et
al, 2013; Sergienko, 2013). The Coriolis effec jgseudeeffectcaused by the rotational

velocity of Earth, and causes deflection of large bodies of fluid that are not grounded, such as the
atmosplere and ocean. In the Southeraenkisphergthe Coriolis force deflects large fluid bodies

to the left, as seen in the deflection of northward flow to the west. The Coriolisestézts a

control on ice shelf channel shape by preferentially increasing the water velocity along one
channel flankmelting the channel asymmetrically mcreasing the energy delivery, turbulence

of the current, meltwaterpduction and meltwater removdlhe Rossby radius is a horizontal

scale that indicates the relative importance of the Coriolis effect in deterrtheitighaviour of
circulation dynamics over those distances (Nurser and Bacon, 2012). In the ArttaedRossby
radius is on the order of hundreds of m anithésefoe often manifested in basal channels that

are tens of km long (Holt et al., 2017).

Transverse profilesf largebasalchannel&channel networkbavebeen modeled and suggest
thatchannel featureare oftersinuous and that adjacent chanreelshave separataeltwater
currents(Mankoff et al. 2012; Vaughan et al. 201Bpreholes drilledrto a basal channel on the

PIG Ice Shelf identified a buoyancy driven boundary layer within the channel where the warmest
water existed as a discrete layer at the channel apex (Stanton et al., 2013)trefdisateon

within basalchannels hebeen pody quantified in most identified channeigt likely has a
significant rolein small scale melt patterfiecause without the ability to remove meltwater, melt
rates in these features will become redu@aatrieux et al. 2014)

It has been aterved that gneral basal channel form is often discernable through hydrostatic
equilibrium, albeit in an attenuated form where smaller scale details are not often observable
through surface elevatiotiBrews et al2015; Gladish et al., 2012; Mankoff et al., 2012;
Vaughan et al., 2012Prews et al(2015) concluded that wider channels were more likely to be
visible as a surface depression wintedging across smaller features prevents them from being
in hydrostatic equilibriumtahe surfaceBridging effectivelyholds a narrow band of thin ice at
higher elevations than buoyansiyould allowwith the requirement thateighbouring ice is of a
sufficient contrasting thickness to prevent the surface from depgebsough hydrostatic

balance Deutrieux et al., 2014An investigation by Dutrieux et a{2014)discoveredgmall
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scale features withinlaasal channel, not identifiable through corresponding surface elevation
variations where channel flankswé&res t e pped d wi t h 556 mtalwealls,s separ a
illustrating that melt rates within thehannelsnay be verjheterogeneou®ther work

mentioned complex ice draft topographies, or extreme variations in ice thickness within

channels, (Gladish et al., 2012, Vaughan et al., 2012) but did not attempt to daveilibe

scale sukchannel morphology.

2.22 Classifications

Alley et al.(2016 completeca comprehensive survey of the distribution of large basal channels
aroundthe Antarctic Satellite laser altimetry was usembsuming hydrostatic equilibriuno

identify potentialchannelsandairborne IPRusedto confirm thér presencevhere possibleBasal

channel locations anil ¢ a t eagegshowyn i Figure 2.9-our categories of basal channels were
assignedsubglacially sourced, grounditige-sourcedpceansourced, and potential channels

Channels that originate at the grounding line, where subglacial ousfloredictedare called

Gulg |l aci al | y s o uareolesdrved th lze needncised intatinece shelf at the

grounding line and thedissipate dowrtice. Ocgansourcecc hannel sé do not or i |
grounding line but some location dowgef r om it . -l 6 Greo wdir roggidatec hann el
at the grounding line but @not associated with areas of predicted subglacial outflovnasha

morphology similar to that of oceaourced channels. The maimorphologicafeature of

groundingline and oceasourcel channedlis that thg do not dissipate along flow, but rather

tend to deepermhestudy identifiedd p o s si bl e ¢ h enatiorecoliecdledwals en i nf o
insufficient toconfirm the presence of a chanaethe time (e.ghe Nansen Ice Shelf in Terra

Nova Bay Alley et al., 2016)

The origin of these basal channslparially speculativedue to the lack of observations of small
scde melt and ocean circulation patterns. For example, @sdmlly sourced channel may have
oceannputs that make the channel appear to belong to the grouimingpurced channel
category. Oceasourced channebre less ambiguous in thelassificaion as it is unlikely that
another procesdrives formation othannet dowrrice of the grounding line. To bettguantify
theorigins of basathannelsmore observations ae drafttopographyoceancurrent

turbulence velocity, and meltwater productame necessarfAlley et al. 2016).
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Figure 2.5:Antarctic map showing the distribution of basal channels as identified by satellite altimetry and/or
confirmed with airborne radar surveys. The highest concentration of channels can laeljg@entto regions with
warm ocean water. (Alley et al., 2016)

2.2.3 Role inice shelf stability

The role that basal channels play in ice shelf stability is controverbialformation of basal

channels in the presenceugiwelling warm water to the ieecean mterface has been arguied

regulate and redudetal meltacross the entire ice shelf by focussing the warmest water away
from the rest of the ice shelf and into the basal chgi@liatlish et al. 2012; Millgate et al. 2013;
Stanton et al. 2013T.he prevously mentioned relationship (in Section 2.2.2) between buoyant
warm water seeking shallow ice drafts and channel formation challenges the idea that distributed
films of upwelling warm water in the presence of nonform ice draft topographies can persist

without the formation of basal channels (Segienko, 2013)

Other work has looked at the structural implications of largerietoewide basal channels and
the role this plays on ice shelf stabiliutrieux et al., 2014Drews et al. 2013)ow et al.

2018; Rignot et al. 2008Sergienko 2013; Vaughan et al., 2R1Rergienko (2013nodelledthe
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impacts ofbasal channel formation ace shelf stainregime Localized thinning from channel
formation can generate areas of fraetimitiation that may resuib crevassing around a channel
(Sergienko, 2013). Thigredictionis in agreement with identifieslirface and bakarevasses

spatially correlated with a network of sinuous basannels irthe PIGIce Shelf (Vaughan et

al., 2012) It washypothesizedby Vaughan et al., (2012)at theserevasses form as a response

to bridging stress, where the thin ice bridging the channel flexes downward tdwadrdstatic
equilibrium. Dow et al. (2018) argued that the strain response of ice shelves to basdl channe
formation can generated surface crevasses across the width of a basal channel. Interactions
between surface crevasses in topographical depressions on ice shelves and concentrated surface
melt was determined to be a possible driving factor in a largengadwent on the NIS (Dow et

al., 2018). The interaction between surface melt and surface crevastsrovide a

mechanism by which basal channel formation and warming atmospheric conditions may lead to
large calving events and ice shelf buttressingicédns around the Antarctic. Regardless of
whether or not channelized ocean melt reduces the net basal melt of an ice shelf, there is
sufficient evidence to suggest that channel growth within an ice shelf can encourage crevassing,
calving and mass losB@w et al., 2018; Sergienko et al., 2013; Vaughan et al., 2012).

It remains difficult to predict future growth of basal channels without quantifying or measuring
the degree of metre scale variability in melt rates, ice draft topography, and ocean @irculati
within basal channels. (Drews et al., 20B%adish et al, 2012; Mankoff et al., 2012; Millgate et
al., 2013; Sergienko, 2013; Vaughan et al 2012).

2.3 Measurementtechniques

2.3.1 Radar

Measurements of ice shelf thicknésse progressed due to advancements inrégar systems

that transmit and receive information using electromagnetic waves. Conversely, GPR has
advanced due to the early pioneering work testing the theory and systems on ic&\&héets (

and Schmidt, 1961 The theory around GPR/IPR has generated its own terminology but is
founded on electromagnetic theory (Annan, 2088 ctromagnetidields can propagate with

either wave or diffusive properties depending on the frequency of the field being emitted and the
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electrical properties of the medium they are travelling thrqégiman, 2009)Considemg the
propagation of a sinusoidal electromagnéatd with some frequencif)as produced by an IPR
system) the behaviour of this field as it travels througkaogic medium can be written as
(Annan, 200%

NG ¢t , QE Q-6 2.1)
N0 ¢t QL QO Q- O (2.2)

whereB is magnetic induction or flux density (Wb?), E is the electric field intensity (V 1), H

is dielectric permittivityin farads per me¢ (F m'), u is magnetic permeability iHentys per

mete (H m?), Gis electric conductivity in mens per med (Sm™), f is the frequency of the

field emitted(Hz) andi is the imaginary phase component of the wi\reere are several
important implications oEquations2.1 and 2.As they pertain to the application of radar
surveys. Firstlythere are threphysicalpropertieghat affect the propagation of an
electromagnetifield through a mediunt:, -, andl (Annan, 2009)For IPRsurveysit is

assumed that is small andconstant within glacial ice andthusnegligible Thefrequency used
will determine eletromagnetic pppagaion as either a wave or as a displacement current based

on the frequenciQused; where for wave propagation:

o [ (2.3)

which for low conductivity material, such aspermeable isotropiglacial ice, is typically2
MHz and abové€Arcone, 2009) To maintain electromagnetic wave propagation in physical
media,frequency needs to increase with electrical conductivity to continue to meet the condition

in equation 23.

Dielectric permittivityandelectricconductivity arehe most variable physical propegwithin

glacial ice and influencthe speed of propagation electromagnetic wageand thenagnitude

of wave reflection at the ieecean interfaceDielectricpermit i vi ty i s a measur e
ability to displacechargein its material structurander the influence of an electromagnetic field
(Annan, 2009)pr, how well a medium behaves as a capacitor under an electromagnetic field.

The dielectric material (salior liquid water) does this by temporarily adjusting the alignment of
20



its molecules and electrorisquid water has a higher dielectric permittivity while solid glacial

ice has a lower dielectric permittivity.

There is an inverse relationship betweelectric permittivity and electromagnetic wave
velocity described by:

b — (2.4)

wherec is the speed of light in a vacuum ahd a dimensionless quantity called the dielectric
constan{Annan 2009)defined by:

(- (2.5)

whereUis the dielectric permeability of the material in question, @islthe dielectric

permeability of a vacuum (8.8542x3F m™) (Annan, 2009) Typical dielectric constants for

ice and pure watare 3.2 (Arcone, 2009) and 80 (Annan, 2009) respectiGagtrasts in

dielectric permittivity between horizontal layers equates to velocity changes between horizontal
layers which changes the amplitedandsignature of waves uparriving atthese interfaces. At
interfacessome of the electromagnetic energyysically reflected upwards while some of the
energy passes through the interf@deal, 2004). Tiechangen amplitudeand the relative

magntude of the reflectionf the electromagnetic wave related to the reflection coefficient R

at the interface:
Y —— (2.6)

wherek: andk: are the dielectric constantstbke uppelandlower layerrespectivelyNeal,

2004) The closeRis to 0(no interface}he smaller the change in amplitude of the wave.
limiting value of 1 is used fdr to signify a reflection near unity, where all of the signal is
reflected off of the interfacé\gal, 2004)Electromagnetic waveeflections off the interface are
then detected as returns ity Rx after some timg depeneént upon the distance betwedre Tx
and Rx called the offsgand the velocity of the wave though the medium such that:
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o o — 2.7)

wherety is thetwo-waytravel time of the wave frortie Tx to the interface and back tize RX,

to is the zero offset travel time (the time it would take for the wave to go straight down to the
interface and straight back again to Txis the offset betweethe Rx andtheTx, andv is the
speed of the wave through the medi@ithastrated inFigure2.6). The time at whiclthe
reflectionoccurred can be determined for every radar signal recetadldd a traceTraces can

be put side by side as a radar system moves across a stddoesd offset to generate a cross
sectionimage ofthe reflectiongrom the sulsurface called a radargram, such as seen in Figure
2.7, which contains 1152 traceBme, antennae offset and wave veloaitjprmation can be

interpretedandprocessed to provide higipatial resolution of ice thicknesses.

Tx : Rx
l Offset x Alr 1
< >
Vi :1‘ ~ .’ t
=: L N . ) o [ d
il N »
|ito ‘\. 4"
i ~ . t, . "
i - . Ice

! VL v
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Figure 2.6: Single layer scenario for an idealized radar survey
Lateral (horizontglresolution of radar systems is a function of radar wavelength, and the one

way travel distance to the interface, which for IPR on an ice shelf is aiaéss(Pearce and
Mittleman, 2002)The horizontal resolution exists due to the cone shape of the transmitting radar
wave however if ice thickness is much larger than the ragavelength the secondary
reflectionsfrom the target will not interfere with the first received reflectiPeace and

Mittleman, 2002)
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Figure 2.7:Annotated unprocessed radargram from 10 MHz grebasked IPR
on the Nansen Ice Shelf. Areas of poor bed reflection can be caused by
interference from features in the ice.

2.3.2 Electromagnetic wave propagation in ice

The dominant intéace observed in IPBn ice shelvess the iceocean interfacalateris

prevented from soaking up into &e shelf because of the impermeability of glacial ice, making
ice shelves ideal for radar surveys. From equai6sthe contrast imielectric permittivity

between glacial ice and ocean water generates reflection coefficients above 1, or complete
reflections at uity (Arcone, 2009), generatirgignal returns from the ieecean interface as can

be seen in Figure 2.Wave velocities within glacial ice are typicailythin thenarrowrange of
168169.5m us? (Fujita et al., 2000). Factors that can affect the speed of electromagnetic wave
propagation in glacial ice are: ice density, acidity from ash layers, and changes in crystal

orientation fabric (Fujita et al., 200

There are three types of ice foundhe ice shelf environment: glacial ice which is composed of
meteoric ice, sea ice that forms on the ocean, and marine ice as described in section 2.1.3 each of
which has different conductivities due to their formation processes and variable salt inclusions
Meteoric ice is the least conductive with salinity values an order of magnitude smaller than those
of marine ice and few orders ofmagnitudes less than sea ice (Dierckx and Tison, 2013). At low
radarfrequencies, significant changes in conductigitgldielectric permittivityfrom increased
salinity of ice may change the behaviour of electromagnetic field propagation from displacement
waves to diffusive currents removing signal return from theasan interfac€Holland et al.,
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2009) The largest soges of interpretie error for IPR on ice shelves aresignalreturns
generatedy marine ice accumulation, as wellgeometric scattering effedtisat produce
diffraction hyperbolas (as labeled in Figure 2.7) with the latter caused by sharp topography
gradients ince shelf draft or englacial rock debris

Marine icecauses loss of radar sighedcauseit hasgreater conductivity due to its higher
concentration of salt inclusiorfBierckx and Tison, 2013jigher dielectric permittivity due to
its softer and sometimes weakly consolidated physical @#&teckx and Tison, 2013and can
posses discrete layering of these qualities, becauslderimarine iceejecting saline sea water
where these variablegll gradationally increase with deptfilison et al., 2001Mooreet al.,
1994).Assuming adequate radar penetration, marine ice accumulation is the only physical
processhiatcaussloss of radar signal barring the effects of geometric scattering (tdodiaal.,
2009).

Geometric scattering is the effect caused by the expaodmeshape of the ectromagnetic
foot-print thatpropagags in all directions at once (Woodward and Burke, 2007). Geometric
scatteringcanproducesecondary returnfsom features perpendiculato the antenna orientation

that may obscure thaesiredreturn as seen in Figure 2.7 (Olhoeft, 1998)an ice shelf was a
uniform planar featureghe interface directly underneatreffiix andthe Rx would be the first one
reached by a spaeing hemispherical wavélowever,n reality, other reflections may be

detected by the Raeforethis. For example, a basal crevasse apex located 10 m perpendicular to
the radar survey direction in plane view would appear to be located directly beneath the system
as a hyperbolic shafgdue to the squared relationship in Equation &xThe radar gram but a

depth greater than it truly exists, and the actuabian interface directly underneath the radar

system would be obscured/ by the reflections from this crevasse.

2.3.3 Stress andtrain

The physical stresses experienced by an ice shelf as arfilembayment plays a significant role

in fracture initiation, ice thinning, crevassing, and calving. Stress is a force applied to an object

over atwo dimensionalarea(N3n, and strain is the objectos
measured asdefr mat i on of an objectds | ength per unit
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ranging from 0 to 1When considering changes in ice thickness of an ice shelf, it is important to
consider that as an ice shelf spreads to fill an embayment it thinsaihgtiicough conservation

of mass. The amount of thinning is directly proportional to spreading which can be determined
by the velocity of the ice shelf (Young and Hyland, 2002).

Ice shelves have less complex strain regimes than glaciers. Frictiorbasthef an ice shelf in
contact with ocean water is negligible in comparison to the friction from contact between a
glacier and rockQuffey and Paterson, 201L1n the absence of contact with latiie spreading

of an ice shelf is understood as a simetifimodel of three principle axes of velocity and strain,
where ice is incompressible. The relationship between velocity vectors and vertical strain rate on

an ice shelf is related by conservation of mass:

- - - - T (2.9)

where- is the net strain rate of the ice, which is equal to zero-ang- , and- , are the

strain rates parallel to principal x, y and, z axis respectively (Weertman, 18¥8glocity
changeacross the profile of an ice shelf can be influenced by a convergence of ice masses such
as tributary glaciersvhich will convergeor spread to fill the shape of the embayment confining

the ice shelf (Young and Hyland, 200B)the change irvelocity isknownover timein the x and

y direction (denotetty — and— ), then the strain rate ef and- can be calculated by the

equations:

- — (2.10)

- — (2.11)

By tracking features oan ice shelf using satellite imagery, velocities can be calculated over
some span of timeand through conservation ofassvertical thinning can be calcu&d (Young
and Hyland, 2002) by:

Qo QU
Qw Qw

(2.12)
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Vertical strain- , is important to quantify as @perates independently of basal melting to thin

an ice shelf as it spreads to fill an embayment.

26



Chapter 3

Site Description

TheNIS is a small ~1800 kfice shelf in Terra Nova Bay, Antarctica, located north of the
western Ross Ice Shelf along the Victoria Land coastal ocean region of the western Ross Sea
(Figure 3.1). The NIS drains part of the EAIS through the Transantarctioti&ios.

3.1 Location

TheNISisbcat ed at A+Bardrbeta. S1991)126 Bn frepikt a MayidZicchelli
Station (744 1SN164°6 Bjand 30 km f r oJang8Bayo Stdtiod°B70e a 6 s
S,164°1 3EN]

The two glaciers that supply the Slare the Reeves Glacier to the south and the Priestley Glacier
to the north (Figur&.1). The Priestley and Reeves glaciers drain the Taylor ivesouthern
portionof which is seen in Figure 3.2nd are mostly separated from the alpine glacienseof t
Transantarctic Mountains. The Priestley Glacier is more than 1000 m thick near its grounding
line and has ice surface velocities up to 130 ™) with an estimated ice discharge of 077
0.13 kn? yr'! (Frezzotti et al., 2000 The Reeves Glacier separates into two distinctive branches
as it flows around the Teall Nunatak at the grounding Imenediatelydown ice of this branch
separationthere is a region of rifts that are filed with marine ice as evidenced by ice codds (2
ice core in Figure 3.1; Khazendar et al., 2001, Dierckx and Tison Z&Reeves Glacier is
~700 m thick at its grounding line with an average surface ice velocity of 200amd an
approximate ice discharge of 0.52.06 knt a® (Frezzotti et a| 200Q. Thegrounding lines of
thePriestley and Reevegaciers are 70 km and 40 km from the ice shelf edge, respectively. The
NIS ranges in thickness from 1000 m near the Priestley Glacier grounding line to 120 m at the
ice shelf edge. Thieranches ofhe NIS formed byriestley and Reeveagaciers convergeas
shown by the flow lines of Figure 3.3 30 km from the ice shelf edgén area of landfast sea
ice connects the southern extent of the NIS with the smaller Larsen Glacier (Figure 3.1). The
Drygdski Ice Tongue (hereafter DIT) is located further sartdis also connected to the
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Figure 3.1:Location of the Nansen Ice Shelf, part of the East Antarctic Ice Sheet, along the Victorie
Coast
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NIS and Larsen Glacier by sea ice, and plays a significant role in sheltering Terra Nova Bay
from ocean currents and driftingssiee (Stevenst al., 2017). The Terra Novalgnya, which is
kept free of sea ice year round by the presence of strong katabetgfrom the Transantarctic
Mountains(Kurtz and Bromwich, 1983is found along the NI8dgeextending from

Inexpressibldsland to the DIT.

Inexpressible Island is a small land mass and pinning point located at theastem end of the

ice shelf edge dividing the main NIS from the
Shelf isrelativelythin (~60 m thick)and has an area of exposed marine ice at it terminus that

accrets onto its base further dvipe somewhere under the Priestley Glacier branch of the NIS

(Souchez et al., 1991).

3.2 Climate

Manuela weather station located on Inexpressible Island recordei@ye air temperature of
-14°C in 2016 and 2017. The maximum and minimum temperatures recorded during this period
of time were 4.2C and-39°C, respectively. The average wind speed recorded by Manuela
Station was 24 km Hrwith an average relativeumidity of 55 %. The strong katabatic winds

from the Transantarctic Mountains, ablate approximately 20 cm of ice per year across most of
the NIS (Baroni et al., 1991). This ablation also removes snow an@dinmpressed snowith a

density between ice and snof®dm the surface of the majority of the NIS.
3.3 Terra Nova Bay

Recent work has characterized the lasgale ocean circulation of the Victoria Land Coast, with
focus on McMurdo SoundRpbinsoret al.,2014), the DIT (Stevenst al., 2017) and the Terra

Nova Bay Polynya (Cappelletti et al., 2010, Budillon and Spezie, 2000). These studies have
revealed the presence of the Victoria Land Coastal Current (V,M@@h is hypothesized to

carrya mass of buoyant ice shelf meltwdt®m underneath the western Ross Ice Shelf cavity
northwardunderneath the ice shelves and tongues of the Victoria Land Coast. Vertical profiles of
salinity and temperature byevens et al. (2017) indicated that the southern side of the DIT has

observablédaloclines and thermocling but patterns are much less clear on the northern side,
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suggesting that the VLCIS partially deflecedby the DIT(Stevens et al, 201;Ahereforeit is

unclear how much influendbe VLCCmay have on the NI8avity.

Budillon and Spezie (200@escribed the circulation in Terra Nova Bay as an intense-north
easterly current along the coast from 55 m to 402 m depth with 40% of velocities greater than 15
cm st and maximum velocities greater than 50 cmAverage ocean temperagun Terra Nova

Bay in 1996 was1.87°C at 140 m depth and.89°C at 400m depth (Budillon and Spezie,

2000). Average ocean salinity in Terra Nova Bay during the same time period waS83350@

L at the surface and 34.82 ¢f bt 747 m depthOceanographic data collected by Manzella et

al. (1999) also indicated relatively cold ocean water conditions in Terra Novaggesting

that vertical melt rates within the basal channel are likely to be small in comparison to the more
widely documentetbasal channels of the Amundsen Sea setara Nova Bay has an

estimated Rossby radius @0 m C Zappa 2017, personal communicatjons

There is littlepublishednformation about the basal topography or ocean conditions of the NIS

cavity. It is hypotlesized that the oceanography of the cavity is extremely favourable for

significant marine ice accretion in some locations underduksto the prevalence of marine ice

at the adjacent Hell 6s Gate | ce ShethelReefeBr ez z o
Glacier branch of the ice shelf loses 25% of its mass to basal melt, and approximated that mass

loss from basal melt across the entire ice shelf equates ta4 ®hich isin agreement with

Budilion and Spezie (2000) who approximated a sirmumber baseoh ocean data in Terra

Nova Bay, as a first order approximation of the cavity.
3.4The NIS basal channel, surface depression and recent calving

A 30 km long surface depression runs easst across the NIS along the suture zone of the

Reeves and Priestly branches (Alley et al., 2016; Bell et al., 2017, Baroni et al., 1991; Dow et al.,
2018. Within 20 km of the eastern ice shelf edips topographic depression is the surface
expression of a 10 km wide basal channel (Dow et al., 20h8)strain regime experienced by

the ice shelf surface has been shdwhavedriven the formation of a transverse crevasse across
the width of the basal channéfst observed irma 1987Landsaimage(Dow et al., 2018)A

surface riveformsin this surfacedepressioralongthe suture zone&ue tothe impermeable
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nature of the ablated ice shelf surfacelpositivesurface temperaturesince as early as 1974
and formed annually from 2012D16(Bell et al., 2017)Theriver hasbeen observed titow

into thepreviouslyformedcrevasseluring the January to April melt season of 2014, 2015, and
2016 (Dow et al.,2018 as seen in Figure 3.th April 2016full lateral expansion of the rift
causedh 213km? calving even{(Bell et al., 2017) similar in size to a documented but
unobserved mass loss event betwE@63 1972 (Baroni et al., 1991).

Figure 3.4:Photograph of the Nansen Ice Shelf showing a surface river flowing into the rift in
January 2014 with the Reeves Glacier in the background. Note the lack of snow or firn presel
surface. Taken by KOPRI (2016)
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Chapter 4

Methods

The methods usad this thesis are primarily based on data from taaar systeas that provided

ice thickness and surface elevation measurements, as plotted in Figure 4.1. The two radar
systems required differedataprocessingvorkflows to calculate ice thickness valués

addition, surface ice velocity data products for the NIS were converted to strain rates. These data
were used to produce DEMs/DITMs, strain rate maps, vertical melts rates, channel cross
sectional area, and hydrostatic balance analyses. A crosselsiscompare the difference
betweeradjacenice thicknesses and surface elevations from different radar surveys to compute

greatest possible errors for thase thicknesandsurface elevatiodata setsThework

o 2R
w R e
Scahe s \ e
e v
: :
s =4
A
L
-3
Ly
.‘.?#:”
Mo = 5 3
3 IS = .
g i 4 R~ 1
o l : y .\f"-'
o S e, R
4 K.
Legend
LR \ _:"L we= Ground Based Radar Survey
e == Airborne Radar Survey
it

Figure 4.1: Al radar surveys completed durin
the 2016/2017 Antarctic summer
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described in this chapter was comptdby the author, with the exception fi¢éld data collection,
and some aspects of the airborne data processing workflow.

4.1 Radarsystems

4.11 Ground based ice penetrating radar

From November3™to Nov 19" 2016, grounebased radar surveys werendoictecby Dr.
Christine Dow of The University of Waterloo abd. Derek Mueller of Carleton University.
Operationsverebased out of Jang Bogo Station in collaboration with the KdPedar Research
Institute(KOPRI). The radar systeificeRalar, Blue Systems Integratiohtd) consised of two
ski mounted sleds, a portable Embedded Processing Unit/receiver (EPU), a transmitter, a
Topcon Hiper VGPS receiver, a pair of 10 and 25 MHzeamas, antenna protectjand a ~40
m length of rope (Figure 4.2TheEPUwasattached to the receiving antenna arasused to
acquire, manage, and display radar dad4 werewritten as hierarchicalataformat(HDF) files.
The IceRadar EPU allozdfor one cent frequency at a time, and ¢han onboard GPS receiver
that was supplemented withe mounted Topcon receive¥ost grounebased datased in this
thesis wereollected with a 10 MHz antennathough initiallysomesurveys were completed
with a 25 MHz antennaThe change to the 10 MHz antenna was made in the field due to

difficulty getting adequate returns from the-meean interface with the higher frequency.

Figure4.2 Field setup of ground based IPR system by Blue SystemdtitegiNote the sled mounted radar transmitter
attached the Tx, the Receiver EPU attached to the Rx, and the Topcon GPS receiver mounted to the front of the recer
Photo by Derek Mueller (2016)

Three different sites along the length of ibe shelfchannel named site 1, site 2, and sie
weretargeted The sites werspaced approximately 30n apart, startingvith sitel at the ice
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shelf edge and then movimgest towards the grounding zoffeigure 4.1) Radar lines within a
surveywererun both parallelnd transverse tine channel withat least 10ntersections betwee
these lines at any given site (hereafter called crossoVérs)10 MHz surveys wei@mpleted

with a onstant offset of 15 m between the Tx and the Rx and the 25 MHz with a consteaint offs
of 9 m.Average linear spacing of grouhésed radar data values, with attached surface

elevations, was 4.1 m.

4.12 Airborne ice penetrating radar

From Deember25" 2016to Felsuary18" 2017 personnel from th&niversity of Texas

Institute for Geophysic8JTIG) conducted delicopter based airborne geophydietd survey

based out of Jang Bogo Stati@gnradar systemvasinstalledon an AérospatialéAS-350

helicopter in a fixed boom (Figure 4.8)nd was complaented bya laser altneter camera,

GPS, and an ietnal navigation system (INS) for precise positioning. The three mast fixed boom
attached to the bottom of the helicopter contained two separaenas, installed in a cresack
polarizeddipole arrangement, that both transmitted and received indejtgnaeth 60 MHz

cente frequendes 15 MHz chirp bandwidty) andl ps pulse width (Lindzey et al., 2017)Both
antennasilsohad two receiver pathways for a low and high gain receiver, creating a tdtalrof

Figure 4.3 Airborne radar system designed by UTIG and mounted on e8b8%®elicopter.
The left and ight boom contained the two independent pairs of radar antennas, the fron
was empty. Photograph by UTIG 2017 field participants
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traces for each radar dateint The NIS vas surveyed on January, 19", 29" February & and
13", Surveys were flown between 360and 60an above ground leveAverage linear distance

between radar data values for airborne data was 11.9 &Bahdh for the laser altimeter system.

Three sirveys were targeted by UTIG: the NIS, NCH and NCH2 surveys. The NCH and NCH2
surveys were completed over the NIS basal channel within ~ 20 km of the ice shelf edge. The
NCH2 survey contained 11, 8 kimng, parallel cross sections of the basal channeimitkm

of the ice shelf edge. Much of the spatial range in the NIS extent DEMs and DITMs (see section
4.3.1) was from the largscaleNIS survey.Two radar linesonefrom anInternational

Collaborative Exploration of the Cryosphere throdgitogeophysical Profilingl CECAP)

survey in October2011 andne from aGeophysical Investigations of Marie Byrd Land

(GIMBL) surveyin Decembef014 crossed the NIS basal chanaptiwereused to examine if
therewassignificant vertical melbetween 811/ 2014 to 2016by comparingce thicknesses

from those radar linewsith the 2016 data.
4.2 Radar data processing

4.2.1 Ground basedradar processing

RINEX files were downloadettom the mounted dpconGPSreceiver on the radar sleePP
wasperformedusing Natural Resours€ anadads ( NRCaPRBPresalkGPEe ser vi
measurements atealtentimetre to decimetre scaléh theuse of precise orbital cloaks on GPS

satellites and the retéime network of Glbal Navigation Satellite Systeraferencestationsto
produce ellipsoidal h e iTgdrdfesencéstidgtionslCOTEaandd Hk r o u x
MCM4, are locatedhearthe Ross Sea and Transantarbicuntainsadjacent tahe NIS field site

(Blewitt et al., 2018

Data from ground based radar survessedownloaded abiDF files. Radar fileswvere

processed with Rython-based suite of scripts called Ice Radar Tools developed Inahat

Wilson (github ID: njwilson23/irlib),to analyze datgenerated bthe IPR systemThe location

information associatedith the onboard GPS was replacbdsed on the time the location

information was takerwith the more accurate PPP corredd&iSdata WGS84 Antarctic Polar

Stereographitatitudes and longitudes were converted into UTM Eastings and Northings
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referencedd 71° S. The filewasthen savedfter removingstatic GPSluplicatesblank traces

caused by trigger failures, and stationary traces.

Radagramtraces were picked usirige ice_pi& utility in Ice Radar ToolsForsections of poor
radar returmo interpretatioaweremade and the bed reflectiaras given a place holder value
to mark that section of the radargra@nce the pickingvascomplete, the radar_join scrip@s
used to combine the picking filemdapplyantenna offset Awave velocity valuef 170 m
ustwas appliedo calculate ice thickness foaghtrace(SOURCE) Figure 4.4 shows the
complete ground based IPR workflow.

Data Collection
(field season)

l Download HDF and RINEX (GPS) files l
NRCani PPP service|| Ice Radar Tools HDF file QGIS GPS

consolidation Coordinate

| : . Mapping
Ice Radar Tool$ Precise Point _visual guide for
Positioning GPS replacement interpretation and

survey line orientation

Ice Radar Tools UTM conversion

IcePicki radargam interpretation
and picking

Ice Radar Tools Radar Join
-ice thickness calculation

|

PostProcessing

Figure 4.4:Data processing workflow for the growhésed IPR data
4.2.2 Airborne radar processing

Airborne radar and surface data were downloaded in the field onto laptops with a custom

software that produced pickable radar products by stacking and compressing the raw radar data
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(Lindzey et al., 2017). These radar products required a computed sotutiir spatial
variables (time, | atitude, |l ongitude, and the
picking could begin. UTIG combined the GPS and INS datagthe Novatel Waypoint

software to attach the spatial information to the unpickedr datgLindzey et al., 201)/

Accesdo the data andnin-house softwarevasprovidedto theauthor to pi& ~1000 km of

radargrams dtTIG.

After initially picking the surface and bed, a seriestefativefocusing algorithmsvere applied

to the d#a toreduce the effect of diffraction hyperboladl. radargrams were then-picked

with many of the diffraction hyperbolas removed or reduced, which addedificationof the
ice-ocean interfaceA v valueof 169 mus* (Carter., et al., 20Q7@vas used to calculate ice
thicknessafter whichice thickness, surface elevation and positional data was exported for further

processing.
4.3 Data analysis

MATLAB was used to analyse ice thicknessrface elevation, spatial variahlasd ice shelf
velocity to display various aspects of the-meean interfacender the NISGroundbased and
airborne data were converted from WGS ellipsoidal heights to orthometric elevations relative to
the GLO4C geoid datum, which is an approximation of mean sea(lguske et al., 2008). A
channel center datutime wasdrawn down thdasalchannel centéapex with negative distances
calculatedo the south angositive distances to the northhe channel center datum and was
subsequently used in all cross sections

4.3.1 Digital elevation and digital ice thickness models

Three dimensional griddedodek of ice thickness and surface elevatirecomputedusing

most of the processed radar data. Two diffeBdaM extents (the main NIS area and the basal

channel areavere used to optimize the resolution of thgital models over the data dense basal

channel arealhe number of groundased vs airborne data values forittean NIS extent and

basal channel extent were ~18 000096 and ~18 000: 41 000 respectivdlze grounebased

and airborne dataere interpolated onto grids MATLAB using atriangulationrbased natural

neighbair interpolation whichwasfound to produce the most realistic product in comparison to
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theseverabther interptation methods availabl&@he number of grid cells in the two different
extents were 2.7, and 4.0 million, with square grid cell sizes of 28 m and 10 m respectively. Ice
thickness grids wersubtracted from surface elevation gridgproducehe ice draft DEMsThe

DEMs and DITMs vereclippedto exclude all measurements located over grounded ice, and
exposed land masses surrounding the NIS were traced in a GIS software and exported as
polygons to be displayed on the models for refereflse.main NIS area excluded a ~30 km

long, 4007 1000m thick section of the Priestl&ylacier branch that extended to the grounding
line because of low radar survey density and limitations with the gridding software.

Ice thickness and surface elevatdata density wrespatial variable in both DEM extents

Sections of th®EM extent with approximately equal densitigsre divided intdhreedata

density zone$o provide qualitative levels of confidenfa the interpolation in these sectors

(Figure 4.5)Data density zwes 1, 2 and 3, had a density6dB, 80 and 35 ice thickness values

per knt respectively and 1305, 67, and 35 surface elevation values peespectivelyZonel

was used to make sddmn scale observations of the channel andchdnnel morphologyone2
assisted with kilometer scale interpretation of ice thickness and ice shelf branch distribution, and
interpretation okone3 was limited to large scale qualitative analysis of boundary conditions and

areas of reduced ice supply.

4.3.2 Strain rates fromGo-LIVE d ata

Ice velocity information was retrieved from the Landsat 8 derived IS& data base (Scambos

et al., 2016). Feature tracking between two panchromatic Landsat 8 images taken at different
dates to produce a 0v e ledispiadementiofittetgce dver timetusingh g u
an automated algorithm (Fahnestock et al., 2015). Fotll@B productswere used:

L8 063_113 288 2013 335 2014 2K8,063_113 368 2014 258 2015 261

L8 064_113 272 2015_076_2015 348 064_113 272 _2016_063_20B385with

observation spans of 258, 261, 348, and 335 days for the years 2013, 2014, 2015 and 2016
respectively. The ice shelf edge was the most problematic section of the ice shelf for velocity
information likely due to the presence of concentrated seidainage and proximity to open

water. The best velocity information found in the-GVE database for the NIS edge only
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Figure 4.5: Sectors of confidence level within the main NIS
extent. Confidence level 1aRd 3, have ice thickness data
densities of 618, 80 and 35 ice thickness values p&r km
respectively.

covered 55% of the 11 NCH2 cross sectiamithin 2 km of the ice shelf edge. Velocity data

were converted into strain rates using equations 2.10, 2.11 and 2.12. Velocity and strain data
were usedrom the four images as needed for the specific span of time required for the ice
thickness change calculations in Section 4.3.3 and 4.3.4. Values were then interpolated onto
radar data locations to assess the distribution and speed of spreading and thtes on the

NIS. Vertical thinning values were two orders of magnitude smaller on average than changes in

ice thickness between trackable features.
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4 3.3 Vertical melt rate calculation over time

The 2011 ICECAP survey line over the NIS was considered in the planning of the-pamet

2016 radar survey. A grourlzthsed survey line was repeated directly over the 2011 radar track as
well as ~900 m dowaice of it, accounting for 5 years of ice shatfvection. Apexes and keels of

the subchannel features within the basal channel, as labelédume 46, were tracked in ice

draft cross sections and their ice thickness vaesrecorded. Using the equation
0 o 0 - (4.1)

whered is vertical melt over 5 year®) is the ice thickness in 201Q is the ice thickness
in 2016, and is the vertical strain rate oveiyears in this location, 8 vertical melt rates and

8 change ice thickness were calculated across the channel.

The same method of tracking sabannel features was employed foe &4 km long 2014
GIMBL survey line,which passed over the front of the NIS edge at an oblique anpkstd
channel centeiThe 2014 survey, coupled with a repeat 2016 survey line profodedhanges

in thickness values over 2 years usiggation 4.1.

Surface ] —— e 4
Elevation I ......................................
Sea level/Geoid surface P Channel center/apex

4

Ice
Sub-channel apex

Ice Draft Ice draft topography I Thickness

v Sub-channel keel
’

+' South !

/

Channel flank

Figure 4.6 Simplified transverde-ice-flow cross section of a basal channel with terminology used throughout this thesis le
4.3.4 Vertical melt calculation between cross sections

The 11parallelcross sections of the NCH2 surv&yanned the width of the main basal channel
feature and were easpaced approximateB00 m apart within 2 km ofhe ice shelf edge.

Apexes andkeels within the sulchannel morphology were tracked using their ice draft between

these parallel cross sections and then the associated ice thickness values were exdracédd. V
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meltvaluesresultingfrom ice.ocean interactionver a mean time of 3ylears were calculated

based on a space for time substitution, using the equation

0 % % - _— (4.2)

where:O  isvertical meltin m;Y is the ice thicknessf the downice cross sectioim m,

Y is the ice thicknessf the upice cross sectiom m, - is the vertical strain in m

a? of the upice cross sectionX is thehorizontaldistance betweethe ice thicknesgalueson

L(n+1) and L(n) in m, and is the velocityn m a' averagedrom the GeLIVE database

over the number of/earsof interest (four in this instangeJsing this method,istance between
trackable features and the surface velocity of the ice was used to calculate tharteave

between the tracked suihannel features. The travel time for each melt value was multiplied by
the average vertical strain inart experienced by the shelf in that location to remove the effect
of vertical thinning from the difference in ice thigss between the two points. The mean time it
took for a sukchannel feature to advect dovwae to the adjacent cross section wdsygars.

Using equation 4.8, 18thanges in ice thicknesgere calculated.

Equation 4.2 assumes as the ice shelf adveatiestamce of ~200 rthat ice shelf velocity
vectorswereperpendicular to the cross sections, ice shelf velocities and vertical strain rates
remairedrelativelyconstantand that the basal channel morphology andchamnel features
within 2 km of the iceshelf edge were uniformly affected by identical melt historyresulting

in constanuniform changes in channel morphology.

Cross sectional channel ar@aovean ice drafof 182 mbelow sea levelvas calculated for two

NCH2 cross sections, 1.2 kapart, by integrating the area between their ice draft and this datum
(Figure 47). The cross sections were chosen as far apart as possible witNiGH2esurvey

while still having good radar signal coverade ice draft of1l82m was used because it
corresponded with the keel of the deeper cisEstion (Figure Zb). The difference in cross

sectional area was calculated using the same datum to remove the effect of net ice shelf melting,
providing a more direct comparison of the change in size of thédresmel. Ice thickness

cross sectional area was also computed for comparison.
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4.3.5 Hydrostatic balance models

To test the assumption of hydrostatic equilibrium, the surface elevations used in the DEMs were

converted into hydrostatic equilibrium ice thicknessising the equation:

oy

(4.3)

where:"Y is hydrostatic equilibrium ice thickness in MY, is the measured surface elevation
above the GL04C geoid in 1, is the density of sea watgr025 kg m?; Budilion and Spezie,
2000)and” is the density of meteoric glacial i€@17 kg m?; Frezzotti, 1997)The hydrostatic

equilibrium ice thickness was compared to the measured ice thickness using:
06 Y Y (4.4)

where:"O0is hydrostatic balance in m, aid is the measurkice thickness in m. Equations 4.3

and 4.4 were used to compute DITMs as described in Section 4.3.1. Hydrostatic balance values
returned by Equation 4.4 at or near zero indicate that the ice is in hydrostatic balance. Positive
hydrostatic balance valuasdicate that the measured ice thickness is greater than what is
predicted by the surface elevations, or alternatively that the surface elevations are depressed
more than they should be for the thickness of ice. Negative values returgqddiion 4.4

indicates that the measured ice is thinner than it should be for the elevation of the ice surface, or

that the ice shelf surface is beifagced upthrough some physical process.
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Equations 4.3 and 4.4 dotreccount for snow and firn accumulation on the aefof the ice

shelf. A line was drawn across the NIS based on satellite imageich identified the border of

the firn free and firn covered portions of the ice shelf. Interpretation of the hydrostatic imbalance
of the NIS was confined to the firn freertions of the NIS due to uncertainties in firn density

and thickness.
4.4 Errors

Sources of error that contribditeo the precisiomf ice thickness and surface elevation
measurementsere separated intwo categorieshumanerrorintroducedduring the

interpretation ofadagrams andexperimentakources of errontroducedby the technical

limitations of the methods useahd the different wave velocities used in the grebased and

airborne dataset€omparing the precision of data crossovers provided an estimation of the
combined effect of human and experimental error in the measuring of ice thicknesses and surface
elevations. Additional experimental error from the variability of tides and the daeje

accuracy of the geoid model were also quantified, as they were not fully captured in the

crossover analysis.

4.4.1 Crossover analysis

Ice thicknessind surface elevatioralueswerecomparedat crossovers that were less than 10 m
apart between diffrent surveyso assess the precision of the radargram picasgell as the
precision of thesurface elevation instrumeni&his crossover analysis produalce greatest
possible error since value pairs at crossovers represented ice thickness or audticaglat

slightly different locations, and thus should not return a difference of 0.

The median absolute difference in ice thickness and distance between the data points at 546
crossover points was 4.24 m and 5.3 m, respectively. The 546 crossowetseweren ground
based/airborne surveys as well as airborne/airborne surveys. The median absolute difference
between surface elevations and the distance between those data points at 317 crossover locations

was 0.83 m and 5.14 m, respectivéligure 48 displays a histogram of these crossover values.
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Figure 4.8:Histogram of differences in crossover pairs between different radar surveys, showing (a)
distance between 546 ice thickness crossover pairs and (b) the absolute differences in ice thitioses
546 surface elevation crossover pairs (c) the distance between 317 crossover pairs and (d) the abs
differences in surface elevation of those 317 crossover.pairs

4.4.2 Sources of interpretiveerror

The two most prevalemterpretive difficulties in radargranteat contributed to the error
determined from the crossover analysis wesengetric scatterinthatproduce diffraction
hyperbolas and signal loBkely caused by marine ice. In the airborragaset, dfraction
hyperbola& werefocused byJTIG operators, which significantly reduced them as a source of
error.The heavily crevassed areaigp of the Reeves and Priestleyanchconvergence zone
generated full thickness rifts filled with marineifKazendar et al., 2001), which appeared to
causdoss of radar signal over small lengths of meaar surveyssimilar tothoseobserved by
Holland et al., (2009)However neither diffraction hyperbolas nor marine ice generaighs

loss pervasive @ugh toinhibit analysis.

45



4.4.3 Experimental error analysis

The accuracy of GEOID modedmdthe effects of the tideon floating ice sheesmay have
generatd sources of error in thiee thickness and surface elevation d&tee large scale vertical
accuracy of the GL0O4C geoid model is estimated to have a greatest possible error of 0.15 m from

average sea level at any given location (Forste et al., 2008).

The effect of tidesvasan important cosiderationfor the accuracy of GPS measurememtghe

NIS. Terra Nova Bay has some of the smallest tides on the Antarctic coast (Padman et al., 2002).
Hourly GPS measuremenfgrovided by Ryan WalkeNASA) at75.022°S, 163.3® °E for

over72 daysrom November 2015 to January 20d®vided anapproximation bthe effect of

tides on theNIS. Over this period sea level fluctuatioras0.46 mwith arange in tidal height

was from 0.11 to 0.82 m

Total maximum potentia¢rrorin ice draft calculationsan be estimated adding the

independent errors in quadregyTaylor, 1997)

Q Q Q Q Q (4.5

WhereQ isthe greatest possible error of any ice draft calculafibn andQ arethe erros of
thickness and surfaceeasurements respectively based on crossover an&lysis the error
created by th&édal range in Terra Nova Bay ai@l  is the large scale error of the GL0O4C
geoid. Based on the previously stated average errors, the greatest possibbe iegalraft
values was found to be 4.36 m. Vertical melt rates calcylasedescribed in Section 4.3.3,

which use differences in ice thickness over time have a greatest possible error calculated by:

Q ¢z Q (4.6)

whereQ s the greatest possible error ke thickness measuremsas determined from the
crossover analysighe error in melt rate, | (6.00 m)does not account for errors of the surface

velocity derived vertical strain.
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4.5 Experimental design limitations

The software used to pick and export the airborne radaragatiescribed in section 4.3.2

removed all parts of the radar line where ice thicknessat interpreted r&er than using

pl acehol ders of 06006 or O NkeMéemo adariratunvegrsuevent ed
unresolved diffraction hyperbolas from basal crevasses or steep ice draft topo@tephy.

missing radar data locatiomgere manually repopulated for all airborne radar data and given

O60NaNd pl ac ehiguide d9 hmowever, i wae still nt possible to know why the

segments of radar data were not pickeeas of unpicked radar data were concentrated over:

areas of known sea ice, down the channel center, at the ice shelf edge, near grounding lines, and

in the firn-covered healy crevassed area tipe of the glacier convergence.
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Figure 4.9: Map of the NIS with orange line segments indicating areas of missing radar dat
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Chapter 5

Results

In this chapter, surface elevation, ice thickness and surface ice velattgre presented in the
form of DEMs, DITMs and strain rate maps. These data are also used to estiatiatates

within the channehnd patterns of hydrostatic imbalance experienced by the ice shelf.
5.1 NIS morphology

5.1.1 Digital elevation modelsand digital ice thickness models

Figure 5.1 is a map of all IPR survey data showing: the two areas used for the separate
DEM/DITM extents, all radar data used in those extents, and the boundary between the firn
covered and firfiree portions of thé&llS. The main NIS DEMs and DITM (Figure 5.2) provides
a more detailed description of the NIS than the work from Frezzotti et al. (2000) provided in
Chapter 3The largescale morphology of the Ni&n be explaineldy following the threemain
branches of the icghelfthat determine thiee distribution fronthe tributary glaciers across the

ice shelfas well asdentifies areas of decreased ice supply

There arghree branchesf the NIS: the southern Reeves Glacier branch, the northern Reeves

Glacier branch, wich diverge into two branches around the Teall Nuna&kthe grounding

line, and the Priestley Glacier branch. The southern branch of the Reeves Glacier was 450 m

thick near the grounding line atliinned ~230 m over 27 km as it flowed south towards the

NI S6s sout hern edge neBhefastflawingronmherGhranah oféghe ( Fi g u
Reeves GlacigiFrezzotti et al., 2000)as similar in ice thickness to its southern branear the

grounding line (450 m) buhinned250 m over ~4%&m towardsthe ice shelf edge. This branch

of the Reeves Glacier was originally oriented east immediately after the grounding line then
deflected towards the sou#fast after convergence with the Priestley Glamianch~15 km

dowrtice, orienting towards the eagfaan after the southern Reeves braogtves away from it.

49



Basal channel extent
B Land
=== (Channel center
Ground-based radar
® Airborne radar

Figure 5.1:Map of the NIS showing the two extents of the DEMs/DITMs, atideadround based (blue) anc
airborne (red)radar surveys used. The ice surface south ofithdine (purple),is firn free. Black polygons
show the rock outcrops adjacent to the NIS
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Figure 5.2:The main NIS extent DEMs and DITM. (a) surface DEM (b) DITM (c) ice draft REMata density zoneBlack
polygons represent rock outcropdjacentto the NIS.
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Thegrounding lineof the Priestley Glaciefnot shown in Figure 5.2% located north of Figure

5.206s extent wher e i t-1%kmovides 30&molang torridobimianthea nar r
ice shelf bay. The Priestly Glacieranchwas 645 m thick wheré first enters the extent

displayed in Figure 5.2 antthinned by 370 m over ~ 45 kta the ice shelf edge.

Approximatelyl00 m ofthis thinningoccurred followinghe convergence with the northern

Reeves Glacier branch over a diste of ~10 km. The thinning rates for the maximum ice

thickness okach branchvere approximately 8.5, 5.5, and 8.2 mkfuar the southern Reeves,

northern Reevesand Priestly Glacier branches respectively.

There werdour areas of thinner ice on the NlSigure 5.2) 1. The heavily crevassed zone up
ice of the Priestley and Reeves Glacier convergence, 2. A similar region on thedmide of
the Teall Nunatak, 3. The southern ice shelf edge between the two divergeches of the
Reeves Glacier, and 4. The basal channel area in the suture zoneeoivthe convergence
between the northern Reeves and Priestley Glacier branches. wesd 307 200 mthick and
wasbordered byl00 m thick icefrom thetwo adjacehbranches. This aresppeaedsimilarin
plan viewto thebasalchannel areghowever it narrowed dowrice instead of widening without
anydiscernible patterngr featuresasobservedn the basalchannel Area 2,immediatelydown
ice of Teall Nunatakwas alsdl50- 200 mthick andwas borderethy ~400 m thick ice from the
two Reeves GlacidsranchesArea 3 at the southern edge of the NIS contained thin prdg
sections of the ice shelf, held in place by sea ice. The presence of sea ice wasatbtgran
lack of radar returnywhich clearly corresponded observable boundaries in satellite imagery
overthe same area (see Figure 4Atea 4 is he basal chann&thich forms in the suture zone,
10 km downice of the convergence between the Prigsiled Reeve&lacierbrancles At the
start of the suture zorike Priestley Glacier branch was 60 m deeper in ice draft than the
northern Reeves Glacier branch (Figbr2 ands.3). The formation of the basal channel began
as the thinning/widening of th&iture zonewherea continuouszone of relativelythin, 165m
thick ice, can be tracetb the ice shelf edge where it thedan additionaR0 m(Figure 5.3) The
basal channel and suture zone were observed to curve in plan view as the two branches were

deflected east around Inexpressible Isléfidure 52).
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Figure 5.3 Higher resolution basal channel extent of (a) surface DEM (b) DITM (c) icke DEaM. (d) data density zones
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