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Summary

The floating extent of the Antarctic Ice Sheet - the ice shelves - play a critical role in
stabilizing the ice sheet through a process known as buttressing. This effect slows the
flow of grounded ice into the ocean and thereby helps regulating the ice sheet’s sea level
rise contribution. However, ice shelves are highly sensitive to (climate-driven) changes,
which can cause thinning and structural weakening. This, in turn, can diminish their
stabilizing influence and accelerate ice loss from the ice sheet. Given Antarctica’s vast
potential to contribute to sea level rise, understanding the processes affecting ice shelf
stability is essential for predicting future changes and reducing associated uncertainties.

Ocean-driven melting at the base of an ice shelf significantly influences its stability by
driving ice thinning, grounding line retreat, and through basal channel formation. These
channels, formed by meltwater plumes carving pathways along the ice base, are shaped
by ice draft geometry, ocean dynamics and temperature. Basal channels concentrate
melting and can weaken ice shelves by acting as structural weak points and promoting
fractures that may lead to calving and retreat. On the other hand, basal channels can
also stabilize ice shelves by localizing melt, potentially reducing overall thinning. Their
evolution - including changes in size, location, and intensity of melting - is influenced
by changes in ice flow and the availability and temperature of circumpolar deep water,
which is expected to increase under climate change. Understanding basal channels and
their role in ice shelf (in)stability is thus essential for accurately assessing the future
behavior of the Antarctic Ice Sheet and its contributions to sea level rise.

In this thesis a method for detecting basal melting at high spatial resolution, called
BURGEE (Basal melt rates Using REMA and Google Earth Engine), was developed
and described in Chapter 2. BURGEE combines stereo-imagery from the Reference
Elevation Model of Antarctica (REMA) with CryoSat-2 elevation data to obtain high-
resolution ice shelf elevation changes, which through a mass conservation approach
can be translated into basal melt rates. BURGEE’s 50 m posting allows for capturing
detailed melt patterns previously unresolved in coarser remote sensing products. Ap-
plied to the Dotson Ice Shelf, BURGEE revealed spatial variability within a major melt
channel, influenced by a pinning point that affects ocean plume pathways. This method
was developed to be scalable allowing for applications to other ice shelves to better
understand ice shelf melt dynamics and stability across several ice shelves.

Using BURGEE in Chapter 3, high-resolution basal melt maps revealed that melt rates
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within ice shelf channels have been underestimated by 42-50% in products relying on
altimetry-only. This underestimation has a significant impact on ice shelf stability as-
sumptions, for which channel breakthrough times can be used as a proxy. As break-
through times are highly controlled by the melt rate within the channels, these altimetry-
only studies also significantly underestimate the time it would take for a channel to break
through. While so far channels have not been observed to actually break through, they
have been observed to cause significant fracturing once they reach a thin and vulner-
able state. Channel-induced fracturing has further been observed to lead to ice shelf
calving and retreat. The faster-than-previously-assumed channel breakthrough times -
and thus weakening - exacerbates the vulnerability of ice shelves to channelized melting
and consequent fracturing and retreat. Incorporating basal melting at high resolution
into ice-sheet and ocean models is thus crucial for improving projections of ice shelf
stability and global sea level rise.

In Chapter 4, BURGEE has further revealed sudden changes within the basal channel
system on George VI Ice Shelf, marked by a 23 m surface lowering over just nine
years. This rapid development coincided with increased ocean temperatures and salinity
during the 2015 El Nifio event, highlighting the influence of large-scale climate patterns
on basal melting. The high resolution further revealed subtle shifts in ice flow indicative
of fracturing, suggesting a combined weakening effect from basal melting and structural
integrity causing changes and possible re-routing of the channel system. Such findings
underscore the importance of monitoring dynamic ice shelf channels at a high resolution
to better understand and predict their role in ice shelf weakening.

Together, these findings represent a significant advancement in our understanding of
basal melting and its impact on ice shelf stability. This thesis has provided the tools
and insights needed to detect, quantify, and analyze the spatial variability of basal
melting at high spatial resolution. By uncovering the underestimation of channelized
melting, identifying key drivers of channel evolution, and linking these processes to ice
shelf weakening and retreat, this work has filled critical knowledge gaps. It emphasizes
the importance of high-resolution observations and models in capturing the complex
interactions between ocean dynamics, basal melting (especially within channels), and
ice shelf integrity.
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Samenvatting

De drijvende delen van de Antarctische ijskap - de ijsplaten - spelen een cruciale rol
in het stabiel houden van de ijskap doordat ze de ijskap als het ware stutten. Dit ef-
fect vertraagt de stroming van landijs naar de oceaan en helpt zo het aandeel van de
ijskap in de zeespiegelstijging te reguleren. IJsschotsen zijn echter zeer gevoelig voor
(klimaatgedreven) veranderingen, die kunnen leiden tot dunner worden en structurele
verzwakking. Dit kan vervolgens leiden tot een verminderde stabiliserende invloed en
een versneld ijsverlies van de ijskap. Gezien het enorme potentiele aandeel van Antarc-
tica in de zeespiegelstijging, is het begrijpen van de processen die de stabiliteit van de
ijskappen beinvloeden essentieel voor het voorspellen van toekomstige veranderingen
en het verminderen van de bijbehorende onzekerheden.

Het smelten van ijs aan de onderkant van een ijsplaat beinvloedt de stabiliteit ervan
aanzienlijk doordat het ijs dunner wordt, de ijslijn zich terugtrekt en door de vorming
van kanalen aan de onderkant van de ijsplaat. Deze kanalen, die gevormd worden door
smeltwaterpluimen die hun weg vinden langs de onderkant van het ijs, worden bepaald
door de geometrie van de ijskappen, de oceaandynamica en de oceaantemperatuur. De
kanalen concentreren het smelten en kunnen de ijsplaten verzwakken doordat ze fun-
geren als structurele zwakke punten waardoor scheuren ontstaan die kunnen leiden tot
afkalving van een ijsplaat. Anderzijds kunnen de kanalen ijsplaten ook stabiliseren door
smelt te lokaliseren, waardoor de algehele verdunning mogelijk afneemt. De ontwikkel-
ing van deze kanalen - inclusief veranderingen in grootte, locatie en intensiteit van het
smelten - wordt beinvloed door veranderingen in de ijsstroming en de aanwezigheid
en temperatuur van circumpolair diep water, dat naar verwachting zal toenemen onder
invloed van klimaatverandering. Om het toekomstige gedrag van de Antarctische ijskap
en de bijdrage ervan aan de zeespiegelstijging nauwkeurig te kunnen voorspellen, is het
dus van essentieel belang om de kanalen aan de onderkant van ijsplaten en hun rol in
de (on)stabiliteit van de ijskappen te onderzoeken.

In dit proefschrift is in hoofdstuk 2 een methode ontwikkeld genaamd BURGEE (Ba-
sal melt rates Using REMA and Google Earth Engine) voor het detecteren van het
smelten van de onderkant van ijskappen met een hoge ruimtelijke resolutie. BURGEE
combineert stereobeelden van het referentiehoogtemodel van Antarctica (REMA) met
CryoSat-2 hoogtedata om hoogteveranderingen van de ijsplaten met een hoge resolutie
te bepalen, die via een benadering van massabehoud kunnen worden vertaald naar de
hoeveelheid smeltwater op de ijsbodem. BURGEE’s 50 m resolutie maakt het mogelijk
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om gedetailleerde smeltpatronen in kaart te brengen die voorheen niet konden worden
waargenomen met grovere remote sensing data. Wanneer BURGEE wordt toegepast
op de Dotson Ice Shelf, wordt ruimtelijke variabiliteit zichtbaar binnen een belangrijk
smeltkanaal, dat wordt beinvloed door een ’pinning point’ dat de routes van oceaan-
pluimen beinvloedt. De methode is zo ontwikkeld dat deze schaalbaar is en kan worden
toegepast op andere ijskappen om de smeltdynamiek en stabiliteit van ijskappen op
meerdere ijsplaten beter te begrijpen.

In hoofdstuk 3 liet BURGEE zien dat de smeltsnelheden binnen de kanalen van de
ijsplaten met 42-50% worden onderschat in producten die alleen op hoogtemeting zijn
gebaseerd. Deze onderschatting heeft een significante invloed op de aannames over
de stabiliteit van de ijsplaten, waarvoor de doorbraaktijden van de kanalen als een
benadering kunnen worden gebruikt. Aangezien de doorbraaktijd sterk bepaald wordt
door de smeltsnelheid binnen de kanalen, onderschatten de studies op basis van uitslui-
tend hoogtemeting ook aanzienlijk de tijd die een kanaal nodig heeft om door te breken.
Hoewel er tot nu toe nog niet is waargenomen dat kanalen daadwerkelijk doorbreken, is
wel waargenomen dat ze aanzienlijke scheurvorming veroorzaken wanneer ze eenmaal
dun en kwetsbaar zijn. Verder is waargenomen dat door kanalen veroorzaakte breuk
leidt tot het afkalven en terugtrekken van de ijsplaat. De snellere doorbraaktijden van
de kanalen - en dus de verzwakking ervan - dan eerder werd aangenomen, verergert de
kwetsbaarheid van ijsplaten voor gekanaliseerd smelten en de daaropvolgende scheur-
vorming en terugtrekking. Het opnemen van het smelten van de ijsbodem met hoge
resolutie in ijskap- en oceaanmodellen is dus cruciaal voor het verbeteren van projecties
van de stabiliteit van ijskappen en de wereldwijde zeespiegelstijging.

In hoofdstuk 4 toont BURGEE daarnaast plotselinge veranderingen binnen het kanaal-
systeem onder de George VI ijsplaat, die in slechts negen jaar tijd 23 m verlaagd is
aan het ijsoppervlak. Deze snelle ontwikkeling viel samen met verhoogde oceaantem-
peraturen en zoutgehalte tijdens de El Nifio-gebeurtenis in 2015, waardoor de invloed
van grootschalige klimaatpatronen op het smelten van de ijsbodem duidelijk werd. De
hoge resolutie onthulde verder subtiele verschuivingen in de ijsstroom die duiden op
breuken, wat suggereert dat een combinatie van verzwakking door afsmelting van de
ijsbodem en structurele integriteit voor veranderingen en mogelijke omlegging van het
kanaalsysteem zorgt. Dergelijke resultaten benadrukken het belang van het monitoren
van de dynamiek van ijskanalen met een hoge resolutie om hun rol in het verzwakken
van de ijsplaat beter te begrijpen en te voorspellen.

Deze bevindingen vormen samen een belangrijke stap voorwaarts in ons begrip van het
smelten van de ijsbodem en de invloed ervan op de stabiliteit van ijsplaten. Deze disser-
tatie heeft de instrumenten en de inzichten opgeleverd die nodig zijn om de ruimtelijke
variabiliteit van het smelten van de ijsbodem te detecteren, kwantificeren en analyseren
met een hoge ruimtelijke resolutie. Door onderschatting van gekanaliseerd smelten aan
het licht te brengen, de drijvende krachten van gekanaliseerde smelt te identificeren
en deze processen te koppelen aan verzwakking en terugtrekking van de ijsplaat, heeft
dit werk kritieke gaten in onze kennis gevuld. Dit werk benadrukt het belang van
hoge-resolutie observaties en modellen voor het vastleggen van de complexe interacties
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tussen oceaandynamica, afsmelting van de ijsplaten (vooral in kanalen) en de stabiliteit
van de ijskappen.

This summary was translated to Dutch by Sophie de Roda Husman.
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Résumé

De flydende dele af den antarktiske iskappe - ishylderne - spiller en afgerende rolle
i at opretholde iskappens stabilitet, da de fungerer som stotte og bremser stremmen
af indlandsisen mod havet. Denne effekt hjelper dermed med at regulere iskappens
bidrag til havniveaustigninger. Dog er ishylderne meget folsomme over for (klimadrevne)
eendringer, som kan fare til udtynding og strukturel sveekkelse. Dette kan mindske deres
stabiliserende effekt og accelerere istab fra iskappen. I betragtning af Antarktis’ enorme
potentielle bidrag til havniveaustigninger er det afgerende at forsta de processer, der
pavirker ishyldernes stabilitet, for at kunne forudsige fremtidige &endringer og mindske
dertilhgrende usikkerheder.

Smeltning af is pa undersiden af en ishylde pavirker i dens stabilitet betydeligt ved at
forarsage udtynding, tilbagetraekning af grounding-linjen og dannelsen af kanaler under
ishylden. Disse kanaler, som skabes af smeltevandsstremme, der lgber langs undersiden
af isen, formes af isens geometri, oceanets dynamik og vandtemperaturen. Kanalerne
koncentrerer smeltningen og kan svaekke ishylderne ved at fungere som strukturelle
svage punkter, hvor sprakker kan opsta, hvilket kan fore til kelving og tilbagetrakn-
ing. Omvendt kan kanalerne ogsa stabilisere ishylderne ved at lokalisere smeltning,
hvilket muligvis reducerer den samlede udtynding. Kanalernes udvikling - herunder
eendringer i storrelse, placering og smelteintensitet - pavirkes af eendringer i isflydning
samt forekomsten og temperaturen af det cirkumpolare dybvand, som forventes at stige
som folge af klimaforandringer. For at kunne forudsige den fremtidige evolution af den
antarktiske iskappe og dens bidrag til havniveaustigninger med sterre precision, er det
derfor afgerende at undersoge kanalerne under ishylderne og deres rolle i ishyldernes
(u)stabilitet.

I denne afhandling blev der i kapitel 2 udviklet en metode med hgj rummelig oples-
ning, kaldet BURGEE (Basal melt rates Using REMA and Google Earth Engine), til
at kortleegge smeltningen pa undersiden af ishylder. BURGEE kombinerer stereo-
billeder fra Reference Elevation Model of Antarctica (REMA) med CryoSat-2 hgjde-
data for at beregne @ndringer i ishyldens hgjde med hgj oplesning, som via princip-
per om massebevarelse kan omdannes til smeltevandsmengder af ishyldernes under-
side. BURGEE’s 50 m oplgsning muligger detaljeret kortleegning af smeltemenstre, der
tidligere ikke kunne observeres med remote sensing data af grovere oplesning. Ved
at anvende BURGEE pa Dotson-ishylden, blev det tydeliggjort at smeltemenstret i en
vigtig smeltekanal bliver pavirket af et "pinning point” som omdirigerer havstremmene.
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Metoden, BURGEL, er designet til at veere skalerbar og kan anvendes pa andre ishylder
og dermed hjelpe med en bedre forstalse af dynamikken bag ishyldernes smeltning og
stabilitet.

I kapitel 3 viste bruge af BURGEE, at smelteraterne inden for ishyldekanaler under-
vurderes med 42-50% i produkter, der kun er baseret pa hgjdemalinger. Denne un-
dervurdering har en betydelig indvirkning pa antagelser om ishyldernes stabilitet, hvor
kanalernes gennembrudstid kan bruges som en indikator. Da gennembrudstiden er
steerkt pévirket af smelteraterne i kanalerne, undervurderer studier, der udelukkende
er baseret pa hgjdemadlinger, ogsd vesentligt den tid, det tager for en kanal at bryde
igennem. Selvom det endnu ikke er blevet observeret, at kanaler rent faktisk bryder
igennem, er det dokumenteret, at de fordrsager betydelig dannelse af sprakker, nar
de forst er tynde og sarbare. Det er desuden blevet observeret, at spreekker forar-
saget af kanaler forer til keelving og tilbagetraekning af ishylderne. De hurtigere end
tidligere antagede gennembrudstider for kanaler - og dermed svakkelse - forsterker
ishyldernes sarbarhed over for kanaliseret smeltning og efterfolgende spreekdannelse og
tilbagetraekning. Derfor er det afgerende at integrere bundsmeltning af ishylder i hgj
oplesning i is- og havmodeller for at forbedre prognoserne af ishyldernes stabilitet og
globale havniveaustigninger.

I kapitel 4 afslorede BURGEE desuden pludselige @ndringer i kanalsystemet under
George VI-ishylden, hvor overfladehgjden er sunket med 23 m pé blot ni 4r. Denne
hurtige udvikling faldt sammen med hgjere havtemperaturer og saltholdighed under
El Niflo-hendelsen i 2015, hvilket fremheever hvordan storskala klimamenstre péavirker
bundsmeltning af ishylder. Den hgje oplesning afslerede desuden mindre sendringer
i isflydningen, et tegn pa begyndende sprakker, hvilket tyder pa at en kombinerende
svaekkende effekt fra bdde bundsmeltning og strukturel integritet er skyld i ndringerne
og i mulig omdirigering af kanalsystemet. Disse resultater understreger vigtigheden af
at overvdge kanalernes dynamik med hgj oplesning for bedre at forstd og forudsige
deres rolle i ishyldernes svaekkelse.

Sammen repraesenterer disse fund et vigtigt skridt fremad i vores forstdelse af bundsmelt-
ning og dens indvirkning pa ishyldernes stabilitet. Afhandlingen har leveret verkto-
jer og indsigt, der er nedvendige for at opdage, kvantificere og analysere bundsmelt-
ning med hgj rumlig oplesning. Ved at pidpege undervurderingen af kanaliseret smelt-
ning, identificere drivkraefterne bag kanaliseret smeltning og forbinde disse processer
til svaekkelse og tilbagetreekning af ishylderne, har denne afhandling udfyldt kritiske
videnshuller. Det fremhever vigtigheden af hgjopleselige observationer og modeller for
at fange de komplekse interaktioner der er mellem havdynamik, bundsmeltning (iser i
kanaler) og ishyldernes stabilitet.
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Chapter 1

Introduction

11 Sea level rise

Since the 1970s, global mean sea level has been rising at an average rate of 2.33 mm/yr
(1.55 mm/yr to 3.12 mm/yr), driven by both natural and anthropogenic factors (IPCC,
2023). Human activities, particularly those contributing to increased global temper-
atures, play a significant role in sea level rise through ocean thermal expansion, the
melting of the cryosphere (ice sheets and glaciers), and changes in land water storage
(IPCC, 2023). Both temperature and sea level are rising at an accelerating rate (IPCC,
2023), and it is concerning that the Greenland and Antarctic ice sheets alone contain
enough freshwater to raise sea levels by approximately 7 meters (Morlighem et al., 2017)
and 58 meters (Fretwell et al., 2013), respectively.

The regional implications of rising sea levels are largely determined by the processes
driving this change (Fig. 1.1, Pattyn and Morlighem, 2020; van de Wal et al., 2022).
Currently, the two primary contributors to sea level rise are thermal expansion and
the melting of glaciers and ice sheets, which contribute approximately 1.39 mm/yr (0.74
mm/yr to 2.05 mm/yr) and 1.62 mm/yr (1.32 mm/yr to 1.92 mm/yr), respectively, with the
cryosphere representing the main driver (IPCC, 2023). While the Antarctic Ice Sheet
is the largest freshwater reservoir, the Greenland Ice Sheet currently leads cryospheric
contributions, adding around 0.63 mm/yr (0.51 mm/yr to 0.74 mm/yr) to sea level rise,
followed by the Antarctic Ice Sheet at 0.37 mm/yr (0.24 mm/yr to 0.50 mm/yr), and
glaciers at 0.62 mm/yr (0.57 mm/yr to 0.68 mm/yr) (IPCC, 2023). However, this trend
may shift in the future. Under certain climate scenarios, the Antarctic Ice Sheet is
projected to become the dominant cryospheric contributor (Fig. 1.1, IPCC, 2023), with
the potential to drive over 1 meter of global sea level rise by the century’s end, a low-
probability yet high-impact outcome (Fig. 1.2, IPCC, 2023). Reducing uncertainties in
the timing and magnitude of Antarctic-driven sea level rise is crucial for global and
coastal communities alike (Pattyn and Morlighem, 2020).
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Projected Sea Level Change Contributions under SSP1-2.6 and SSP5-8.5
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Figure 1.1: Median global mean and regional relative sea level projections (m) by con-
tribution for the SSP1-2.6 and SSP5-8.5 scenarios. Upper time series: Global mean
contributions to sea level change as a function of time, relative to 1995-2014. Lower
maps: Regional projections of the sea level contributions in 2100 relative to 1995-2014
for SSP5-8.5 and SSP1-2.6. Vertical land motion is common to both Shared Socio-
economic Pathways (SSPs). Figure and caption from IPCC (2023).

1.2 The Antarctic Ice Sheet and Ice Shelves

When snow accumulates in Antarctica’s interior, it gradually compresses into ice, adding
mass to the ice sheet (Cuffey and Paterson, 2006). Gravity drives this ice towards
the ice sheet’s margins, where it begins to extend over the ocean, forming ice shelves
along approximately 75% of the coastline (Rignot et al., 2013). This configuration gives
Antarctica the designation of a "marine ice sheet”, as opposed to the Greenland Ice
Sheet where most of the glaciers are land-terminating. The transition from grounded
ice to floating ice is known as the grounding line or grounding zone. Ice shelves play a
critical role in stabilizing the ice sheet by exerting a buttressing effect, which restricts the
flow of grounded ice into the ocean (Schoof, 2007; Fiirst et al., 2016). When buttressing
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Figure 1.2: Projected global mean sea level rise under different Shared Socio-economic
Pathway (SSP) scenarios (very low: SSP1-1.9; low: SSP1-2.6; intermediate: SSP2-4.5; high:
SSP3-7.0; very high: SSP5-8.5). Likely global mean sea level change for SSP scenarios
resulting from processes in whose projection there is medium confidence. Lightly shaded
areas show the likely ranges. Black line show historical global mean sea level change.
Dashed red line shows the low-likelihood, high impact storyline, which includes ice sheet
instability processes. Figure and caption are adapted from IPCC (2023).

weakens, often due to thinning or structural loss in the ice shelves, ice flux across
the grounding line can increase, accelerating sea level rise (First et al., 2016). The
uncertainty surrounding Antarctica’s contribution to sea level rise stems largely from its
status as a marine ice sheet, due to the key-role of the ice shelves and their uncertain
response to a changing climate (Schoof, 2007; Fiirst et al., 2016).

Assessing Antarctica’s future contributions to sea level rise under different climate sce-
narios and socio-economic pathways requires a detailed understanding of the current
buttressing effect of the ice shelves and, perhaps more crucially, the processes that im-
pact this effect (Pattyn and Morlighem, 2020; van de Wal et al., 2022).

1.2.1 Ice shelf (in)stability processes

Several processes influence the stability, and therefore the buttressing effect, of an ice
shelf, with more factors emerging on almost every occasion we observe ice shelves
undergoing severe structural changes or collapse.

Surface melting is one such process that can weaken buttressing through mechanisms
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Figure 1.3: Bed elevation and ice shelf outlines (black line) from BedMachineV3
(Morlighem, 2022).

like hydrofracturing (Mobasher et al., 2016). Hydrofracturing occurs when surface melt-
water collects in ponds or seeps into existing fractures, and drains through the ice,
forcing cracks to rapidly widen and potentially causing partial or complete ice shelf col-
lapse (Mobasher et al., 2016; Scambos et al., 2009; Banwell et al., 2013). A well-known
example of this phenomenon is the complete collapse of the Larsen B Ice Shelf in 2002
(Banwell et al.,, 2013). Similarly, the Wilkins Ice Shelf experienced a partial collapse
in 2008, also attributed to hydrofracturing (Scambos et al., 2009). Although most of
Antarctica’s climate remains cold enough to limit surface-melt-induced weakening on
ice shelves that buttress the main ice sheet (van de Wal et al., 2022), projections for the
end of this century indicate that many ice shelves could reach critical thresholds due to
increased temperatures (van Wessem et al., 2023).

The significance of fractures and cracks in ice shelf stability becomes evident through
the process of hydrofracturing. Furthermore, extensive fracturing and structural dam-
age softens the ice, reducing its buttressing effect, and allowing greater ice flow across
the grounding line (Albrecht and Levermann, 2014; Sun et al,, 2017). This increased
flow intensifies stresses within the ice, leading to further fracturing and creating a pos-
itive feedback loop (Lhermitte et al., 2020). Additionally, fractures may originate or
propagate due to other factors beyond hydrofracturing, such as tidal forces, sea surface
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slopes, and basal melting (Trusel et al., 2022; Francis et al., 2021; Dow et al., 2018).

Basal melting also compromises an ice shelf’s buttressing effect by causing ice shelf
thinning and grounding line retreat. Melting is generally more pronounced at greater
depths (Sect. 1.2.2), and since most grounding lines are located at the deepest points
of an ice shelf, these areas are particularly vulnerable (Schoof, 2007; Silvano et al,,
2016; Morlighem et al., 2017). This process is especially critical for the West Antarctic
Ice Sheet, where much of the ice rests on a bed significantly below sea level (Fig. 1.3,
Morlighem et al., 2017, 2020). Here, basal melting can trigger grounding line retreat,
potentially leading to irreversible ice loss due to the retrograde bed slope, a process
known as Marine Ice Sheet Instability (Pattyn et al, 2018). Evidence suggests that
marine ice sheet instability may already be underway in regions such as the Pine Island
Ice Shelf and Glacier, marking basal melting as a significant threat even under current
climate conditions (Reed et al., 2024). Furthermore, modelling suggest that over the
twenty-first century, a tripling of ocean warming compared to historical rates, is likely
already committed (Naughten et al., 2023). Such ocean warming unavoidably implies
increased basal melting.

1.2.2 Ice-ocean interactions

Ice shelf basal melting occurs across the Antarctic continent and can be classified into
three main modes based on the oceanic conditions driving the melting (Fig. 1.4, Jacobs
et al,, 1992; Silvano et al., 2016; Jenkins et al., 2016). While these modes are idealized,
they provide a useful framework for understanding the distinct types of basal melting
around Antarctica.

Mode 1 - Dense shelf water induced melting (Fig. 1.4a): In areas with cold surface
water, sea ice formation releases salt (brine rejection), creating a dense, highly saline
water mass. If this water becomes dense enough, it can sink and flow into the ice
shelf cavity, where it initiates melting due to the decreasing seawater freezing point with
depth. Since this dense water mass is very cold, the resulting melt rates are typically
low. Mode 1 melting is thus most common in regions with high sea ice production, cold
surface waters, and deep grounding zones, where the dense water mass remains above
the freezing temperature set by pressure at these depths.

Mode 2 - Warm (modified) circumpolar deep water induced melting (Fig. 1.4b):
This mode of melting is often referred to as warm cavity melting as the melting is caused
by the intrusion of a warm water mass. That warm water mass is the circumpolar deep
water (CDW), circling the entire Antarctic continent at depths around 500 m. This
depth matches the depth of the continental shelf in certain areas, allowing CDW to spill
over the shelf and reach ice shelf cavities, in these specific regions. With temperatures
reaching 1°C to 1.5°C, CDW can drive much higher basal melt rates than Modes 1 and
3. This mode thus predominates in regions where CDW crosses onto the continental
shelf, with favorable shelf bathymetry enabling it to continue flowing into the ice shelf
cavities.

Mode 3 - Surface water induced melting (Fig. 1.4c): During summer, surface waters
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Figure 1.4: Three modes of sub-ice-shelf circulation and associated stratification on the
continental shelf. The thick arrows indicate the sub-shelf circulation and the dashed
the different water bodies. (a) In Mode 1, dense shelf water, formed
by brine rejection beneath growing sea ice, dominates the sub-ice cavity. (b) Mode
shelf water is absent and circumpolar deep water spills onto the shelf
driving fast melting. (c) Mode 3 dominates where both shelf water and circumpolar
deep water are absent, leaving Antarctic surface water as the densest water on the shelf.

lines separates

2 dominates if

Figure and caption from Jacobs et al. (1992) and Jenkins et al. (2016).
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Figure 1.5: Basal melt rates averaged over 2010-2018 and thermal forcing, defined as
the temperature above the in situ freezing point of seawater. The thermal forcing is
mapped for water depths <1500 m. For water depths less than 200 m, the seafloor
thermal forcing is shown, and for water depths >200 m, the maximum thermal forcing
between 200 m and 800 m is shown. Figure and caption from Adusumilli et al. (2020).

can warm and be transported into ice shelf cavities by ocean circulation, tides, and
eddies. In this mode, the relatively warm surface water becomes the primary water mass
in the cavity, driving basal melting. For Mode 3 melting to be effective, the cavities must
be relatively shallow, allowing the surface water to retain sufficient warmth to melt ice

at depth.

As indicated in Fig. 1.5, Mode 2 melting, driven by CDW, results in the highest melt
rates in Antarctica (Adusumilli et al., 2020; Silvano et al., 2016). This figure illustrates
basal melt rates for most Antarctic ice shelves alongside thermal forcing, which indicates
the presence of CDW. From the figure, it is evident that CDW-driven melting and high
melt rates vary significantly across the continent, with particularly high melt rates in the
Bellingshausen Sea, Amundsen Sea, and Wilkes Land regions. Many ice shelves in these
areas buttress portions of the ice sheet that rest on beds far below sea level (Fig. 1.3),
making these regions particularly vulnerable to marine ice sheet instability (Fiirst et al.,
2016; Silvano et al., 2016).




1. Introduction

1.2.3 Ice shelf basal channels

Regardless of the melting mode, basal melting is typically most intense near the ground-
ing zone due to the pressure-driven depression of seawater’s freezing point (Silvano
et al,, 2016). From the grounding zone, the meltwater plume follows the ice shelf draft,
moving towards the ice shelf front along a path shaped by the geometry of the ice
shelf base and the Coriolis force. As the plume melts ice along its path, it becomes
fresher and cooler, reducing its density and causing it to rise along the ice base slope.
Although appearing smooth in the idealized Fig. 1.4, the ice draft is irregular in reality,
and a slight trough in the ice draft presents a more favorable pathway for the plume
than adjacent, deeper areas, allowing basal channels to form (Jacobs et al., 1992; Alley
et al.,, 2022). These channels, therefore, experience the highest melt rates outside the
immediate grounding zone region.

While high melt rates at the grounding zone can drive grounding line retreat, basal
channels may act as structural weak points on the ice shelf. Rapidly melting basal
channels can, in theory, penetrate the ice shelf, weakening its structure (Wearing et al,,
2021). Research shows that basal channels can also promote fracturing within the
channels themselves, as well as transverse fractures extending away from them (Vaughan
et al., 2012; Dutrieux et al., 2014; Dow et al., 2018). Such fracturing can lead to calving
events and ice shelf retreat, reducing the buttressing effect of the ice shelf. For instance,
recent break-up and retreat events of Pine Island Ice Shelf were observed to occur along
a basal channel, from which fractures were also originating (Sun and Gudmundsson,
2023; Alley et al, 2022). On the other hand, extensive networks of basal channels
may help stabilize ice shelves by localizing melt to specific areas, thereby potentially
reducing the overall ice shelf-wide melt rate (Alley et al., 2022). Basal channels thus
pose a paradox for ice shelf stability, as they can both stabilize and destabilize the ice
shelf structure.

Furthermore, basal channels can change in both size and position over time, possibly
influenced by the availability of circumpolar deep water (Chartrand, 2017; Drews et al,,
2020). Climate change, through its impact on ocean temperatures, affects both the
volume and temperature of the circumpolar deep water (Naughten et al., 2023), as does
larger climatic phenomena such as the El Nifio Southern Oscillation (Dutrieux et al.,
2014; Huguenin et al., 2024). More and warmer circumpolar deep water can intensify
and accelerate meltwater plumes, driving changes in the size and migration of basal
channels. Variations in meltwater availability may also promote fracture formation
within channels (Alley et al., 2022), and basal channels have been observed to re-route
along pre-existing fractures in the ice shelf (Alley et al., 2016). These processes -
meltwater availability, channel melting intensity, re-routing, and fracturing - are closely
interlinked but remain poorly understood, leaving many unanswered questions about
basal channels (Alley et al., 2022). Understanding these features and their effects on ice
shelf stability is essential for accurately assessing the current and future stability of the
Antarctic Ice Sheet.
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1.3 Observing and modelling ice shelf basal melting

1.3.1 Remote sensing "observations” of basal melting

Why use “observations” in quotation marks? Because basal melting cannot be directly
observed using remote sensing or field-based in situ measurements - we can observe
changes due to basal melting but not the process itself. One such change is the thickness
of an ice shelf, which can be estimated from surface elevation measurements. Remote
sensing techniques allow us to observe changes in ice shelf surface elevation, which
can be translated into estimates of basal melt rates through a mass conservation using a
Eulerian (fixed coordinate system) or Lagrangian (moving coordinate system that follows
ice flow) framework.

In the Eulerian framework, the mass conservation equation is expressed as

JH

E :—V'(Hu)-i-MS—Mb, (1.1)

where %—I;I represents the Eulerian ice thickness change, H is the ice thickness, M, is the
surface mass balance, M}, is the basal melt rate (positive for melt), and V - (Hu) is the
flux divergence term, with u as the average ice velocity down the ice column, assumed
to be equivalent to the surface velocity for ice shelves. This equation indicates that any
change in ice shelf thickness must be accounted for by changes in ice volume flux (e.g.,
stretching or compression), surface mass balance (e.g., surface melting or snowfall), and
basal mass balance (e.g., basal melting or refreezing).

The mass conservation in a Lagrangian framework can be derived from the Eulerian
framework by expanding the flux divergence term

V-(Hu)=H(V-u)+u-(VH) (1.2)
and by using the relationship between Eulerian and Lagrangian thickness change

DH 0H

oy = g 4 (VH), (1.3)

where % is the Lagrangian thickness change. Combining these expressions leads to
the mass conservation equation in the Lagrangian framework;

DH . .
ﬁ :—H(V-u)+M5—Mb. (14)

While satellite remote sensing cannot measure ice shelf thickness directly, it can provide
data on surface elevation (h). Ice shelf thickness can be inferred by assuming that the
ice shelf is in hydrostatic equilibrium

H=(h—hp)—Fv (L5)

Pw —Pi
where p; is the density of ice, p,, the density of sea water, and hy is the firn air content.
Firn refers to the (compacted) snow before it compresses fully into ice, and the firn air
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content thus refers to the air space left within a column of firn, before it is compacted
fully into ice. Substituting Eq. (1.5) into Eq. (1.4) and isolating the basal mass balance
yields
Dh Dh
(= - =L h=hp (v | (L6)
Dt Dt Pw = Pi
These equations form the foundation for deriving basal melt rates from remote sensing
data. Most remote sensing basal melt products use similar data and numerical methods

M, = M,

for many terms in Eq. (1.6). Both surface mass balance and firn air content are usually
obtained from models, as field measurements are sparse. These models are usually
coarse in their spatial resolution (>10 km), and remote sensing basal melt products rely
on the same few models. Likewise, surface velocities are often based on the same remote
sensing observations and the divergence of the velocity field (V- u in Eq. (1.6)) is then
numerically approximated based on observations of surface velocities. This numerical
solution may vary slightly in-between remote sensing basal melt products.

The primary distinction between various remote sensing basal melt products lies in the
surface elevation data used. Surface elevation products used to derive basal melt rates
can be categorized into three main types: altimetry, synthetic-aperture radar in tandem,
and stereo imagery. Common for all satellite-based products is that high temporal
resolution implies low spatial resolution, and vice versa. Each remote sensing technique
offers different strengths and trade-offs, influencing the accuracy and applicability of
the resulting basal melt rate estimates.

Altimetry

Altimetry provides surface elevations by measuring the two-way travel time between
sending a signal (e.g., radar or laser pulse) from the altimeter towards the surface, and
receiving the reflection back from the surface.

The launch of ICESat in 2003 marked a significant advancement in measuring Antarctic
ice shelf surface elevations. Equipped with a laser altimeter, ICESat provided accurate
year-round surface elevation data with a nadir footprint size of ~65 m. One major
benefit of laser altimetry is its ability to measure the true surface of the ice shelf, unlike
radar altimetry which penetrates the snowpack. However, a notable limitation is its
inability to penetrate clouds, restricting measurements to cloud-free days.

Using ICESat data from 2003 to 2008, Pritchard et al. (2012) were among the first to
reveal that basal melting is the primary driver behind ice shelf thinning in Antarctica.
They compared ice shelf elevation changes to surface and firn processes and glacier in-
flow, indirectly applying mass conservation principles to reach this conclusion. Shortly
after, Rignot et al. (2013) expanded on these findings by using similar surface elevation
trends to estimate basal melt rates across most Antarctic ice shelves via an Eulerian
approach. However, these estimates were limited by relatively coarse spatial and tem-
poral resolution due to ICESat’s coverage constraints (Fig. 1.6). These studies not only
underscored the significant role of basal melting but also highlighted the varying melt
rates across different regions.

10



1.3 | Observing and modelling ice shelf basal melting

APRES | e
\‘“ i Mpoorings : C1D
<° & ! No data wall
i
——————————————— Spatial snapshot-line -————————g——{———————— A Problems in
: steep terrain
| )
& ! UAV é Fieldwork
<€ | %‘L needed
NS 7 .
5 ! ) ™ Problems with
[=)]
! o clouds
—
| g
o
o
8
» < [
H z
H 2
k3 “
s
_ © []
« g <
Cal £ n
Q C )
9]
! =
I
|
.
»© ICESat !
(2003-2009 I
I
ICESat-2 |
(2018-) |
N &> :
(5
D . L T — Low
& S & & Ry
& s & e &
S & o &°

Temporal resolution

Figure 1.6: An overview of different observational sensors/methods used in deriving
ice shelf basal melt rates. They are plotted with respect to the temporal and spatial
resolution/grid size of the basal melt rates which can be derived from them, including
coloring which indicates the ice shelf wide coverage. All satellite sensors are associated
with their active years in brackets. Satellite products with restricted access are written
in yellow ("Data wall").

In August 2010, just months before ICESat failed, CryoSat-2 was launched. This satellite
carries a radar altimeter, which, unlike laser altimeters, can penetrate clouds, allowing
for more comprehensive elevation measurements. However, radar altimeters do not
always measure the true ice shelf surface; instead, the signal can reflect at different
depths within the snowpack, influenced by factors such as snow density. CryoSat-2
provides elevation measurements at an approximate 400 m resolution along its track
but only captures the surface closest to the satellite, meaning areas surrounded by steep
slopes often remain unmeasured.

Traditionally, surface elevation from CryoSat-2 is derived using the point-of-closest-
approach (POCA) method, which calculates the elevation of the point closest to the
satellite for each pulse (Wingham et al., 2006). This method has been used to estimate
surface elevation trends and basal melt rates for most Antarctic ice shelves from 2010 to
2020 on a 500 m grid, as shown by Adusumilli et al. (2020) (Fig. 1.5 and 1.6). They also
used the POCA method to obtain high temporal resolution melt rates (e.g., 3-month
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intervals), at the cost however, of reduced spatial resolution (around 10 km, Fig. 1.6).
While this study allowed for relatively high spatial resolution basal melt rates, POCA-
derived melt rates, however, always suffer from signal smoothing due to limited point
measurements.

An alternative approach, known as swath processing, utilizes the entire measured swath
to create a grid of elevation data instead of single points (Gourmelen et al., 2017, 2018).
This method was first applied to derive basal melt rate trends for the Dotson Ice Shelf
at a 500 m resolution from 2010-2016 (Gourmelen et al., 2017). Later, swath processing
has been extended to generate melt rate trends for all Antarctic ice shelves at a 1
km resolution (Davison et al, 2023). While swath-based products have a similar or
coarser grid spacing compared to POCA, they capture more detail due to comprehensive
processing of the radar signal. Nevertheless, swath processing still struggles to fully
capture areas with complex terrain, such as grounding zones flanked by mountains and
regions near basal channels, leaving some areas unseen.

Synthetic-aperture radar

The twin satellites TerraSAR-X and TanDEM-X use radar interferometry to produce
high-resolution digital elevation models (DEMs). Operating in tandem, they capture
radar images of the Earth’s surface from slightly different angles, allowing the phase
differences between the images to be used for determining surface topography. Creating
accurate DEMs involves comparing adjacent images or integrating data from other
elevation sources, such as altimetry. This process of referencing the DEMs to each-
other or through the use of accurate surface elevation is referred to as co-registration.
By doing so, TanDEM-X can achieve a spatial resolution as fine as 12 m.

However, since TanDEM-X uses radar, it can penetrate into the snowpack, meaning the
topography measured may reflect the actual surface or a few meters below it, depending
on snow density and conditions. This characteristic is shared with CryoSat-2, which may
lead to less accurate estimates of elevation changes.

TanDEM-X data has been employed to produce high-resolution basal melt rate maps,
such as those for the Roi Baudouin Ice Shelf in East Antarctica at a 32 m grid spacing
(Fig. 1.6, Berger et al,, 2017). This represents one of the first detailed views of ice
shelf basal melting at a fine scale, revealing variations in melt distribution within basal
channels. The technique’s high resolution makes it possible to identify uneven melting
within these channels, offering insights that altimetry alone cannot not capture.

However, public access to TanDEM-X data is limited. Only a long-term DEM is avail-
able to the general public, while access to individual image pairs necessary for detailed
surface elevation change analysis, and thus basal melt rate calculation, requires spe-
cial requests and is restricted to citizens of select countries. Furthermore, TanDEM-X
operates on request, which implies that the ice shelves are not necessarily covered reg-
ularly. This restricted access and acquisition pose a significant challenge for creating
high-resolution remote sensing basal melt products for a wide range of ice shelves.
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Stereo imagery

DEMs can also be created using optical satellite imagery through a process known as
stereo imagery, which combines two images of the Earth’s surface taken from slightly
different angles. As for TanDEM-X, ground control points or altimetry data are required
for co-registration of the DEMs. Stereo imagery needs both sunlight and clear, cloud-
free conditions to be effective.

Stereo imagery from the WorldView satellites has been utilized to produce high-resolution,
decade-averaged DEMs and basal melt rate trend estimates for Pine Island Ice Shelf,
with a grid spacing of 32-256 m (Fig. 1.6, Shean et al., 2019). Similar to the findings
from TanDEM-X for the Roi Baudouin Ice Shelf, the Pine Island study showed that basal
channels play a dominant role in the melting pattern of the ice shelf.

However, access to WorldView stereo imagery is restricted and not publicly available
to all nationalities. To address this, pre-processed DSMs became publicly accessible in
2018 under the Reference Elevation Model of Antarctica (REMA, Howat et al., 2019,
2022). REMA provides DEM strips at 2- or 8-meter resolution, as well as an average
DEM covering most of Antarctica (excluding the polar gap). The first version of these
REMA strips (the only version available when this research began) is also hosted on
the cloud computing service Google Earth Engine. This platform offers significant
advantages and opportunities for generating high spatial resolution basal melt rates
across numerous ice shelves without requiring local data storage or local extensive
computational resources.

1.3.2 Field "observations” of basal melting

As for remote sensing, direct measurements of ice shelf basal melting in the field are
not possible. Instead, field studies rely on proxies to infer basal melting. These proxies
are generally obtained through two primary methods: (1) sub-shelf measurements of
ocean properties related to ice shelf meltwater and (2) on-shelf phase-sensitive radar
measurements that track internal vertical ice displacements.

For sub-shelf measurements, properties such as temperature, conductivity, dissolved
oxygen, and depth are monitored to infer the presence and impact of freshwater from
ice shelf melting. These data are typically collected from ships, moorings, or under-
water vehicles. Ship-based measurements use CTD (conductivity, temperature, depth)
sensors along the ice shelf front and at various depths, providing snapshots that reveal
inflow and outflow of water from which the ice-shelf-wide total basal melt rate can be
estimated (e.g., Jenkins et al., 2018). Moorings installed through boreholes on the ice
shelf continuously record data at depths below the ice base and can operate for years if
maintained, offering detailed temporal data down to an hourly scale. However, because
moorings rarely sample directly at the ice base, their melt rate estimates can be biased
(e.g., Vankova and Nicholls, 2022).

Underwater vehicles, capable of navigating beneath ice shelves, provide spatially de-
tailed snapshots of ocean properties at various depths. Until recently, these vehicles
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were deployed from ships and constrained to areas within a few kilometers of the ice
shelf fronts due to communication limits, preventing them from reaching most high
melting areas such as grounding zones and basal channels (e.g., Wahlin et al., 2024).
This changed with the development of ICEFIN, a cylindrical underwater vehicle deploy-
able through boreholes. ICEFIN has already been used on Thwaites Ice Shelf to collect
high-resolution melt rate data along transects near the grounding zone as well as within
basal crevasses (Schmidt et al., 2023).

On-shelf measurements use (autonomous) phase-sensitive radars to monitor vertical dis-
placements within the ice column with extreme accuracy. These radars track vertical
movement throughout the ice column, allowing basal melt rates to be inferred by sep-
arating surface processes, internal ice dynamics, and basal changes, while accounting
for overall ice thickness changes. Like moorings, phase-sensitive radars provide high
temporal resolution at a single point and can remain operational year-round to gather
continuous data (e.g., Vaitkova and Nicholls, 2022).

Field measurements are valuable for their temporal or spatial details. However, di-
rect comparisons between remote sensing and field data are challenging, due to the
limited field measurement coverage (Fig. 1.6). Single-point measurements from moor-
ings or radars differ from remote sensing-derived melt rates due to factors like ice
movement (Lagrangian displacement), different observational periods, and the scale
mismatch between a point and a grid cell of approximately 0.25 km? (for a 500 m
grid size). Similarly, high-resolution transects offer only a temporal snapshot and cover
just a few kilometers, aligning with few grid cells for comparison. Finally, the sporadic
nature of field data, particularly measurements within basal channels, limits their utility
in resolving the broader impact of channelized basal melting on ice shelf stability.

1.3.3 Modelling basal melting

Projections of sea level rise are typically made using Earth system models that integrate
components such as ice, atmospheric, and ocean dynamics. Ocean models that can
accurately account for the consequences of basal melting are thus essential for reducing
uncertainties in predictions related to ice-shelf weakening and its contribution to sea
level rise.

In general, the complexity of a model is directly proportional to its computational
demand. Computationally efficient ocean models that include basal melting often lack
the resolution needed to capture detailed features like channelized melting. On the
other hand, high-resolution models capable of simulating these intricate structures are
computationally intensive and often impractical for use in comprehensive coupled model
systems. Although addressing this issue falls outside the scope of this thesis, it is
important to acknowledge that all models, regardless of their complexity, rely on remote
sensing and field measurements of basal melting for validation (e.g., Lambert et al.,
2023; Lambert and Burgard, 2024). Therefore, it is crucial that remote sensing products
accurately capture the melting patterns and structures that influence ice shelf stability.
This enables ocean modelers to validate and calibrate their models with a focus on
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areas most susceptible to weakening.

1.4 Research objectives and thesis outline

In summary, basal melting is crucial to the stability of Antarctic Ice Sheet. When
ice shelf buttressing is reduced for instance due to basal melting, the flow of inland
ice accelerates, contributing to sea level rise. A key aspect is channelized melting,
where concentrated pathways of meltwater form beneath the ice shelf, creating channels
of thinning that can undermine structural integrity and potentially lead to ice shelf
weakening.

Despite advancements in remote sensing, field observations, and modelling, substantial
research gaps persist. Some of these gaps are methodological. For instance, how well
are different remote sensing products capable of capturing channelized melting? What
impact does the usage of different products have on ice shelf weakening assumptions?
Other gaps are related to the processes. For example, what is the general impact of
channelized melting on ice shelf weakening? How do these channels evolve over time
and why? Current remote sensing products face challenges related to spatial resolution,
coverage, and data accessibility, making it difficult to map the fine-scale structures of
channelized melting over large areas. To deepen our understanding of small-scale basal
melting and its influence on ice shelf stability, efforts must focus on producing high-
resolution basal melt rate maps across various ice shelves.

In this thesis the aim is "To develop improved remote sensing methods for cap-
turing small-scale basal melting features, such as basal channels, enhance our
understanding of their impact on ice shelf weakening, and to explore their link
to external drivers.” The hypothesis is that by combining REMA stereo imagery with
altimetry data and leveraging cloud computing platforms like Google Earth Engine,
it is possible to develop a scalable method for generating high-resolution basal melt
maps. Furthermore, it is hypothesized that these maps enable detailed studies of basal
channels and the factors driving their evolution and in that way provide critical insights
into ice shelves’ vulnerability to channelized melting. This objective will be achieved by
addressing the following research questions:

RO1 What is the added value of using a combination of REMA
stereo imagery and satellite altimetry in resolving ice shelf
basal melt patterns?

RO2 What is the impact of high resolution basal melt maps in as-
sessing basal channel melt rates and ice shelf channel vulner-
ability?
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RO3 To which extent can changes in basal channel patterns be
linked to changes in external drivers?

The three research questions are related to the thesis content as follows:

Chapter 2: Unveiling spatial variability within the Dotson Melt Channel through high-
resolution basal melt rates from the Reference Elevation Model of Antarctica relates to RQ].
The aim is to develop a method which combines CryoSat-2 altimetry and REMA ele-
vations to generate high-resolution basal melt maps of the Dotson Ice Shelf using the
Google Earth Engine cloud computing service. Furthermore, the goal is to create a
versatile method for estimating basal melt rates with improved resolution compared to
altimetry-only products. A method that can be applied to any ice shelf and enables the
detection of small-scale features, such as basal channels.

Chapter 3: Exposure to Underestimated Channelized Melt in Antarctic Ice Shelves relates
to RQ2 and also expands on RQl. The aim is to explore how well different remote
sensing basal melt products resolve channelized melting and to what extend this impacts
assumptions about ice shelf weakening. This is based on the hypothesis that radar-
altimetry-only-derived basal melt maps generally fail to capture the full depths of basal
channels due to their coarse resolution, unlike products combining altimetry with stereo
imagery, and that these limitations affect assumptions about ice shelf weakening.

Chapter 4: Ocean-Induced Weakening of George VI Ice Shelf relates to RQ3 and explores
a feature in a highly channelized area on the ice shelf, expressed by high basal melt
rates. In this chapter, the causes of the high basal melt rates as well as how different
external drivers may have caused its emergence are investigated. This is based on the
hypothesis that inconsistencies in melt pathway of basal melt trend maps reflect shifts
in meltwater pathways, which must be driven by changes in external factors.

Chapter 5: Conclusions and Outlook summarizes the findings of this thesis and elabo-
rates on future possibilities and research directions based on this thesis.
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Chapter 2

Unveiling Spatial Variability within the Dotson Melt
Channel through High-Resolution Basal Melt Rates
from the Reference Elevation Model of Antarctica

The intrusion of Circumpolar Deep Water in the Amundsen and Bellingshausen Sea embay-
ments of Antarctica causes ice shelves in the region to melt from below, potentially putting
their stability at risk. Earlier studies have shown how digital elevation models can be used
to obtain ice shelf basal melt rates at a high spatial resolution. However, there has been
limited availability of high-resolution elevation data, a gap the Reference Elevation Model
of Antarctica (REMA) has filled. In this study we use a novel combination of REMA and
CryoSat-2 elevation data to obtain high-resolution basal melt rates of the Dotson Ice Shelf in
a Lagrangian framework, at a 50 m spatial posting on a 3-yearly temporal resolution. We
present a novel method: Basal melt rates Using REMA and Google Earth Engine (BURGEE).
The high resolution of BURGEE is supported through a sensitivity study of the Lagrangian
displacement. The high-resolution basal melt rates show a good agreement with an earlier
basal melt product based on CryoSat-2. Both products show a wide melt channel extending
from the grounding line to the ice front, but our high-resolution product indicates that the
pathway and spatial variability of this channel is influenced by a pinning point on the ice
shelf  This result emphasizes the importance of high-resolution basal melt rates to expand
our understanding of channel formation and melt patterns. BURGEE can be expanded to a
pan-Antarctic study of high-resolution basal melt rates. This will provide a better picture of
the (in)stability of Antarctic ice shelves.

This chapter has been published as Zinck, A.-S. P., Wouters, B., Lambert, E., and Lhermitte, S.: Unveiling
spatial variability within the Dotson Melt Channel through high-resolution basal melt rates from the Reference
Elevation Model of Antarctica, The Cryosphere, 17, 3785-3801, https://doi.org/10.5194/tc-17-378
5-2023, 2023.
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2.1 Introduction

Ice shelves in the Amundsen Sea Embayment of Antarctica are subject to intrusion of
warm Circumpolar Deep Water, which is one of the processes that can cause basal
melting (Noble et al., 2020). This can lead to ice shelf thinning, grounding line retreat,
and a reduction in the ice shelf resistive forces on the tributary glaciers (Schoof, 2007).
The thinning and force reduction put the tributary glaciers at risk, particularly in re-
gions with a retrograde bed slope where marine ice sheet instability processes might
be initiated (Schoof, 2007; Ritz et al., 2015). Furthermore, Morlighem et al. (2021) show
that the location of temporal changes in basal melt of ice shelves in the Amundsen Sea
sector of Antarctica matters for glacier-wide mass balances, making spatially detailed
elevation changes and basal melt rates important. Therefore, it is important to monitor
basal melting and ice shelf thinning to gain additional knowledge about the potential
destabilization of ice shelves. Monitoring can be done in situ from ice-penetrating radar
(Berger et al., 2017; Lindbéck et al., 2019), phase sensitive radars (Lindbick et al., 2019;
Vankova and Nicholls, 2022), or direct ocean measurements of conductivity and temper-
ature at depth (Vankova and Nicholls, 2022) or remotely through satellite observations
of changes in ice shelf surface elevation in combination with information about ice flow
and surface processes (Berger et al., 2017; Adusumilli et al.,, 2020). The in situ mea-
surements can provide melt and thinning rates at a high accuracy, but they are usually
restricted to a few point measurements and a temporal resolution defined by fieldwork
constraints, though it should be noted that autonomous phase-sensitive radars provide
continuous point measurements with fewer ties to fieldwork constraints for an extended
period of time. Remote sensing observations, on the other hand, can provide a high
spatial and temporal resolution but come with a series of assumptions needed to turn
surface elevation measurements into thinning and melt rates.

Previous studies have shown how various satellite techniques can be used to obtain ice
shelf thinning and basal melt rates (Rignot et al., 2013; Adusumilli et al., 2020; Shean
et al., 2019; Berger et al., 2017; Gourmelen et al., 2017). This can be done by using, e.g.,
stereo imagery (Shean et al., 2019), synthetic aperture radar (Berger et al., 2017), altime-
try (Rignot et al., 2013; Moholdt et al., 2014; Gourmelen et al., 2017), or by a combination
of the different techniques (Shean et al., 2019; Adusumilli et al., 2020). Common to all
remote-sensing-based basal melt rate products is that they assume hydrostatic equi-
librium to translate remotely sensed surface elevations into ice thickness, from which
basal melt rate estimates can be obtained through a mass conservation approach. This
is often done in a Lagrangian framework where the basal mass balance of an ice parcel
is assessed, in contrast to the Eulerian framework where the basal mass balance of a
given point in space is assessed. Applying a Lagrangian framework thus allows one to
assess the thinning and basal melt rate of a given ice parcel over time and takes the
ice flow into consideration. The study by Berger et al. (2017) was one of the first pro-
viding high-resolution Lagrangian basal melt rates of an Antarctic ice shelf. They used
surface elevations based on satellite imagery from the twin synthetic aperture radar
satellite mission TanDEM-X, from which digital elevation models (DEMs) were gener-
ated by co-registering the TanDEM-X elevations with a CryoSat-2 DEM (Helm et al,,
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2014). This approach allowed the assessment of basal melt rates of the Roi Baudouin Ice
Shelf at a 10 m spatial posting, which revealed several small-scale melt channels. Shean
et al. (2019) used stereo imagery from the WorldView and GeoEye satellites to generate
high-resolution digital surface models of the Pine Island Glacier ice shelf, which were
converted to DEMs by co-registering with laser altimetry measurements from ICESat
and NASA Operation IceBridge. The resulting DEMs from 2008 to 2015 were used to
obtain 32-256 m multi-scale posting basal melt rates. Earlier, also Dutrieux et al. (2013)
assessed the basal melt rate of the Pine Island Glacier ice shelf using a similar approach
but using the slightly coarser resolution SPIRIT DEMs. Gourmelen et al. (2017) took on
a different approach by only using altimetry measurements. They used CryoSat-2 swath
measurements (Gray et al., 2013) to obtain 500 m posting melt rates of the Dotson Ice
Shelf over the period from 2010-2016. They revealed a ~5 km wide channel extending
from the area around the grounding zone all the way to the ice shelf front.

A general concern when assessing ice shelf basal melt rates using a mass conserva-
tion approach is the temporal and spatial resolution. This is not only determined by
elevation data availability, but also by the availability and resolution of, e.g., ice ve-
locity, firn, and surface mass balance data. Both the temporal and spatial resolution
will put a constraint on the information level of the resulting basal melt rates since
the basal melt pattern may vary on seasonal to inter-annual timescales (Watkins et al.,
2021; Wearing et al,, 2021; Dutrieux et al., 2013; Stanton et al., 2013). Unfortunately,
high temporal and spatial resolution does not always go hand in hand. Altimetry can
provide quasi-monthly basal melt rates (Adusumilli et al., 2020) but at the cost of the
spatial resolution. In contrast, high-resolution stereo imagery is temporally currently
mostly limited to inter-annual, or coarser, timescales. Focusing further on the draw-
backs of the different elevation measurement techniques, there is one clear limitation to
relying fully on satellite radar altimetry measurements, which is the fact that in many
regions, mountainous terrain near the ice shelf margins prevents the satellite radar sig-
nal from reaching all parts of the ice shelf (Dehecq et al., 2013). On the other hand,
high-resolution products come with challenges regarding data volume and availabil-
ity/accessibility. For example, the TanDEM-X, WorldView, and GeoEye data are not
directly publicly available, which puts a major limitation on the accessibility. Also,
transforming the raw satellite imagery into digital surface models is tedious and may
serve as a limit for the temporal coverage of a study. In this study, we exploit the
Reference Elevation Model of Antarctica (REMA Howat et al., 2019) as an alternative.
REMA provides 2 or 8 m resolution digital surface model strips generated from satellite
imagery from the WorldView and GeoEye satellites from 2011-2017. In contrast to the
raw satellite imagery, REMA is publicly available, thereby providing opportunities for
researchers without direct access to the underlying data.

Chartrand and Howat (2020) have shown that REMA in combination with ICESat and
IceBridge can be used to derive basal melt rates and study channel evolution on the
Getz Ice Shelf. However, it is also evident that using REMA to derive high spatial and
temporal resolution basal melt rates introduces a new set of problems, in particular
the co-registration of the individual digital surface strips and the Lagrangian ice parcel
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Figure 2.1: Overview of the test site with the Dotson and Crosson ice shelves marked
along with the Kohler Glacier feeding the Dotson Ice Shelf. A pinning point on the ice
shelf is marked with a circle and PP. The background image is the Radarsat Antarctic

Mapping Project mosaic which has been overlaid with surface elevation contour lines
(blue), the ASAID grounding line (black, Bentley et al., 2014), and the CryoSat-2 Swath
coverage in the period from 2010-2016 with colors showing how many years are repre-
sented in each pixel (Matsuoka et al., 2021).

tracking. First, co-registering the REMA digital surface model strips and transforming
them into DEM strips requires several processing steps. Absolute elevation data from,
e.g., altimetry are needed to correct the relative REMA elevation data (Berger et al,
2017; Shean et al., 2019), but the REMA data are from a period at the very end of
the ICESat mission (2003-2009) and before the ICESat-2 launch in 2018. In between,
only Operation IceBridge and CryoSat-2 surface elevation data are available for co-
registration. Operation IceBridge carries a laser altimeter among other instruments
and was initialized to fill the gap between ICESat and ICESat-2 but at a drastically
reduced spatial and temporal coverage. CryoSat-2, on the other hand, carries a radar
altimeter which allows elevation measurements even under cloudy conditions, which
makes it suitable as a reference for co-registration. Chartrand and Howat (2020) used
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Operation IceBridge where available to co-register the REMA strips and CryoSat-2
otherwise. Second, the Lagrangian thinning and melt rates rely on co-registering the
DEMs, either by feature tracking between two DEMs (e.g., Berger et al., 2017) or by
displacing the DEMs using an existing velocity field (e.g., Moholdt et al., 2014). Both
methods come with errors which will propagate into the resulting thinning and basal
melt. The accuracy of the displacement thereby also influences the highest possible
spatial resolution and signal-to-noise ratio of both the Lagrangian elevation change and
basal melt rate.

In this study we use the REMA strips in combination with CryoSat-2 measurements
to obtain thinning and basal melt rates of the Dotson Ice Shelf at a 50 m spatial
posting and a 3-yearly temporal resolution in the period from austral summer 2010/11
to 2017/18. We present and assess the high-resolution Basal melt rates Using REMA and
Google Earth Engine (BURGEE) method. BURGEE is run on the Google Earth Engine
(GEE), thereby allowing easy access to the data and fast processing on the GEE cloud
computing platform (Gorelick et al., 2017). Furthermore, the use of GEE, REMA, and
CryoSat-2 allows for easy upscalability. We use Dotson (Fig. 2.1) as a test site since
there already exists a detailed basal melt rate study for comparison (Gourmelen et al.,
2017). As mentioned, Gourmelen et al. (2017) relied fully on radar altimetry, which has
limited coverage in mountainous regions. From Fig. 2.1 it is clear that this is an issue on
parts of Dotson, which also becomes evident in the spatial coverage of the basal melt
rates obtained in Gourmelen et al. (2017). For example the Kohler grounding zone (see
Fig. 2.1) is poorly constrained, although here high melt rates are to be expected due to
the intrusion of warm Circumpolar Deep Water into the ice shelf cavity (Jacobs et al.,
1992). To investigate the highest feasible posting, we will perform a sensitivity study
assuming that the highest uncertainties are related to the quality of the Lagrangian
displacement. We will, furthermore, compare our results to the basal melt rates of
Gourmelen et al. (2017) and discuss the different features we observe and the possible
influence of a pinning point on basal channel formation and melt rates.

2.2 Theory

The basal mass balance and elevation change of an ice shelf can be observed in both
a Eulerian and a Lagrangian framework. The Eulerian framework is fixed in space
and provides information about the basal mass balance or elevation change at a given
point in space. The Lagrangian framework, on the other hand, follows a given ice
parcel and assesses the basal mass balance or elevation change of that parcel between
two places in time, thereby taking the ice flow into consideration. In both cases the
basal mass balance can be calculated through a mass conservation approach, which in
a Lagrangian framework can be expressed as

DH . .
E:—H(V'M)‘FMS—Mb, (21)

where % is the Lagrangian ice thickness change; H is the ice thickness; V- u is the

divergence of the ice flow; M, is the surface mass balance; and M is the basal mass
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balance, defined as positive for melt. By assuming hydrostatic equilibrium, a constant
ice density of p; = 917 kg- m™>, and a constant sea water density of p,, = 1025 kg-
m~3, the ice thickness can be approximated by

Pw
H=(h-hy) , 2.2
f Pw —Pi =2

where h is the ice shelf surface elevation and h £ the firn air content in meters ice
equivalent. Substituting Eq. (2.2) into Eq. (2.1) leads to

Dh  Dhy o[ Pw = P .
D o = 7 8~y =), 23
from which we can obtain the basal mass balance:
Dh  Dhy Pw
My = M; E_EJF( —h)(v'u))pw_pi- (2.4)

2.3 Data

As can be seen from the basal mass balance Eq. (2.4), several auxiliary data sets are
required to extract basal melt rates. In this section, we discuss the different data sets
used in BURGEE to obtain and evaluate thinning and basal melt rates of the Dotson Ice
Shelf.

2.3.1 Surface elevation

To obtain surface elevations of high temporal and spatial resolution we make use of the
Reference Elevation Model of Antarctica (REMA, Howat et al., 2019). REMA consists
of numerous digital surface model strips of either 2 or 8 m spatial resolution. They
are based on stereo imagery from the WorldView and GeoEye satellites and acquired
between 2010 and 2017. The strips are referenced to the WGS84 ellipsoid and are
not co-registered. We have chosen to exclude all strips generated using the GeoEye
satellites since they suffer from inconsistencies in the surface topography in the form
of a striped pattern perpendicular to the satellite flight direction. Besides the strips, a
REMA mosaic, made from multiple strips that have been co-registered with CryoSat-2
and ICESat (Howat et al., 2019), will be used as a reference surface to exclude outliers.

To correct the REMA strips for tilt and bias, elevation measurements from the radar
altimeter aboard CryoSat-2 are used. CryoSat-2 was launched in 2010 and is the only
ice-sheet-focused altimeter-carrying satellite which has been active throughout our en-
tire study period ranging from austral summer 2010/11 to 2017/18. To transform the
waveforms of the CryoSat-2 Level-1B SARin Baseline-D product to elevations with re-
spect to the WGS84 ellipsoid, we use the leading-edge maximum gradient retracker
presented in Nilsson et al. (2016). CryoSat-2 elevations are corrected for ocean loading
tide, solid earth tide, geocentric polar tide, and dry and wet tropospheric and iono-
spheric effects using the data provided by ESA. Furthermore, the measurements are
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filtered using the ESA-provided quality flags. Additional ice-shelf-specific corrections
are outlined in Sect. 2.4.1. The downside of using CryoSat-2 is that the radar signals
may penetrate into the snowpack, thereby not measuring the direct surface but some
depth into the snowpack. To study this effect, we compared CryoSat-2 measurements
to those of the laser altimeter aboard ICESat-2 in the period from 2018 to 2021. From a
comparison between neighboring measurements within 50 m and 5 d, we found a mean
penetration depth of -0.4 m with a standard deviation of 2.1 m. We therefore assume
that CryoSat-2 elevations can be considered to represent surface elevations.

Both the REMA strips and CryoSat-2 elevations are filtered for outliers by masking out
elevations that differ more than 30 m from the REMA mosaic. This might filter out
the advection of some large crevasses. However, since the REMA mosaic of Dotson
is composed of REMA strips from mainly 2015 and 2016, this should mostly affect
strips from the early years, if at all. After this filtering, both the REMA and CryoSat-2
elevation data are referenced to the Earth Gravitational Model 2008 geoid (Pavlis et al.,
2012).

2.3.2 Surface velocity

Surface velocities are needed to calculate the ice flow divergence in the basal mass
balance Eq. (2.4) and to perform a first-order displacement of the DEMs in the chain
process of performing the Lagrangian displacement. The surface velocity data are ob-
tained from the MEaSUREs ITS_LIVE data product (Gardner et al., 2022). These 120 m
resolution surface velocities are generated using feature tracking of optical Landsat im-
agery. Since the velocity field of Dotson has shown no significant change throughout our
study period (Lilien et al., 2018), we use the 120 m ITS_LIVE composite. Furthermore,
we assume that the ice velocity does not vary with depth.

2.3.3 Surface mass balance

Since part of the observed ice shelf thickness change, or lack thereof, may be related to
surface processes, monthly surface mass balance values (M, in Eq. (2.4)) are obtained
from the regional climate model RACMO 2.3p3 (van Wessem et al., 2018). The output
from RACMO is given in millimeters of water equivalent and translated into meters of
ice equivalent by using an ice density of 917 kg - m~3. We perform a spatial extrapolation
since the 27 km grid does not cover the entire ice shelf. This is done by applying a
linear extrapolation over a distance of 5 pixels. Finally, the data are interpolated onto
the DEM grid from the original 27 km resolution grid using a bicubic interpolation.

2.3.4 Firn air content

To obtain the local ice equivalent thickness of the ice shelf, the presence of air in the
firn layer needs to be taken into account (hy in Eq. (2.2)). Estimates of firn air content
are obtained from the 27 km resolution IMAU-FDM v1.2A (Veldhuijsen et al., 2023)
on a 10 d basis. The IMAU-FDM is forced with climate data from RACMO, which is
why they share the same resolution. This also means that we apply an identical spatial
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extrapolation for the firn air content as for the surface mass balance (see Sect. 2.3.3) to
ensure coverage over the entire ice shelf, followed by a bicubic interpolation onto the

DEM grid.

2.3.5 Basal melt rate comparison products

To evaluate BURGEE we compare our results with two existing melt products, based on
remote sensing and an ocean model, respectively. The remote-sensing-based product
is obtained from CryoSat-2 swath measurements resulting in a mean basal melt rate
product in the period from 2010-2016 at a 500 m resolution (Gourmelen et al., 2017,
Fig. 2.6b). The ocean modeling product (LADDIE) is obtained by a 2D dynamical
downscaling of the 3D ocean model MITgcm resulting in basal melt rates at a 500 m
resolution (Lambert et al., 2022, Fig. 2.6c¢).

To investigate the basal melt pattern we further focus on the thermal forcing and the
friction velocity provided by LADDIE, since basal melt can be approximated by the
product of these two terms (e.g., Favier et al., 2019). The thermal forcing is the difference
in temperature between the ocean water just below the ice shelf and the freezing point
and can thereby be interpreted as the available heat to melt the ice. The friction
velocity, defined as the time-mean ocean velocity just below the ice shelf, describes how
effectively the heat is transported to the ice.

2.4 Methods

In the following sections we describe the methodology applied in BURGEE to calculate
the basal melt rate using Eq. (2.4). Firstly, the REMA strips have to be transformed
to digital elevation models by first accounting for dynamic and static corrections such
as tides (see Sect. 2.4.1) and thereafter through a co-registration with CryoSat-2 (Sect.
2.4.2). A schematic overview of this procedure can be seen in Fig. 2.2. The resulting
DEMs are then used to obtain both Eulerian (Sect. 2.4.3) and Lagrangian surface
elevation changes (Sect. 2.4.5). The latter, along with ice flow divergences (Sect. 2.4.4),
are used in the basal melt rate calculation (Sect. 2.4.5). Finally, a sensitivity study (Sect.
2.4.6) is performed to assess the highest feasible posting.

2.41 Dynamic and static corrections

Dynamic and static corrections have to be applied to both the REMA strips and the
CryoSat-2 elevations to bring all elevations to the same reference frame regardless of
variations in sea level.

Due to the underlying ocean beneath the ice shelf, tides (Ah;), mean dynamic topog-
raphy (Ah,,4;), and the inverse barometer effect (Ah;;,) should also be taken into con-
sideration in the ice shelf elevation corrections. Just like the geoid, the mean dynamic
topography is a static correction, for which we use DTUI5MDT, which is an updated
version of DTUISMDT (Andersen et al., 2015). Tidal heights are obtained from the
CATS2008 model on a 6 h interval at a ~3 km spatial resolution for the REMA strips.
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Tidal heights for CryoSat-2, however, are obtained at their point locations and acquisi-
tion times. The inverse barometer effect was corrected for by using the 6 h NCEP/NCAR
sea level pressure reanalysis data (Kalnay et al., 1996), from which residuals were calcu-
lated by using a mean sea level pressure of 1013 hPa. The residuals are then scaled by
~0.9948 cm hPa~! to obtain the inverse barometer effect (Wunsch, 1972). The correc-
tion for the tide and inverse barometer effect are based on the acquisition time of the
first stereo image. Since the ocean-induced corrections are only applicable to the ice
shelf itself, the corrected surface elevation is obtained through

h=hgata - Ahgeoid —a(Ahy+ Ahygr + Ahiy,e), (2.9)

where N4, is either the CryoSat-2 or REMA surface elevations, Ahgiq is the offset
to the geoid, and «a is a coefficient ensuring a smooth transition from grounded to
floating ice as in Shean et al. (2019). This transition is a function of the distance to the
grounding line (/), based on the ASAID product of (Bentley et al., 2014):

0 [<0km
a(l)=431 Okm<1<3km. (2.6)
1 [I>3km

Once the corrections have been applied the elevation data are at the stage marked with
an asterisk (*) in Fig. 2.2.

2.4.2 Co-registration

Since the REMA strips have not been co-registered with the actual surface elevation,
strips might be both tilted and vertically misplaced. A co-registration with actual sur-
face elevations therefore is needed. Here, the co-registration of the REMA strips is per-
formed by using two consecutive plane-fit co-registration approaches: first with respect
to the CryoSat-2 measurements and second with respect to overlapping REMA strips.
The double co-registration is performed to improve the quality, as there might still be
small offsets between strips where they overlap. The co-registration with CryoSat-2 is
done by correcting for tilt and vertical bias after fitting a plane through the residuals
between CryoSat-2 and the individual REMA strips.

Before the co-registration of a REMA strip with CryoSat-2 can be performed, we defined
four criteria that should be fulfilled in the given order: (i) the CryoSat-2 elevations used
to perform the co-registration have to be within 1 month of the acquisition date of the
REMA strip to ensure that the CryoSat-2 elevations are representative of the elevations
when the strip was acquired; (ii) for each and every REMA strip the number of available
CryoSat-2 measurements/matchups that have fulfilled criterion (i) should be at least 80
to ensure that we perform a representative plane fit. This threshold has been set through
trial and error and is a balance between good-quality co-registration while keeping a
sufficient number of REMA strips; (iii) the northernmost and southernmost CryoSat-2
points should be at least 60 km apart. Likewise, the CryoSat-2 points furthest separated
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Figure 2.2: Flow chart showing the procedure going from WGS84-referenced CryoSat-2
and REMA digital surface model elevations to fully co-registered DEMs. The dynamic
and static corrections are tides, mean dynamic topography, inverse barometer effect, and
referencing to the geoid. The asterisk (*) denotes intermediate CryoSat-2 and REMA
data sets, before merging the two and applying the two-fold co-registration as described
in Sect. 2.4.2. One being with respect to the CryoSat-2 elevations and the other with
respect to overlapping strips from the same period.

in the longitudinal direction should be at least 10 km apart. This third criterion ensures
that the CryoSat-2 measurements are evenly distributed over the REMA strip. This is
a rather conservative threshold, which may filter out smaller but good-quality REMA
strips. However, in this way we ensure the best possible DEM quality, which is crucial
to resolve small-scale features.
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Figure 2.3: Yearly co-registered DEM mosaics ranging from 2010/11 (a) to 2017/18 (g).
Notice that there is no data from 2011/12. (h) Heat map showing the total DEM coverage.

The second co-registration is performed on a yearly basis by co-registering all DEMs
that overlap at least 25% with the yearly median DEM. The yearly median DEM is the
median of all overlapping REMA DEM strips per year, with 1 July defined as the first
day of the year. The residuals between the DEM strips and the median DEM are thus
used to perform the plane fit. The second co-registration is thereby not applied to all
strips.

The co-registered DEM strips range from austral summer 2010/11 to 2017/18 and have a
yearly coverage of up to 98% in 2016/17 (see Fig. 2.3).

2.4.3 Eulerian elevation change

Besides the Lagrangian elevation change which is needed to calculate the basal mass
balance, we also assess the elevation change in a Eulerian framework. This provides
information about where the ice shelf is thinning and thickening.
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The Eulerian elevation change is calculated as a linear trend on a tri-yearly basis and
throughout the entire study period. A tri-yearly period is chosen as the highest temporal
resolution due to the limited to no DEM coverage in 2011/12 and 2012/13 (Fig. 2.3),
along with the limited coverage of the center part of the ice shelf in 2015/16 and 2017/18
(Fig. 2.3). In this study, 1 July is defined as the start of the year, putting the austral
summer in the middle of a year, with the first year of our study period being 2010/11
and the last year 2017/18. The Eulerian elevation change is thus calculated from the
co-registered DEMs by applying a linear fit to the DEM strips and their corresponding
time stamp, where the latter may vary from pixel to pixel. This implies that both the tri-
yearly and entire study period trends are produced from all strips available in the period
considered. The Eulerian elevation change is further cleaned from possible outliers by
removing points with a surface elevation change rate of more than +15 m yr~!.

2.4.4 Divergence of the velocity field

Berger et al. (2017) illustrated the impact different methods of calculating the velocity
gradients have on the resulting divergence. They found regularized divergences (Char-
trand, 2011) to be the best choice, since this method suppresses noise while keeping the
data signal (Chartrand, 2011; Berger et al., 2017). In this study we use total-variation reg-
ularization (Chartrand, 2017), which is an updated version of the regularization method
presented in Chartrand (2011) made especially for multidimensional data, to compute
the gradients of the 120 m resolution ITS_LIVE velocity field. Due to our previous
assumption of a constant velocity field in time, we also assume that the resulting di-
vergence field of Dotson is constant in time. Finally, the divergence field is linearly
interpolated onto the DEM grid.

2.4.5 Lagrangian elevation change and basal melt rate

As for the Eulerian elevation change, both the Lagrangian elevation change and the
basal mass balance are calculated on a tri-yearly basis and as a linear trend throughout
the entire study period. The whole process of obtaining the Lagrangian elevation change
from the co-registered DEM strips and further steps to assess the basal mass balance is
shown in Fig. 2.4 and is further outlined in this section.

The Lagrangian displacement is performed on a yearly basis using 1 July as the start of
the year, putting the austral summer in the middle of a year. Together with the DEM
strips, we also displace the velocity divergence and the nearest 10-daily firn air content
from IMAU-FDM (Fig. 2.4b).

The most common approach to perform the Lagrangian displacement of DEMs is using
a velocity field (i.e., Moholdt et al., 2014) or applying a feature tracking algorithm
(i.e., Berger et al, 2017). The first approach requires velocities of high quality and
resolution and puts strong restrictions on the spatial resolution of the final product. It
is, however, computationally efficient, whereas the latter approach is computationally
heavy but allows for a higher output spatial resolution. In BURGEE we want to keep
the spatial resolution high, while keeping the computational cost low to allow for future
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Figure 2.4: The workflow used to go from co-registered DEM strips in panel (a) to
Lagrangian displaced DEM mosaics in panel (g), with all Lagrangian displaced mosaics
in panel (h) used to assess the Lagrangian elevation change in panel (i) and the basal
melt rate in panel (m).

study region upscaling. To do so, we first apply a velocity displacement, after which we
perform a final correction through feature tracking. This decreases the search window
needed in the feature tracking process, thus reducing the computational time.

The initial displacement of the DEM strips is performed by using the ITS_LIVE surface
velocities, where all DEMs from the year considered are displaced to 1 January of the
final year (t,,4) in the trend period (Fig. 2.4c). For the Lagrangian elevation change
of the entire period, t,,; is thus 1 January 2018, and for the tri-yearly 2010/11-2013/14,
teng will be 1 January 2014. This means that all DEMs are roughly aligned to where
they would be located at ¢,,;. However, surface features such as crevasses may not be
perfectly aligned, for which the second displacement is needed.

Before the second displacement is performed, all DEM strips are accompanied with a
time stamp band (Fig. 2.4d), and a DEM mosaic of the given year is created using the
quality mosaic function in GEE (Fig. 2.4e). This is done to reduce the computational
requirements of the feature tracking algorithm. The resulting elevation, firn air content,
and velocity divergence mosaics are used to add an ice flow divergence band (Fig. 2.4f)
according to the ice flow divergence term ((h—h)(V-u)) in Eq. (2.4).

This second and final displacement is performed by using the built-in feature tracking
algorithm displacement in GEE, which uses orientation correlation. In this displacement,
the DEM mosaic of the given year is referenced to that of t,.,,, thereby aligning all
surface features to their position in the DEM mosaic from t,,, (Fig. 2.4g). The built-
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in feature tracking algorithm on the GEE takes in three adjustable parameters: patch
width, max offset, and stiffness, which were set to 100 m, 300 and 3, respectively. The
patch width defines the size of the patches/regions to search for within the distance given
by max offset, whereas the stiffness parameter defines how much distortion/warping is
allowed. Since ice features may very well change in shape, a lower less rigid stiffness
parameter is desired.

The above-mentioned steps (Fig. 2.4a-g) are then performed on all years considered,
and the Lagrangian elevation change using the displaced DEM mosaics is then obtained
similarly to the Eulerian elevation change by applying a linear fit to the DEM mosaics
and their corresponding time stamp (Fig. 2.4i), which in this case may vary from pixel
to pixel. The same outlier criterion of 15 m yr~! is used to mask out the remaining
possible outliers. This filter could possibly filter out fast, small-scale processes like rift
opening, which is acceptable for this study, given our focus on the basal melt rates.

To calculate the final basal melt rate using Eq. (2.4), the change of firn air content with
time is calculated using the time and firn air content bands (Fig. 2.4j). Furthermore, the
time stamp bands are used to access the first and last date of the given period (full study
period or 3-yearly period) and use those as limits to calculate the average yearly surface
mass balance from the monthly RACMO fields within the period limits (Fig. 2.4k). Also,
a mean of all ice flow divergence bands is taken to get the mean ice flow divergence of
the period (Fig. 2.41). Joining all of this with the Lagrangian elevation change and the
constant densities for ice and seawater allows for the basal melt rate to be calculated
over the desired period (Fig. 2.4m). As for the Eulerian elevation change (Sect. 2.4.3),
this implies that both the tri-yearly and entire study period trends are produced from
all strips available in the period considered and that some pixels may not have data
from all years considered.

2.4.6 Sensitivity experiment

Since the signal-to-noise ratio of basal mass balance is expected to increase when re-
fining the spatial posting, we performed a synthetic experiment to assess the impact of
spatial posting on the basal melt rate in BURGEE. The sensitivity experiment is based
on the assumption that the Lagrangian displacement is one of the main contributors to
the basal melt rate uncertainty. Within this experiment we used the aligned annual DEM
mosaics from 2010/11 and 2014/15, since they have a high coverage and are relatively
far apart in time, thus placing stronger requirements on the displacement algorithm
applied. Based on both aligned annual DEM mosaics, two different basal mass bal-
ance maps are obtained using two different Lagrangian elevation changes. This is first
done from the aligned DEM mosaics resulting in the true basal melt rate. Second, the
otherwise aligned 2010/11 DEM mosaic is displaced based on the 4-year accumulated
ITS_LIVE error fields to create an alternative aligned DEM mosaic that incorporates
the displacement uncertainty due to velocity errors. The Lagrangian elevation change
is then calculated using the error-displaced 2010/11 DEM mosaic and the previously
mentioned 2014/15 DEM mosaic. The difference between the resulting basal melt rates
following from the two Lagrangian elevation changes is then calculated at a 50, 100,
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250, and 500 m posting to see what posting is required for the artificial error to cancel
out. The 500 m posting corresponds to what has been used when using CryoSat-2 alone
(Gourmelen et al., 2017) and therefore serves as our most coarse limit.

—6 —4 -2 0 2 4 6
Elevation change [m-yr~!]

Figure 2.5: Eulerian (a) and Lagrangian (b) surface elevation trends from 2010/11-
2017/18 at a 50 m posting. The red arrow marks the main channel, the green ar-
row marks the Kohler grounding zone, and the orange arrow marks the high elevation
changes towards the Crosson Ice Shelf.
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2.5 Results

2.5.1 Evaluation of BURGEE results

The Eulerian and Lagrangian surface elevation trends over the entire study period
(2010/11-2017/18) are shown in Fig. 2.5 at a 50 m posting. Owing to its along-flow coor-
dinate system, the Lagrangian elevation change has a much smoother pattern compared
to the Eulerian framework. In both frameworks, the channel described by Gourmelen
et al. (2017) (red arrow), which we will refer to as the Dotson Melt Channel hereafter,
shows pronounced thinning. The Eulerian elevation change shows elevation decrease
along and west of the Dotson Melt Channel, whereas the area east of this channel shows
a more irregular pattern. Similarly, we see almost no elevation change in this eastern
zone in the Lagrangian elevation change and a smoother pattern due to the along-flow
framework. Three areas stand out with high Lagrangian elevation changes, namely
the Dotson Melt Channel (red arrow), at the border towards the Crosson Ice Shelf (or-
ange arrow), and the grounding zone at the inflow of the Kohler Glacier (green arrow).
The latter is not fully resolved in Gourmelen et al. (2017), presumably due to limited
CryoSat-2 coverage (Fig. 2.1).

The basal melt rate at a 50 m posting over the entire study period can be seen in
Fig. 2.6a, which shows a similar pattern to the Lagrangian elevation change. Figure
2.6d-h show the 3-yearly basal melt rate trends also at a 50 m posting. There is a clear
spatial consistency throughout the entire period, though melt rate magnitudes do seem
to show temporal variability. A striped pattern is visible on some of the 3-yearly maps
(e.g., 2011/12-2014/15, Fig. 2.6e and 2012/13-2015/16, Fig. 2.6f) due to the DEM mosaic
coverage seen in Fig. 2.3. The varying coverage also implies that the trend is taken
over different time periods whenever there is missing data in the DEM mosaics and that
gaps may occur if less than 2 years of data are available. Furthermore, the Lagrangian
displacement is performed with respect to the latest DEM mosaic (Sect. 2.4.5), which
is what is causing the higher melt rates in the center of Dotson in the 2012/13-2015/16
product. Focusing on the basal melt rate of the entire study period (Fig. 2.6a) we see
that high melt rates are present along the Dotson Melt Channel (red arrow), with a melt
convergence zone just east of a pinning point (cyan arrow), near the Kohler grounding
zone (green arrow), and towards the Crosson Ice Shelf (orange arrow). These are all
features that are present in both Gourmelen et al. (2017) (Fig. 2.6b) and Lambert et al.
(2022) (Fig. 2.6¢). Likewise, the overall pattern is similar in all three products. A slight
exception to this is the melt signal near the calving front seen in BURGEE. Here, there
are large crevasses and fractures in the ice shelf, which may not be well represented in
the divergence signal when assessing the basal melt rate at a 50 m posting. Overall,
BURGEE allows us to derive melt rates of all parts of the ice shelf, compared to the
limited coverage especially near the ice shelf margin for Gourmelen et al. (2017).
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Figure 2.6: (a) Basal melt rate trend from 2010/11 to 2017/18. The arrows point out
the Dotson Melt Channel (red), the pinning point below the ice shelf (cyan), the Kohler
grounding zone (green), and the high melt rates near the Crosson Ice Shelf. (b) Basal
melt rate from Gourmelen et al. (2017). (c) Basal melt rate from Lambert et al. (2022)
with the box marking the zoom-in in Fig. 2.9. (d-h) Tri-yearly basal melt rate trends.

2.5.2 Results from the sensitivity experiment

Figure 2.7 shows the result of the sensitivity study where we created an alternative
aligned DEM mosaic by displacing the correctly aligned DEM based on the error of the
ITS_LIVE velocities under the assumption that the quality of the Lagrangian displace-
ment is the main contributor to the basal mass balance uncertainties. In the part of the
ice shelf with fewer surface undulations (distances 10-15 km of the B-BB cross section),
the basal melt rate differences resulting from the artificial displacement cancel out to
a large degree already at a 50 m posting. In areas with stronger surface undulations,
it requires a coarser posting for the differences to cancel out. However, it should be
noted that even at a high posting of 50 m, the resulting differences in basal melt rates
of the cross section are within +4 m yr~!. Furthermore, the largest differences correlate
with high melt rates. Based on these findings, we have chosen to offer our product at a
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Figure 2.7: (a-d) The difference between the basal melt rate obtained from the correct
and the erroneous Lagrangian elevation changes at 50 m (a), 100 m (b), 250 m (c),
and 500 m (d) postings. (e) The perfectly aligned 2010/11 DEM mosaic at the B-BB
cross section. (f) The basal melt rate obtained from the correct DEMs at the B-BB cross
section. (g) The basal melt rate differences at the B-BB cross section at 50, 100, 250,
and 500 m postings. Note that panels (f) and (g) use a different range on the y axis.

36



2.5 | Results

30 100
2 80
207 E
% 60 =
2 3
E w0 E
g 20
m
0 0
A AA
= <)
IC-4
? 20/ 60?
B Il
e 50 2
S 07 Z
- [£a)
2 40
—-920 - . . . - v
5 10 15 20 25 30

Distance [km]

Figure 2.8: (a) Basal melt rate from 2010/11-2017/18; (b) 2016/17 DEM, with the gray line
marking the cross section A to AA in panel (c); (c) surface elevation from the 2016/17
DEM (red line), prior to any Lagrangian displacement, and basal melt rate (black line)
at the cross section marked in panel (a) and (b). The distance in panel (c) is with respect
to the left end point (A) of the gray line in panel (a) and (b).

50 and a 250 m posting (https://doi.org/10.4121/21841284, textbf REMEMBER
PROBER REF to dataset). It should be noted, however, that the Lagrangian displace-
ment is not the only error source, since all data and assumptions used to calculate the
basal mass balance (Eq. (2.4)) come with errors and uncertainties, which is why these
numbers cannot be considered as true uncertainties of the final product.

2.5.3 Interpretation of the melt pattern

In the vicinity of the pinning point (2.6a, cyan arrow), the basal melt within the Dotson
Melt Channel shows a smooth pattern which changes to a more wavey pattern down-
stream. Roberts et al. (2018) hypothesize that such a wavey pattern can originate near
pinning points due to ocean heat variability, where periods of increased available ocean
heat induce enhanced thinning and a reduced back stress over the pinning point and
vice versa. Through convergence and divergence, the resultant temporal variability in
ice speed translates into an alternating pattern of thick and thin ice. To investigate the
influence of the pinning point on the spatial melt variability within the Dotson Melt
Channel, we have focused on a transect following the basal channel from the pinning
point to the ice shelf front (Fig. 2.8, transect A to AA and pinning point marked with
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the cyan arrow). We can see clear surface undulations along the Dotson Melt Channel
that emerge downstream from the pinning point. We also notice higher melt rates co-
inciding with these surface undulations, especially around 12-22 km, where we see that
higher melt rates align with higher surface elevations, implying deeper basal drafts, and
vice versa.

To investigate the relation between the surface undulations and the basal melt rate,
we disentangle basal melt into its two major components: thermal forcing and friction
velocity. The thermal forcing determines the locally available heat for melting, whilst
the friction velocity determines the efficiency of turbulent heat exchange toward the ice
shelf base. The thermal forcing and friction velocity, simulated by LADDIE, are shown
in Fig. 2.9, along with the LADDIE basal melt rates and draft. A direct comparison
between the LADDIE thermal forcing and friction velocity with the BURGEE melt rates
cannot be done, since LADDIE is forced with a different ice shelf geometry; therefore,
we compare to the LADDIE melt rates instead. Figure 2.9e-f further shows the friction
velocity and the thermal forcing as a function of the melt rate, respectively. It is evident
that the friction velocity has a high correlation with the melt rate, implying that it is the
main driver of spatial melt variability at fine scales. The friction velocity is affected by
the undulations. Where the meltwater plume encounters thick ice, it is squeezed ver-
tically, leading to convergence and a local acceleration. This locally enhanced friction
velocity increases the heat transfer and consequently the basal melt. As basal melt is
typically highest in regions of thick ice (Fig. 2.8), this interaction between ice topography
and melt is a negative feedback that should smoothen out the undulations downstream.
This negative feedback may explain the weakening signature of the undulations towards
the ice shelf front.

2.6 Discussion

We show how REMA in combination with CryoSat-2 is capable of obtaining high-
resolution basal melt rates of the Dotson Ice Shelf. The use of CryoSat-2 and Google
Earth Engine in BURGEE allows us to process significantly more REMA strips than
if using Operation IceBridge alone, and it allows for fast computations. We observe
the same large-scale melt pattern consisting of one wide melt channel (Dotson Melt
Channel) as previous studies (Gourmelen et al., 2017; Lambert et al., 2022). Addi-
tionally, BURGEE allows us to observe small-scale melt features which would go un-
noticed in lower-resolution altimetry-based products such as Gourmelen et al. (2017)
and Adusumilli et al. (2020). This especially becomes evident within the Dotson Melt
Channel.

Our elevation maps reveal that surface undulations appear downstream of a pinning
point on the ice shelf. Here, we also find a correlation between melt rates and ice thick-
ness along the Dotson Melt Channel. The link between surface undulations and basal
melt rates is further supported by Watkins et al. (2021), who found a clear relationship
between pinning points and roughness and a correlation between the latter and basal
melt. Furthermore, modeling studies suggest shear zones and topographic features have
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melt, (b) surface elevation, (c) friction velocity, (d) thermal forcing, (e) friction velocity
as a function of basal melt, and (f) thermal forcing as a function of basal melt.

a possible impact on basal channels and their formation (Gladish et al., 2012; Sergienko,
2013). Also, Roberts et al. (2018) suggest that varying ocean temperatures lead to ice
shelf thickness change and thereby a change in the back stress over ice rumples causing
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a wavey pattern as the one we observe being initialized at the pinning point. Model
output from LADDIE suggests that the friction velocity is the driver of the increased
melting in regions of greater ice thickness, due to compression and divergence of the
melt plume. The large-scale pattern of the Dotson Melt Channel, bending towards the
western margin of the ice shelf, is explained by buoyancy forcing of the low-salinity
meltwater plume (Lazeroms et al., 2018). However, just eastward of the pinning point, a
convergence zone, causing a narrow sharp plume with high melt rates, indicates that the
Dotson Melt Channel pathway may also be influenced by the pinning point. Meltwater
plumes causing channel formation have a tendency to occur at western topographic
boundaries in this area of Antarctica (Lambert et al., 2022). The eastward melt conver-
gence zone suggests that the pinning point is big enough to act as a western topographic
feature. Without the pinning point the meltwater plumes may thus converge elsewhere.
We therefore postulate that the pinning point impacts the spatial variability within the
Dotson Melt Channel and possibly also the channel pathway due to the convergence
zone just east of the pinning point.

Varying basal melt rates can also be seen within the Dotson Melt Channel in Gourmelen
et al. (2017), but due to the coarser resolution and gaps in the data, it is not clear whether
this variation is (partially) due to noise or actual signal. This underlines the importance
of high-resolution basal melt rates.

Finally, the spatial coverage is improved when using a combination of REMA and
CryoSat-2. CryoSat-2 on its own cannot cover all parts of an ice shelf, especially those
surrounded by topographic features such as mountains. Furthermore, we can assess
temporal changes on a 3-yearly basis but with poorer coverage than the full trend due
to the yearly REMA coverage. Using elevation data from the CryoSat-2 swath mode
alone (Gourmelen et al., 2017) would likely yield a higher temporal resolution but would
not resolve the small-scale features which we can capture with BURGEE. Adusumilli
et al. (2020) used a wide range of remotely sensed surface elevations to obtain basal
melt rates at quarter-yearly resolution but at the cost of the spatial resolution. The
Dotson Ice Shelf did not show noticeable changes in basal melt over the study period,;
however, ocean observations from the Dotson Ice Shelf cavity do show variations on
seasonal timescales of inflow of warm Circumpolar Deep Water (Jenkins et al., 2018;
Yang et al., 2022). This could imply seasonal variability in the basal melt rates, as has
been observed at both the Nivlisen Ice Shelf in East Antarctica (Lindbéck et al., 2019)
and the Filchner-Ronne Ice Shelf (Vaiikova and Nicholls, 2022). To investigate seasonal
changes using BURGEE, more DEMs than currently available from REMA would be
needed. If REMA-2 or similar data products based on future missions were to provide
such a higher temporal coverage, studying seasonal or interannual variations in basal
melt would become within reach with BURGEE.

The clear advantage of BURGEE is the high spatial resolution and the use of Google
Earth Engine. The latter allows one to efficiently and rapidly process large amounts of
data, while the built-in data catalogue drastically reduces the amount of data which has
to be downloaded locally. Furthermore, the choice for no site-specific tuning allows the
methodology to be easily applied to other ice shelves in Antarctica. By incorporating
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upcoming and more up-to-date elevation data sets, we might then be able to assess
basal melting at 50 m posting and at greater temporal resolution than 3 years. By doing
so to other ice shelves influenced by pinning points, our product may also help answer
what the effect of those are on the basal melt pattern. But, more importantly, it would
help us to assess the (in)stability of other ice shelves and locate weak spots on them.

2.7 Conclusions

In this study we have shown that the Reference Elevation Model of Antarctica can be
used to obtain high-resolution surface elevation changes and basal melt rates of the
Dotson Ice Shelf. We perform a sensitivity study which supports the trustworthiness
of the observed small-scale features. It further indicates that a 50 m spatial posting
of basal melt is feasible. BURGEE reveals spatial variability within the Dotson Melt
Channel, which was not fully resolved in coarser remote sensing products. We find
strong indications that a pinning point on the ice shelf influences this spatial melt
variability within the Dotson Melt Channel and that it may be controlling the position
of a warmer ocean plume, thereby impacting the pathway of the Dotson Melt Channel.
This underlines the importance of high-resolution basal mass balance products as our
product can help future studies to provide answers to the causes behind them.

Finally, BURGEE contains no site-specific tuning, which means that it can easily be
applied to other ice shelves. Of course, our assumption of a constant velocity field in
time does not hold for all ice shelves and should thus be adjusted. Nonetheless, with
the right computing sources, this study could be upscaled to a pan-Antarctic study of
high-resolution basal mass balances.

Code and data availability

The BURGEE code is available on GitHub (https://github.com/aszinck/BURGEE,
Zinck, 2023). Both elevation and velocity data are publicly available: REMA (https:
[ /www.pgc.umn.edu/data/rema/, Howat et al, 2019), CryoSat-2 (https://eart
h.esa.int/eogateway/documents/20142/37627/CryoSat-Baseline-D-Pro
duct-Handbook.pdf), and ITS_LIVE (https://doi.org/10.5067/6II6VW8LLW
J7, Gardner et al,, 2022). Derived surface elevation changes and basal melt rates are
available from https://doi.org/10.4121/21841284.
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Chapter 3

Exposure to Underestimated Channelized Melt

While of critical importance for coastal communities, Antarctica’s future sea level contribu-
tion remains highly uncertain. This uncertainty largely stems from the complex interaction
between the ocean and the ice shelves, which is both difficult to observe and model. To better
understand and constrain land ice response to a reduced buttressing exerted by ice shelves,
efforts are needed to fully comprehend basal melt rates and their impact on ice shelf weak-
ening and retreat. Here, we present high-resolution basal melt maps (50 m) of vulnerable ice
shelves based on a combination of stereo imagery and satellite altimetry, revealing pronounced
channelized melting patterns whose melt rates were previously substantially underestimated
(42-50%). This underestimation in melt rates implies that channel breakthrough times have
been underestimated, making breakthrough more likely and ice shelves more susceptible to
damage. Accurately simulating small-scale dynamics in ice-sheet models remains challenging
but is essential for accurate sea level rise projections.

This chapter is based on a revised version of the following preprint which is currently under review as
Zinck, A.-S. P,, Lhermitte, S., Wearing, M., and Wouters, B.: Exposure to Underestimated Channelized Melt
in Antarctic Ice Shelves, Nature Climate Change, NCLIM-24071992, https://doi.org/10.21203/rs.3.
rs-4806463/v1, 2024.

43



3. Exposure to Underestimated Channelized Melt

The evolution of the Antarctic Ice Sheet poses a major uncertainty in sea level rise pro-
jections, driven largely by the uncertain response of its ice shelves and tributary glaciers
to atmospheric and oceanic forcing in a changing climate (Pattyn and Morlighem, 2020;
IPCC, 2023; Bamber et al.,, 2022; van de Wal et al., 2022). Ice shelf thinning and weak-
ening due to basal and surface melting affect the timing and magnitude of ice mass
loss as they directly impact the ability of the ice shelf to buttress inland ice (Pattyn and
Morlighem, 2020; van de Wal et al., 2022; Pattyn et al., 2018). In a warming climate, as
the risk of reduced ice-shelf buttressing increases, certain regions of the ice sheet could
approach tipping points of irreversible mass loss (Pattyn and Morlighem, 2020). The
primary contributors to ice shelf weakening are surface and basal melting, and damage
(crevasses and fracturing). Basal melting is a key concern, as increasing ocean temper-
atures - with some projections suggesting up to a tripling of historical levels over the
twenty-first century - along with potential changes in ocean circulation, are expected
to intensify subsurface heat transport toward the ice shelves in the future (Pattyn et al,,
2018; van de Wal et al., 2022; Naughten et al., 2023).

Repeat observations of ice-shelf surface elevation change from satellite altimeters have
enabled the estimation of basal melt rates for most Antarctic ice shelves at a resolu-
tion of 500 m to 1 km (Adusumilli et al., 2020; Davison et al., 2023), revealing that
basal melting not only varies in time (Adusumilli et al., 2020), but is also the primary
contributor to mass reduction in ice shelves experiencing the highest losses (Davison
et al., 2023). Meanwhile, studies focusing on single ice shelves have shown that the
combination of satellite stereo imagery and altimetry allows ice-shelf basal melting to
be calculated at significantly higher resolution (32-50 m), uncovering previously unseen
small-scale features, such as spatial variability within the melt channel on the Dotson
Ice Shelf (Shean et al., 2019; Zinck et al., 2023). These enhanced details, missed earlier
by products relying on satellite altimetry (Gourmelen et al., 2017), offer valuable new
insights into the processes driving basal melting and the potential consequences for ice
shelf weakening.

Basal melting of ice shelves typically initiates at deep grounding zones and extends into
basal channels, where plumes carve troughs in the ice base (Alley et al., 2016, 2022).
Basal channels are widespread in Antarctica, particularly in warm cavity ice shelves (Al-
ley et al., 2016), yet only a few have been thoroughly studied for their spatial (Zinck et al.,
2023; Alley et al., 2024) and temporal (Chartrand and Howat, 2020; Alley et al., 2024)
variations and their impact on ice shelf integrity (Alley et al., 2022, 2024; Chartrand
et al,, 2024). Although so far there are no observations of channel breakthrough solely
driven by basal melt, there is evidence of channel incisions leading to large-scale frac-
turing and ice shelf retreat (Dow et al., 2018; Alley et al., 2022; Chartrand et al., 2024).
Studies modelling the ice-shelf response to basal melting suggest that high melt rates
in basal channels can lead to a complete breakthrough (Wearing et al., 2021; Humbert
et al., 2022).

There are many important aspects of basal channel evolution that we do not fully
understand, such as the feedback with ice shelf fracturing and details of ocean melting
(and freeze-on) in channels (Alley et al., 2022). However, improved observations of melt
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patterns in basal channels is crucial to quantify ongoing change and validating models.

In this study we present for the first time a high-resolution (50 m posting) basal melt
rate product covering multiple ice shelves, in particular those which are rapidly melting
(Adusumilli et al., 2020; Davison et al., 2023), are located in areas with high ice mass
loss (Davison et al., 2023) and have a high sea level rise potential (Seroussi et al., 2020).
These are also the regions where the highest density of basal channels have been ob-
served (Alley et al., 2016) and thus the most vulnerable to channel-induced weakening.
We obtain basal melt rates using a combination of stereo imagery and satellite altimetry
and show that in many vulnerable locations, melt rates have previously been underes-
timated in altimetry-only estimates. Furthermore, we discuss the implications of this
underestimation on channel breakthrough times and ice shelf weakening.

3.1 Underestimated channelized melting

We compute ice shelf basal melting at high-resolution (50 m posting) for the period
2010-2017, by combining stereo imagery from the Reference Elevation Model of Antarc-
tica (REMA) and CryoSat-2 altimetry using a mass conservation approach. This ap-
proach - Basal melt rates Using REMA and Google Earth Engine (BURGEE, Sect. 3.4.1)
- has been used previously to generate high-resolution basal melt rates of the Dotson
Ice Shelf (Zinck et al., 2023). In the design of BURGEE, no specific site-tuning was
applied (Zinck et al., 2023), which implies that the only limitation of applying BURGEE
on other ice shelves are data availability and potentially computational constraints.

We compare BURGEE melt rates with those of two altimetry-only studies; Adusumilli
et al. (2020) (500 m resolution) and Davison et al. (2023) (1 km resolution), henceforth
referred to as Adusumilli and Davison. Both make use of CryoSat-2 radar altimetry
to obtain surface elevation changes. Opposed to the classical point-of-closest-approach
method used by Adsumilli, Davison uses a swath processing (Gourmelen et al., 2018)
which allows for increased spatial detail and coverage. BURGEE and the two altimetry
studies are based on the concept of mass conservation in a Lagrangian framework
(Methods), which implies that uncertainties related to factors other than the Lagrangian
elevation change (e.g., surface mass balance, firn correction) are common across all
products. Furthermore, all three methods assume hydrostatic equilibrium, which might
be violated in the immediate vicinity of the grounding zone and hence might locally
lead to overestimated melt rates.

Our results show that broad-scale (~10 km) ice shelf melt spatial patterns and magni-
tudes generated by BURGEE are consistent with those observed in earlier altimetry-only
studies (Adusumilli et al., 2020; Davison et al., 2023) (Fig. 3.1 and A.l). The ice-shelf
integrated total basal melt rate is comparable between all three products, with the ex-
ception of Pine Island, where BURGEE yields 50-90% (Davison-Adusumilli) higher total
melt rates. The enhanced spatial detail of BURGEE reveals more pronounced channel-
ized melting (e.g., Moscow University and Totten) and agrees with earlier results based
on stereo-imagery and altimetry for Pine Island Ice Shelf (Shean et al., 2019) (Fig. A.2).
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Figure 3.1: Basal melt rate comparison. Basal melt rates from this study are marked
with 1 and melt rates from Adusumilli are marked with 2. The Ninnis ice shelf (g)
is not covered by Adusumilli et al. (2020). The black line denotes the BedMachine V3
grounding line (Morlighem, 2022). The circles denote total ice-shelf wide basal melt rate
in Gt/yr, only considering areas covered by both BURGEE, Adusumilli, and Davison.

Basal channels are expressed at the surface as depressions (Alley et al., 2024). Since
the return echo of radar altimeters like CryoSat-2 naturally comes from the nearest
terrain points, these depressions may be obscured and under-sampled when surrounded
by significantly higher terrain, leading to an underestimate of melting (Fig. A.3). This
can for instance be seen near the grounding zone of Drygalski Ice Shelf, which is
unseen by CryoSat-2 because of the surrounding mountains (Fig. A.l). This could,
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Figure 3.2: Basal melt rate distributions. Basal melt rate distributions of Adusumilli,
Davison, and BURGEE melt rates, the latter at the original 50 m posting and interpo-
lated onto the 500 m grid used in Adusumilli. Distributions are grouped by different
ice shelf thickness sections based on BedMachine V3 (Morlighem, 2022) and only areas
covered by all melting products are considered. In the lower subpanels, the thick, verti-
cal black line represents the median melt rate, the solid box ranges from the first to the
third quartile, and the whiskers extend the box to 1.5x the inter-quartile range.

further, explain the higher BURGEE total melt rate of Pine Island, where melting in
along-flow channels dominates the melting signal (Fig. 3.1 and A.1). Such limitations are
critical, given the importance of small-scale features for comprehensively understanding
complex basal melting and its repercussions on ice shelf weakening. While Davison’s
use of swath processing (Gourmelen et al., 2018) allows for increased spatial detail as
compared to Adusumilli, it does not fully resolve the problem of under-sampling deep
surface depressions. The extent of underestimated melting is illustrated in Fig. 3.2.
BURGEE reveals higher third quartile melt rates than both Davison (8 m/yr vs 4 m/yr)
and Adusumilli (8 m/yr vs 5 m/yr) across areas where the ice shelf is thin (0-200 m).
These thin ice areas often contain fractures and also coincide with the location of basal
channels, such as the downstream section of the main basal channel on Dotson, and
thus represent some of the weakest areas on the ice shelves (Fig. 3.3). Considering all
studied ice shelf areas where ice thickness ranges from 200-400 m, BURGEE reveals
higher third quartile melt rates (6 m/yr) than both Adusumilli (5 m/yr) and Davison
(4 m/yr). This picture of higher third quartile melt rates using BURGEE is valid for all
ranges of ice thickness up to 1000 m (Fig. 3.2) indicating that even thin ice, far away from
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Figure 3.3: Ice thickness and basal channels. BedMachineV3 ice thicknesses
(Morlighem, 2022) overlaid with detected channels (based on an accumulated flow ap-
proach, Sect. 3.4.5), slope-corrected channels (channels with maximum slopes < 15°,
Sect. 3.4.5) and studied channels (channels where the 90% percentile melt rate is > 10
m/yr, Sect. 3.4.5). Persistent polynya locations are from Alley et al. (2019). Lettering
corresponds to Fig. 3.1.

the deep grounding zones, is subject to high melt rates and these are underestimated
in previous products. The similar distributions of BURGEE on a 50 m and 500 m
(nearest neighbour) posting shows that underestimating melting is not a consequence of
the product grid size (Adusumilli at 500 m and Davison at 1 km).

Furthermore, a Fourier analysis of the basal melt maps shows that only BURGEE ex-
plores the full range of basal melting wavelengths, which implies that BURGEE, unlike
the altimetry-only studies, captures all melting present within the signal. This finding
does not only support the potential underestimation of channelized melting, but also
provides a wavelength (500 m) at which basal melting (or its impact) should be resolved
in models (Sect. 3.4.8, Fig. A .4).

3.2 Channel breakthrough

Basal channels in thin ice areas (<600 m) that are subject to high melt rates are at
risk of channel breakthrough (Wearing et al., 2021). Calculating breakthrough times
can provide a framework to assess ice shelf weakness, as high channel incision in thin
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ice areas may lead to critical weakening and initiate further damage. We therefore
study the impact of enhanced channelized melting revealed by BURGEE on channel
breakthrough - weakening indicator - in these potential weak zones in ice shelves.
Linearly extrapolating channel melt rates has previously been used to estimate channel
breakthrough times (Gourmelen et al., 2017). However, modelling work using a full-
Stokes ice-flow model with idealized basal melting demonstrates that breakthrough can
be slowed - and in some cases prevented - by secondary flow, ie. the viscous inflow
of ice towards the channel center induced by the gradient in ice thickness between the
channel and the surrounding ice shelf (Wearing et al., 2021). These modelling results
(Wearing et al., 2021) show that the primary factors influencing breakthrough times are
the peak melt rate within the channel, and the ice shelf thickness outside of the channel
(Wearing et al., 2021). In areas with thick ice (>600 m) secondary flow can balance
melt-driven incision and prevent channel breakthrough. In areas of thinner ice (<600
m), where secondary flow cannot prevent channel breakthrough, the peak melt rate is
a dominant control on how fast a channel can break through and thereby cause severe
damage. The breakthrough time of a channel, and consequently the stability of the ice
shelf, thus depends on the imbalance between the peak melt rate within the channel
and secondary flow rates caused by ice thickness gradients.

To understand the implications of previously underestimated channelized melt rates
on channel breakthrough times and weakening, we identify channels on all ice shelves
included in this study (Sect. 3.4.5, Fig. 3.3). Channels with high slopes (maximum slopes
> 15°; Sect. 3.4.5), which often coincide with damage (rifting and crevasses; Fig. A.5),
are excluded (Fig. 3.3). We focus on a subset of these slope-limited channels, namely
those (labelled studied channels in Fig. 3.3) that are subject to high melt rates (90%
percentile > 10 m/yr, Sect. 3.4.5), as these potentially have a high likelihood of breaking
through. To independently corroborate our channel product we map known locations of
persistent polynyas (Alley et al., 2019) (Fig. 3.3) as they are known to be good indicators
of buoyant upwelling from channelized ice shelf meltwater outflow (Mankoff et al., 2012).
Apart from the easternmost polynya near Pine Island Ice Shelf, in an area of recent ice
shelf retreat, all other polynyas are located at the outflow of detected channels.

Since channel incision and potential breakthrough is controlled by peak melt rates
within channels, we extract and compare the localized peak melt rates within all studied
channels from BURGEE, Adusumilli, and Davison (Sect. 3.4.6 and 3.4.7, Fig. A.6). This
analysis indicates that BURGEE indeed reveals higher melting in channels (Fig. A.6),
with altimetry-only peak melt rates underestimated substantially by up to 42-50% (Davison-
Adusumilli), likely because the deep surface depressions resolved by REMA are not
(fully) captured by CryoSat-2. To assess whether the underestimated melt in the altimetry-
only studies is general across channels, or only at the deepest surface depressions, we
extract mean melt rates along 10-km transects transverse to the channels (Methods).
The mean melt rates across channels are on average underestimated by 11-22% (Davison-
Adusumilli), showing that melting underestimation is present across channels, though
more severe at the deepest surface depressions.

The underestimation of peak melt rates is consistent across all ice shelves and ice
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Figure 3.4: Channel peak melt rates and breakthrough times. (a) Channel peak
melt rates compared to ice shelf thicknesses outside the channels. Dashed lines connect
peak melt rates from the different products of the same channel. Filled markers indicate
channels with a characteristic channel width of 1.5-3.5 km, which is comparable to the
characteristic channel width (2.5 km) used to obtain normalized breakthrough times
(Wearing et al., 2021). Unfilled markers represent all other channels (only narrower). (b)
and (c) Linear channel breakthrough times compared to ice shelf thicknesses outside the
channels. Dashed lines connect linear breakthrough times from the different products
of the same channel. (c) is a zoom-in of (b) as marked by the dashed square (c). The
dashed square in (a) refers to the zoom-in shown in Fig. 3.5. For clarity purposes
errorbars are only shown in panel (c).

shelf thicknesses studied (Fig. 3.4). Since this underestimation has consequences for
assumptions about ice shelf weakening, we assess the impact of increased peak melt
rates in an idealized model using the normalized breakthrough times as an indicator
of weakening. The normalized breakthrough time is defined as the time for a channel
to breakthrough when secondary flow is considered divided by the linear breakthrough
time, i.e., without considering secondary flow (Wearing et al., 2021) (Fig. 3.5). The
normalized breakthrough time thus describes the breakthrough slow-down due to sec-
ondary flow. This relationship is derived from an idealized 2D cross-section of an ice
shelf made for channels with a characteristic channel width of 2.5 km (Sect. 3.4.7).

The higher BURGEE peak melt rates yield shorter normalized breakthrough times
across all ice shelves studied (Fig. 3.5) when compared to both altimetry-only stud-
ies (Adusumilli et al., 2020; Davison et al., 2023). This conclusion would not change for
channels with a characteristic channel width not comparable in scale to the model study
channel width (Wearing et al., 2021). Narrower (wider) channels have longer (shorter)
normalized breakthrough times, but breakthrough time is still controlled by the peak
melt rate (Wearing et al., 2021).
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Figure 3.5: Normalized breakthrough times. Normalized breakthrough times, based
on channel peak melt rates, compared to ice shelf thicknesses outside the channels
and normalized breakthrough times obtained from Wearing et al. (2021). A normalized
breakthrough time of 1 is when linear breakthrough and breakthrough with secondary
flow are equal. The dashed square in Fig. 3.4 marks the zoom-in region used in this
figure. As in Fig. 3.4 the dashed lines connect peak melt rates from the different products
of the same channel. Filled markers indicate channels with a characteristic channel
width of 1.5-3.5 km, which is comparable to the characteristic channel width (2.5 km)
used to obtain normalized breakthrough times (Wearing et al., 2021). Unfilled markers
represent all other channels (all narrower).

The magnitude of the implications of underestimating peak melt rates, and thus weak-
ening, become clear on Pine Island and Dotson/Crosson ice shelves, where channels
are comparable in scale to those considered in the modelling study (Wearing et al.,
2021) (characteristic channel width of 1.5-3.5 km, ice thickness <1000 m, and peak melt
rate from 8-50 m/yr). Within the most downstream part of the main melt channel on
Dotson (lime box, Fig. 3.6a), BURGEE peak melt rate (16.6+0.8 m/yr) and breakthrough
time with secondary flow (7£l yr) are comparable to Davison (15.1+0.6 m/yr and 7+l
yr) but twice as high/fast as Adusumilli (8.2+1.0 m/yr and 13+2 yr). Moving upstream
on the Dotson main melt channel (orange box, Fig. 3.6a), where thicker ice is present,
BURGEE peak melt rate (28.9+£2.3 m/yr) and breakthrough time with secondary flow
(1741 yr) are several times higher/faster than both Davison (15.5+0.3 m/yr and 94+3 yr)
and Adusumilli (14.5+£0.9 m/yr and 100+7 yr). Meanwhile, the BURGEE peak melt rate
in the western shear zone on Pine Island (red box, Fig. 3.6b) is 17.1+2.2 m/yr, resulting in
a breakthrough time with secondary flow of 2543 yr. In comparison, Davison (2.8+0.7
m/yr) and Adusumilli (6.2+0.5 m/yr) peak melt rates are too low to even cause channel

breakthrough.

These reductions in breakthrough times have significant consequences if the break-
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Figure 3.6: Residence times and channel breakthrough times. Ice shelf residence
times of Dotson/Crosson (a) and Pine Island (b) ice shelves overlaid with studied chan-
nels with a characteristic channel width of 1.5-3.5 km and accompanied by channel
breakthrough times where secondary flow is included (B: BURGEE/this study, D: Davi-
son, A: Adusumilli). The colouring of the breakthrough time boxes corresponds to the
markers in (c). Standard deviations are given in the brackets (Sect. 3.4.9). N/P cor-
responds to peak melt rates <8 m/yr, where channel breakthrough is assumed to be
unlikely (Wearing et al., 2021). The colouring of the channels corresponds to BURGEE
breakthrough times with secondary flow. Panel (c) compares BURGEE breakthrough
times with secondary flow to channel residence times with marker colouring corre-

sponding to the boxes in (a) and (b).

through time is shorter than the residence time, i.e. the time that it takes for the ice to
advect to the ice shelf front. On Dotson/Crosson all channels, except one channel sub-
section at the shear zone between Crosson and Dotson (turquoise box, Fig. 3.6), have
the potential to breakthrough within the residence time when comparing to BURGEE
breakthrough times (Fig. 3.6, Sect. 3.4.6 and 3.4.7). In contrast, neither Adusumilli nor
Davison exhibit melt rates high enough to cause a breakthrough in major sections of
the Dotson main melt channel (yellow and olive boxes, Fig. 3.6). On other parts of the
main channel (orange box, Fig. 3.6) their breakthrough times (94+3 yr and 100+7 yr)
are much closer to the residence time (147 yr) than BURGEE (171 yr). They therefore
underestimate the magnitude of channelized melting, and thereby also the potential
weakening it may cause locally and for the whole ice shelf.

On Pine Island, where ice shelf surface velocities are amongst the highest in Antarctica
and residence times thus amongst the shortest, basal channel breakthrough is possible
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within the residence time for two channels and unlikely for a third. The two chan-
nels where breakthrough is possible are located in the eastern shear zone (BURGEE
breakthrough time: 12+2 yr, residence time: 13 yr, purple box, Fig. 3.6) and west of
the western shear zone (BURGEE breakthrough time: 11+1 yr, residence time: 45 yr,
blue box, Fig. 3.6). However, irrespective of residence time, these channels would not
breakthrough when considering the Adusumilli melt rates because the peak melt rate
is too low(<8 m/yr). Using Davison melt rates, only the eastern channel (purple box,
Fig. 3.6) has the potential to breakthrough. However, that would not be within the resi-
dence time for this channel. This underestimation of peak melt rates and thus channel
breakthrough times makes ice shelves more susceptible to weakening than previously
assumed with altimetry-only studies.

The only channel on Pine Island where channel breakthrough (25 +3 yr based on
BURGEE) does not occur within the residence time (8 yr) is located in the western
shear zone of the ice shelf (red box, Fig. 3.6). Although breakthrough is unlikely, ex-
tensive damage has already caused calving and ice shelf retreat (Lhermitte et al., 2020)
in this shear zone. On several other ice shelves, similar transverse fracturing has been
observed in the vicinity of basal channels (i.e. Nansen, Moscow University, Totten; Dow
et al., 2018). Monitoring such areas at high resolution is therefore crucial to understand
the interplay between basal melt channels, damage, and their role in calving and ice
shelf retreat, and highlights the importance of considering channel breakthrough times
as indicator for future damage development.

3.3 Implications

The previous underestimate of peak melt rates in ice shelf basal channels, and the conse-
quences for channel breakthrough times, lead to underestimation of ice shelf weakness.
Even though we only explicitly discussed this for Dotson/Crosson and Pine Island ice
shelves, this conclusion is valid for all ice shelves with underestimated peak melt rates.
These findings, therefore, highlight the importance of properly resolving basal melt
rates. While melt rates derived from altimetry-only observations are not fully capable
of constraining channel melt patterns, they do have the advantage of a higher temporal
resolution, as they are not constrained to cloud-free and sunlit conditions, which are
needed for stereo imagery. There is, therefore, an opportunity to obtain high spatio- and
temporal-resolution channel melt rates using a combination of BURGEE and altimetry
through deep learning approaches, as has been done for surface melt (de Roda Husman
et al,, 2024), or other multi-sensor approaches (Winstrup et al., 2024).

Our findings further underscore the importance of including channelized melting at high
resolution in ice sheet models due to the implications for ice shelf weakening, stability
and buttressing. Here, we have used a simplified model representation of basal chan-
nel evolution, neglecting 3D ice dynamics, channel-width variability, elastic and brittle
deformation, spatio-temporal evolution of melting and uncertainty related to ice-flow
parameters, to consider the implications of increased peak melt rates. However, to fully
assess the implications of focused melting in basal channels and project future change,
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these processes should be included in ice sheet models. Crucially, basal channels must
be simulated at high resolution (<500 m) to capture channel evolution and interplay
with fractures. Furthermore, there is a need to accurately simulate ocean dynamics
and melting within basal channels in a coupled ocean model. Ongoing efforts aim to
include these processes in simulations with realistic (Lambert et al., 2023) and idealized
geometries (Sergienko, 2013; Drews, 2015; Bassis and Ma, 2015; Humbert et al., 2022).
However, integrating them into ice-sheet-wide projections is essential to fully evaluate
the impact of ocean melting on ice sheet stability and the implications for global sea
level rise (van Westen and Dijkstra, 2021).

3.4 Methods

3.4.1 Basal melt rates Using REMA and Google Earth Engine
(BURGEE)

To calculate the basal melt rates we make use of BURGEE v2, an updated version of
Basal melt rates Using REMA and Google Earth Engine (BURGEE vl, Zinck et al,
2023). The basal melting is calculated in a Lagrangian reference frame following a
mass conservation approach and under the assumption that the ice shelf is floating in
hydrostatic balance. The basal melt rate (M) is thus obtained through

. . Dh Ow .
My=M;—| - ==+ (h-hp)(V-u)| ——, (3.0
Pw — Pi
where M, is the mean annual surface mass balance over the study period obtained
from the regional climate model RACMO 2.3p3 (van Wessem et al., 2018), D% denotes
the Lagrangian change, / is the surface elevation, hf is the firn air content obtained
from the firn densification model IMAU-FDM v1.2A (Veldhuijsen et al., 2023), p,, is the
density of water (assumed to be 1025 kg- m™3), p; is the density of ice (assumed to be
917 kg- m_3), and V- u is the divergence of the velocity field. For the latter we use
the MEaSUREs ITS_LIVE data product (Gardner et al., 2022) and total-variation regu-
larization (Chartrand, 2017) to calculate the divergence. A full description of BURGEE
vl, including a sensitivity experiment of the Lagrangian displacement, can be found in
Zinck et al. (2023). In the following sections we describe the updates made to achieve

BURGEE v2 (Tab. A.l).

3.4.2 Co-registering REMA elevations

We use CryoSat-2 measurements (Level-1B SARin Baseline-E where available and Baseline-
D otherwise) to co-register the REMA strips using a plane-fit approach. Before the
co-registration takes place, both CryoSat-2 and REMA elevations are referenced to
the EGM2008 geoid (Pavlis et al., 2012) and corrected for the mean dynamic to-
pography (DTU15MDT), tides (CATS2008), and inverse barometer effect using the 6h
NCEP/NCAR sea level pressure reanalysis data. In BURGEE vl, the REMA strips were
corrected for tides on a 6-hourly basis, which was changed to the acquisition time of
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the first stereo image used to generate the REMA strip in BURGEE v2. In the co-
registration, a few adjustments have been made with respect to the CryoSat-2 coverage
over the individual REMA strips, needed to perform the co-registration. In BURGEE vl
the CryoSat-2 points furthest apart from each other in the latitudinal and longitudinal
directions were required to be separated by at least 60 km and 10 km, respectively, to en-
sure sufficient representation. This criterion has been changed to a CryoSat-2 coverage
in both the latitudinal and longitudinal directions of at least 75% of the distance of the
REMA strip in both of those directions. This implies that even small REMA strips, that
otherwise would have been filtered out, will be taken into consideration, while making
sure that we have a sufficient CryoSat-2 coverage. Furthermore, the minimum number
of CryoSat-2 points needed was previously set to 80, this has now been changed to at
least 80 points or at least a 5% CryoSat-2 coverage at a 500 m resolution. As for the lat-
itudinal and longitudinal coverage criterion, this change implies that smaller, otherwise
good quality, REMA strips are not filtered out.

3.4.3 Lagrangian elevation change and basal melt rate

To obtain the Lagrangian elevation change, all REMA strips are displaced to their
2017-01-01 location based on the ITS_LIVE velocities (Gardner et al., 2022) and are
further displaced using feature tracking with respect to the median elevation map based
on all velocity-displaced REMA strips from 2015-07-01 to 2017-07-01. In BURGEE
vl, the reference elevation map used was generated from the last year of data only,
however, not all ice shelves in this study have equally good coverage in the last study
year (Fig. A.7), so this ensures better coverage and therefore more features which can be
used in the feature tracking. Furthermore, we now apply the feature tracking to all strips
individually instead of first generating yearly median elevation maps. Yearly median
elevation maps are generated after the final displacement, and only years covering at
least 25% of an ice shelf are used, since years with limited coverage reduces the quality
of the basal melt rate estimation. Finally, for the same reason, the basal melt rate in
BURGEE v2 is only calculated in pixels with at least three years of elevation coverage
(see Fig. A.7 for a full overview of areas covered per year). Remote sensing-derived basal
melt rates should always be used with care in the vicinity of the grounding line, since
hydrostatic equilibrium assumptions can interfere with the inferred melting signal. Ice
shelves experiencing grounding line retreat are therefore more sensitive to interferences
in the melting signal in the vicinity of the grounding line, with its spatial implications
determined by ice flow.

3.4.4 Model description

We use the idealized modelling results from Wearing et al. (2021) to assess the time to
breakthrough (as a metric for weakening). This idealized modelling considers a confined
2D vertical plane, of 50 km width, aligned perpendicular to a basal channel. The full-
Stokes numerical ice-flow model ELMER/Ice (Gagliardini et al., 2013) is used to simulate
the evolution of a basal channel. The domain is assumed to be advected in the primary
flow direction of the ice shelf, without along-flow extension. An idealized basal melt
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rate is imposed at the centre of the domain using a Gaussian function with peak melt
rate (M,) and a characteristic width (x,,, equal to one standard deviation). Surface
accumulation is spatially uniform and set so that the total accumulation matches the
total basal melting. The ice rheology is specified by Glen’s Flow Law, with a uniform rate
factor appropriate for ice at —10°C, (A = 3.5x 102> 57! Pa™3) (Cuffey and Paterson,
2010) and flow-law exponent n = 3. Each simulation is initiated with an ice shelf of
uniform thickness (H), and is run for one characteristic time. If the channel incises
completely the simulation stops. The results used in this assessment use a characteristic
width of x,, = 2500 m.

This idealized modelling neglects some more complex processes, such as the effect of
longitudinal and transverse strain (determined by local and ice-shelf scale stresses) on
ice shelf thickness and effective viscosity, elastic deformation, brittle deformation, fine-
scale and spatial-temporal evolution of ice-ocean interaction (melting and freeze-on).

3.4.5 Extracting channels

Under the assumption that the ice shelf surface topography reflects that of the ice shelf
base, we use the surface topography to systematically identify the location of basal
channels. Using the REMA DEM mosaic (Howat et al., 2019) at 32 m resolution, bicubic
down-sampled onto a 250 m resolution grid, we calculate the accumulated flow in
each grid cell. The accumulated flow is the number of upstream cells calculated using a
watershed delineation approach (pysheds). We define basal channels as grid cells with an
upstream inflow of at least 1000 cells. This threshold was found through trial-and-error,
with the goal of removing as many "visually false” channels as possible, while keeping
"visually true" channels. A comparison with other thresholds is shown in Fig. A.8, which
shows that the end product of "studied channels” is little influenced by this threshold.
To exclude smaller sub-branches, channels shorter than 2.5 km are filtered out, together
with those shorter than 10 km if the maximum accumulated flow of the channel is less
than 5000 upstream pixels. We refer to the resulting channels as "all channels” (Fig. 3.3)
and compare them to existing channel products (Fig. A.9). We, furthermore, perform a
sensitivity test by varying these thresholds within reasonable bounds, which shows only
little dependence on their actual value (Fig. A.10). To exclude crevasses, which otherwise
fulfilled the aforementioned criteria, we filter out channels where the maximum slope
(considering both along and across flow) is greater than 15°. These channels that are
filtered out correspond to either channels in highly fractured areas or actual fractures
(Fig. A.5). While recent studies do show elevated melt rates within crevasses (Schmidt
et al,, 2023; Wahlin et al,, 2024), it is difficult to fully separate the elevation change
signal into components associated with fracturing and basal melting. The remaining
channels are referred to as "slope-corrected channels" (Fig. 3.3). Finally, in this study
we only consider a subset of the slope-corrected channels, namely those channels with
at least 50% BURGEE coverage and with a 90% percentile melt rate higher than 10
m/yr, which we consider indicative of channels with active melting. These channels are
referred to as "studied channels” (Fig. 3.3).
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3.4.6 Peak channel melt rates and breakthrough analysis

To analyze melting within the channels, we extract 10 km transects perpendicular to
the channels at 1 km intervals along their length (Fig. A.1l). Since channel breakthrough
times depend on ice thickness, we divide the channels into segments (sub-channels)
based on their ice thickness. This segmentation ensures that representative values
for peak melt rates, mean melt rates, and ice thickness are used in the breakthrough
analysis. The segmentation is based on the difference in along-channel thickness (AH).
The thickness bin size (Hy;,,) is calculated as

AH
Hyip = ——,
bin = TAH/100]

where [ ] is the ceiling function. This method ensures bin intervals are a maximum of
100 m ice thickness (see example in Fig. A.1l). Sub-channels comprising less than three
transects are excluded from the analysis.

For each sub-channel, we extract median transects of BedMachineV3 ice thickness
(Morlighem, 2022), REMA surface elevations (Howat et al., 2019), and basal melt rates
from BURGEE, Adusumilli, and Davison, respectively. Channel widths are derived
for each transect by averaging the transect’s surface elevation profile and its mirrored
counterpart, fitting an inverted Gaussian curve at the channel center, and using the first
two maxima to define channel boundaries (Fig. A.ll). The standard deviation of the
Gaussian fit is defined as the characteristic channel width. Sub-channels with standard
deviations exceeding 10 km are excluded as outliers, as they imply basal channels wider
than 10 km. These wide channels are typically located in regions where REMA surface
depressions are poorly represented in BedMachineV3 due to its coarser resolution (500
m) or because of differences in the BedMachineV3 input data, as it is not solely based
on the REMA mosaic. Additionally, sub-channels with more than 20% grounded ice
within their median transects are excluded, as the assumption of hydrostatic equilib-
rium becomes invalid near the grounding line.

To determine representative values for ice thickness and melt rates, we define the ice
shelf thickness outside the channel as the 80% percentile of the median ice thicknesses
across all transects (Fig. A.ll1). Peak melt rates are calculated as the 90% percentile of
transect melt rates within #2 km of the channel center (i.e. the channel positions as
derived from the accumulated flow analysis, Fig. A.ll}. Mean channel melt rates are
defined as the average of the respective transect median melt rates.

3.4.7 Evaluation of peak melt rates and breakthrough times

We compare the ice thicknesses outside the channels with the channel peak melt rates
of all three products (BURGEE, Adusmilli, and Davison, Fig. 3.4), as these are the main
factors influencing channel breakthrough times. We zoom in on the thinner ice sections
(200-900 m), where channel breakthrough is possible, even when secondary flow is taken
into consideration (Fig. 3.5). For these thinner ice sections, normalized breakthrough
times of channels with a channel width of 1.5-3.5 km are compared between all three
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products (solid makers in Fig. 3.4 and 3.5). The remaining channels are all narrower
than 1.5 km and are not comparable in size to the channel-assumptions made in the
modelling study to obtain the normalized breakthrough times (Wearing et al., 2021) (2.5
km). We, furthermore, calculate linear breakthrough times (¢;;) using

where H, is the ice thickness within the channel and M p is the peak melt rate. The
linear breakthrough times are of special interest for ice shelves thinner than 400 m
where secondary flow barely provides any breakthrough-delay (Wearing et al., 2021)
(Fig. 3.4c).

Using the linear breakthrough times and normalized breakthrough times from Wearing
et al. (2021), breakthrough times with secondary flow are calculated. Normalized break-
through times are only available for channels thinner than 1000 m and peak melt rates
in the range from 8-50 m/yr. Ice shelf residence times (the time that it takes for the ice
to advect to the ice shelf front) are obtained from Wearing et al. (2021) and are based
on ice velocities in comparison to the distance from the ice shelf front. The residence
times are compared to the breakthrough times with secondary flow to establish whether
a channel is likely to breakthrough before it reaches the ice shelf front.

Finally, we compare the impact of the different time periods the reference maps are
based on in the different melt products’ Lagrangian frameworks (Fig. A.2 and A.12) on
the peak melt rates and thus also on assumptions about channel breakthrough (Fig. A.13
and A.14).

3.4.8 Wavelength analysis

To determine whether all basal melt products analyzed in this study capture the full
range of possible melting wavelengths within their signal, including the smaller scales
associated with channelized melting, we perform a Fourier analysis of the basal melt
maps. Specifically, we assess the Lomb-Scargle spectra (Lomb, 1976; Scargle, 1982) of
the melt maps, a statistical tool designed to detect periodic signals in unevenly spaced
data, which accommodates gaps in the maps. For consistency, we restrict the analysis
to areas covered by all products.

The melt maps from the three products (BURGEE, Adusumilli, and Davison) are treated
as individual 2D arrays per ice shelf. The analysis is conducted on data rows (or
columns) of the individual 2D arrays in segments of 10 km, with an overlap of 5 km
between consecutive segments. To minimize spectral leakage, a Hamming window is
applied to each segment before performing the Lomb-Scargle analysis. We only include
segments with at least 90% data coverage and calculate their power spectra using the
following sampling intervals (t) and frequencies (f):

t= {to, tl,tz,.. .y tn}, where ti =i-r and t?’l < L, t?’l+1 > L, (33)

and

1 0.5 0.5
f=lfo fuforsfulr where fi=i-r, and fy<—>= fin2—=  (34)
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where i is the index, r is the posting of the product (thus either 50 m, 500 m, or 1000
m), and L is the segment length (10 km).

The choice of whether to analyze rows or columns is based on the predominant direction
of ice flow and thus the rough "direction” of melting and channels. For Thwaites,
Dotson/Crosson, and Drygalsky ice shelves, we analyze the power spectra of all columns
to ensure that the melting/channels are roughly perpendicular to the analyzed segments.
For all other ice shelves, we analyze the power spectra of all rows.

Finally, the power spectra are averaged per product and across all ice shelves, including
the BURGEE product at both 50 m and 500 m spatial resolutions, as shown in Fig. A.4.

3.4.9 Uncertainty estimation

To estimate the uncertainty of the peak melt rates we calculate the standard deviation
of melt rates between the 85 and 95 percentiles of all channel transects within a given
channel. The uncertainty of the channel ice thickness is calculated by taking the stan-
dard deviation of the minimum channel thickness across all channel transects within a
channel. The uncertainty estimations of linear and secondary flow breakthrough times
are obtained through error propagation, in which we assume that the normalized break-
through times are not associated with any errors as they are the result of an idealized
model set up designed to represent a generic channel. Uncertainties in the residence
time are associated with errors in the velocity product used and the calving front posi-
tion (which may change with iceberg calving events). For ice shelves, the uncertainties
are relatively low (approx. <1% of flow speed) and we, therefore, consider them to be

negligible.

Code and data availability

The BURGEE code (V1 and V2) is publicly available at https://github.com/aszin
ck /BURGEE (Zinck, 2023). The derived channel product and BURGEE basal melt rates
are publicly available (https://doi.org/10.4121/4e2ba9a9-7b1b-4837-b52d-0
36£8c876e67, Zinck et al,, 2024a). REMA strips and mosaics are available from the
Polar Geosptaital Center (https://www.pgc.umn.edu/data/rema/), CryoSat-2 data
is available from the European Space Agency (https://earth.esa.int/eogateway/
documents/20142/37627/CryoSat-Baseline-D-Product-Handbook.pdf), and
MEaSUREs ITS LIVE velocities and BedMachine V3 are both available from NASA
National Snow and Ice Data Center (https://doi.org/10.5067/61I16VW8LLWJ7
and https://nsidc.org/data/NSIDC-0756/versions/3).
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Supplementary to Ch. 3

¢ Suppl. Fig. 1 Basal melt rates.

* Suppl. Fig. 2 Pine Island Ice Shelf comparison.
 Suppl. Fig. 3 CryoSat-2 point-of-closest-approach and REMA coverage.
* Suppl. Fig. 4 Wavelength analysis.

e Suppl. Fig. 5 Damage.

e Suppl. Fig. 6 Mean and peak channel melt rates.

* Suppl. Fig. 7 Yearly coverage.

 Suppl. Fig. 8 Accumulated flow comparison.

 Suppl. Fig. 9 Channel comparison.

e Suppl. Fig. 10 Channel criteria sensitivity.

e Suppl. Fig. 11 Channel transects and Gaussian fitting.
* Suppl. Fig. 12 Lagrangian reference frames.

 Suppl. Fig. 13 2015 reference year peak melt rates.

* Suppl. Fig. 14 2015 reference year breakthrough times.
e Suppl. Tab. 1 Updates made to BURGEE v2.
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Figure A.l: Basal melt rates. Basal melt rates from this study are marked with 1, from
Adusumilli with 2, and from Davison with 3. The Ninnis ice shelf (g) is not covered
by Adusumilli. The black line denotes the BedMachine V3 grounding line (Morlighem,
2022). The circles denote total ice-shelf wide basal melt rate in Gt/yr, only considering
areas covered by both BURGEE, Adusumilli, and Davison.
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Figure A.2: Pine Island Ice Shelf comparison. Basal melt rates from (a) Shean et al.
(2019), (b) BURGEE referenced to 2015, (c) Davison, and (d) Adusumilli. The Shean
(Shean et al., 2019) melt rates are based on elevation changes from a combination
of stereo imagery and altimetry, like BURGEE, but the approach of the lagrangian
framework differs slightly from the other three. The Shean et al. (2019) melt rates are
calculated on a 2-yearly basis, Lagrangianly displaced to the later of the two years, in
the period from 2008-2015. The 2-yearly melt maps are eventually averaged and (a) is
a result of that. In both Davison, Adusumilli and BURGEE, the elevations from all years
considered are displaced to one specific date, and Lagrangian elevation changes and
basal melt rates are calculated using these displaced elevations. Davison and Adusumilli
both make use of 2015 as "reference year" for the displacement, whereas BURGEE uses
2017 (the last year of interest). This different approach between Shean et al. (2019) on
one hand, and BURGEE, Adusumilli and Davison on the other hand, is what is leading
to the difference in the extent of the area of high melt rates (reaching around 40 km,
green line, in BURGEE, Adusumilli, and Davison, but only ~30 km for Shean et al.
(2019)). For the comparison here, we have displaced the final melt map of BURGEE
"back” to 2015 using the ITS_LIVE velocities (Fig. A.12).
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Figure A.3: CryoSat-2 point-of-closest-approach and REMA coverage. (a) and (d)
Dotson and Totten ice shelves, respectively, with BURGEE melt rates and CryoSat-2
points. (b) and (e) Dotson and Totten ice shelves, respectively, with Adusumilli melt
rates and CryoSat-2 points. (c) and (f) REMA mosaic surface elevation of Dotson
and Totten, respectively. (d) and (g) CryoSat-2 point-of-closest-approach elevations of
Dotson and Totten, respectively.

64



Wavelength [m]

Q
(NP BN
o & o0 Q Q
B R S v
L L | L
] T
1 1 —— BURGEE 50 m
107 5 !
3 : —— BURGEE 500 m
i : Adusumilli
1 Davison
5 10°3 -
= ] !
[=]
a ) 1
]
& 10! 3 1
u 3 1
= 1 1
] :
10 4 1
3 1
b 1
1
H
} T T T
0.000 0.002 0.004 0.006 0.008 0.010

Frequency [1/m]

Figure A.4: Wavelength analysis. Average Lomb-Scargle power spectra across all
common ice shelf areas of BURGEE (50 m and 500 m posting), Adusumilli, and Davison.
The dashed vertical line indicates the approximate frequency (bottom) and wavelength
(top) at which BURGEE (50 m) reaches its noise level (approximately constant power
level for increasing frequencies). This indicates that BURGEE uniquely captures the full
range of wavelengths and frequencies at which (channelized) melting occurs within the
signal. Both Adusumilli and Davison unexplored melting frequencies within their signal
as their power spectra do not reach a constant noise level. The transition from signal
to noise in the BURGEE power spectrum indicates the smallest wavelengths at which
melting occurs within the signal. This transition is located at a wavelength of 500 m
and is an indicator of the wavelength that models must resolve to be able to capture
channelized melting as observed by BURGEE (and/or the consequences thereof).
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Figure A.5: Damage. Ice shelf average damage map from 2015-2018 (Izeboud et al,,

2024) overlaid with detected channels. On-shelf areas in gray correspond to areas with

either no or very low damage signal.
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Figure A.6: Mean and peak channel melt rates. Mean and peak channel melt rates
comparing BURGEE to Adusumilli ((a) and zoom-in in (b)) and Davison ((c) and zoom-
in in (d)).
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Figure A.7: Yearly coverage. Yearly elevation coverage per ice shelf, with the total
years covered in the leftmost column (COUNT). All elevation, and thus also the COUNT
maps, are Lagrangianly displaced to their end location.
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Figure A.8: Accumulated flow comparison. Comparison of channel detection us-
ing different accumulated flow thresholds in the watershed delineation approach. Here
we show the channels at three different stages: Accumulated flow, Slope, and Active
melting. The first stage (Accumulated flow) is the channels right after applying the ini-
tial accumulated flow threshold. The second stage (Slope) shows the before-mentioned
channels after going through both the length and slope criteria as described in the Meth-
ods. Finally, the last stage (Active melting) shows the before-mentioned channels after
being filtered based on BURGEE coverage and melt rate as described in the Methods.
This shows that there is a relatively good agreement on the final channels (Active melt-
ing) regardless of the initial accumulated flow threshold, and that the chosen threshold
of 1000 appears to be a good compromise of a threshold which works reasonable well
regardless of ice shelf.
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Figure A.9: Channel comparison. A comparison of the channels derived in this
study ("All channels") with manually derived channels ("Alley channels") from MODIS
optical imagery (Alley et al., 2016). The optical product is based on older and coarser
resolution data than our REMA-based channels, which implies that a perfect match
between the two is not expected. Channels may have migrated between the two products
or, as on Thwaites Western Tongue, ice shelves may have experienced structural damage
making channel detection challenging. Furthermore, smaller/narrower channels may
have remained unseen by MODIS, which could explain the general higher density of
channels per ice shelf in our product. Although, that does not explain why the main melt
channel on the Dotson Ice Shelf was not detected from the MODIS imagery. However,
there is a very good agreement between the two channel products on especially Moscow
University and Totten ice shelves, which are both characterized by very well-pronounced
channels in both elevation data and optical imagery. Finally, some channels on Pine
Island Ice Shelf have remained unseen in our product due to the chosen accumulated
flow thresholds.
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Figure A.10: Channel criteria sensitivity. Caption on next page.
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Comparison of channel detection when excluding the different length criteria as de-
scribed in the Methods. Three different cases are tested for three different cases of
accumulated flow thresholds (500, 1000, and 1500). The first of the three cases is re-
ferred to as "Lengthl excl.” which implies that the criteria to remove all channels shorter
than 10 km and with a maximum accumulated flow of less than 5000 pixels has been
excluded. The second case is referred to as "Length2 excl.” which implies that the crite-
ria to remove all channels shorter than 2.5 km has been excluded. Finally, the last case
"All lengths excl.” implies that both of the two before-mentioned criteria are excluded.
The impact of excluding one or both of these criteria is analysed at the stage after
the slope-correction (Slope-corrected, the three columns left of the vertical dashed line)
and at the stage after removing channels with too little BURGEE coverage or to little
BURGEE melt ("Studied” channels, the three columns right of the vertical dashed line).
From this sensitivity study it can be seen that these criteria (by excluding some of them)
only have little impact on the final channels. As reference, the channels used in this

study are marked by the black dashed line.
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The mean melt rate is the mean of the median melt rate profile. The ice thickness
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file. (b) Example of Gaussian fitting of the transect p2 parts of the channel shown in
(c) using the mean elevation profile of the surface elevation and its’ flipped version.
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Figure A.12: Lagrangian reference frames. Comparison of the (a) "original" BURGEE
melt rates, which are based on Lagrangianly displaced elevations with respect to 2017,
and the (b) "original" melt rates displaced "back” to 2015 using the ITS_LIVE velocities.
This 2015-referenced BURGEE melt map is thus a displaced version of the BURGEE melt
maps, and are displaced to the same year as to which both Adusumilli and Davison are
Lagrangianly referenced to. The difference between the two melt maps is largest in
fastest flowing areas, which can be seen here in the center part of Pine Island, where the
area of extended melting is moved ~5-10 km upstream. For the peak melt extraction
we use the original BURGEE melt rate maps, and the implication of doing so is further
outlined in Fig. A.13 and A.14.
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Figure A.13: 2015 reference year peak melt rates. Derived peak melt rates with
BURGEE melt maps displaced to 2015 (the same year as the Lagrangian displacement
of Davison and Adusumilli). This figure shows that even when all products are ref-
erenced to the same year, the peak melt rates remain underestimated altimetry-only
products. The peak melt rates are underestimated by up to 42% for Davison and 50%
for Adusumilli with respect to the original BURGEE melt maps which are referenced
to 2017. In this case, where we have displaced the BURGEE melt maps to 2015, the
altimetry-only products are underestimated by up to 43% and 53% for Davison and
Adusumilli, respectively. This implies, that even though these products have slightly
different Lagrangian reference frames, the impact on the peak melt rates can be con-
sidered to be negligible for the peak melt rates.
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Figure A.14: 2015 reference year breakthrough times. BURGEE breakthrough times
based on the 2015-referenced BURGEE melt rates. Comparing to the original BURGEE
melt rate breakthrough times (Fig. 3.6c), it becomes clear that mainly the brown channel
is impacted. This brown channel is located in the fastest flowing area between Dotson
and Crosson (Fig. 3.6a), which explains the greater impact.
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Table A.l: Updates made to BURGEE v2.

Component BURGEE vl BURGEE v2
REMA tides 6-hourly basis Using sourcelmagel time-
stamp

CryoSat-2  latitudinal CryoSat-2 points furthest CryoSat-2 coverage in

and longitudinal criteria apart from each other in both the latitudinal and
the latitudinal and longi- longitudinal directions
tudinal directions are re- of at least 75% of the
quired to be separated by distance of the REMA

CryoSat-2 coverage cri-
teria

Reference image for fea-
ture tracking
Lagrangian  displace-

ment

at least 60 km and 10 km

Minimum 80 CryoSat-2
points per REMA strip

Median of the DEMs from
the last year

Of the yearly median ele-

vation maps

strip in both directions

Minimum 80 CryoSat-2
points per REMA strip or
a percental coverage of at
least 5%

Median of the 2015-07-01
- 2017-07-01 DEMs

Strip-per-strip basis







Chapter 4

Ocean-Induced Weakening of George VI Ice Shelf

Channelized basal melting is a critical process influencing ice shelf weakening, as basal
channels create zones of thinning and vulnerability that can potentially lead to ice shelf
destabilization. In this study, we reveal and examine the rapid development of a channel
within the George VI Ice Shelf’s extensive channelized network, characterized by a 23 m
surface lowering over a nine-year period. We study changes in ice flow, ocean circulation and
heat potential as possible drivers behind the channel, under the hypotheses that it is either
a fracture, a basal melt channel, or a combination of the two. Our findings show that the
onset of this channel coincides with significant changes in ocean forcing, including increased
ocean temperatures and salinity, that occurred during the 2015 El Nifio Southern Oscillation
event. Modelling of basal melting further suggests that channel re-routing has taken place
over this nine-year period, with the channel serving as a basal melt channel in the latest
years. We further observe subtle shifts in ice flow indicative of fracturing. Our findings thus
indicate that this channel likely contributes to the weakening of an already thin ice shelf
through a combination of basal melting and fracturing. These findings offer insight into
how similar potentially destabilizing processes could unfold on other Antarctic ice shelves.
Monitoring the evolution of this channel and its impact on ice shelf integrity will be critical
Jor understanding the mechanisms of ice shelf retreat, especially on heavily channelized ice
shelves.

This chapter is currently under review as Zinck, A.-S. P., Wouters, B., Jesse, F., and Lhermitte, S.: Ocean-
Induced Weakening of George VI Ice Shelf, EGUsphere [preprint], https://doi.org/10.5194/eguspher
e-2025-573, 2025.
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41 Introduction

The future evolution of the Antarctic Ice Sheet and its potential sea level contribution
in a changing climate is highly uncertain (IPCC, 2023), largely due to the unknown
response of ice shelves (Pattyn and Morlighem, 2020; Bamber et al., 2022; van de Wal
et al., 2022). Ice shelves play a critical role in buttressing the ice sheet (Fiirst et al., 2016)
and their weakening or eventual collapse can accelerate ice flow across the grounding
line, which in turn contributes to sea level rise (Pattyn and Morlighem, 2020; van de
Wal et al., 2022). It is therefore crucial to understand the processes that lead to ice shelf
weakening to better constrain uncertainties in sea level rise projections.

Basal melting is one such process known to weaken ice shelves (Pritchard et al., 2012;
Silvano et al., 2016) and has been linked to the collapse of Wordie Ice Shelf (Doemgaard
et al., 2024). Basal melting is often driven by the intrusion of Circumpolar Deep Water
(CDW), a relatively warm water mass located at depth beyond the continental shelf
(Silvano et al., 2016). In some regions of Antarctica, the continental shelf’s bathymetry
allows CDW to flow over it, enabling this warm water to reach ice shelf cavities (referred
to as warm cavity ice shelves). This phenomenon occurs particularly in the Amundsen
and Bellingshausen Seas - where the Wordie Ice Shelf was located - which experience
some of the highest basal melt rates on the continent (Rignot et al., 2013; Davison et al.,
2023). Although basal melting is most pronounced near the grounding zone due to
the pressure-dependent freezing point of seawater (Silvano et al., 2016), the resulting
meltwater plume usually travels from the grounding zone towards the ice shelf front,
thereby carving basal channels in the ice (Alley et al., 2022). These channels, which
are more prominent in warm cavity ice shelves (Alley et al., 2016), represent potential
zones of weakness due to their reduced thickness and elevated melt rates relative to
their surroundings (Alley et al., 2022).

Basal channels are dynamic features that do not necessarily remain in a steady state.
They can experience changes in melt intensity, fracturing, and re-routing. In warm
cavity ice shelves, the magnitude of melting within channels and across the entire ice
shelf is primarily influenced by the volume and temperature of CDW entering the ice
shelf cavity (Dutrieux et al., 2014). These oceanic conditions can, in turn, be affected by
larger climatic phenomena such as the El Nifio Southern Oscillation (ENSO, Huguenin
et al,, 2024). Increased availability or higher temperatures of CDW can thus lead to
enhanced thinning through basal melting (Paolo et al., 2018).

Basal channels can also be associated with transverse fracturing, a phenomenon ob-
served on several ice shelves, including Pine Island, Nansen, Moscow University, and
Totten (Dow et al,, 2018; Alley et al,, 2024). These fractures, driven by extensional
stresses within the ice (Dow et al., 2018), have triggered major calving events on Nansen
and Pine Island ice shelves (Dow et al., 2018; Alley et al.,, 2024, 2022). Although ex-
tensional stresses are considered a primary driver, variations in meltwater availability
within channels may also contribute to fracture formation (Alley et al., 2022). In ad-
dition to transverse fracturing, longitudinal fractures within basal channels have been
documented (Vaughan et al., 2012; Dutrieux et al., 2013), potentially leading to full-
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Figure 4.1: A map of the study area (George VI Ice Shelf) with BURGEE basal melt rates
and bathymetry from BedMachineV3 (Morlighem et al., 2020; Morlighem, 2022). The
grounding line and ice shelf extent are from BedMachineV3 (Morlighem et al., 2020;
Morlighem, 2022). The three profiles marked (Southern, Middle, and Northern) refer
to the profiles in Figure 4.6. The transect marked as "Divergence comparison” refers to
the transect used for assessing the root-mean-square error of the divergence in Fig. 4.5.
Two similar zoom-ins of the highly channelized area marked by the white square shows
BURGEE melt rates both with the approximate location of the surface depression of the
old and new channel in year 2016 in teal, the new channel pointed out by the white
arrow, as well as the red transect used in Fig. 4.4 and 4.5.

thickness fractures and eventual ice shelf retreat (Alley et al., 2022).

The interactions between basal channels, fractures, and CDW-variations are highly com-
plex, reflecting significant knowledge gaps in channel dynamics. Beyond changes in melt
magnitude and fracturing, basal channels have been observed to migrate laterally or re-
route entirely. Examples of such behavior include channels on the Getz (Chartrand
and Howat, 2020) and Roi Baudouin (Drews et al., 2020) ice shelves, as well as other
ice shelves in the Amundsen and Bellingshausen Sea sectors (Alley et al.,, 2024). Lat-
eral channel migration, often in the direction favored by the Coriolis effect, has been
linked to increased ocean heat availability (Alley et al., 2024). Similarly, the re-routing
of a meltwater plume on Thwaites Ice Shelf has been observed to follow pre-existing
fractures, underscoring the interplay between channel dynamics and ice shelf structure

(Alley et al., 2024).
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4. Ocean-Induced Weakening of George VI Ice Shelf

The importance of high-resolution basal channel melt rates on ice shelf weakening was
emphasized using Basal melt rates Using REMA and Google Earth Engine (BURGEE,
Zinck et al, 2024b). The high-resolution BURGEE melt data reveal a peculiar, and
to our best knowledge so far unreported, channel on George VI Ice Shelf with high
melt rates near extensive channelization (Fig. 4.1). The channel appears to intersect
and alter other channels in the area, suggesting significant changes in the channel
system during the BURGEE period (2010-2022). Given the channel’s location in a
heavily channelized area and its proximity to the southern ice shelf front which has been
persistently retreating since 1947 (Smith et al., 2007), this channel poses a potential risk
of further retreat.

In this study, we examine the potential drivers behind the formation and evolution of
this newly observed channel on the George VI Ice Shelf (Fig. 4.1). Using high-resolution
surface elevation and basal melt rate data, we assess temporal changes in channel
morphology. Furthermore, we explore the roles of ice flow dynamics, ocean circulation,
and ocean forcing as potential contributors to channel evolution. Finally, we employ a
basal melt model with realistic ocean forcing and ice shelf geometries from two time
periods to investigate the possibility of channel re-routing within the observed network.
This multi-faceted approach aims to advance our understanding of the processes driving
rapid channel formation.

4.2 Study area

Our study area focuses on the region surrounding the newly identified channel on the
George VI Ice Shelf located near the southern ice shelf front, as well as the two entrances
to its ice shelf cavity where CDW flows in (Fig. 4.1). The analysis spans the BURGEE
period from 2010 to 2022.

George VI Ice Shelf is particularly vulnerable due to its already thin state and ongoing
thinning (Smith et al., 2007; Davison et al., 2023). The ice shelf experiences signifi-
cant melting both from its surface (de Roda Husman et al., 2024; van Wessem et al,,
2023) and its base (Davison et al., 2023), making it susceptible to structural weakening.
Adding to this vulnerability, studies have shown that parts of the firn layer of the ice
shelf are saturated to levels that could facilitate hydrofracturing, while other areas are
approaching similar thresholds with only minor increases in temperature (van Wessem
et al.,, 2023). This dual weakening mechanism highlights the sensitivity of George VI
Ice Shelf to changes in climatic conditions.

The bathymetry of the region further amplifies this vulnerability. Troughs in the con-
tinental shelf guide CDW into the cavity beneath the ice shelf (Fig. 4.1, Hyogo et al.,
2024). Once inside the cavity, the CDW drives some of the highest basal melt rates
observed in the Antarctic Peninsula (Davison et al., 2023).
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4.3 Data and Methods

In the following subsections, we describe the data and methods used to i) generate high-
resolution surface elevation and basal melt rates to analyze the temporal evolution of
the channel (Sect. 4.3.1); ii) explore potential drivers behind the channel, utilizing both
ice velocity observations (Sect. 4.3.2) and model simulations of ocean circulation and
forcing (Sect. ??); iii) model temporal changes in basal melt patterns near the channel
driven by variations in ocean forcing and ice shelf geometry (Sect. 4.3.4).

4.3.1 Surface elevations and basal melt rates

To derive high-resolution surface elevation and basal melt rates of the George VI Ice
Shelf, we use BURGEE as presented in Zinck et al. (2023) and updated in Zinck et al.
(2024b). In summary, BURGEE utilizes CryoSat-2 SARin Baseline-E Level 1B radar al-
timeter data to co-register the 2-meter REMA digital surface model strips (Howat et al,,
2022), producing high-resolution surface elevation maps. From these maps, surface el-
evation changes are calculated in a Lagrangian framework, from which basal melt rates
are derived using information about surface mass balance, firn, and ice flow.

For this study, we use REMA strips from version s2s041 (Howat et al., 2022) instead of
the older 525030 (REMA vl) used in Zinck et al. (2023, 2024b). The latter is the only
version available on the Google Earth Engine but covers only the years from 2010 to
2017, whereas the newest version is updated yearly with new data. Since George VI
is frequently cloud-covered, we included these newer strips to enhance coverage. All
strips were bicubically interpolated onto a 50-meter grid from their original 2-meter
resolution to reduce storage requirements, both locally and on Google Earth Engine.

Surface elevations were derived by co-registering the REMA strips to CryoSat-2 radar
altimetry measurements, following the method outlined in Zinck et al. (2023) with up-
dates from Zinck et al. (2024b). First, both datasets were adjusted for dynamic and static
corrections - accounting for tides, mean dynamic topography, the inverse barometer ef-
fect, and geoid referencing. Then, tilt and bias in the REMA strips were corrected by
fitting a plane through the REMA/CryoSat-2 elevation residuals. Basal melt rates were
calculated similarly to Zinck et al. (2024b), with a minor adjustment in the Lagrangian
displacement related to the feature tracking. In previous work (Zinck et al., 2024b),
strips were referenced to a median elevation map covering the period 2015-07-01 to
2017-07-01. Here, for the George VI Ice Shelf, we extended this median elevation map
period to 2018-07-01 for improved ice shelf coverage, resulting in better quality of the
Lagrangian displacement. To derive the basal melt rate through the traditional mass
conservation approach we used both information about firn air content from the IMAU-
FDM v1.2A (Veldhuijsen et al., 2023) and surface velocities from MEaSURE ITS_LIVE
(Gardner et al,, 2022) to calculate the ice flux divergence as described in Zinck et al.
(2023). For the surface mass balance, however, we used a new 2 km resolution down-
scaled version of the regional climate model RACMO (Noél et al,, 2023). The final
surface elevation and basal melt maps were produced on a 50-meter grid.
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4.3.2 Ice velocities and divergences across the channel

To investigate ice speed and divergence across the new channel (Fig. 4.1), and track their
temporal evolution as possible indicators of fracturing, we use monthly ice velocities
from ENVEO (provided by the European Space Agency’s Antarctic Ice Sheet Climate
Change Initiative project). Based on Sentinel-1 synthetic aperture radar imagery, these
velocities offer higher spatial and temporal resolution, along with greater coverage,
compared to velocity products based on optical imagery feature tracking. We examine
a ~15 km transect crossing both the persistent channel system and the new channel
(Fig. 4.1). Yearly ice speeds are calculated by taking the median of the monthly speeds,
with measurements extracted every ~250 meters along the transect.

To obtain the divergence along the transect, we first calculate the yearly median x- and
y-components of the monthly velocity fields, then extract the values along the transect in
the same manner as for ice speed. The divergence is computed by summing the velocity
gradients in the x- and y-directions for the yearly velocity fields along the transect. To
estimate the noise in the divergence data we calculate the root-mean-square error of the
yearly divergences along a transect (Divergence comparison, Fig. 4.1) where rifting and
thus changes in the divergence field are not expected to occur.

4.3.3 Ocean heat and circulation

To investigate changes in ocean heat content and circulation during the study period,
we use output from the Amundsen-Bellingshausen Seas regional configuration of the
Massachusetts Institute of Technology general circulation model (MITgcm), which has
been validated against observational oceanographic data (Hyogo et al., 2024; Park et al.,
2024). This model configuration, originally developed by Nakayama et al. (2018), fea-
tures a horizontal grid spacing of 2-4 km and 70 vertical layers. The vertical resolution
varies, with layer thicknesses ranging from 10 meters near the surface to 450 meters
in the deepest regions (~ -6000 m), and between 70-90 meters at depths of -500 to
-1000 meters. The model uses constant ice shelf geometry and ocean bathymetry from
BEDMAP-2 (Fretwell et al., 2013) and has a monthly temporal resolution. We use the
model for two purposes; to analyze changes in i) ocean circulation and ii) ocean heat.
First, to explore potential changes in ocean circulation near the channel which could
explain its development, we obtain mean annual velocities by averaging the model’s
monthly velocities over the years 2010 and 2020, at two different depth levels: -325 m
and -391 m. The first is just below the ice base in the thinner areas and the latter is
at a depth below the ice base in most areas near the channel. Secondly, to investigate
changes in ocean heat we examine monthly changes in temperature and salinity for all
years between 2010 and 2020 to determine if shifts in ocean heat potential can explain
the channel’s development. Temperature and salinity profiles are extracted from three
cross-sections: the northern and southern entrances to the ice shelf cavity, and near
the channel (Fig. 4.1). Even though the new channel is located near the southern en-
trance, CDW entering through the northern entrance might contribute to the meltwater
plume within the channel system, due to the sub-shelf circulation (Hyogo et al., 2024).
Anomalies in temperature and salinity are calculated by subtracting the 2010 to 2020
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time-averaged values at each depth level. Furthermore, we compute the depth-averaged
monthly temperature and salinity for the water mass below -300 m, where CDW is
found in the George VI cavity (Jenkins and Jacobs, 2008; Holland et al., 2010).

4.3.4 Modelling of basal melt rates

We use the two-dimensional basal melt model LADDIE (Lambert et al., 2023) to sim-
ulate basal melt rates with greater spatial detail (compared to the MITgcm output) for
George VI Ice Shelf in two scenarios: i) from the beginning of the BURGEE period
before July 2016 (BEFORE experiment), and ii) from the end of the BURGEE period
after July 2016 (AFTER experiment). The goal is to investigate potential changes in
plume direction and melt patterns near the channel, using two different ice shelf ge-
ometries and ocean forcings, resembling the two different time periods, while keeping
other model parameters constant. Below, we describe how these ice shelf geometries
and ocean forcings are derived, and how the model is tuned to match observed basal
melt rates.

Ice shelf geometry

The ice shelf geometries for the BEFORE and AFTER scenarios are generated using
a combination of BedMachineV3 (Morlighem et al., 2020; Morlighem, 2022) data and
co-registered REMA strips (Sect. 4.3.1). BedMachineV3 provides the bathymetry, ice
shelf mask, and the ratio between surface elevation and ice shelf thickness, which we
use to transform REMA-derived surface elevations into ice thickness and draft. As
LADDIE only considers areas where its mask is set to be ice shelf, we do not consider
areas outside of the ice shelf in terms of the generation of the BEFORE and AFTER

geometries.

We use BURGEE to create two separate high-resolution surface elevation maps of the ice
shelf (see Fig. 4.2 for a visual representation of the workflow). This implies horizontally
aligning REMA strips from different time periods, followed by a vertical alignment
with respect to BedMachineV3. For the surface elevation for the BEFORE geometry,
all strips up to 2016-07-01 are firstly displaced to their location as of 2013-01-01 using
MEaSURES ITS_LIVE velocities (Gardner et al., 2022). Secondly, these strips are further
displaced using feature tracking relative to the median elevation map between 2012-07-
01 and 2015-07-01 to ensure alignment across strips. The displaced strips provide
surface elevation estimates. To derive ice thickness, we use BedMachineV3’s surface-
elevation-to-thickness ratio. Since the surface elevation used in BedMachineV3 has not
been subject to the exact same dynamic and static corrections as used here, the finally
co-registered strips are co-registered to the BedMachineV3 surface, by fitting a plane
through the residuals. The median of the resulting strips is taken and interpolated onto
the 500 m BedMachineV3 grid, from which ice shelf thickness is obtained by using the
BedMachineV3 surface elevation to thickness ratio. All negative ice shelf thicknesses
and ice shelf thicknesses > 2000 m are replaced by BedMachineV3 thicknesses, as well
as all other remaining gaps. The same procedure is followed for the AFTER geometry,
considering all strips from 2016-07-01 to 2022-12-31, displaced to 2023-01-01. The
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Figure 4.2: The workflow used to generate the BEFORE and AFTER geometries. The
grounding line masking in (e) is only done for the AFTER geometry.

feature tracking displacement is performed using the median elevation map between
2018-07-01 and 2022-12-31. The surface elevation in BedMachineV3 is based on the
REMA mosaic generated from the strips from 2010-2017, so to reduce inconsistencies
in the grounding zone area, we mask out the grounding zone (~1.5 km) in the median
(AFTER) surface elevation map and replace the surface elevation here with that from the
BEFORE surface elevation map. The replacement is done with the BEFORE elevation
map instead of BedMachineV3 to allow for greater spatial details. Like, the BEFORE
geometry, ice thickness outliers and all remaining gaps are filled with BedMachineV3
values.
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Figure 4.3: Average temperature (a) and salinity (b) profiles from winter months (May-
August) of MITgem in 2010 (dashed blue) and 2020 (dashed red), alongside with the
tangent hyperbolic prescribed temperate (a) and salinity (b) used in LADDIE for the
BEFORE run (solid blue) and AFTER run (solid red).

Ocean forcing

We force LADDIE with a 1D temperature and salinity profile (Lambert et al., 2023) based
on MITgem results from 2010 and 2020 (Hyogo et al., 2024), for the BEFORE and
AFTER experiment, respectively. We average the May-August MITgcm temperatures
and salinities from the Northern and Southern profiles (Fig. 4.1) to obtain the average
forcing for 2010 and 2020 (Fig. 4.3). We only consider Austral winter months (May-
August) to reduce the noise level from the seasonality in the upper ocean layers. To
avoid sudden changes in temperature and salinity present in the MITgcm outputs and
to ensure a stable stratification, we describe both salinity and temperature as a tangent
hyperbolic function. For the temperature, the tangent hyperbolic function is already
built into LADDIE, where the surface temperature (T}) is based on the surface salinity
(Sp) following

To=11So+15. (4.])

Here [; and [, are the freezing point salinity coefficient and the freezing point offset,
respectively. The temperature (T) as a function of depth (z) is then given by

1 +tanh ( 2 )

21

T(z)=T, +(Tp-Ty) 7 ,

(4.2)

where T is the temperature at depth, z is the reference depth for the thermocline, and
z; is the scaling factor of the thermocline, which determines the thermocline gradient.
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Table 4.1: Forcing parameters used in the BEFORE and AFTER experiments.

Parameter BEFORE AFTER
Temperature at depth, T; [°C] 1.50 1.65
Thermocline depth, z; [m] -150 -110
Thermocline scaling factor, z; [m] 150 150
Freezing point salinity coef., [; [°C/psu] 3.733e-5  3.733e-5
Freezing point offset, [, [°C] 8.32e-2  8.32e-2
Surface salinity, Sy [psu] 33.30 33.10
Salinity at depth, S; [psu] 34.65 34.65
Halocline depth, zg g [m] -100 -100
Halocline scaling factor, z; s [m] 90 90

The salinity is in LADDIE, however, described by a quadratic function, which does
not fit well with the MITgcm outputs, as they roughly follow the same profile as the
temperature (Fig. 4.3). We, therefore, use a similar tangent hyperbolic function for the
salinity (S) as for the temperature, following

1+tanh(%)
2

S(z)=S1+(So-51) (4.3)
Here, Sy is the salinity at depth, z; s is the halocline reference depth (as opposed to the
thermocline for the temperature), and z; g is the halocline scaling factor. Surface salinity,
salinity at depth, and temperature at depth are all roughly based on the MITgcm profiles,
whereas the thermocline/halocline depths and scaling factors are tuned to match the
MITgcm profiles.

For both temperature and salinity the tangent hyperbolic only starts to diverge from the
MITgcm profiles at depths above ~-100 m (Fig. 4.3), which is shallower than the ice shelf
draft in most parts of the ice shelf with the exception of a few areas in the northern
part of the ice shelf. All forcing parameters for the BEFORE and AFTER experiments
are tabulated in Tab. 4.1.

Tuning

Ocean models approximate physical processes, which implies that they need to be tuned
in order to match observations. LADDIE has two tuning parameters; the minimum
meltwater layer thickness (Dy,;,) and the drag coefficient (Cy,s0p) applied to the friction
velocity in the basal melting formulation (Lambert et al., 2023). We use the latter as the
main tuning parameter due to its direct influence on basal melt rates as tuning Cy sop
roughly corresponds to scaling the basal melting magnitude up and down. To calibrate
the model, we iteratively adjust Cj 4, to approximate the maximum BURGEE melt rates
observed near the channel of interest using the BEFORE geometry. Once determined,
this value of Cy 4,, remains fixed across the BEFORE and AFTER experiments, allowing
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Table 4.2: LADDIE parameters used in both experiments.

Parameter Value

Time step [s] 36
Equilibrium time [model days] 60
Top drag coefficient, Cy,sop 3.0107%

Minimum thickness, D,,;;, [m] 2
Ice temperature [°C] -25
Tidal velocity [m/s] 0.01
Horizontal viscosity [m?/s] 6
Horizontal diffusivity [m?/s] 1

us to focus on the effects of changing geometry and forcing. The full list of model
parameters specific for our experiments is provided in Tab. 4.2.

4.4 Results

The basal melt rate trend from 2010 to 2022, shown in Fig. 4.1, reveals a general pattern
consistent with previous studies (Davison et al., 2023): higher melt rates are observed
in the southern region of the ice shelf compared to the north. Furthermore, as is
typical for most ice shelves, the highest melt rates are concentrated near the grounding
zone, with channels extending from these zones across mainly the southern part of the
ice shelf. A closer examination of the newly identified channel highlights its position
within a densely channelized area. This channel stands out with exceptionally high
melt rates, reaching up to approximately 30 m/yr, which surpasses the melt rates in the
surrounding channels. The channel appears to intersect existing channels, complicating
the interpretation of the meltwater plume’s pathway.

By examining the surface elevations over the study period, it becomes evident that the
new channel has developed during this period; it began forming around 2015, reflected
by a narrow surface depression in Fig. 4.4d. This depression deepens progressively
throughout the study period by 23 m between 2013/14 and 2022/2023, with two fur-
ther key observations emerging. First, as the depression associated with the channel
becomes more pronounced (Fig. 4.4j, around 11 km), the deepest part of the older chan-
nel becomes shallower (Fig. 4.4j, around 8 km), while the flanks of the older channel
are lowering (Fig. 4.4j, around 4-8 km and 9-10 km), thereby widening this pre-existing
channel. These flanks are also associated with high melt rates (~ 15 m/yr, Fig. 4.1), as
opposed to the deepest part of the channel (~ 0 m/yr, Fig. 4.1). The continuous lowering
of the flanks suggests that the channel system is not in a steady state, with the closure
of the deepest part possibly indicating channel re-routing, where the new channel may
now serve as the primary basal melt pathway. Second, just downstream of the channel
(Fig. 4.4j, around 12 km) a slight surface elevation bump appears from 2016/17 onward.
This type of bump, known as flanking uplift, is typically associated with fractures on
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Figure 4.4: (a-i) surface elevations through time from 2012/13 in (a) to 2022/23 in (i). In
panel e the old/persistent and new channel are marked by red dots. The missing years
indicated in the legend are years without REMA coverage in this area. (j) shows the
surface elevations in a Lagrangian framework along the transect marked and lettered
for direction in (e) which crosses both the persistent channel (surface depression deepest
at around 8.2 km) and the new channel (around 11 km). The sudden dip around 1 km
in one of the surface elevations is caused by a few contaminated pixels in that given

REMA strip.
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ice shelves (Walker and Gardner, 2019). These findings suggest that the channel could
either be a fracture, a basal melt channel, or a combination of both (i.e., a fracture
that serves as a melt plume pathway or a channel that has begun to fracture). Since
both basal channels and fractures can weaken ice shelves (Alley et al., 2022, 2024),
the presence of either on George VI, a relatively thin ice shelf with a relatively warm
atmosphere, likely contributes to its weakening (Smith et al., 2007).

To further investigate fracturing as a possible driver behind such a fast developing
channel we explore changes in ice flow across the channel. Ice shelf fracturing is
typically linked to variations in ice speed and divergence caused by stretching. Our
analysis of ice speed and divergence across the channel show speeds along the transect
fluctuating substantially in both 2014/15 and 2015/16 (Fig. 4.5a and b) from ~370 m/yr
to almost ~400 m/yr with an isolated peak in the ice speed at the channel location in
2015/16. That peak is associated with sudden changes in divergence from -0.02 m/yr
(compression) just upstream of the channel to 0.03 m/yr (stretching) just downstream of
the channel (10-11 km, Fig. 4.5b), which could indicate fracturing as a potential driver
of the channel. These changes, however, are rather subtle in comparison to the noise
level and to observations across wider fractures (~ 1-4 km) on e.g. Ross Ice Shelf, where
divergences reaches 30-80 m/yr at their maximum (Walker and Gardner, 2019). The
low magnitude of the changes could potentially be due to the coarse resolution of the
velocity product (200 m) relative to the channel’s width and depth. Finally, in the later
years (2017 and 2020, Fig. 4.5¢ and d), both ice speeds and divergences are more stable,
without any outstanding signals in the vicinity of the channel.

Focusing on changes in ocean heat as possible driver of channel changes, we investigate
temporal changes in ocean temperature and salinity. Figure 4.6a-f illustrate tempera-
ture and salinity anomalies for the Northern, Middle, and Southern profiles (Fig. 4.1),
revealing a regime shift from cold and fresh conditions to warmer and saltier conditions
across all profiles. At the Northern profile, this shift begins around 2013, intensifying in
2015/16, after which sub-shelf temperatures remain above the temporal mean. Similar,
albeit weaker, trends are observed in the Middle and Southern profiles. In the deeper
ocean layers below -300 m, where CDW resides, both average temperature and salinity
have increased over the study period across all three profiles (Fig. 4.6g-i). Notably, a
jump in salinity is observed around 2016, with the most pronounced increase in the
Northern profile (Fig. 4.6g), where the strongest temperature and salinity anomaly shifts
also occur (Fig. 4.6a and d), although the average temperature at depth already starts
increasing in 2011 (Fig. 4.6g). This shift in ocean regime aligns with the 2015 El Nifo
Southern Oscillation (ENSO) event, with its effects already having been shown to reach
George VI (Boxall et al., 2024). These changes in oceanic conditions, partially driven by
ENSO, thus indicate more heat available for basal melting, likely intensifying and accel-
erating the meltwater plume, which in turn may cause higher melt rates and alterations
in the plume pathway, influenced by the ice shelf’s evolving geometry. Furthermore, in
the Southern temperature anomaly profile, where several melt channels have their out-
flow (Fig. 4.1), the upper ocean layers have become fresher since 2016 (Fig. 4.6f), possibly
indicating increased meltwater outflow.
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Figure 4.5: Surface elevation (same coloring as in Figure 4.4j), ice speed (blue) and
divergence (green), all in a Eulerian framework, along the transect marked in Figure
4.4e. The dashed green line indicate zero divergence, to easier distinguish between
stretching (positive values) and compression (negative values). The shaded green area
indicates the noise in the signal as described in Sect. 4.3.2. The dashed black line marks
the approximate location of the channel. (a) is year 2014/15, (b) is 2015/16, (c) is 2016/17,
and (d) is 2019/20.
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Figure 4.6: MITgcm ocean temperature (a-c) and salinity (d-f) anomalies of the North-
ern profile ((a) and (d)), Middle profile ((b) and (e)), and Southern profile ((c) and (f)) as
marked in Figure 4.1. Panel (g-i) show the average temperature and salinity at all depths
<-300 m through time of the Northern profile (g), Middle profile (h) and Southern pro-
file (i).

In addition to changes in ocean temperature and salinity, MITgcm model outputs sug-
gest alterations in ocean circulation near the channel (Fig. 4.7). Although there is a
disparity in scale between the model grid size and the size of the channel, we can
reasonably conclude that changes in ocean circulation likely occurred near the channel
between 2010 and 2020, with higher current velocities near the channel. However, in-
terpreting circulation changes in more detail and on a smaller scale, particularly in the
immediate vicinity of the channel, remains challenging given the coarse model resolu-
tion.

The LADDIE model outputs from the BEFORE and AFTER experiments allow us to
zoom in on the channel at a finer resolution, enabling us to explore how changes in
ice shelf geometry and ocean forcing affect basal melt patterns. The modeled melt rate
patterns (Fig. 4.8) align well with observations in areas outside the channel (Fig. 4.1).
Figure 4.8f shows that LADDIE suggests the channel could serve as a pathway for
the meltwater plume, potentially contributing to the high melt rates within the channel
itself. Moreover, both BEFORE and AFTER melt patterns show enhanced melt along the
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Figure 4.7: Yearly averaged ocean circulation in the vicinity of the channel in 2010 ((a)
and (d)), 2020 ((b) and (e)), and the difference between the two ((c) and (f)) at two
different depths (-325 m in (a-c) and -391 m in (d-f) which roughly corresponds to the
layers right below the ice shelf base. The arrows in panel (c) and (f) correspond to the
ocean circulation directions in 2020. The locations of the original and the new channel
from 2012/13 and 2021/22 are marked in green and yellow, respectively. The BURGEE

melt rates in (g) are shown for easier orientation.

sides of the channel, similar to BURGEE, which explains the widening of the old channel
seen in Fig. 4.4j. Notably, the observed BURGEE melt pattern (Fig. 4.1) near the channel
appears to combine elements from both the BEFORE and AFTER experiments, with
channels following the "original” channel system as in the BEFORE scenario combined
with high melt rates within the new channel as in the AFTER scenario. This strong
agreement between observations and models suggests that the plume pathway may
have shifted during the BURGEE observational period, now following a new route as
indicated by the AFTER experiment.

4.5 Discussion

In this study, we uncovered a new channel within the channelized basal melting network
of the George VI Ice Shelf, characterized by rapid changes in surface elevation, from
48 m in 2013/14 to 25 m in 2022/23. The onset of this channel coincides with both
a shift towards a warmer ocean regime as well as subtle divergence changes across
the channel, both aligning with the 2015 ENSO event (Boxall et al., 2024). ENSO has
already been linked to an intensified inflow of CDW onto the continental shelf during El
Nifio years (Huguenin et al., 2024), supporting the MITgcm results of a warmer regime
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BEFORE

15

AFTER

Figure 4.8: (a-c) Ice shelf draft, plume velocity, and basal melt rate in the BEFORE
experiment. (d-f) Same as (a-c) but for the AFTER experiment. Arrows on the ice
shelf draft ((a) and (d)) are the plume velocities. The dashed green line in (c) marks
the location of the original channel in 2012/13 and the dashed green line (f) marks the
location of the new channel in 2021/22.

after 2015. The 2015 ENSO event has further been linked to the acceleration of glaciers
feeding into the George VI Ice Shelf (Boxall et al., 2024). ENSO events have additionally
been shown to enhance basal melting on ice shelves in the Amundsen Sea Sector (Paolo
et al.,, 2018). While we cannot definitively conclude that ENSO caused the appearance
of this channel, the timing is notable and the potential link to ENSO is important, as
the projected increase in El Nifio frequency suggest even further acceleration of ice shelf
basal melting in Antarctica in the future (Cai et al., 2023).

The observed new channel could represent a basal melt channel, a fracture, or a com-
bination of both and our investigations of the channel’s origin point towards both the
latter. The uplift in the surface near the depression, coupled with signs of stretching in
the divergence field downstream of the channel in 2015/16, suggests fracturing. How-
ever, these signals are subtle, leaving us unable to confirm or dismiss the possibility of
fracturing with certainty. At the same time, changes in ocean temperature, salinity, and
circulation point to evolving and strengthening basal melt conditions that could encour-
age channel re-routing. Our LADDIE modelling results further support this possibility,
indicating that even if the channel originated as a fracture, the meltwater plume may
now be using it as a new pathway, which could further deepen the fracture, provided
the initial fracture has a basal component.

To assess the potential impact of the new channel on the weakening of George VI Ice
Shelf, we can draw parallels to other ice shelves where interactions between basal melt
channels and fractures have led to structural instability. A notable example is Pine
Island Ice Shelf, where a channel first observed in the 1970s progressively thinned and
extended over time (Alley et al., 2022, 2024). This channel triggered both transverse
fractures and fractures along the channel’s length, eventually leading to calving and
retreat along the channel from approximately 2018 to 2022 (Alley et al., 2022, 2024).
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The new channel on George VI Ice Shelf is located just about 30 km from the southern
edge, raising concerns that continued melting, thinning, and weakening in this region
could drive significant structural changes. These changes may include enhanced frac-
turing, calving, and ultimately, retreat of the ice shelf in this highly channelized area.
Given projections of increased ocean heat availability in the future (Naughten et al.,
2023), basal melting is expected to intensify, further amplifying the vulnerability of this
portion of George VI Ice Shelf.

To definitively determine whether the channel is a fracture, a basal melt channel, or
a combination of the two, in-situ field measurements, including basal melt rates, ice
deformation monitoring, and radar surveys of ice thickness, are necessary. Regardless
of its specific nature, this channel offers a direct observation of weakening in a highly
channelized, vulnerable portion of the ice shelf. These results underscore how quickly
ice shelf channels - important for ice shelf integrity - can occur and how easily small-
scale changes might go unnoticed. Closely observing the continued evolution of the
ice shelf and its integrity will be crucial in understanding these weakening processes.
Such knowledge could also be valuable for other heavily channelized ice shelves, like
Pine Island and Totten, which both have a higher projected potential sea level rise
contribution.

4.6 Conclusions

Our study highlights the rapid emergence of a significant channel on the George VI
Ice Shelf, marked by a 23 m surface lowering over just nine years. The appearance of
the channel aligns with both changes in ocean forcing, most notably increased ocean
temperatures and salinity, and subtle changes in ice divergence, both of which coincide
with the timing of a major ENSO event. While the exact link between ENSO and the
development of this channel remains speculative, the temporal correlation suggests that
large-scale climate patterns may have a role in amplifying basal melting and possibly in
re-routing meltwater pathways on Antarctic ice shelves.

The presence of such a fast-evolving channel on an already thin and vulnerable ice
shelf like George VI likely has destabilizing effects, accelerating its weakening through
both basal melting and fracturing. The behavior of this channel on George VI may
offer valuable insights into how sudden changes in ocean forcing could trigger similar
destabilizing processes elsewhere.

Moving forward, continuous monitoring of this channel and its evolving impact on
George VI is crucial. The lessons learned from tracking its development may provide
critical information on the future behavior of other highly channelized ice shelves un-
dergoing changes in ocean conditions. Understanding these processes is essential for
better projecting potential ice shelf retreat and the associated contributions to global
sea-level rise.
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Code and data availability

The BURGEE code is publicly available at https://github.com/aszinck/BURGEE
(Zinck, 2023), likewise is LADDIE (https://github.com/erwinlambert/laddie).
The derived melt rates as well as surface elevations are available at https://doi.or
g/10.4121/dbf9ade9-9£85-49f4-89ba-3d8d8310c9e4. The REMA strips are
available from the Polar Geosptaital Center (https://www.pgc.umn.edu/data/rem
a/) and CryoSat-2 data is available from the European Space Agency (https://eart
h.esa.int/eogateway/documents/20142/37627/CryoSat-Baseline-D-Pro
duct-Handbook.pdf). BedMachine V3 is available from NASA National Snow and
Ice Data Center (https://nsidc.org/data/NSIDC-0756/versions/3), likewise
are MEaSUREs ITS_LIVE velocities (https://doi.org/10.5067/6I16VW8LLWJ7
and https://nsidc.org/data/NSIDC-0756/versions/3). The ENVEO monthly
velocities provided by the European Space Agency’s Antarctic Ice Sheet Climate Change
Initiative project are available from https://cryoportal.enveo.at/data/. The
regional MITgcm model output is available from https://ecco. jpl.nasa.gov/dr
ive/files/ECCO2/LLC1080_REG_AMS/Hyogo_et_al_2022 (Hyogo et al., 2024).
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Chapter 5

Conclusions and Outlook

The aim of this thesis was to develop improved remote sensing methods for capturing
small-scale basal melting features, such as basal channels, enhance our understanding
of their impact on ice shelf weakening, and to explore their link to external drivers.
This aim was addressed through three research questions. This chapter summarizes
the key findings by providing answers to all these three research questions and further
investigates future research directions.

5.1 Conclusions

What is the added value of using a combination of REMA stereo
imagery and satellite altimetry in resolving ice shelf basal melt pat-
terns?

This research question was addressed in Chapter 2 by developing the BURGEE method.
BURGEE uses a combination of satellite radar altimetry from CryoSat-2 and the REMA
stereo imagery strips to generate high spatial resolution ice shelf elevations changes
and basal melt maps. It was shown that BURGEE is capable of capturing small-scale
features such as basal channels by applying BURGEE to the Dotson Ice Shelf. The
50 m posting BURGEE basal melt maps revealed spatial variability within a major
melt channel that had not been fully resolved with coarser resolution remote sensing
products relying on altimetry only. Notably, we identified that a pinning point influences
the channel’s melt variability, underlining the critical role of high-resolution basal melt
products in uncovering melt channel patterns and possible mechanisms behind channel
pattern formation. This spatial variability within the channel is related to the fact that
remote sensing basal melt products that rely solely on CryoSat-2 altimetry have reduced
coverage in steep terrain areas. This includes regions like basal channels and grounding
zones surrounded by mountains, where CryoSat-2 only measures the point closest to
the satellite, leaving these areas unseen. Finally, BURGEE is build to make use of the
Google Earth Engine (which stores the first version of the REMA strips across the entire
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Antarctic continent) and to be free of site-specific tuning, which makes BURGEE easily
scalable. Hence, this work established a scalable methodology that can be applied to
any ice shelf without the need of high local computational power due to the usage of
Google Earth Engine. Thus, it provides a powerful tool for understanding ice shelf
(in)stability at high spatial resolution.

Besides Chapter 2, also Chapter 3 shed further light on this research question. This
study provided valuable insights for improving ice sheet models by identifying the spa-
tial resolution (500 m) required to capture channelized melting effectively. An analysis
of the basal melting wavelength power spectra of the remote sensing basal melt products
examined in Chapter 3 demonstrated that only BURGEE, with its 50 m grid spacing,
reaches a noise level in its power spectrum (approximately constant power level for
increasing frequencies), whereas the two atimetry-only studies (Adusumilli et al., 2020;
Davison et al., 2023) did not. This indicates that BURGEE uniquely captures the full
range of wavelengths and frequencies at which (channelized) melting occurs.

To summarize, the added value of using a combination of REMA and CryoSat-2 altime-
try is that it provides an automated workflow of obtaining high-resolution basal melt
rates on a rather large scale in Antarctica. Furthermore, the high-resolution product
allows for detecting basal melting in areas surrounded by steep terrain. This especially
becomes evident in basal channels, where this combination of stereo imagery and al-
timetry allows for surveying the full depth of basal channels, and thus also explore the
highest melt rates within basal channels, unlike radar-altimetry-only products.

What is the impact of high resolution basal melt maps in assessing
basal channel melt rates and ice shelf channel vulnerability?

By making use of the BURGEE methodology and its scalability, we generated and an-
alyzed basal melt maps of some of the most vulnerable ice shelves in Antarctica in
Chapter 3. These high-resolution maps revealed that peak melt rates within basal chan-
nels are significantly underestimated in existing products relying on radar altimetry
only by as much as 42-50%. The peak melt rates were further used to calculate the
time it would take for a channel to break through, as an indicator of channel, and thus
ice shelf, vulnerability. This analysis showed that the peak melt rate underestimation
has significant implications on breakthrough, as it suggests that channels might break
through, or lead to other destabilizing processes such as fracturing, more rapidly and
weaken ice shelves more extensively than previously thought. These results underscore
the importance of incorporating channelized melting at high spatial resolutions, or at
least the consequences thereof through parametrization, in ice sheet models to more
accurately model ice shelf stability with the ultimate goal of improving sea level rise
predictions.
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To which extent can changes in basal channel patterns be linked to
changes in external drivers?

This research question was addressed in Chapter 4, where a fast-developing channel
on George VI Ice Shelf was studied. Its rapid formation can be a result of fracturing,
basal melting, or a combination of the two. We found evidence of the latter, thus
of a dual process where likely both basal melting and fracturing contributed to the
channel’s formation. The channel was found to experience a 23 m surface lowering
over a period of just 9 years, with its emerge coinciding with significant changes in
ocean forcing alongside subtle changes in flow, both coinciding with a strong ENSO
event in 2015. This study provided insights into how external drivers, such as large-
scale climate patterns, can possibly amplify basal melting and reroute meltwater plumes,
accelerating ice shelf weakening through potentially both melting and fracturing. These
findings emphasize the need for continuous monitoring and further research into the
interplay between ocean forcing and ice shelf channel dynamics (fracturing and melting),
especially on thin and vulnerable ice shelves like George VI. Some of these future
possibilities are further highlighted in Sect. 5.2.1.

511 Synthesis

This thesis has advanced our understanding of ice shelf basal melting by introducing
improved remote sensing methodologies, delivering new insights into the dynamics and
vulnerability of basal channels, and identifying links between channel evolution and
external forcing.

A key advancement lies in the use of high-resolution REMA elevations in combination
with CryoSat-2 altimetry observations, which enable the detection of basal melting in ar-
eas with steep terrain, features that have remained largely unresolved by radar altimetry-
based products. This is particularly significant for grounding zones surrounded by com-
plex topography and, maybe more importantly, for capturing small-scale features such
as basal channels.

The improved ability to resolve basal channels has revealed that channelized melting is
far more widespread and intense than previously recognized. The latter has significant
implications for assumptions about ice shelf weakening, as basal channels can act as
critical zones of structural vulnerability, accelerating fracturing and retreat.

Moreover, the greater spatial detail provided by BURGEE offers a validation reference
for ocean models, enabling them to better simulate channelized melting processes. The
resolution at which channelized melting should be resolved in models is further out-
lined in the power spectrum analysis presented in Fig. A.4. Figure A.4 shows that the
BURGEE signal approaches its noise level at a frequency of ~0.002 m™!, corresponding
to a wavelength of approximately 500 m. This indicates that ice-ocean models should
resolve basal melting processes at spatial scales of at least this wavelength to accurately
represent channelized melting dynamics.

Additionally, the identified link between large-scale climatic phenomena, such as El

101




5. Conclusions and Outlook

Nifio, and changes in basal channel melt patterns highlights the broader climate sensi-
tivity of Antarctic ice shelves. Given projections of stronger and more frequent El Nifno
events under future climate scenarios, capturing the impact of channelized melting be-
comes increasingly critical for predicting ice shelf behavior.

Collectively, these contributions provide a foundation for future research aimed at un-
derstanding changes in basal melting patterns and the impact of small-scale basal melt-
ing on ice shelf stability to better predict the fate of Antarctic ice shelves and their role
in global sea level rise.

5.2 Outlook

This thesis has advanced the knowledge of ice shelf basal melting, but many critical
unknowns remain. Below, I outline some future opportunities that could address key
gaps and further enhance our understanding of basal melting, particularly channelized
melting, and its implications for ice shelf stability. I further expand on how principles
from BURGEE can be applied to other aspects of cryospheric research. Common for
all future opportunities outlined in the following subsection, is the need for integrated
approaches, combining advanced remote sensing, in-situ observations, and modelling,
to address the pressing research gaps in ice shelf basal melting, but also in cryospheric
research as a whole.

5.21 Continued monitoring of channels on George VI Ice Shelf

Chapter 4 demonstrated that the channel system on George VI Ice Shelf is undergo-
ing changes that likely only have destabilizing effects on the ice shelf. While Chapter
4 provided valuable initial insights into the drivers behind these changes, important
questions remain unanswered. For instance, it became clear that the channel formation
possibly involved both basal channels and fracturing. However, the actual interplay
between melting and fracturing, as well as which of the two caused the emergence of
the new channel, requires further investigation. Furthermore, the implications for ice
shelf stability are still unclear, and continued monitoring of the long-term evolution of
the channel system on George VI is essential.

Future efforts could involve deploying autonomous phase-sensitive radio echo sounders
(ApRES) across the channel network to monitor internal ice displacements, basal melt-
ing, and ice flow variations. Complementary observations using underwater autonomous
vehicles (such as ICEFIN) could enhance understanding by providing optical imagery
and ocean properties measurements from within the channels. Such observations would
help clarify the processes driving channel migration and the interaction between basal
melting and fracturing. It might further shed light on the origin of the channel as to
whether it originated as a fracture or a basal melt channel.

High-resolution coupled ice-ocean modeling has the possibility to further project chan-
nel evolution and their influence on ice shelf stability. Although such models are cur-
rently limited to idealized scenarios (Jesse et al., 2024), George VI Ice Shelf offers an
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ideal testbed due to its relatively simplified ice dynamics, detached from the complexi-
ties of the main Antarctic Ice Sheet. Applying high-resolution coupled ice-ocean models
that are capable of capturing the dynamics of basal channels, both from an ocean and
ice flow perspective, could significantly improve projections of channel impacts on ice
shelf stability under varying climate scenarios.

5.2.2 Aligning in-situ and remote sensing observations of basal
melting

Despite advancements in basal melt rate estimation, understanding and quantifying un-
certainties in remote sensing basal melt products remain a major challenge. This is
largely because the inputs to the mass conservation equation used in these estimates
are highly correlated. For example, firn densification models, which account for air
content within the firn layer when applying hydrostatic equilibirum, rely on outputs
from regional climate models. The surface mass balance estimates, used to correct for
atmospherically-driven thinning at the surface, are typically taken from the same re-
gional climate model. Additionally, the assumption of hydrostatic equilibrium itself also
leads to substantial uncertainties, especially near grounding zones. Addressing these in-
tertwined uncertainties through comprehensive statistical analysis is nearly impossible
due to the complexity of the models and the computational demands.

In Chapter 3, the BURGEE melt rates were compared to several remote sensing prod-
ucts, showing that while total melt rates across datasets were broadly consistent, chan-
nelized melting was notably underestimated in altimetry-only studies. Although this
comparison increases confidence in the overall melt rate estimates, it does not validate
small-scale melting features or address uncertainties related to hydrostatic equilibrium
assumptions near grounding zones.

To address these limitations and refine remote sensing melt products, integrating in-situ
observations with remote sensing data is essential. Both methods have complemen-
tary strengths and weaknesses. In-situ methods, such as ApRES and oceanographic
measurements, offer either high temporal resolution at specific points or high spatial
resolution temporal snapshots along lines. On the other hand, remote sensing products
offer grid-based data with melt rates calculated as trend over a longer time period.
Aligning a point or line measurement with a grid cell or comparing observations that
reference different time frames complicates such analyses further, especially given the
Lagrangian procedure of many remote sensing products.

A focused field campaign could bridge this gap and provide invaluable insights into
basal melting across spatial and temporal scales. By simultaneously deploying a dense
network of ApRES stations, ocean moorings, and regular ICEFIN missions on a single
ice shelf, combined with remote sensing-derived melt maps covering the same period,
it would be possible to better constrain uncertainties and validate small-scale melt
features. This comprehensive, multi-year campaign would facilitate a robust comparison
of basal melt dynamics across both methods, improving interpretations of melt rates and
their drivers.
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The Dotson-Crosson ice shelf system presents an ideal region for such a study due to its
diverse basal melting dynamics and good REMA coverage. This system offers multiple
opportunities to address key scientific questions. For example, in-situ measurements in
the shear zone between Dotson and Crosson could help disentangle shear-related sig-
nals from basal melt estimates derived via remote sensing. The complex basal channel
networks on Dotson and between the shelves provide an opportunity to study cav-
ity circulation and temporal changes in channelized melting. Additionally, comparing
ICEFIN measurements near the retreating grounding zone of Smith Glacier with remote
sensing-derived melt rates could help reduce uncertainties in areas where hydrostatic
equilibrium assumptions break down.

By focusing on these key features - shear zones, basal channels, and grounding zones - a
well-coordinated field campaign in the Dotson-Crosson system would not only advance
our understanding of basal melting but also improve the reliability of remote sensing
products in critical, dynamic environments.

5.2.3 Towards high spatio-temporal resolution basal melt rates

Capturing temporal and spatial variability in basal melting is essential, especially for
understanding how basal channels evolve and impact ice shelf stability. However, cur-
rent datasets are limited. Methods like BURGEE offer high spatial resolution but are
limited in temporal resolution, with mean melt values calculated over 5-10 years. Con-
versely, high temporal resolution products lacks spatial resolution (e.g., 3-monthly trends
in 10 km grids Adusumilli et al., 2020) and thus fail to resolve small-scale features like
channels.

To address these limitations, combining datasets through data fusion techniques is a
potential solution. While BURGEE does make use of CryoSat-2 altimetry in the REMA
strip co-registration, there is still potential for including CrySat-2 swath data in filling
REMA strip gaps. Regression or machine learning methods may make it possible to
increase the spatial resolution and coverage of the CryoSat-2 swath data by using in-
formation from the REMA strips in areas where both are available. Such a data fusion
could potentially lead to high spatio-temporal surface elevation maps.

A similar data fusion method has recently lead to great success in creating yearly 500
meters resolution coastal elevation maps in Greenland using the ArcticDEM mosaic
(Arctic pendant to REMA) in combination with ICESat-2 and CryoSat-2 (Winstrup et al.,
2024). It is therefore likely that even finer resolutions, both temporal and spatial, might
be possible by using REMA/ArcticDEM strips as opposed to the mosaic.

Such a high resolution dataset would allow for a detailed spatio-temporal examina-
tion of channelized melting, including seasonal variability and the mechanisms driving
changes. Additionally, the high resolution spatio-temporal ice shelf elevation changes
would provide critical benchmarks for refining ice-ocean models, enhancing predictions
of ice shelf evolution, stability, and contributions to sea level rise.
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5.2.4 Applying BURGEE concepts to the Arctic

One of the central components of the BURGEE methodology is the co-registration of
REMA strips with CryoSat-2, which generates high-resolution digital elevation models
capable of tracking temporal changes in surface elevation. Adapting this approach
to the Arctic, using ArcticDEM strips, could produce similarly high-resolution surface
elevation changes for regions in the Arctic.

For example, these elevation changes could be utilized to estimate the basal melt rates
of Greenland’s remaining ice shelves, many of which are rapidly retreating and dis-
integrating (Millan et al., 2023). Applying the BURGEE methodology in this context
could offer valuable insights into the processes driving the disintegration, particularly
the interaction between basal melt channels and fractures.

In addition, the high-resolution surface elevation change data could address gaps in ice
thickness observations for glaciated regions outside the two main ice sheets, where most
existing thickness estimates are derived from global glacier modeling efforts and only a
handful of localized studies provide detailed estimates (e.g. Zinck and Grinsted, 2022).
By exploiting this data with inverse modeling or mass conservation approaches, it would
be possible to create a comprehensive high-resolution dataset of ice thickness and the
changes therein for Arctic glaciers and ice caps. Such a dataset would offer detailed
insights into ice thickness and bedrock topography, greatly improving ice sheet models
for reconstructing past ice dynamics, analyzing present conditions, and forecasting the
future response of Arctic ice caps to a warming climate.
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