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Summary

The timing and magnitude of global sea level rise remains difficult to predict, driven
for a large part by the potential instability of ice shelves in Antarctica. Ice shelves, the
floating extension of the Antarctic ice sheet, govern the mass loss of the ice sheet by
providing resistance (buttressing) to the grounded ice — thereby modulating the ice flow
to the ocean. The short-term collapse or long-term weakening of ice shelves can result in
drastic increases of ice discharge and Antarctic mass loss. Understanding the processes
that affect the weakening, retreat, and instability of ice shelves is therefore essential in
order to improve sea level rise predictions.

Damaged areas on ice shelves, consisting of fractures, crevasses and/or rifts, are first in-
dicators of its weakening. As ice shelves weaken, they can provide less buttressing to the
ice sheet, causing accelerated ice flow, heightened internal stress, and increased strain
rates. This creates a feedback loop, further promoting damage development and ice mass
loss through increased discharge. Moreover, the propagation of crevasses or rifts through
the ice shelf eventually leads to calving of (often large) ice bergs. Observable damage is
therefore an important precursor to this mode of mass loss. Damage has been considered
key for the collapse of the Larsen B ice shelf and the retreat of Pine Island Glacier and
Thwaites Glacier. Despite its significance for future ice shelf stability, damage processes
remain one of the least understood in marine ice sheet dynamics. This dissertation there-
fore aims to improve our understanding of damage impacts on ice shelf weakening and
retreat from an observational perspective.

First, a new, automated method was developed that can detect fractures and damage areas
in satellite imagery across the Antarctic domain (Chapter 2). Quantifying damage effec-
tively and accurately is a challenging task, caused by the complex surface of Antarctica,
cloud and snow cover, illumination/viewing angles, and variable signal-to-noise levels in
satellite imagery. The NormalisEd Radon Transform Damage detection (NeRD) method
overcomes these challenges and robustly captures multiple scales of damage features and
their orientations. A major novelty of NeRD is its straightforward applicability to differ-
ent optical or radar satellite imagery of any spatial resolution.

NeRD is used to produce unprecedented observational assessments of Antarctic-wide
damage changes over the past decades (Chapter 3). Damage maps were produced for
1997 and annually between 2015-2021, showing both long-term changes and short-term
variations. The observations reveal a long-term overall reduction of damage, attributed
to the calving of compromised ice shelf regions. The most significant reductions are
observed in the Amundsen Sea Embayment and Bellingshausen Sea Embayment sectors.
On the majority of ice shelves, a cyclic growth and decline of damaged areas is detected
that is strongly correlated to ice shelf area changes. These observations demonstrate the
link between damage-induced weakening and subsequent calving and retreat.
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To better understand the relationship between damage and ice shelf weakening, a Ran-
dom Forest regression (machine learning) model was constructed based on the damage
maps and observations of key ice flow parameters (Chapter 4). This model was used to
provide projections of damage changes in future climate scenarios, based on projected
values of the ice flow parameters. The projections highlight the sensitivity of future dam-
age development to emission pathways. Intensified damage development is predicted
under high emission (warming) scenarios, particularly in regions where ice shelves thin
and accelerate. Largest vulnerabilities are predicted in the Amundsen, East Indian, and
Ross Sea Sectors.

The analyses and assessments of this dissertation confirm two main pathways of how
damage impacts ice shelf stability and Antarctic mass loss: damage directly leads to ice
shelf calving and retreat while the weakening of the ice shelf indirectly leads to mass loss
through accelerated ice discharge. New insights are obtained by showing the sensitivity
of damage-induced ice shelf weakening and retreat to future climate warning. However,
damage processes will need to be better constrained in order to quantify its impact on
Antarctic mass loss. We therefore underscore the importance of including damage im-
pacts in ice sheet models and are hopeful that the produced damage maps can be of use in
this endeavor, as without doing so we are likely underestimating future ice shelf retreat
and Antarctic mass loss.



Samenvatting

De snelheid en hoogte van zeespiegelstijging in de komende jaren blijft lastig te voor-
spellen, met name vanwege een onzekere hoeveelheid massaverlies van de Antarctische
ijskap. Deze onzekerheid wordt vooral bepaald door de potentiéle instabiliteit van de
ijsplaten in Antarctica. IJsplaten, de drijvende uiteindes van de Antarctische ijskap, be-
heren het massaverlies van de ijskap door weerstand te bieden tegen de ijsstroom van
land naar zee. Het verzwakken of instorten van de ijsplaten kan leiden tot een drastische
toename van de ijsafvoer en dus het massaverlies van Antarctica. Het is daarom essen-
tieel om ons inzicht in het (eventuele) destabiliseren van ijsplaten te verbeteren, zodat de
voorspellingen van zeespiegelstijging kunnen worden verbeterd.

Beschadigde gebieden op een ijsplaat, bestaande uit breuken, spleten, scheuren of kloven
in het ijs, zijn de eerste tekenen van verzwakking. Verzwakte ijsplaten kunnen minder
weerstand bieden tegen de ijskap, wat leidt tot een snellere ijsstroom en meer interne
spanning en rek. Dit bevordert vervolgens weer de ontwikkeling van extra schade en
scheuren, waardoor een sneeuwbal effect ontstaat die de ijsplaat in toenemende mate
verzwakt en het verlies van ijsmassa versterkt. Daarnaast zorgt de opening en groei van
scheuren of kloven door de ijsplaat uiteindelijk tot het afkalven van (vaak grote) ijsber-
gen. Het opdoemen van ijsscheuren en -breuken is daarom een belangrijk symptoom van
deze vorm van massaverlies. IJsscheuren hebben een sleutelrol gehad bij het instorten
van de Larsen B ijsplaat en het terugtrekken van de Pine Island en Thwaites ijsplaten.
En, ondanks het belang van ijsscheuren op de toekomstige stabiliteit van ijsplaten, zijn
de processen omtrent verzwakking één van de minst goed begrepen in de dynamica van
de ijskap. In dit proefschrift was het doel daarom om de invloed van ijsscheuren op de
stabiliteit van ijsplaten beter te begrijpen, vanuit het perspectief van observaties.

Als eerste is een nieuwe, geautomatiseerde methode ontwikkeld om ijsscheuren te de-
tecteren in satelliet beelden van Antarctica (hoofdstuk 2). Het effectief en nauwkeurig
detecteren van ijsscheuren in satelliet beelden is echter een uitdagende taak vanwege
het ruwe oppervlak van Antarctica, bewolking of sneeuwbedekking die het zicht ontne-
men, een veranderende lichtinval of kijkhoek van de satelliet, en de hoeveelheden ruis in
de data. De NormalisEd Radon Transform Damage detection (NeRD) methode overkomt
deze uitdagingen en kan op robuuste wijze de ijsscheuren, spleten en kloven, alsmede hun
oriéntatie, identificeren. NeRD is een unieke methode die direct kan worden toegepast
op zowel optische als radarbeelden van verschillende resolutie.

NeRD is vervolgens toegepast om nieuwe, ongeévenaarde scheurkaarten van Antarctica
te produceren, en voor het eerst de veranderingen van beschadigingen op ijsplaten in
de afgelopen decennia te bepalen (hoofdstuk 3). Er zijn scheurkaarten gemaakt voor
1997 plus jaarlijks tussen 2015-2021, die zowel langetermijnveranderingen als kortere
variaties laten zien. De waarnemingen laten een algehele afname van beschadigde ge-
bieden op de lange termijn zien, vanwege het afkalven en verdwijnen van deze stukken
ijsplaat. De grootste afname wordt waargenomen in de Amundsen- en Bellingshausen
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zeebaai. Op de meeste ijsplaten wordt een cyclische groei en afname van beschadigde ge-
bieden waargenomen, wat sterk gecorreleerd blijkt met veranderingen in het ijsplaatop-
pervlak. Deze waarnemingen tonen het verband aan tussen de door scheuren veroorza-
akte verzwakking en het daaropvolgend afbreken van de ijsplaat.

Om het verband tussen ijsscheuren en verzwakking van de ijsplaat beter te begrijpen,
werd een een Random Forest regressiemodel (machine learning) opgesteld, aan de hand
van observaties van belangrijke parameters voor de ijsstroom (hoofdstuk 4). Dit model
kon vervolgens projecties maken van ijsplaatverzwakking voor toekomstige klimaatsce-
nario’s. De voorspellingen laten zien dat de hoeveelheid verzwakking op ijsplaten athangt
van de hoeveelheid klimaatwarming. In scenario’s met hoge broeikasgas uitstoot wordt
een ergere mate van verzwakking voorspeld. Kwetsbare ijsplaten zijn met name de ijs-
platen die dunner worden en versnellen, zoals in de Amundsen zeebaai, Oost-Indische
zee-sector en de Ross zee-sector.

De waarnemingen en analyses omtrent ijsplaatverzwakking in dit proefschrift bevestigen
de tweevoudige invloed van ijsscheuren op de stabiliteit van ijsplaten en uiteindelijk mas-
saverlies in Antarctica: ijsscheuren zorgen voor het afbreken en verdwijnen van ijsplaten,
en de algemene verzwakking zorgt voor meer ijsmassa verlies door de versnelling van
de ijsplaten. Nieuw inzicht toont de gevoeligheid van deze processen voor toekomstige
klimaatverandering. Deze processen zullen echter nog beter moeten worden afgebak-
end voordat de invloed op het massaverlies van Antarctica kan worden gekwantificeerd.
We onderstrepen daarom het belang van een verbeterde representatie van ijsscheuren
en ijsplaat verzwakking in numerieke ijskap modellen, en hopen dat de geproduceerde
Antarctische scheurkaarten daarbij van waarde zijn. Doen we dat niet, dan onderschatten
we waarschijnlijk toekomstige ijsplaat- en massaverlies van Antarctica.
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Chapter 1

Introduction

On the diamond ice, out past the northern ridges, is an empty place, where
the wind laments and no one listens

Mark Lawrence, The book of the ice

Antarctica is one of Earth’s most awe-inspiring, enigmatic environments that only few
get to see in person. It is remote and harsh, as well as dark for months each year, which
has made expeditions and scientific research a challenge - in the past and present.

1.1 The Antarctic Ice Sheet

The Antarctic ice sheet is the world’s largest mass of ice. It covers an area of roughly
1.3 times the size of Europe, and about all (98%) of the Antarctic continent. The ice sheet
holds an equivalent ice mass of ~58 m global mean sea level rise; a lot more than the
Greenland Ice Sheet that holds a potential of approximately ~7 m global mean sea level
rise. The Antarctic ice sheet has been losing mass in the past decades, contributing ap-
proximately 7.4 mm to global mean sea level rise between 1992 and 2020, which is happen-
ing at an accelerated rate since the 1990s (Fox-Kemper et al., 2021). Although the Antarc-
tic mass loss is expected to continue in the coming centuries (Pattyn and Morlighem,
2020), how fast and how much Antarctica will contribute to future sea level rise remains
uncertain. By 2100, the projected contributions to sea level rise range between 0.03 and
0.34 m, depending on the rate of climate warming (Fox-Kemper et al., 2021).

These projections, however, do not include potential instabilities that can strongly in-
crease Antarctic mass loss on century to multi-century time scales — with an Antarctic
contribution to sealevel rise up to a meter by 2100, and multi-meter contributions by 2300,
under high emission scenarios (Figure 1.2, Fox-Kemper et al., 2021; Edwards et al., 2021;
van de Wal et al., 2022). Due to these potential instabilities, Antarctica is currently the
largest source of uncertainty in sea level rise projections. Although the likelihood of such
extreme scenarios occurring is low, understanding the processes that govern Antarctic
mass loss is essential due to the potentially high impacts of high-end sea level rise on
coastal communities — both in terms of magnitude and timing of sea level rise.
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Figure 1.1: Reference map of Antarctica showing relevant names and locations for
this dissertation. All ice shelves are shown in pink, the grounded ice sheet in in gray
(shaded for elevation (Matsuoka et al., 2018)), the ocean bathymetry from Bedmap2 in
blue (Fretwell et al., 2013) and the grounding line at their interface (Rignot et al., 2016).
As a sense of scale: the Ross ice shelf is approximately the same size as Spain.
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Figure 1.2: Figure from IPCC AR6 Synthesis Report (Calvin et al., 2023): Global
mean sea level change in centimetres, relative to 1900. Observational (past) changes are
shown in black. The future changes to 2100 (coloured lines and shading) are predictions
of ice sheet and glacier models; likely ranges are shown for Shared socio-economic path-
ways (i.e. different climate scenarios) SSP1-2.6 and SSP3-7.0.



1.2 | THE IMPORTANCE OF ICE SHELVES

1.1.1 Antarctic mass balance

On the ice sheet, snow accumulates at the surface and slowly compacts into firn (Veld-
huijsen et al., 2023) and consolidates as ice, adding to the total mass of the ice sheet
(Shepherd et al., 2018). The ice sheet loses mass through the melting or sublimation of
snow/ice at the surface or base, or the discharge of ice into the ocean at the margin . The
high-altitude land ice flows through glaciers toward lower altitudes around the perimeter
of the continent, due to gravity (Cuffey and Paterson, 2010). Where the flow of ice meets
the sea, the ice starts to float and forms ice shelves: floating extensions of the ice sheet.
Ice shelves make up roughly 75% of the perimeter of the Antarctic ice sheet (Figure 1.1),
and cover an area comparable in size to the Greenland Ice Sheet (Rignot et al., 2013). The
position where the grounded ice starts to float, is termed grounding line.

Ice shelves govern/moderate the mass loss of the ice sheet by providing resistance (but-
tressing) to the upstream grounded ice: they modulate (and slow down) the flow of
grounded ice into the ocean — which contributes to sea level rise. Because of this but-
tressing effect, ice shelves are considered the ‘safety band’ of Antarctica (Dupont and
Alley, 2005; First et al., 2016).

1.2 The importance of ice shelves

Ice shelves are essential in modulating Antarctic mass loss, and one of the most vulner-
able parts of the Antarctic Ice Sheet. Compared to the inland ice sheet with an average
thickness of more than 2 km, ice shelves are relatively thin (100 m to 1 km) and located at
low elevations. They are sensitive to changes in atmospheric and ocean conditions (Davi-
son et al., 2023), as they melt at the surface in response to warm air temperatures as well
as at the bottom (basal melt) due to warm ocean temperatures (Liu et al., 2015; Alley et al.,
2019). Ice shelves also lose mass at their front (terminus), where ice breaks and forms ice
bergs (calving) when fractures extent through the full thickness of the ice.

Although mass changes of ice shelves themselves do not directly contribute to sea level
rise, as they are already afloat, it can have an immediate and substantial impact on the
upstream, grounded ice sheet. Ice shelf thinning or retreat can reduce the buttressing
force provided by the ice shelf (Reese et al., 2017; Gudmundsson et al., 2019; Greene et al.,
2022), leading to an increase in the speed of the upstream grounded ice (Rott et al., 2018;
Jenkins et al., 2018; Rydt et al., 2021), and an increase in the ice sheet contribution to global
sea level rise. Indeed, current Antarctic ice loss is dominated by acceleration, retreat and
rapid thinning of major outlet glaciers in West Antarctica, driven by the melting of ice
shelves by warm ocean waters (Meredith et al., 2019; Rignot et al., 2013; Davison et al.,
2023) (see also Figure 1.3).

The large majority (~87%) of ice shelf area provides buttressing to the ice sheet (Fiirst
et al., 2016), and a hypothetical, sudden and sustained removal of all ice shelves would
lead to a large-scale destabilisation of the ice sheet with an approximated sea level rise of
1-12 meters over 500 years (Sun et al., 2020). Two major processes are commonly associ-
ated with the destabilisation of the ice sheet: Marine Ice Sheet Instability (MISI) and Ma-
rine Ice Cliff Instability (MICI). MISI is hypothesised to occur for parts of the Antarctic ice
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Figure 1.3: Figure from Davison et al. (2023), showing cumulative ice shelf freshwater
flux (i.e. mass loss) from 1997 to 2021 overlain on the 2010-2021 average ice shelf basal
melt rates and a MODIS image mosaic (Haran et al., 2018). Only ice shelves with a fresh-
water flux greater than 50 Gt are plotted.

sheet that are situated on a retrograde bed. This process describes how basal melt yields
thinner ice shelves, thereby increasing the grounded ice flux and retreating the ground-
ing line. On retrograde slopes this progressively increases the area susceptible to basal
melt, as well as enables intrusion of warm, deep ocean waters; both which increase melt
and can potentially induce an (irreversible) cycle of grounding line retreat and increased
discharge (Weertman, 1974; Bulthuis et al., 2019; Levermann and Feldmann, 2019; Pattyn
and Morlighem, 2020). Ice shelves in the West Antarctic Ice Sheet are identified to be
especially vulnerable for this type of retreat (Ritz et al., 2015; Scambos et al., 2017; Gard-
ner et al., 2018). Some have worried that this process has been initiated for the Thwaites
glaciers, although there is limited observational evidence to support this (Joughin et al.,
2014; Scambos et al., 2017; Alley et al., 2021). MICI theorises that the height of ice cliffs
is limited by the strength of ice. If an exposed ice cliff, e.g. after the sudden loss of an
ice shelf, is sufficiently high it could be unable to support its own weight. This could
trigger an instability resulting in an accelerated cycle of cliff collapse and retreat (Bassis
and Walker, 2012; Pollard and DeConto, 2016; Crawford et al., 2021). MICI has been de-
scribed in theory and has been offered as an explanation for fast ice sheet retreat seen in
past interglacial periods (Pollard and DeConto, 2016), but there have yet been no known
observations of MICI (Bassis et al., 2023).

Both ice sheet destabilising processes depend on the stability and viability of ice shelves.
However, despite the importance of ice shelves for stabilising large portions of the Antarc-
tic Ice Sheet, and much research into documenting changes, the processes governing ice
shelf thinning and retreat remain a major uncertainty in future sea level rise projections

10



1.2 | THE IMPORTANCE OF ICE SHELVES

(Fox-Kemper et al., 2021; Davison et al., 2023; Bassis et al., 2023). Understanding the po-
tential instability of ice shelves is therefore crucial in order to improve predictions of the
timing and magnitude of Antarctica’s contribution to sea level rise.

1.2.1 Ice shelf instability

Stable ice shelves advance and retreat in recurring cycles (Fricker et al., 2002; Lazzara
et al.,, 2008). Many ice shelves exhibited a stable cycle of calving front advance and re-
treat in the past decades to centuries (Alley et al., 2023; Andreasen et al., 2023; Davison
et al.,, 2023), but there is a growing catalog of evidence that both long-term and short-
term environmental forcings are increasingly pushing ice shelves outside of their stable
regimes (Bassis et al., 2023; Millan et al., 2023; Wille et al., 2022). Ice shelf instability is
affected by multiple processes that weaken the ice shelf and could lead to rapid retreat
or even collapse (the sudden and massive break up) of an ice shelf. The processes re-
sponsible for ice shelf retreat are all related to the role of failure, fracture, and calving of
ice shelves. While most fracture initiation and calving is controlled by internal glacio-
logical stress within the ice, ice shelves are also susceptible to atmospheric and oceanic
conditions, and other external forces exerted on the ice shelves.

Basal melt, controlled by ocean temperatures, leads to thinning of ice shelves and so
reduces their buttressing ability (Paolo et al., 2015; Adusumilli et al., 2020; Davison et al.,
2023), which is especially pronounced if thinning result in the unpinning of the ice shelf
from bathymetric highs (pinning points) (Tinto and Bell, 2011; Berger et al., 2016; Wild
et al, 2022; Benn et al., 2022; Zinck et al., 2023). Basal melt also produces crevasses at the
bottom of the ice shelf that eventually lead to calving (Liu et al., 2015; Alley et al., 2019).
Basal melt has been occurring most strongly in the Bellingshausen and Amundsen Sea
due to the intrusion of warm Circumpolar Deep Water, and has been the main cause for
increased discharge and mass loss of the Antarctic Ice Sheet in the past decades (Jenkins
et al,, 2018; Holland et al., 2019).

Changes in atmospheric temperatures or weather (wind) patterns can increase surface
melt and meltwater ponding (Husman et al., 2024). If surface melt lakes drain through
fractures in the ice, ice shelf flexure occurs which can lead to rapid fragmentation (Mobasher
et al., 2016; Banwell et al., 2019). This hydrofracturing process was the driving factor of
the collapse of the Larsen B Ice Shelf in 2002 and Wilkins Ice Shelf in 2008 (Rack and Rott,
2004; Scambos et al., 2009). About 60% of ice shelves (by area) that provide significant
buttressing are thought to be vulnerable to hydrofracture if inundated with water (Lai
et al., 2020).

Ice shelf flexure is also induced by ocean tides and sea surface slopes (swell), leading to
fracturing and calving. The presence of sea ice and ice mélange can provide stability
to an ice shelf by dampening ocean swell and waves (Lipovsky, 2018; Massom et al.,
2018). The removal of sea ice or mélange (e.g. by changing wind patterns) can lead to
the disintegration of (already weakened) ice shelves (Massom et al., 2018; Larour et al.,
2021; Christie et al., 2022). This has been considered key for the rapid retreat of the
Voyeykov ice shelf in East Antarctica in 2007 (Arthur et al., 2021) as well as the for the
fast retreat and immediate speed-up of the Crane, Hektoria and Green glaciers on the
Antarctic Peninsula in 2022 (Ochwat et al., 2023).
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Figure 1.4: Examples of satellite imagery for the fast retreat of Pine Island and
Thwaites Ice Shelves. Timeseries of observations of Pine Island Ice Shelf (top) and
Thwaites Ice Shelf (bottom), obtainded from satellite sources of varying spatial resolu-
tion: RAMP Radarsat (100 m), Landsat 7/8 (30 m), MODIS (250 m), Sentinel-1 IW (10
m) and Sentinel-2 (30 m). Observations are combined into a single image by either con-
structing a median composite of multiple images in austral summer (December, January,
Februari; DJF), autumn (September, October, November; SON), or an image mosaic of the
most recent images (December of selected year). The calving front location of 1997 is
plotted on the other panels.
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Furthermore, the development of fractures and heavily damaged areas on an ice shelf
weaken the structural integrity of the ice shelf themselves. Fractures and damage effec-
tively soften the ice (Albrecht and Levermann, 2014), reducing its load-bearing capacity
and thereby the ability of the ice shelf to provide buttressing (Sun et al., 2017). As the
buttressing effect of an ice shelf decreases, the ice flow speeds up, increasing internal
stresses and promoting additional damage development; initiating a positive feedback
(Lhermitte et al., 2020; Surawy-Stepney et al., 2023a).

In short, the development of fractures and damage areas on an ice shelf are (first) signs of
its weakening, and can affect both the ice flow and calving rate (Rydt et al., 2019). Despite
their importance for ice shelf retreat, to what extent damage is present at Antarctic ice
shelves is not well quantified. Neither do we have assessments of how damage areas have
been changing over time. Therefore we still have limited understanding of how damage
relates to ice shelf weakening and observed retreat. Overall, it remains one of the most
poorly understood processes in marine ice sheet dynamics (Albrecht and Levermann,
2012; Pattyn et al.,, 2017; Lhermitte et al.,, 2020; Fox-Kemper et al., 2021).

1.3 Damage on ice shelves

Crevasses and fractures are visible manifestations of the stresses within glacier ice, ini-
tiated when local stresses exceed the strength of the ice (Veen, 1998b). Stresses in the
ice are often concentrated in specific regions of the ice flow, such as steep elevation
drops (i.e. ice falls), areas of high lateral drag, or imposed by pinning points under an
ice shelf (Berger et al., 2016; Colgan et al., 2016). Fractures that initiate in these regions
are advected downstream with the ice, further evolving (or healing) depending on the
downstream stress and strain fields (Vaughan, 1993).

1.3.1 Damage types and traits

‘Damage’ is an umbrella term used in this dissertation to encompass the various shapes
and sizes of fracture features, such as cracks, crevasses, fractures and rifts. In literature,
‘crevasses’ or ‘fractures’ are sometimes used interchangeably to indicate open fractures
in the surface of the ice. Colgan et al. (2016) define fractures as smaller openings than
crevasses. The modelling community more strictly distinguishes fracture mechanics as
a method to determine crevasse depth or opening (e.g., Veen, 1998b,a; Weertman, 1980;
Levermann et al., 2012; Benn and Astrém, 2018), versus damage mechanics that repre-
sent degradation of the bulk material properties of the ice (e.g., Murakami et al., 1988;
Pralong et al., 2003; Krug et al., 2014; Mobasher et al., 2016). This distinction is less
strict in observational assessments that talk about both crevasses (e.g., Colgan et al., 2011;
Gong et al., 2018; Chudley et al., 2021), fractures (e.g., Lai et al., 2020; Pang et al., 2023;
Surawy-Stepney et al., 2023b) and damage (e.g., Libert et al., 2022; Surawy-Stepney et al.,
2023a).

Observed crevasses range in width from millimetre-scale cracks to several (tens of) me-

ters (Colgan et al., 2016); their horizontal length can be tens to a (few) hundred meters.
Air-filled crevasses are observed up to 45 m deep in Antarctica. When filled with water,
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the added pressure can lead to drastic increases of crevasse depth, called hydrofracturing.
This can occur on short time scales and can trigger explosive ice shelf disintegration when
occurring on an extensive area of the ice shelf. Hydrofracturing has been recognised as
the driving process behind the collapse of Larsen B ice shelf in 2002, which occurred on
the scale of a few weeks (Rack and Rott, 2004; Banwell et al., 2013).

Rifts are crevasses that have propagated through the entire thickness of an ice shelf. Rifts
can become very large openings within the ice, with widths of hundreds of meters (e.g.
~270 m observed at Amery Ice Shelf (Fricker et al., 2005)) and lengths of many (hundreds
of) kilometers (Joughin and MacAyeal, 2005). Rifts can be filled with ice mélange: a
mixture of snow, sea ice and ice bergs. Ice mélange is associated with rift propagation
as well as changes in ocean circulation (Poinelli et al., 2023). When one or more rifts
propagate horizontally through the ice shelf they eventually calve large tabular ice bergs.
These rifts propagate often on time scales of decades or longer (Rydt et al., 2019; Joughin
and MacAyeal, 2005; Lazzara et al., 2008), but also instantaneously remove decades of
accumulated ice mass once calving occurs. For example, in July 2017, iceberg A-68 calved
an approximate 5800 km? from the Larsen C ice shelf (Larour et al., 2021), an area twice
as large as Luxembourg; in May 2021, 170 km x 25 km (4320 km?) A-76 ice berg calved
from Filchner-Ronne Ice Shelf (Andreasen et al., 2023), an area roughly as large as the
island Mallorca, Spain.

1.3.2 Modelling fractures, damage and calving

Fracture mechanics

Fracture mechanics considers the failure and fracturing of ice under loading and is used
to estimate crevasse depth. The orientation of loading with respect to crevasse orien-
tation is important and used to distinguish three modes of failure: mode I (tensile or
opening), mode II (sliding or in-plane shear) and mode III (tearing or out-of-plane shear)
(Colgan et al., 2016). Mode I has historically received the most attention due to its clear
relationship to rifting and crevassing (Benn and Astrém, 2018; Bassis et al., 2023). How-
ever, mixed mode failure of Mode I + II has been associated with ice cliff failure (Bassis
et al., 2023), and mixed mode failure of mode I + III has been deemed important to cor-
rectly attribute observed crevasse orientation with respect to the orientation of principal
tensile stress or by rotation during advection (Veen, 1998b; Colgan et al., 2016).

Crevasse depths is commonly estimated by the Nye zero stress model, which assumes a
penetration depth until the horizontal stress vanishes (Nye and Wills, 1957; Jezek, 1984),
or by linear elastic fracture mechanics (LEFM), which relate the penetration depth to
the point where stress singularity is equal to the material fracture toughness (Smith,
1976; Weertman, 1980). LEFM modelled crevasses can penetrate deeper and are generally
assumed to apply to isolated crevasses, whereas the Nye zero stress model is assumed to
apply to closely spaced crevasses (Clayton et al., 2022).

Damage mechanics

Damage mechanics is used as alternative to fracture mechanics. In continuum damage
models, damage represents the degradation of the bulk material properties — affecting
the load bearing capacity of the ice. It represents the collective weakening of ice due
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to a distribution of cracks and localised failure processes in the ice (Pralong et al., 2003;
Pralong and Funk, 2005). Creep-based damage models have been successful in reproduc-
ing surface and bottom crevasses predicted by LEFM and Nye zero models in idealised
scenarios (Duddu et al., 2020) and have shown promise in simulating the propagation of
rifts in idealised and real ice shelves (Huth et al., 2021, 2023).

Alternatively, a pseudo-damage parameter can be estimated from the ratio of crevasse
depth to ice thickness, with crevasse depth as initiated by the Nye zero stress model, and
then considering a positive feedback between ice rheology and crevasse damage (Sun
et al., 2017) or the crevasse stability depending on necking and melt presence (Bassis
and Ma, 2015). These approaches depend on strain rates rather than stresses (Albrecht
and Levermann, 2012) and provide a connection between damage evolution and environ-
mental forcing capable of explaining contemporary observations on ice tongues and ice
shelves (Kachuck et al., 2022).

Calving

Calving occurs when fractures or rifts separate an ice berg from the glacier or ice shelf.
Crevasse depth and damage models do not explicitly predict single fractures or calving
events but rather an abstraction of fields of crevasses and the macroscopic effect these
have on calving. More simplified approaches to estimate the calving flux of ice shelves are
formulated, such as fixed-front calving laws, minimum ice thickness calving, strain rate-
based calving laws (eigencalving) (Alley et al., 2008; Hindmarsh, 2012; Levermann et al.,
2012) or stress-based calving laws (von Mises calving) (Morlighem et al., 2016; Wilner
et al., 2023). Both the fixed-front and minimum ice thickness calving laws are simpli-
fied approximations and easy to implement in numerical models. The eigencalving and
von Mises calving laws can be tuned to reproduce the calving front behaviours of many
glaciers and ice shelves (Albrecht and Levermann, 2012, 2014; Morlighem et al., 2016).
However, for both approaches the tuning parameter varies significantly between differ-
ent ice shelves and glaciers, and thus it is difficult to judge how reliably these laws can
be extrapolated to new conditions (Bassis et al., 2023; Wilner et al., 2023). Lastly, discrete
element models (DEMs) can model and resolve the calving and detachment of individual
ice bergs. These models are used to study the brittle fracture of ice across a range of
spatial and temporal scales and the mechanical impact of mélange on the calving front,
but do not include the long-term viscous creep of the ice.

1.3.3 Challenges with damage modelling

The development of increasingly complex calving laws has outpaced law validation, lead-
ing to significant uncertainty in the applicability of calving laws at the ice sheet scale
(Wilner et al., 2023). There is limited evidence that current generation of models can pre-
dict ice shelf collapse or disintegration (Kachuck et al., 2022; Bassis et al., 2023). Extensive
calibration or evaluation of modelled crevasses or damage has been challenging due to
the limited availability of large-scale observations of damage, and the few studies that
did show large discrepancies (Enderlin and Bartholomaus, 2020; Gerli et al., 2023b). As
a result of these model limitations, we cannot yet quantify the impact of damage on ice
shelf stability and mass loss outside of idealised scenarios, and have so far been unable
to provide projections for future weakening states of ice shelves.
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Figure 1.5: Damage examples. Panels (a-f): SAR (top) and Optical (bottom) observa-
tions of the same damage type, observed within 5 days of each other. Data obtained from
the Copernicus Browser. Panels (g-1): aerial photos of damage features in Antarctica, not
at the same locations as upper panels. (g) Denman glacier, NASA/John Sonntag; (h) Pine
Island, Ian Joughin; (i) Pine Island, US Natioanl Science Foundation; (j) Thwaites, Britney
Schmidt; (k) Thwaites, NASA/Jim Yungel; (1) Larsen C, NASA/Stuart Rankin (hyperlinks
to image sources included in digital version of this document).
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1.4 | DAMAGE OBSERVED WITH REMOTE SENSING DATA

1.4 Damage observed with remote sensing data

Satellite observations provide an extensive record of data that can be used to map frac-
tures and damage areas across Antarctic ice shelves and the ice sheet. Damage is visible in
multi-spectral imagery and Synthetic Aperture Radar (SAR) images (i.e. crevasse extent;
horizontal properties), as well as in altimeter data (i.e. crevasse depth; vertical proper-
ties).

1.4.1 Data types
Multi-spectral (optical) imagery

Optical imagery provides passive observations of the earth’s surface. The sensor mea-
sures the amount of sunlight reflected by the surface (i.e. taking a picture). The visibility
of desired observable features therefore depend on the illumination by the sun. This
has multiple implications: (a) observations can only be obtained during day-time, which
means there are no observations throughout polar night for the Antarctic ice sheet; (b)
features can be obscured by other objects. The largest limitation this poses is due to
the presence of cloud cover, or snow covering surface fractures (creating snow-bridged
crevasses); (c) The sun angle determines the strength and direction of shadows, influenc-
ing the visibility of crevasses in the images. The sometimes rough surface of the Antarctic
ice can make it difficult to distinguish the rough snow surface from fractures. In optical
imagery, fractures look like dark lines, as the deep crevasses are in shadow with respect
to the white icy surroundings.

SAR imagery

SAR imagery is obtained using an active sensor, that sends and receives a microwave
signal. An important attribute of SAR imagery is that the signal is independent of day
or night-time, and penetrates cloud cover. This enables observations throughout the
year regardless of atmospheric conditions. The signal furthermore penetrates the first
few meters of snow, and so can detect crevasses obscured by a (shallow) snow bridge.
The radar signal is scattered at the surface through (multiple) interaction(s) with surface
features, varying the amount of energy that is received back at the sensor. However,
due to (random) interference of multiple scattering events, the retrieved image from the
SAR sensor contains more noise, called speckle, than images from optical sensors. These
high noise ratios can make it difficult to resolve small scale features. Figure 1.5 provides
examples of the same damage features in both optical and SAR imagery to show this
difference. Smooth, flat surfaces reflect fewer of the incoming signal, and are therefore
less bright in the image than rough surfaces. Fractures, characterised by vertical walls
that reflect much of the signal back to the sensor, are generally bright linear features in
SAR imagery. The look-angle of the sensor influences these signal returns as well.

Altimetry and DEMs

Altimetry remote sensing actively sends and receives a laser or radar signal, operating
with short wavelengths (near-infra red or visible range). The lasers measure very pre-
cisely along their ground track, and can therefore be used to study crevasse depth and
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with (Fricker et al., 2005; Liu et al., 2014; Wang et al., 2021). By combining multiple tracks,
3-D analysis of crevasse morphology can be achieved, although these have been limited
to a single glacier or ice shelf (Li et al., 2021; Herzfeld et al., 2021). The use of digital
elevation models (DEM; a product obtained from e.g. altimetry (Bamber et al., 2009) or
photogrammetry (Porter et al., 2018)), that provide a 2-D field of elevation rather than
along-track narrow lines, can be a useful alternative for larger scale crevasse depth as-
sessments, though at the cost of temporal resolution (Chudley et al., 2021).

1.4.2 Challenges with detecting damage from observations

Extracting the horizontal properties of fractures and damage from satellite imagery is
a complicated task due to three major challenges. Firstly, the same fracture may ap-
pear different in different satellite images due to the complex and rough snow surface
of the Antarctic, cloud and shadow effects in optical imagery, or speckle and noise in
SAR imagery. Some examples of the same damage pattern in both optical and SAR im-
ages are shown in Figure 1.5. Secondly, there are morphological similarities between
full-thickness rifts, surface expressions of basal fractures, and flow lines (Luckman et al.,
2012; McGrath et al., 2012a) that are difficult to distinguish from fractures (Colgan et al.,
2016; Ely and Clark, 2016). Thirdly, the spatial resolution of the available data determines
the size and scale of the features that can be resolved. For rifts of multiple kilometers,
this is a somewhat trivial issue, but for small-scale crevasses or closely spaced crevasse
fields, an observational resolution of 10 m (Landsat 8 panchromatic band or Sentinel-1
Inferometric Wide mode) versus 250 m (MODIS) is a fundamental difference. Figure 1.5
also includes some aerial photos to illustrate the differences in scale between observable
damage features.

As a result of these challenges, for practical purposes, fractures were often mapped man-
ually in the past. Most studies in practice either perform an extensive manual mapping
of fine resolution features (e.g. Scambos et al., 2009; Kaluzienski et al., 2019), or focus on
large-scale rifts in data with coarser spatial resolution that cannot capture small scale
features (e.g., Glasser and Scambos, 2008; Hulbe et al., 2010; Lai et al., 2020). Other ap-
proaches to detect damage have been developed based on adapted image processing tech-
niques. For example by using edge detection techniques on optical imagery (e.g., Colgan
et al,, 2011; Bhardwaj et al., 2016; Hui et al.,, 2016; Gong et al., 2018; Vries et al., 2023),
edge detection techniques on Interferometic SAR data (e.g., Rignot, 1998; Hogg and Gud-
mundsson, 2017; Libert et al., 2022) or by utilising high resolution elevation profiles (e.g.,
Enderlin and Bartholomaus, 2020; Chudley et al., 2021). These approaches, however, of-
ten required specific preprocessing and postprocessing and/or are not easily applied on a
large spatiotemporal scale; a limit incurred due to (a combination of) computational costs,
the limited transferability of these methods to different regions, or the unavailability of
the used data over longer time periods.

Machine Learning for damage detection

With the advent of machine learning in the past decade(s), efficient methods suitable for
applications on large amounts of (satellite) data — and so Antarctic wide scale applications
— have become possible. This has led to the first fracture map of Antarctica in 2020, de-
veloped by Lai et al. (2020), which was produced using a Convolutional Neural Network
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(CNN) trained on the MODIS mosaic of Antarctica (MOA). More studies have used sim-
ilar approaches, such as a CNN developed by Pang et al. (2023) applied to three MOA’s,
and CNN’s developed by Zhao et al. (2022); Surawy-Stepney et al. (2023b) applicable to
Sentinel-1 SAR data.

However, many automated methods to detect fractures also detect a great deal of non-
fracture features, such as flow lines or suture lines, that cannot be distinguished and
excluded. Furthermore, CNN hyperparameters require extensive and repeated tuning,
which is still dependent on manual methods. The training samples are also manually
labeled and influence the training result. This comes at the cost of efficiency, leading to
hysteresis in monitoring the instability of large ice shelves. Efforts are made to account
for these issues, such as including external datasets to filter fractures from non-fractures
(v et al., 2022), or developing more detailed machine learning approaches that can differ-
entiate between different types of fracture features (Surawy-Stepney et al., 2023b).

Lastly, a remaining limit of current existing automated fracture detection approaches is
that these have been calibrated to a dataset with a specific spatial resolution and from a
specific (satellite) data source. These methods are not transferable to other data sources
of varying spatial resolution, and so pose limitations on the temporal coverage of their
applications, as they are tied to a single satellite mission (such as Rignot, 1998; Libert
et al., 2022; Surawy-Stepney et al., 2023b) or to constructed mosaics (such as Lai et al.,
2020; Pang et al., 2023).

1.5 Research Objectives

To recap, the short-term collapse or long-term weakening of ice shelves can result in
drastic increases of ice discharge and Antarctic mass loss, which is a major uncertainty
in sea level rise predictions. Damaged areas on ice shelves are first indicators of its weak-
ening, but despite their significance for future ice shelf stability, damage processes re-
main poorly understood. There are few quantifications of the damage extent across all
Antarctic ice shelves, and even less on how this has changed over time, partially due
to challenges in developing robust detection methods. As a result, extensive calibration
or evaluation of modelled crevasses and damaged areas has been difficult. Therefore, to
improve our understanding of damage impacts on ice shelf weakening and retreat, more
insights from the observational perspective on damage and damage changes are a first
essential step. And, in order to get these insights, a suitable method to detect damage
from observations is required.
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The main goal of this thesis is “To expand our knowledge of the abundance of dam-
age and its development on Antarctic ice shelves, and to improve our under-
standing of its impact on ice shelf weakening and retreat”. This will be investigated
from an observational perspective. The following research questions are formulated to
support the achievement of this goal:

1. How can an effective and robust method be devised to detect damage on
Antarctic ice shelves from multi-source satellite imagery?

2. What is the current extent of damage across Antarctic ice shelves, and how
has this damage evolved over the past decades?

3. To what extent is detected damage correlated to ice shelf retreat?
4. How is detected damage linked with mechanical weakening of ice shelves?

5. What is the importance of damage on future ice shelf weakening and re-
treat?

1.6 Inthis thesis

Chapter 2: Damage Detection on Antarctic Ice Shelves using the Normalised
Radon Transform

This chapter relates to research question (1) and aims to to develop a method that can
provide large spatiotemporal assessments of damage on Antarctic ice shelves.

Chapter 3: Assessment of Antarctic damage change over two decades

By utilising the developed method in Chapter 2, an extensive assessment is made of de-
tected damage on Antarctic ice shelves, addressing research question (2). The assess-
ments are used to infer insights for question (3) on the correlation between damage and
ice shelf retreat.

Chapter 4: Antarctic ice shelves vulnerable to damage in future climate warming
This chapter relates to research question (4-5). Further expanding on the outcome from
Chapter 2 and 3, the assessments of damage are used to investigate their link to ice shelf
weakening. The found relationship is used to gain insights in future scenarios.

Chapter 5 summarizes and discusses the individual chapters, along with recommenda-
tions and implications for future research.
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Chapter 2

Damage Detection on Antarctic Ice
Shelves with the Normalised Radon
Transform

This chapter is published as: Izeboud, M. and Lhermitte, S., 2023. Damage detection
on Antarctic ice shelves using the normalised radon transform. Remote Sensing of Envi-
ronment, 284, 113359, https://doi.org/10.1016/j.rse.2022.113359

Studying the impacts of damage on ice shelf stability starts with the ability to detect and
assess the amount of damage on the large Antarctic domain. Most prior existing methods
have spatial constraints that limit their applicability on different or large regions. Efforts
have been made to develop methods that can be applied on Antarctic wide scales, although
progress in this regard has been very recent (2020 and later). These emerging methods are,
so far, tuned to a single data source, limiting their applicability on long time scales that
extend beyond a single satellite mission. The first necessary step is therefore to develop a
generalised method that can be applied to all Antarctic ice shelves, for multiple years. This
chapter aims to develop a method that can be applied to both Optical and SAR imagery
that will support both a wide spatial and temporal application. In this chapter we consider
the research question: ‘How can an effective and robust method be devised to detect
damage on Antarctic ice shelves from multi-source satellite imagery?’

In Section 2.2 we introduce the concept of the Normalised Radon Transform as a Damage
Detection method, NeRD. In Section 2.3 and 2.4 we describe the study area and specifics on
how we develop and test the proposed NeRD method. In Section 2.5 we show the sensitivity of
NeRD to different sensor and image resolutions, demonstrate its application to ice shelves in
the Amundsen Sea Embayment and evaluate the result. We conclude by showing the poten-
tial of NeRD to assess damage evolution (2.5.4), and discuss its uncertainties and potential
in Section 2.6 and 2.7.
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2. DAMAGE DETECTION WITH NERD

2.1 Introduction

Antarctic ice shelves modulate grounded ice flow through buttressing. Their weakening
or disintegration is crucial for the timing and magnitude of grounded ice loss and on-
set of instabilities (Sun et al., 2017; Benn and Astrém, 2018; Vieli et al., 2007; Albrecht
and Levermann, 2012), and thereby for the sea level contributions from Antarctica (Fox-
Kemper et al., 2021). The development of damage areas in the shear zones of an ice
shelf are first signs of structural weakening. Damage areas typically consist of highly
crevassed areas, rifts and open fractures containing dense ice mélange (Lhermitte et al.,
2020; Borstad et al., 2012). The development of damage in the shear zones of an ice shelf
can result in further speedup, shearing and weakening, hence promoting additional dam-
age development. This feedback potentially preconditions ice shelves for disintegration
and enhanced grounding line retreat (Lhermitte et al., 2020). For example, damage has
been considered key for the ice shelf collapse of Larsen B and the retreat of Pine Island
Glacier and Thwaites Glacier (Glasser and Scambos, 2008; Borstad et al., 2012). Although
this damage feedback has been identified as key to future ice shelf stability, it is one of
the least understood processes in marine ice sheet dynamics.

Remote sensing data provides the possibility to detect fractures and damage areas across
Antarctic ice shelves and the ice sheet. Where laser altimetry is used to map vertical
properties, quantifying the continuous distribution of fractures in the horizontal dimen-
sion remains unsolved (Wang et al., 2021; Herzfeld et al., 2021; Li et al., 2021). Assessing
horizontal properties of fractures and damage from satellite imagery can be a compli-
cated task due to three major challenges. Firstly, there are morphological similarities
between full-thickness rifts, surface expressions of basal fractures, and flow lines (Luck-
man et al., 2012; McGrath et al., 2012a) that are difficult to distinguish (Colgan et al.,
2016; Ely and Clark, 2016). As a result, for practical purposes, fractures are often mapped
manually. Secondly, the spatial resolution of available data and the research focus of the
individual studies determines the size and scale of the features that are resolved. Dam-
age comes in all shapes and sizes: from small surface crevasses in densely crevassed fields
to full-thickness rifts near the ice front of multiple kilometers long, to the complex and
irregularly shaped ice mélange in damaged shear zones. Thirdly, similar damage may
appear different in different images due to changing illumination or viewing conditions,
the complex surface of the Antarctic, snow or cloud cover, or variable signal-to-noise
levels (speckle) in SAR imagery (Colgan et al., 2016). These challenges imply that most
studies in practice either perform an extensive manual mapping of fine resolution fea-
tures, such as Scambos et al. (2009); Kaluzienski et al. (2019) or focus on large-scale linear
rifts in data with coarser spatial resolution (e.g., MODIS) that cannot capture small scale
features (Glasser and Scambos, 2008; Lai et al., 2020).

Previous studies such as Bhardwaj et al. (2016) and Colgan et al. (2011) have developed ap-
proaches to perform fine-resolution crevasse or crevasse field detection on optical data,
but these approaches are not easily applied on a large spatiotemporal scale. Bhardwaj
et al. (2016) used band ratios from pan-sharpened Landsat 8 optical and thermal bands
to create a fine resolution (15 m) but small spatial crevasse map, covering 4 km?. Colgan
et al. (2011) manually digitised crevasse fields after convolving a high-quality panchro-
matic aerial photograph (2 m resolution) with a Roberts cross-edge detector. Both studies
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were limited to two dates on a single glacier. Alternatively, a first Antarctic-wide fracture
map has been developed by Lai et al. (2020) using a deep Convolutional Neural Network
(CNN). This CNN, however, was trained on manually labelled large-scale rifts and ap-
plied on a relatively coarse resolution MODIS mosaic (125 m), resulting in the loss of fine
spatial detail of the damage features.

The Radon transform was proposed as an alternative, more robust approach to detect
crevasses (Gong et al., 2018). The Radon transform can detect both linear fractures and
more complex patterns of heavily damaged areas, where other edge detection methods
fail or require extensive processing (Bhardwaj et al., 2016; Colgan et al., 2011; Roberts
et al., 2013; Gong et al., 2018). The Radon transform was previously applied to both
SAR and optical satellite data for flow line detection (Roberts et al., 2013) and crevasse
detection (Gong et al., 2018). This dual application moreover highlights the potential to
combine different data sources in a new detection approach, overcoming limitations from
each individual source. Furthermore, the Radon transform can detect both feature ori-
entation and feature signal strength, allowing insight in crevasse rotation and advection
over time. One drawback of the Radon transform as damage detector developed by Gong
et al. (2018), however, is the lack of consistency to quantify damage. The current method
depends on the intensity of the (gray-scale) image pixels which often varies in space and
time and even depends on the cut-out windows of the Radon transform. Different il-
lumination conditions, look-angles, and sensors affect the image intensity, resulting in
different crevasse signal values. These issues limit the application of the Radon transform
as a method for generalised, automated damage assessments.

In this study we propose a novel method that builds upon the Radon transform method of
Gong et al. (2018) to allow a generalised damage assessment. To this end, we have devel-
oped the NormalisEd Radon transform Damage detection (NeRD) method (Section 2.2)
which can be applied directly to multiple satellite data sources across spatial or temporal
domains, without requiring additional pre- or post-processing. This includes optical and
SAR data from Sentinel-1, Sentinel-2 and Landsat 7/8. We apply NeRD to ice shelves in
the Amundsen Sea Embayment (Section 2.3), and test the method for different parameter
settings related to spatial resolution and data source (Section 2.4). The results are vali-
dated by comparing with a manually labeled damage map of multi-scale damage features,
and with the existing CNN fracture map of Lai et al. (2020). In Section 2.5 we display the
damage detection product, showing constructed damage maps for the study area includ-
ing damage signal and damage orientation, the performance and evaluation of the NeRD
method, and finally its application on a time series of the Pine Island Ice Shelf.

2.2 NormalisEd Radon transform Damage detection
(NeRD)

The NormalisEd Radon transform Damage (NeRD) detection method builds upon the
method of Gong et al. (2018) and Altena (2018), which were initially based upon the work
of Roberts et al. (2013). NeRD is intended to be a robust and generalised, one-size-fits-all
method that can be applied across image sources and results in a consistent, quantitative
damage detection product.
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Roberts et al. (2013) used the Radon transform to detect flow lines and their orientations
on the Amery ice shelf using RADARSAT data, whereas Gong et al. (2018) used the Radon
transform to detect crevasses and their orientations on the Austfonna ice cap (Svalbard)
from Landsat 8 data. Both used a similar approach, consisting of: (i) pre-process the
image with a Laplacian filter to enhance edge contrast and remove noise, (ii) extract cut-
out windows from the image, (iii) apply the Radon transform to the cut-out windows,
(iv) extract dominant feature signal strength and dominant feature orientation for every
window, and finally, (v) post-processing. However, there are two issues in this approach
that hinder a quantitative and consistent interpretation of the feature signals.

The first issue stems from Radon transform algorithm itself, and how it extracts the fea-
ture signal. The Radon transform is a line-detection algorithm that projects the image
(or cut-out window) intensity along a radial line oriented at a specific angle (Oppen-
heim and Willsky, 1996). See for a schematic example Figure 2.1, where the line integral
is displayed for two example projection angles. The standard deviation or variance of
this line-integral indicates the level of contrast within the window at each angle and
the maximum standard deviation across all angles is used to extract a feature signal and
orientation (Roberts et al., 2013; Altena, 2018).

The drawback of the classical Radon transform is that the feature signal retrieved from
the Radon transform line-integral is dependent on the pixels in the cut-out window. This
manifests in three problems. First, the feature signal value depends on the number of pix-
els in each cut-out window. This results in higher signal values for larger windows. Sec-
ond, the signal value is dependent on the average pixel intensity values, yielding higher
signal values for brighter images. Third, the Radon transform returns false signals for
uniform data. Because of these problems, the results of the classical Radon transform
are inconsistent between different images or cut-out windows as the signal value of the
Radon transform is relative to each processing window instead of a global value across
the image. This limits a generalised implementation of damage detection.

In the NeRD method we propose to solve these three problems by normalisation of the
Radon transform. Normalisation makes the Radon signal value independent of the num-
ber of pixels in the window, and unbiased to shifts in pixel intensity values. The false
signals are then removed as a result, solving all three problems. See for example Fig-
ure 2.1a: the Radon transform without normalisation shows a varying line integral over
the two projection axis for a uniform window. This means that the variance is non-
null and yields a false signal. The normalised Radon transform, however, is a flat line,
which (correctly) returns no signal. With NeRD, the damage signal value depends only
on the contrast of a linear feature in the window, rather than on the size of the feature
or window. Therefore, NeRD vyields a consistent value that can be interpreted across all
windows and between different images. Although the signal value is independent of the
number of pixels in the window, it should be noted that the window size still determines
which features can be detected. If the window is too large/small to reveal the features to
be detected, it will not work and NERD is consequently not completely independent of
the window size. A proof-of-concept of implementing the normalisation step is provided
in Section 2.2.3. Here further detail and examples are provided to illustrate how the three
problems are solved.
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The second issue of the Radon transform as applied by Roberts et al. (2013) and Gong et al.
(2018) is introduced in the pre-processing of the image using an edge-enhancement Lapla-
cian filter. This filter re-scales the gray-scale input image into binary black and white
values and, consequently, maximises all edge-like surface features and removes noise.
This potentially includes maximising surface roughness features such as snow dunes or
sastrugi that should not be detected as damage. Additionally, the use of the Laplacian
filter reduces all existing contrast gradations into binary 0/1 values. Consequently, the
Radon transform is no longer able to distinguish between features that display different
contrast strengths and provide a quantitative measure of strength of the damage signal.
This quantitative measure can however be potentially useful to discriminate between
damage features as we expect that strong and prominent contrasts correspond to large
damage features, such as a rifts, while low contrast features presumably correspond to
smaller scale damage features, such as surface crevasses. Similarly, an opening crevasse
will show changes in contrast over time. As a solution to this issue we remove the use of a
Laplacian filter as a pre-processing step and replace it with a post-processing step that re-
moves noise from the output by setting a minimum signal threshold. This allows NeRD to
detect continuous, quantitative damage signals without contaminating the product with
noise.

In summary, the presented NeRD method consists of the following steps: (i) create cut-out
windows from the image, (ii) apply the Normalised Radon transform to these windows,
(iii) extract dominant feature signal strength and orientation for every window, (iv) quan-
tify the damage signal value by removing noise from the signal and (v) post-processing.
In the NeRD post-processing step we remove image borders and rock outcrops from the
detection product.

2.2.1 The Normalised Radon Transform

The Radon transform is the line-integral of the image (or cut-out window) intensity along
a projection axis (p) oriented at a specific angle (8) (Oppenheim and Willsky, 1996). An
example is shown in Figure 2.1 for rotation 6 = 90° and 6 = 45°. By repeating the line-
integration for axes oriented at all angles 6 = 0° to 6 = 180°, a 2-D feature space R(p, 0)
is constructed. In NeRD, a normalisation step similar to Oznergiz et al. (2014) is added
to the Radon transform by normalizing the line-integral over each projected axis p to
the number of pixels N(p, 0) within the integral. The Normalised Radon transform is
computed as:

1 .
Ryorm(p,0) = m ;;I(x,y)é(p —(xcos B +ysinB)) (2.1)

where I(x, ) denotes the value of the image intensity at (x,y) coordinates, and 0 is the
delta Dirac function (Oppenheim and Willsky, 1996; Oznergiz et al., 2014). The range of
the transform coordinates is a half circle (0 < 0 < 7). The result of the transform is a 2-D
feature space at different azimuthal orientations (6) as can be seen in Figure 2.2 panel
az-e2.

The variability of R, (p,0) indicates the level of contrast for every projection axis.
This maximises on the cross-section of narrow linear features, i.e. when the feature is
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a) uniform window b) hypothetical crevassed window

N(p,90%) N(p,45°)

R(p,90°) R(p,45°) with

—— without
/\ normalisation

R(p,45°)

Figure 2.1: Concept of the (Normalised) Radon transform for two idealised image
cut-out windows, (a) a uniform window (white value 1) without any variation in pixel
values, (b) a window with a simplified representation of a crevasse (gray value 0.5 and
white value 1). The figure shows the line-integral calculated for different projection axis
p at angle 0, with (orange) and without (blue) normalisation. R(p, 0) is shown here for
0 = 45° and 6 = 90°. N denotes the number of pixels in the line integral for every
projection, P denotes the number of steps within the domain of the projection axis.

perpendicular to the projection axis. This shows in the line-integral as a sharp narrow
peak, as is illustrated in Figure 2.1b. The signal response (o) is therefore calculated as
the standard deviation of R, for all projection angles, which is then filtered with a
running median filter of size two (A = 1°) to remove noise (Gong et al., 2018):

P
1 —\2
5(9) = ﬁ ;(Rnorm(p; 0) - Rnorm) ’ (2.2)
0(0) =median{s(0 —A),...,s(0 + A)}. (2.3)

Here P denotes the number of steps within the domain of the projection axis p. For
6 =10,90,180], P is equal to the width of the window. For 6 = 45°, P is equal to the
diagonal of the window.

The signal response () is shown in Figure 2.2 panel a3-e3. The projection angle with the
maximum signal response o(0) is extracted as the dominant crevasse signal value of the
window:

Ocrev = max(o(0)). (2.4)

2.2.2 Damage Signal and Orientation

After extracting the crevasse signal (0, ) for every window, o, is translated into a
damage signal (D). A signal 0(6) > 0 will be found by NeRD for any window with
non-uniform pixel values. This includes noisy windows that contain no damage feature
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and that should be removed from the damage detection product. We therefore apply a
crevasse signal threshold 7.,, to remove the noise background signal. The damage signal
D is then defined as:

(2.5)

D _ ) Ocrev = Terevs if Ocrev 2 Terevs
0, otherwise.

The threshold 7.,,, represents the ‘noisy signal value’. ..., is calculated separately, and
varies slightly according to the data source and window size that o,,, is calculated on
(further detail in Section 2.4.2). Because R,,,,,, values are between 0 and 1 the standard
deviation and thus o,,, has a maximum value of 0.5 (Shalom and Mandeville, 1982). Con-
sequently, D €[0,0.5 - 7,yep ], where value 0 represents intact ice. The maximum value
for D is reached at maximum black/white contrast values. This can occur for full-depth
rifts with ice/ocean contrasts but might also occur for surface crevasses with dark shad-
ows. D therefore does not directly present mechanical degradation of the ice such as the
often used (depth integrated) isotropic scalar damage in continuous damage mechanics
(CDM) modelling (Borstad et al., 2012, 2013, 2016; Sun et al., 2017).

The projection angle 6 for which the maximum crevasse signal occurs is rotated 90° to
represent the accompanying damage orientation ap:

ap=0-90°. (2.6)

The interpretation of ap is more intuitive to interpret after a 90° rotation, as it then
references the orientation of longitudinal direction of the feature with respect to the
image horizontal. For example in Figure 2.1b, 0 maximises at 6 = 90°. At this angle,
the line-integral results in the most pronounced sharp peak and thus has the largest
signal response o (). The resulting damage orientation will be a5 = 0 which intuitively
corresponds to the horizontal line of the window. More examples and explanations are
provided in Section 2.2.3.

2.2.3 Proof of Concept

In this section we illustrate that normalisation of the Radon transform solves the three
issues mentioned earlier: i) it removes false signals, ii) the signal value is independent
of the number of pixels in the window, and iii) the signal value is unbiased to average
pixel intensity values. Consequently, NeRD solely depends on the contrast of the linear
feature.

To illustrate the differences, we performed the Radon transform with and without nor-
malisation on a set of idealised windows that portray simplified crevasses. The results are
displayed in Figure 2.2, where every panel shows an idealised window in row 1, its 2-D
feature space R(p, 0) with and without normalisation in row 2, and its signal response
0(R) with and without normalisation in row 3 — from which o, is extracted.

Panel Figure 2.2-al displays a uniform window with gray-scale values of 1. This example
best illustrates the effect the number of pixels (N) have on the on the Radon transform.
Without normalisation, R(p, ) changes for different projection angles (panel a2), yield-
ing 0(0) # 0 (panel a3). False local maxima signals appear at 0°,45°,90°,135° and 180°
(panel a3), and the maximum signal corresponds to 8 = 0°,90° or 180°. The false signals
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are the result of the changing length of the projection axis for different rotation values as
the projection axis varies between the window width (6 = 0°,90° or 180°) and window
diagonal (6 = 45° or 135°). Consequently, for shorter projection axis, p is padded with
zeros to fill the 2-D space of R(p, 8) to maximum length P. This padding creates an arti-
ficial jump in R(p, 0) values that results in false signals (see also Figure 2.1a). Now, with
normalisation, padding with zeros and the artificial jump is unnecessary as P is allowed
to vary with each projection angle. Therefore, a uniform window will result in R,,,,,,, = 1
and an extracted signal 0,,., = 0.

Panels Figure 2.2b-c illustrate that the Normalised Radon transform is independent of
the average pixel intensity values. These examples show the same feature, with the same
contrast value of 0.5: a background pixel intensity 0/0.5 and line intensity of 0.5/1, for
panel bl and c1 respectively. In these examples, the values of R,,,,,,, and 0,,,,, are identical
despite the shift in the average intensity values: 0,,., = 0.12. Without normalization this
is not the case: the signal response changes from o,,, = 0.9 to 2.55 (panel b3-c3).

Finally, Figure 2.2d-e shows that the Radon Transform without normalisation gives more
weight to long linear features, while the Normalised Radon transform puts more weight
on linear features with high contrast values. This effect is illustrated in panels d1/el
which show a long, high/low-contrast linear feature at 6 = 90° and a short, low/high-
contrast feature at angle 0 = 45°, respectively. In window d1 the extracted crevasse
orientation is 6 = 90° (a5 = 0°) with and without normalisation, corresponding to the
long, high-contrast feature. There is a difference in the value for o, (panel d3), though.
For window el, however, the extracted crevasse orientation differ with or without nor-
malisation. Without normalisation, the dominant signal remains at 8 = 90°, here cor-
responding to the long, low-contrast feature, whereas the Normalised Radon transform
yields 6 = 45°, corresponding to the short, high-contrast feature. This indicates that
Normalized Radon transform gives more weight to feature contrast than length.

2.3 Study Area and Data

2.3.1 Study Area

We applied the proposed NeRD method to the ice shelves in the Amundsen Sea Embay-
ment in Antarctica. We considered all ice shelves between 100° —125° West, which con-
tains the Abbot, Cosgrove, Pine Island, Thwaites, Crosson, Dotson and Getz ice shelves.

The Amundsen Sea Embayment in West Antarctica is currently the largest contributor to
sea-level rise (Pattyn and Morlighem, 2020). Most mass loss in the past decades is from
Pine Island and Thwaites Glacier (Arndt et al., 2018; Meredith et al., 2019). Crosson and
Dotson are two of the most rapidly changing outlets in West Antarctica (Lilien et al.,
2018), but Thwaites Glacier is undergoing the largest changes of any ice-ocean system in
Antarctica (Miles et al., 2021). The ice flow acceleration and ice shelf thinning is associ-
ated to grounding-line retreat (Pattyn and Morlighem, 2020; Arndt et al., 2018). Damage
on these ice shelves has been considered key to their retreat (Glasser and Scambos, 2008;
Borstad et al., 2012; Lilien et al., 2018; Lhermitte et al., 2020). Also Getz ice shelf was
shown to be accelerating (Chuter et al., 2017).
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Given the presence of multiple fast changing, fast flowing and heavily damaged ice shelves
in the Amundsen Sea Embayment, assessing the amount of damage in this area is of pri-
mary interest to improve our understanding of the link between damage, mechanical
weakening and ice shelf instability.

2.3.2 Satellite Imagery

To evaluate the NeRD method, we applied it to a variety of satellite data sources ranging
from Sentinel-2 Level-1C, Landsat 7 and Landsat 8 Collection 1 Tier 2 Top of Atmosphere
Reflectance images and Syntetic Aperture Radar (SAR) Sentinel-1 Ground Range Detected
images. All images were pre-processed in Google Earth Engine (Gorelick et al., 2017) and
were exported at the same 30 m resolution as images from the Landsat series in WGS
84 Antarctic polar Stereographic projection (EPSG:3031). Sentinel-1 (10 m) and Sentinel-
2 (10 m and 20 m) images were re-sampled using the nearest neighbour method. The
MEaSUREs Antarctic ice shelf boundaries dataset of Rignot et al. (2016) was used to select
satellite imagery over the ice shelves in the study area, and later to plot the grounding
line on the spatial figures.

The satellite imagery was pre-processed in two ways to obtain a single, frame-filling
image for every austral summer (December, January, February; DJF). Firstly, the optical
satellite images were obtained by constructing a median composite image. This consisted
of the following steps: subsetting the image collection to DJF data only, filtering for cloud
cover (< 20%) and compositing into median annual DJF composites of the Red (R), Green
(G), Blue (B) reflectance bands. Calculating the DJF median of the image collection intro-
duces a resolution loss of surface features due to a blurring effect as a result of glacier dis-
placement. Especially fast flowing ice shelves, such as Pine Island, Thwaites and Crosson,
show significant ice displacement throughout one austral summer with velocities up to
5 km/year (Gardner et al., 2019; Mouginot et al., 2017a). Shortening the image composite
interval would reduce this blurring effect, but severely limits the available images, often
leaving large gaps in the data. To show the capability of NeRD as an automated approach,
applied to automatically retrieved data of sufficient quality, it was opted in this study to
work with optical DJF median composites rather than monthly composites or individual
scenes.

Secondly, SAR images were obtained by constructing a spatial mosaic image, stitching
individual scene together until the export frame was filled. SAR data does not require
filtering for cloud cover, and thus a qualitative image for a chosen period can be generated
automatically without compositing. The SAR images were not filtered to remove speckle
noise, as a noise removal step is already included in the NeRD method. The Sentinel-1
collection was filtered to only include HH polarization images of Interferometric Wide
Swath instrument mode and descending orbit in the defined DJF period.

Supplementary Figure 1 displays the retrieved Sentinel-2 median composite images for
DJF 2020-2021 for Pine Island, Thwaites, Crosson and Getz ice shelves. Supplementary
Table 1 provides an overview of image median composites and spatial mosaics used in
this study for each satellite source.
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2.4 Methods

NeRD is intended to be a generalised, one-size-fits-all method: a method that can be
applied to images from different spatial or temporal domains and yield results that can
be compared. Therefore, we first performed sensitivity tests to show the robustness of
NeRD (Section 2.4.1) to its inputs before applying NeRD to the Amundsen Sea Embay-
ment study area (Section 2.4.2) and validating the results (Section 2.4.3). In a final step
we have applied NeRD to a timeseries of imagery over the Pine Island Glacier to analyse
its temporal consistency.

2.4.1 Sensitivity Analysis

The sensitivity of NeRD to its parameter settings and input was tested in two experi-
ments. The first ‘resolution sensitivity’ experiment focuses on the choice of processing
window size in combination with the image pixel resolution. The second ‘sensor sensi-
tivity’ experiment considers the sensitivity of the result to different data inputs. For this
we consider both the choice of spectral bands in optical data, as well as the difference
between optical and SAR data.

Resolution Sensitivity

First, the sensitivity of the NeRD method to the choice of window size was tested. The
choice of window size is a compromise between desired high output resolution, and ac-
curate feature detection. On the one hand feature detection in small window sizes yield
high output resolution. On the other hand, feature detection in small windows is more
susceptible to noise because the linearity of a feature typically is less pronounced in small
windows where linear features have lower length to width ratios. Since the high length
to width ratios of linear features determines the signal value in R,,,,,,, it will result in
lower damage signals . Consider for example an open rift of 100 m wide and 10 km long.
A small window of 10x10 m can ‘fall into’ the rift and miss its detection. Detection is
possible if the small window covers the edge of the rift, and the edge is discernible as a
linear feature from surrounding surface irregularities (noise) within the window. A larger
window improves the confidence of feature detection over noise (Roberts et al., 2013) as a
larger window size (e.g. 1 km x 1 km) spans the rifts opening and clearly shows the orien-
tation of the rift. A drawback of this larger window size is that other features which are
present in the window might be overridden by the large rift. The output of larger win-
dow sizes therefore potentially misses valuable spatial variations. As such, a balanced
choice of window size relative to feature size is essential. Therefore, to test the effects
of window size on the detected NeRD damage we performed a sensitivity experiment
by varying the window sizes between 10x10 and 25x25 pixels, implying window sizes of
300x300 and 750x750 m, respectively. An example for these two window sizes is shown
in Figure 2.3a and b.

Second, the sensitivity of the NeRD method to the image pixel resolution was tested.
The resolution of the image mainly determines the minimum feature size that can be
resolved, but also affects the contrast of features. Since wide linear features (e.g. rifts)
can be located in a multitude of pixels in high spatial resolution imagery, the contrast
of the rift edge/trough is effectively spread over more pixels. This lowers the length to
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Figure 2.3: Example of NeRD applied to different windows of a Sentinel-2 RGB me-
dian composite of DJF 2019-2020, zoomed in to the western shear zone of Pine Island Ice
Shelf. The image has been converted to a grayscale image with values between 0-1. The
top row shows the selection of (a) a 10x10 (green) and (b) 25x25 (magenta) pixel windows
from the image with 30 m pixel resolution, and (c) a 10x10 (orange) pixel window from a
down-sampled image to 90 m pixel resolution. The bottom row shows the standard devi-
ation o(0) of the normalised radon transform line integral at different projection angles
0. The resulting crevasse signal o.,., at angle 6 are denoted with a red dot and grey
dashed line. The crevasse signal threshold 7.,,, is shown as the red dashed line.

width ratio of the feature within a given window, and consequently reduces the ability of
NeRD to detect it. To assess this effect of resolution on feature contrast, we apply NeRD
on 10x10 windows of high-resolution images (30 m pixel resolution), and down-sampled
versions of the same images (90 m pixel resolution). We down-sampled the images from
30 m to 90 m pixel resolution using a nearest neighbour approach that ensures that the
contrast between every pixel group is enhanced. See an example for these two resolutions
in Figure 2.3a and c.

For both the window size and pixel resolution tests, NeRD was applied to Sentinel-2
median image composites of DJF 2020-2021 in the Amundsen Sea Embayment study area.
The number of detected damage pixels were counted, including all pixels where D> 0,
to allow a pixel-wise comparison between the individual experiments. To this end, the
results of the low resolution tests (750 m window size or 90 m pixel resolution) were re-
sampled back to the same grid as the high-resolution tests (300 m window size or 30 m
pixel resolution).

Sensor Sensitivity

In the sensor sensitivity experiments we tested the effects of i) different spectral bands in
optical data and ii) different data sources (optical versus SAR) on the obtained the damage
product. For this purpose, the NeRD method was applied to the red (R; B4), green (G; B3),
blue (B; B2), and short-wave Infrared (SWIR; B11) bands of a Sentinel-2 median image
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composite (DJF 2019-2020) individually. Next, the robustness of the NeRD method to
data acquired from different sensors was tested by applying it to both optical Sentinel-
2 and Landsat 8 data and Sentinel-1 SAR data, which all were sampled to the same 30
m grid resolution to allow direct comparison. For this sensitivity experiment all images
were processed on 10x10 pixel windows (30 m pixel resolution).

2.4.2 Application of NeRD

We have applied NeRD to the Amundsen Sea Embayment study area on Sentinel-2 me-
dian image composites of DJF 2020-2021. The images were processed on 10x10 pixel
windows (300 m), based on the outcome of the sensitivity tests. The damage signal D
was quantified following Equation 2.5, for which a representative value of 7., = 0.040
was determined (see next Section 2.4.2).

After validation of the results in the study area we applied NeRD with the same 10x10
px window size to a timeseries of median image composites on the Pine Island Glacier,
consisting of two Landsat 8 median composites (DJF 2013-2014 and 2015-2016) and two
Sentinel-2 median composites (DJF 2017-2018 and 2019-2020). This was done to analyse
the temporal consistency of NeRD in more detail.

Noise Removal

The threshold (7,,,) is a representative signal value of typical undamaged, noisy win-
dows that is used to remove noise from the crevasse signal (Equation 2.5). This noise
value depends on the variability of pixel intensity values within the processing window.
What this means is that it can vary with different window sizes, as this will impact the
signal to noise ratio of a feature. Moreover, 7., will vary with the use of a different
data source since the amount of noise in the image differs between optical and SAR
sources. T, was therefore calculated for all window sizes used in this study, which
range from 5x5 to 110x110 pixels, in combination with each Sentinel-1/2 and Landsat 7/8
data source. Although not every window size is used in combination with every data
source, T, is calculated for every combination to demonstrate its variability between
data sources.

We selected three areas on the Pine Island (58 km?), Dotson (27 km?) and Getz (36
km?) glaciers that do not show any apparent signs of damage in the Sentinel-2 median
composites and then exported images within the same area for every data source. Using
these ‘undamaged’ areas, the crevasse signal threshold 7,,., was calculated as the mean
crevasse signal value of all undamaged windows:

Terev = Gcrev,undamaged~ (2~7)

The resulting 7., values are shown in Table 2.1 and range from ¢ =~ 0.03 to 0.06.
Changes of 7.,., between different window sizes are small. 7.,,, changes more signifi-
cantly from data source to data source: for 10x10 pixels, 7, ranges from low thresholds
0.032 (Landsat 7) and 0.040 (Sentinel-2) to high thresholds 0.050 (Sentinel-1) and 0.051
(Landsat 8).
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Table 2.1: Crevasse signal threshold 7.,.,, defined as the averaged crevasse signal value,
Ocrev> for undamaged areas. Values are aggregated for all windows in selected undamaged
areas. Values are calculated depending on window size and data source.

Crevasse signal threshold, 7.,
Number Sentinel Landsat
window size of windows S1 S2 L7 L8
150m 5x5 px | 8732 0.058 | 0.046 | 0.027 0.049
300m 10x10 px | 2251 0.050 | 0.040 | 0.032 0.051
700m 25x25 px | 376 0.044 | 0.039 | 0.037 0.065
3300m 110x110px | 27 0.042 | 0.034 | 0.027 0.031

2.4.3 Validation

Validation of NeRD method consisted of two comparisons: i) a comparison of detected
damage pixels to manually labelled ground-truth damage map and ii) a comparison with
the CNN fracture map of Lai et al. (2020).

Firstly, a manually labelled damage map was constructed using QGIS (Team, 2009) on
the Sentinel-2 median image composites of DJF 2020-2021 in the Amundsen Sea Em-
bayment area (30 m resolution). QGIS enables an interactive and dynamic view of the
image, allowing us to map multiple types of damage features, including: i) individual
linear features, ii) polygons with densely crevassed fields and iii) polygons with heavily
damaged, disintegrated areas with open rifts and ice mélange. Polygons covering surface
crevasse fields or heavily damaged areas are visibly distinctive by the feature size in-
cluded in the area. The identified linear features can indicate rifts, snow covered rifts, or
basal crevasses (McGrath et al., 2012b). The resulting labels are shown in Supplementary
Figure 2. We predominantly identify surface crevasse fields on the ice tongue of Pine
Island glacier, heavy damage in the shear zones of Pine Island, Crosson and Thwaites
glaciers, and large linear features predominantly on Crosson and Getz glaciers. The la-
belled damage vectors were rasterised onto the 300 m grid of the produced damage maps,
to determine True Positive (TP), True Negative (TN), False Positive (FP) and False Nega-
tive (FN) detected pixels. With these, the accuracy, precision, recall and f1-score metrics
were calculated to assess the performance of NeRD (Stehman, 1997; Taha and Hanbury,
2015):

TP+TN
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Y="P¥N
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, TP
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Because of a strong imbalance between the number of damaged to undamaged pixels
the macro-averaged f1-score was calculated. This is the unweighted mean of the metrics
calculated for each label, and gives a relatively high penalty to errors in the minority
(damaged pixels) class (Taha and Hanbury, 2015).

Second, NeRD was compared in a two-resolution approach to the CNN fracture map
of Lai et al. (2020). The CNN architecture consists of multiple convolution and max-
pooling layers that encode and decode the data. The input/output resolution is 125 m,
corresponding to the MOA2009 dataset to which the CNN is applied. The receptive field
of the CNN, however, spans 3500 m for each pixel (calculated based on Araujo et al.
(2019)). We therefore compare results from NeRD to both these scale levels. To this end,
we applied NeRD on a Landsat 7 DJF 2008-2009 median image composite which covers
the same austral summer as MOA2009 (Haran et al., 2014), at two resolutions: once using
5x5 pixel windows and 110x110 pixel windows (30 m pixel resolution). This corresponds
to 150 m and 3300 m window sizes respectively, thus comparing detected damage at
similar resolutions as the CNN input/output and receptive field resolution. Additionally,
NeRD was applied directly to the 125 m resolution MOA2009 image itself, with a 10x10
pixel window size (1250 m). The combination of these approaches allows to compare (a)
the ability of NeRD and the CNN to resolve damage features and (b) the likeness of the
results when applied to the same data.

2.5 Results

2.5.1 Sensitivity Analysis

Resolution Sensitivity

The map and bar-chart in Figure 2.4 and 2.5 show the sensitivity of NeRD to window
size and pixel resolution, highlighting that the changes in detected damage pixels in both
resolution sensitivity tests are small as both high and low resolution tests detect similar
features. Although the detected damage area is somewhat larger in the low resolution
tests, Figure 2.4 shows that this increase in damage area occurs adjacent to the high-
resolution detected damage areas. These pixels therefore do not necessarily represent
newly detected damage features, but mostly represent a widened detection of the same
features. We therefore make a distinction in the bar-chart in Figure 2.5, where damaged
pixels are grouped into four classes: (i) pixels that are detected in both pixel- or both
window resolution tests (blue bars), (ii) pixels that are detected only by low pixel- or
low window resolution test, but are directly adjacent to high resolution detected damage
pixels (green bars), (iii) the remaining pixels that are detected only by low resolution test
(pink bars), and (iv) pixels that are detected only in the high resolution test (orange bars).
As group (i) and (ii) represent the same features, they can be combined for interpretative
purposes.

On Pine Island, Thwaites and Crosson ice shelves, approximately 50% of the total dam-
aged pixels are detected by both pixel- or both window resolution tests (blue bars). Adding
to that the adjacent detected damage pixels of group ii (green bars), the figure shows that
a total of 73%-83% of the detected damage features are represented in both resolution
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Figure 2.4: Resolution sensitivity. Binary detected damage (pixels where D > 0) for
two resolution sensitivity experiments on the selected ice shelves in the study area: Pine
Island (a & e), Thwaites (b & f), Crosson (¢ & g) and Getz (d & h). Panels (a-d): detected
damage for different pixel resolutions, native (30 m) versus down-sampled (90 m) resolu-
tion. Panels (e-h): detected damage for different window sizes, 10x10 pixels (300 m) and
25x25 pixels (750 m). Data is overlayed on used input images, Sentinel-2 RGB median
image composites (DJF 2020-2021), grounding lines (dark grey line, Rignot et al. (2016))
and an ocean mask (light blue area, adjusted from Mouginot et al. (2017b)).
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Figure 2.5: Resolution sensitivity. Bar-chart of detected damage pixels grouped per ice
shelf, normalised for the total number of pixels detected by both pixel resolution tests
(uniform bars) or both window resolution tests (hashed bars). The pixels are grouped
by: pixels that are detected in both pixel- or both window resolution test (blue bars),
pixels that are detected only by the low resolution test but are directly adjacent to high
resolution detected damage pixels (green bars), the remaining pixels that are detected
only by low resolution test (pink bars), and pixels that are detected only in the high
resolution test (orange bars).
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tests on these three ice shelves. On Pine Island, 13.4% (18.9%) damage pixels are detected
by only the high pixel (window) resolution tests (orange bars), versus 8.1% (7.7%) pixels
by only the low pixel (window) resolution tests (pink bars). In this case a lower pixel
(window) resolution decreases the detection of damage features: a net effect of -5.3% (-
11.2%). For the other ice shelves, however, the lower resolution tests yields roughly the
same or more detected damage features. The latter is especially the case on Getz ice shelf,
where 26.2% (19.0%) of the damage pixels are detected only by the low pixel (window)
resolution tests, with respect to 10.5% (7.5%) pixels that are only detected by the high res-
olution tests - a net increase of 15.7% (11.5%). Figure 2.4d and 2.4h show that this increase
in detected damage pixels improves the detection of large rifts. The effect is larger for
the low pixel resolution tests (90 m pixel resolution) than for the low resolution window
size test (25x25 pixels), indicating that down-sampling the high resolution image with
contrast enhancement benefits the detection of these wide linear features.

Overall, the sensitivity tests highlight that NeRD is robust to choice of window size and
pixel resolution: the changes in detected damage pixels are small and changes in de-
tected damage patterns minimal. A reduction of pixel/window resolution can increase
as well as decrease the detected damage features, but is only beneficial for areas with
predominantly (large) linear damage features. With this in mind, and the intention to get
a high resolution damage map of multiple types of damage, we therefore continue with
the application of NeRD on 30 m pixel resolution images, applied to 10x10 pixel window
sizes.

Sensor Sensitivity

This experiment considers both sensitivity of NeRD to the choice of spectral bands in
optical data, as well as the differences when applied to optical or SAR data.

We show the sensitivity of NeRD to the R, G, B and Short-Wave Infra Red (SWIR) spectral
band of Sentinel-2 (spatial mosaic of DJF 2019-2020) in Figure 2.6. The figure displays
detected damage for each spectral band individually (Panel a, b, ¢, €) with the original
band data in the top row. Panel (d) shows an RGB plot of the individual bands (top)
and cumulative detected damage on the individual R,G,B bands (bottom), such that the
color scheme indicates in which band(s) damage has been detected. The majority of the
pixels in panel (d) are colored white, meaning damage is detected in all bands. This
test confirms that differences between R, G and B bands are small, and that the most
complete detection will be achieved when using all three bands. This test also shows
that the SWIR band is very sensitive to any remaining cloud properties or variability of
this band between individual scenes that are used to construct the DJF image. Because
of this, we have excluded SWIR as a potentially useful band.

Figure 2.7 and Table 2.2 show the results of the second sensitivity test. For this, NeRD is
applied to three different data sources: Sentinel-2, Landsat 8 and Sentinel-1 respectively.
Table 2.2 shows that NeRD detects almost twice as much damage pixels in the Sentinel-1
image than in the Sentinel-2 and Landsat 8 images. Despite this quantitative difference,
the map in Figure 2.7 clearly shows that the areas with high damage signal values are
detected on all data sources. This includes almost the entirety of the western shear zone,
the ice front and the damage in the Western tributary. This result indicates the robustness
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a) Red (B4) b) Green (B3) c) Blue (B2) d) R-G-B detected pixels e) SWIR (B11)
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Figure 2.6: Sensor sensitivity. Detected damage by NeRD applied to the separate optical
bands (a) Red, (b) Green, (c) Blue and (e) Short-Wave Infra-Red of a Sentinel-2 image of
the summer 2019-2020 (d, top). Panel (d, bottom) shows an RGB plot of the Red, Green
and Blue detected damage together, such that color scheme indicates in which band(s)
damage was detected. A purple color is damage detected in both red and blue bands,
white indicates detection in all three bands. Grounding lines (dark grey line, Rignot et al.
(2016)) and an ocean mask (light blue area, adjusted from Mouginot et al. (2017b)) are
added to the plot.

of the method to identify the consistent heavy damage patterns across the different data
types.

Most of the pixels that are detected in Sentinel-1 but not in Landsat 8 or Sentinel-2 are
pixels with low damage signal values (D < 0.10); see Figure 2.7d. Moreover, these pixels
are located mainly on the ice shelf tongue, where mostly small scale surface crevasses
are found. The difference in detection between SAR and optical data on these small scale
features can be attributed to the pre-processing of the data sets. The use of median com-
posites for optical data results in a blurring effect, caused by ice displacement. This blur-
ring also explains why the large open rift near the ice front is only partially detected in
the optical images.

Overall the results of the sensor sensitivity indicate the robustness of the method to con-
sistently identify damage patterns across the two data types. Although the amount of
detected damage varies, differences arise mostly for low damage values. This result em-
phasises the complimentarity of SAR and optical data for damage detection.
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Figure 2.7: Sensor sensitivity. Damage detected on images of the Pine Island Glacier in
December 2019 for (a) Sentinel-2, (b) Sentinel-1 and (c) Landsat 8 image, using window
sizes of 10x10 pixels (300 m). (d) the binned pixel count of detected damage pixels for
the range of damage signal values for each source. Sentinel-2 and Landsat 8 images are
median composites and Sentinel-1 is a spatial mosaic of DJF 2019-2020. Grounding lines
(dark grey line, Rignot et al. (2016)) and an ocean mask (light blue area, adjusted from
Mouginot et al. (2017b)) are added to the plot.

Table 2.2: Sensor sensitivity. Detected damaged pixels counted for the different sensors,
Sentinel-2 (S2), Sentinel-1 (S1) and Landsat 8 (L8). The table compares (not) overlapping
damage pixels between the sensors. Each row compares the percentage of that sensor
that overlaps with the other in the columns. The cell that displays the overlap of a sensor
with itself (i.e. overlap of Sentinel-2 with Sentinel-2) is in italic, indicating the amount of
pixels that is only detected by that sensor and no other.

Detected px in combination with sensors..

Total D px || All-sensors (%) | .. with S1 (%) | .. with L8 (%) | .. with S2 (%)
Sentinel-2 | 9442 335 25.8 12.7 28.0
Landsat 8 | 5939 53.2 9.8 16.7 20.3
Sentinel-1 | 16975 18.6 63.6 3.4 14.3
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2.5.2 Damage Detection at the Amundsen Sea Embayment

Figure 2.8 shows the damage detected as result of the NeRD method across the ice shelves
in the Amundsen Sea Embayment. Most damage pixels and the strongest damage signals
(D) are detected on the Pine Island, Crosson and Thwaites ice shelves. The results show
moreover that high damage signals (D > 0.1) are mostly found in the shear zones of these
ice shelves, while lower damage values are detected on the ice tongues. Inspection of the
source imagery (Supplementary Figure 1) shows that these areas with high damage signal
values consist of heavily damaged ice, containing fully fractured rifts and ice mélange,
while the damage area on the ice tongue are mostly surface crevasses (Supplementary
Figure 2). NeRD also detects large linear rifts near the ice front of the Getz ice shelf,
although these rifts show lower damage signal values: D =~ 0.02 to 0.03. This lower value
of D can be explained by lower image contrasts of rifts as a result of snow cover. This
lower contrast also explains why the rifts in the upstream area of Getz are not detected
by NeRD as the contrast in their cross-section is even lower there.

NeRD also detects the ice front for many of the ice shelves in the Amundsen Sea Em-
bayment. The sharp gradient of the bright calving front and the darker sea in the optical
images results in a strong damage signal. Although the calving front is not considered
damage in the scope of this study, calving front detection could be considered a useful
by-product of the NeRD method.

Interpretation of the NeRD damage on the grounded ice is more complicated than on the
floating ice shelf. For example, nunataks upstream of Crosson ice shelf create shadows
and contrast edges over the surrounding ice that are falsely detected as damage, as well
as the coastline. Further post-processing can remove this by masking all the grounded
ice or adding an ice height constraint to the data. We have refrained from doing so now,
to fully illustrate NeRD capacities.

Damage Orientation

The orientation of the damage features (ap) are displayed as a quiverplot in Figure 2.9,
scaled in size to their respective damage signal value. For Pine Island, Thwaites, Crosson
and Getz ice shelves a small part of the ice shelf is selected to comprehensibly visualise
the detected damage orientations.

Firstly, Figure 2.9 shows a good alignment of detected damage orientations to the visible
edges of damage features. This is clear on Crosson and Getz ice shelf, where large rifts are
tracked well, including a consistent alignment to the calving front (detected as damage
feature) on Getz ice shelf and the consistent detected orientation of the two edges of open
rifts on Crosson. In the shear zone of Pine Island, Crosson and Thwaites ice shelves the
damage orientations are more chaotic, especially in the presence of ice rubble. Thwaites
shows a relatively aligned damage field due to the block-wise structure of ice bergs in
combination with the sun incidence angle that enhances the shadows of ice edges in one
direction.
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Figure 2.8: Detected damage (D), as result of the NeRD method applied to ice shelves
in the Amundsen Sea Embayment on Sentinel-2 median image composites for DJF 2020-
2021, using red (B4), green (B3) and blue (B2) spectral bands. Panel (a) shows the full
study area, panel (b-e) show zoom boxes for selected ice shelves. Grounding lines (dark
grey line, Rignot et al. (2016)) and an ocean mask (light blue area, adjusted from Mouginot
et al. (2017b)) are added to the plot.

2.5.3 Validation
Validation to Manual Labels

The validation of detected NeRD damage with manually labeled damage is shown in
Figure 2.10, displaying true negatives (TN), false negatives (FN), false positives (FP) and
true positives (TP). The corresponding confusion matrices are included in Supplementary
Figure 3.

Firstly we note that the validation shows frequent detection of false positive damage pix-
els on grounded ice, which is especially prevalent upstream of Pine Island and Crosson
ice shelves. This is the result of the earlier mentioned difficulties with terrain shadows.
These false positive pixels over grounded ice restrict the obtained macro averaged preci-
sion in the Amundsen Sea Embayment study area to 0.69. For further validation metric
calculations, all grounded ice was removed using the grounding line from Rignot et al.
(2016). The grounded ice pixels are still visualised in Figure 2.10 to give a full represen-
tation of the validation. Removing the damage detection on grounded ice increases the
macro averaged precision in the study area to 0.81.

The validation results show a good overall performance of the NeRD method, with an
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Figure 2.9: Detected damage orientation (ap) for selected areas on (a) Pine Island, (b)
Crosson, (c) Thwaites and (d) Getz ice shelves, as result of NeRD applied on Sentinel-2
median image composites for DJF 2020-2021, shown in gray-scale as background. The
quivers are rotated with ap degree angles and scaled relatively to the damage signal
value D. For visual clarity the number of plotted quivers is reduced to one median value
for every 3x3 pixel group.

accuracy of 0.95 across all ice shelves in the study area and a macro averaged f1-score
of 0.80. The macro averaged fl-score on Pine Island, Crosson, Thwaites and Getz ice
shelves are 0.79, 0.79, 0.77 and 0.69, respectively. For Pine Island, Crosson and Thwaites
the macro averaged precision and recall are of similar value, all between 0.77 and 0.80.
The relatively low f1-score for Getz ice shelf is the result of low recall (0.64) rather than
precision (0.81).

These good performances are reflected in Figure 2.10, which shows a good representation
of true positive detected damage pixels across the ice shelf tongues and in the shear zones.
The limited number of false positive pixels (excluding grounded ice) explains the high
precision, whereas the relatively sparse number of false negative pixels explains the high
recall for most ice shelves. Only on Getz ice shelf the ratio of false negative pixels is
relatively high, as a result of NeRD’s difficulty to detect some of the wide upstream rifts.
Moreover, the majority of false positive pixels on the ice shelves are located directly
adjacent to true positive pixels. In many cases, this suggests a wider damage detection
than that is labelled, rather than the detection of non-existing damage features.
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b) Crosson

Figure 2.10: Validation to labels. Performance of detected damage by NeRD with re-
spect to manually labelled damage features. Pixels are classified as True Positive (TP,
pink), False Positive (FP, orange), False Negative (FN, green) and True Negative (TN,
blue). Grounding lines (light grey line, Rignot et al. (2016)) and an ocean mask (light blue
area, adjusted from Mouginot et al. (2017b)) are added to the plot.

In summary, the validation shows an overall good performance of the NeRD method
to detect damage. The fact that the precision is consistent for the damage detected at
all ice shelves in the Amundsen Sea Embayment indicates a robust damage detection
method.

Comparison to Fracture Map

The comparison between the NeRD detected damage map and the fracture map of Lai
et al. (2020) in Figure 2.11 shows different damage patterns for both methods on all four
ice shelves. NeRD has been applied to Landsat 7 images on 150 m (5x5 pixels) and 3300
m (110x110 pixels) windows. For both, NeRD detects the same major damage areas, with
some new areas showing up in the 3300 m results and some small scale features disap-
pearing (e.g. on Thwaites ice tongue). The nuances due to resolution have been discussed
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in Section 2.5.1, whereas this Section will focus on the difference between the damage
detected by NeRD and Lai et al. (2020). Seeing the similarities between the 150 m and
3300 m damage maps, we continue the comparison to the fracture map with a focus on
the 150 m resolution damage map.

Generally, the CNN fracture map of Lai et al. (2020) displays more linear features. This
includes larger, more gradual, rifts and folds (Figure 2.11). This CNN method works well
on the Getz ice shelf, where the CNN method detects most of the large rifts that are
missed by the NeRD method. However, a down-side of the CNN’s focus on large linear
shapes is that the fracture map also includes flow lines that are morphological similar to
these rifts (Ely and Clark, 2016). The benefit of NeRD is that, despite missing some of the
large rifts, it correctly omits detection of flow lines.

We see a strong difference in performance between the CNN and NeRD method on the
Pine Island and Crosson ice shelves. The CNN fracture map detects crevasse field areas
on the ice tongues as a single fracture. These areas stand out with respect to the rest
of the ice shelf tongue due to snow cover patterns. More importantly, the CNN method
completely overlooks the erratically organised damage in the shear zones on both these
ice shelves.

Also on Thwaites ice shelf NeRD detects high damage areas in the shear zone between
the Eastern ice shelf and main tongue which are missed in the CNN fracture map. The
CNN method, moreover, detects more linear patterns on the main ice tongue. This can
be explained by the resolution of the used dataset: on the MOA2009 image with 125m
pixel resolution, the ice fractures are indeed linearly oriented. On the higher resolution
Landsat 7 image (30 m) the ice tongue displays a more block-like organisation of the
ice.

To conclude: on the one hand, the NeRD method might overlook some wide and grad-
ual rifts, as is characteristic on the Getz ice shelf and correctly detected by the CNN. On
the other hand, the CNN fracture map of Lai et al. (2020) consistently overlooks heavy
damage patterns that have an irregular shape, and also wrongly detect flow lines as frac-
tures.

2.5.4 Damage Evolution

We analyse the evolution of damage over time by applying NeRD to satellite imagery of
multiple years. Figure 2.12 shows an example time series of detected damage on Landsat
8 and Sentinel-2 median image composites of the Pine Island ice shelf during the austral
summers of 2013-2014, 2015-2016, 2017-2018 and 2019-2020.

This time series show that the damage in the shear zones increased from 2013 to 2019.
The ice tongue shows a more intra-annual variability: damage increases from 2013 to
2018 but then decreases in 2019 back to a similar pattern as 2015. This larger variability
for the smaller surface crevasses on the ice tongue can be explained by two aspects.
First, varying snow cover conditions can hide or reveal crevasses in the optical images
of Landsat or Sentinel-2. On top of that, the number of images that are used for the
median composite varies per season, depending on the number of images that pass the
cloud filter, enhancing (many images) or reducing (few images) the blurring effect of
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Figure 2.11: Comparison to fracture map. Detected damage (classified if D > 0) on the
Landsat 7 median image composite (background) for summer 2008-2009 on the selected
ice shelves in the study area: (a) Pine Island, (b) Thwaites, (c) Crosson and (d) Getz ice
shelves. Blue values indicate the detected damage by NeRD, applied to 110x110 pixel
windows (3300 m, light blue, bottom layer) and 5x5 pixel windows (150 m, dark blue,
top layer). Red values (middle layer) represent the detected fractures by Lai et al. (2020)
using a machine learning approach, applied to the MODIS Mosaic of Antarctica 2008-2009
(MOA2009) on 125 m pixel resolution but based on a 3500 m receptive field. Grounding
lines (dark grey line, Rignot et al. (2016)) and an ocean mask (light blue area, Mouginot
et al., (2017)) are added to the plot.

47



2. DAMAGE DETECTION WITH NERD

a) Landsat 8 DJF 2013-2014  b) Landsat 8 DJF 2015-2016

Figure 2.12: Timeseries of detected damage. Damage signal (top row) and orientation
(bottom row) for damage detected on Landsat 8 and Sentinel-2 median image composites
of the Pine Island Glacier during the summers (DJF) of (a) 2013-2014, (b) 2015-2016, (c)
2017-2018 and (d) 2019-2020. The zoom-boxes show the damage orientation in the west-
ern shear-zone close to the ice front, with the length of the quiver scaled to the strength
of the damage signal. Grounding lines (dark grey line, Rignot et al. (2016)) and an ocean
mask (light blue area, adjusted from Mouginot et al. (2017b)) are added to the plot.

the median image composite. This shows that a seasonal or annual variability related to
surface crevasses can be imposed on the damage map.

The zoom-boxes in Figure 2.12 show initiation and evolution of damage in the western
shear-zone of the Pine Island ice shelf. Large rifts first appeared in DJF 2013-2014 (panel
a) and have opened and grown by DJF 2015-2016 (panel b). NeRD successfully tracks the
rotation and opening of the rifts, aligning the detected damage orientation to the rift’s
edge. By DJF 2019-2020 (panel d), the individual rifts are no longer distinguishable and
the area has become heavily damaged with little intact ice remaining. Hence, a more
chaotic pattern of damage orientations is detected. All the while, the orientations of
the crevasses on the ice tongue are quite consistently oriented throughout the years,
and show a relatively aligned field of orientation. These crevasses are likely related to
the vertical flexing of the ice shelf in response to the formation of basal melt channels,
rather than changes in the local strain field (Vaughan et al., 2012), which can explain their
consistent alignment.

The consistent tracking from developing rifts to disintegrated areas, both in terms of
damage signal and orientation, indicates the qualitative performance of the method to
detect damage.
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2.6 Discussion

The different NeRD experiments have shown that the proposed NeRD method detects
damage signal values primarily based on feature contrast rather than feature intensity.
This removes false signals and dependencies on processing window size, both of which
are prevalent in the classical Radon Transform. NeRD enables an automated application
on different images and for different regions. This is in contrast to other damage detection
methods, such as a CNN method that needs re-training for every data set, or manual
mapping that is labour intensive and depends on expert judgement.

Sensitivity tests show that the detected damage product can change between -11 to +15%
as a result of reducing the window or pixel resolution. The increase or decrease of de-
tected damage pixels depends mainly on the type of damage features represented in the
area. For heavily damaged ice shelves like Pine Island, Thwaites and Crosson, high reso-
lution yields more detected damage. NeRD is most sensitive to a reduction of resolution
in areas with wide features, as is seen on Getz ice shelf. In these areas, detection would
improve by a reduced pixel/window resolution. As Cosgrove and Dotson ice shelves show
similar sensitivity to window/pixel resolution as Getz ice shelf, we expect other lightly
damaged ice shelves across the Antarctic to behave similarly. That aside, the sensitivity
tests show a very robust and consistent detection of damage patterns.

With the NeRD method we are able to generate damage maps that can be analysed across
space and time, because the quantified damage value is consistent for different spatial
or temporal domains. This improves upon the previous crevasse map from Gong et al.
(2018). Moreover, results consistently quantify damage patterns for all three tested data
sources, paving the way for synergistic multi-source damage detection that overcomes
remaining limitations from individual sources. The differences between damage detected
from either optical or SAR data occur mainly for surface crevasses. Differences are caused
primarily by the image pre-processing approach and by the image quality which is af-
fected by clouds, shadows or illumination conditions, rather than by the NeRD method
itself. The blurring effect that occurs in optical data due to compositing is a source for
underestimated damage detection. Alternative to median composites one could construct
spatial mosaics for optical data as well, which yields similar details of damage detection
as shown on SAR data. Optical spatial mosaics, however, are much more susceptible to
the mentioned image quality aspects than median composites (included in Supplemen-
tary Figure 5). This then would require more careful pre-processing, which did not fit
the objective to develop an automated approach that can be applied out-of-the box to
any data source.

With NeRD we are able to detect multiple types and scales of damage features. This is
an improvement with respect to existing fracture maps. The fracture map of Lai et al.
(2020) detects large-scale linear-like fractures on coarse data resolution, and the crevasse
map of Bhardwaj et al. (2016) detects crevasses in a densely crevassed field on high-
resolution data. The NeRD method is able to detect both densely crevassed fields and
large scale rifts, and also includes the heavily damaged areas in the shear-zones. NeRD is
a first-of-its kind method that detects continuous rather than binary damage features. It
is this characteristic that allows NeRD to include the multiple types of damage features
without losing comprehensible interpretation. Moreover, as high values of the detected
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damage parameter D seem to correlate to large (deep) damage features and low values to
small (shallow) features, D could potentially be linked to the scalar damage factor used
in CDM modelling (Borstad et al., 2012, 2013, 2016; Sun et al., 2017) or to vertical crevasse
information obtained from laser altimetry studies (Li et al., 2021; Wang et al., 2021). NeRD,
however, is less suited to detect wide features with gradual slopes, especially compared
to the CNN fracture map of Lai et al. (2020). This detection can be improved by down-
sampling the image to enhance edge contrasts, but this is at the cost of spatial resolution
of the final product. Furthermore, NeRD does not perform well in areas with changing
terrain features, such as rock outcrops or hill shade. On ice shelves this is mostly a trivial
issue, but future studies should take care to mask theses features from the image.

The detection of damage orientation in addition to the damage signal adds to the potential
uses of NeRD in future research. The robust tracking of rotating rifts can help improve
our understanding of damage evolution. Furthermore, the detected damage orientation
can be compared to the orientation of principal strain, using velocity data that is a close
temporal match to the satellite imagery used for damage detection, which can provide
insight in crevasse opening mode and can potentially be of help to initialise anisotropic
creep damage models (Murakami et al., 1988; Pralong et al., 2006; Huth et al., 2021).

Lastly, an interesting by-product of NeRD is that it detects the ice front quite definitely.
This has potential to help improve modelling of calving fronts (Enderlin and Bartholo-
maus, 2020).

In summary, the NeRD method is robust and applicable for large scale assessments. The
method is mainly limited by the quality of the input data. Therefore it is suggested
that future studies focus on a robust pre-processing approach that consistently retrieves
high quality data, which would combine well to the generalised application of the NeRD
method. With such robust pre-processing the NeRD method can be applied to large spa-
tiotemporal domains to allow Antarctic wide assessments, but also an application to year-
round SAR data to analyse damage changes on a high temporal resolution.

2.7 Conclusion

In this manuscript we have shown that the proposed NeRD method allows damage to
be robustly detected across spatial and temporal domains. The method can be applied
directly to different image sources, requiring no additional pre- or post-processing. This
generalised application to multi-source imagery is a great advantage over previous frac-
ture detection algorithms. With these characteristics the method is suitable for large scale
damage assessments.

The ability of NeRD to detect continuous damage signal values allows detection of mul-
tiple damage feature scales. Furthermore, it enables the monitoring of damage develop-
ment over time. We identified spatially varying damage patterns on the ice shelves in
the Amundsen Sea Embayment, with most damage occurring on Pine Island, Thwaites
and Crosson ice shelves. These ice shelves display heavy damage in their shear zones,
indicating structural weakening of the ice. The consistent detection of damage orienta-
tion by NeRD provides insight in crevasse evolution. We analysed damage growth on
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the Pine Island ice shelf, showing the initiation, advection and rotation of large crevasses
that eventually develop into a disintegrated area.

With the NeRD method large scale damage assessments can be made. This in turn can
help evaluate ice sheet models to their modelled damage pattern or possibly even calv-
ing front representation, or it can help initialise damage models. Large scale damage
maps can also be used to train or evaluate machine learning approaches, or be combined
with vertical properties of fractures from laser altimetry studies. Finally, temporal dam-
age maps can potentially be used as an early-warning indication for ice shelves that are
transitioning from an intact to a damaged state. In all cases, NeRD can be used as a
tool to produce important insights regarding crevasse formation and ice shelf vulnera-
bility.
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Chapter 3

Assessment of Antarctic damage
change over two decades

Together with Chapter 4, this chapter is based on: Izeboud, M., Lhermitte, S., de
Roda Husman, S., Wouters, B. Antarctic ice shelves vulnerable to damage in future climate
warming. In review at Nature Climate Change, NCLIM-24010280-T, 2024.

With the development of the NeRD method, we are in the unique position to assess the state of
damage and damage changes on Antarctic ice shelves for long time periods. In this chapter we
first generate multiple damage maps of Antarctica, and quantify the changes. This addresses
the research question: ‘What is the current extent of damage across Antarctic ice
shelves, and how has this damage evolved over the past decades?’ We consecutively
use those results in an analysis that investigates ‘To what extent is detected damage
correlated to ice shelf retreat?’

Section 3.2 describes the used satellite observations and Section 3.3 the steps to quantify
damage change. Section 3.4 presents the detected damage change assessments and shows the
implications of observed changes to ice shelf retreat.
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3.1 Introduction

The potential instability of Antarctic ice shelves is a major uncertainty in current sea level
rise projections, either due to short-term collapse or long-term weakening (Fox-Kemper
et al., 2021; Robel et al.,, 2019). Understanding the processes that affect the weakening,
retreat and instability of ice shelves is therefore essential (Bassis et al., 2023; Calvin et al.,
2023). Damaged areas on an ice shelf, consisting of crevasses and/or rifts, are first indica-
tors of its weakening (Borstad et al., 2012, 2017). Crevasses and rifts are a precursor to ice
shelf calving and retreat (Rydt et al., 2019; Cheng et al., 2021), and heavily damaged ice
shelves can be vulnerable to collapse when combined with other (environmental) factors,
such as hydro-fracturing (Banwell et al., 2013; Lai et al., 2020; Robel and Banwell, 2019),
unpinning or back-stress triggered failure (Miles et al., 2021; Benn et al., 2022), sea ice
or mélange removal (Arthur et al., 2021; Banwell et al., 2019) and changes in sea surface
slope (Christie et al., 2022; Massom et al., 2018).

Despite the critical role of damage in ice shelf instability and retreat, large-scale spa-
tiotemporal assessments of the evolving distribution of fractures in the (recent) past are
scarce (Lai et al., 2020; Pang et al., 2023; Surawy-Stepney et al., 2023b). How widespread
ice shelf weakening occurs across the Antarctic therefore remains to be diagnosed.

The scarcity of damage observations and damage change assessments has, so far, pri-
marily been due to a lack of available methods that can be applied on large spatial and
temporal scales. This has recently been remedied by the advent of machine learning ap-
proaches (e.g., Lai et al., 2020; Pang et al., 2023; Surawy-Stepney et al., 2023b) as well as
improved image processing techniques, such as the NormalisEd Radon transform Detec-
tion method (NeRD) method (Chapter 2: Izeboud and Lhermitte, 2023).

In this study, we use the NeRD method to identify and quantify damage on satellite im-
agery from both the RADARSAT RAMP mosaic of 1997 (100 m resolution) and Sentinel-1
Synthetic Aperture Radar (SAR, 40 m) between 2015 to 2021 (Section 3.2 and 3.3). We
present the first multi-decadal (24-year) analysis of damage changes on ice shelves across
Antarctica (Section 3.4.2), complementing recently produced short-term damage change
products of (Surawy-Stepney et al., 2023b) and (Pang et al., 2023). These assessments are
used to analyse the link between damage development and ice shelf calving or retreat
(Section 3.4.3).

3.2 Data for damage detection

We employ data from two distinct sources to create damage maps on Antarctic ice shelves:
the image mosaic of the Radarsat-1 Antarctic Mapping Project (RAMP) of 1997 (Jezek
et al., 1998) and Sentinel-1 Synthetic Aperture Radar (SAR) images for the years 2015-
2021. We masked all data outside of the ice shelf bounds: grounded ice as well as ocean
areas.
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Figure 3.1: Overview of used datasets to produce damage assessments. a) RAMP
mosaic from 1997 (Jezek et al., 1998), processed with NeRD only for data within the red
tiles that cover all ice shelves. b) Data coverage of Sentinel-1 EW ascending orbit im-
ages in one assessment year (2021), showing data gaps on the Filchner-Ronne, Ross and
Amery Ice Shelves. ¢) example of annual calving front positions at the Pine Island Glacier,
adapted from Greene et al. (2022) with manual corrections to fit the used Sentinel-1 im-
ages. Grounding line from (Rignot et al., 2016) is added to each plot.

3.2.1 Satellite observations

RAMP Mosaic

The RAMP Mosaic is composed from SAR observations obtained by the Antarctic Map-
ping Mission 1 (AMM-1) acquired between September and November 1997, using HH
polarisation with a C-band frequency of 5.3 GHz (Jezek et al., 1998). The mosaic was con-
structed with a spatial resolution of 100 meters and is publicly available (https://asf.
alaska.edu/data-sets/derived-data-sets/ramp/ramp-get-ramp-data/).
We only processed data covering Antarctic ice shelves, selected by tiles as shown in Fig-
ure 3.1.

Sentinel-1

For the period spanning 2015 to 2021, we obtained the Sentinel-1 SAR Ground Range
Detected images, focusing on overpasses occurring in September through November of
each year to mirror the RAMP acquisition season. We similarly use the HH polarisation
band with a C-band frequency of 5.4 GHz. More specifically, we have selected images
from ascending orbits with Extra Wide (EW) swath instrument mode, with a spatial res-
olution of 40 meters. The SAR images were not filtered to remove speckle noise, as a noise
removal step is already included in the NeRD method. To reduce data volume and op-
timise processing efficiency, while keeping maximum spatial coverage, we have chosen
the first acquisition from each unique relative Sentinel-1 orbit (property ‘relativeOrbit-
Number_start’) each year. In total, our dataset comprises between 123 and 212 images
per year, culminating in 1638 processed Sentinel-1 images overall. The images are open-
source available and were acquired through the Google Earth Engine (GEE) (Gorelick
et al., 2017), for which the code has been included in the repository accompanying this
manuscript. A complete list of the processed image id’s is made available as well.
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Addressing Data Gaps

The Sentinel-1 EW data coverage over Antarctica is constrained to coastal areas (Husman
et al., 2023). This limitation results in data gaps over the inland sections of the Amery,
Filchner-Ronne, and Ross Ice Shelves (see Figure 3.1). To maintain temporal consistency
in our assessments, we have masked these no-data areas from the RAMP dataset when
computing spatially aggregated values (Figure C.2). Furthermore, some regions have in-
consistent annual coverage (e.g., part of Getz Ice Shelf and a few ice shelves in Wilkes
land). These data gaps are also masked for the computation of all annual spatially aggre-
gated values, but not from the shown annual damage maps in Figure C.2.

3.2.2 Annual Ice Shelf Masks

We used the MEaSUREs (Rignot et al., 2016) grounding line to remove grounded ar-
eas, and kept this static over the study period. Annual ice front positions were ob-
tained from Greene et al. (2022) and manually adjusted to match the ice fronts in our
Sentinel-1 dataset, which was obtained roughly half a year later for each year than data
used by Greene et al. (2022). An example of the ice front positions is included in Figure
3.1c.

3.3 Methods

3.3.1 Damage detection with NeRD algorithm

NeRD is a line detection algorithm that is capable of processing multi-source remote sens-
ing imagery at varying spatial resolutions, making it an invaluable tool to process both
RAMP and Sentinel-1 data sets. NeRD excels in detecting a wide range of morphological
damage expressions, encompassing surface crevasses, large rifts, and heavily damaged
areas with complex or chaotic fracture patterns. NeRD identifies a continuous damage
signal based on the gray-scale contrast of linear features applied to small N x N pixel ker-
nels of the (satellite) image. Each kernel yields a single damage signal value (D) within
the range of 0 to 0.5 (unit-less).

To ensure consistency in resolution for our long-term damage change assessment, the
RAMP and Sentinel-1 images were processed with NeRD using a different kernel size.
The RAMP mosaic, with an original resolution of 100 m, underwent processing with
10x10 pixel kernels (without overlap), yielding 1000 m for the produced damage maps.
The Sentinel-1 data of 40 m resolution was processed with 25x25 pixel kernel size to
attain the same 1000 m output resolution. Sentinel-1 data was also processed with 10x10
pixel kernel sizes to produce high resolution damage maps (400 m)®.

NeRD accounts for detection differences between sensors using a sensor and resolution
specific noise filtering step. For each sensor/resolution combination, we calculated a
signal noise threshold following the methodology outlined by (Izeboud and Lhermitte,
2023). This threshold (7) was determined as the 951 percentile signal value of the NeRD
signal over an undamaged area (manually defined), yielding: Tranmp;100m:10px = 0.016;

IThese damage maps are not used for the analyses in this chapter, but included as output of this thesis.
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Tsi;40m:25px = 00415 Ts;;40m:10px = 0.053; The noise threshold is subtracted from the
NeRD signal, removing sensor and resolution induced biases and so ensuring the relia-
bility and consistency of the damage assessment across different data sets.

While the NeRD method effectively minimizes disparities in detected damage signal val-
ues between different sensors through this noise threshold, some variations may persist
due to two key factors: i) changes in surface conditions that influence the SAR backscatter
signal and ii) differing levels of sensitivity to the spatial variability of surface conditions.
This sensitivity was tested (see Supplementary Material, Appendix C) but its effect is
an order of magnitude smaller than the standard deviation of the signal itself, and can
be considered insignificant. This instills confidence in the comparability of RAMP and
Sentinel-1 damage assessments.

3.3.2 Damage quantification

The damage assessments obtained from overlapping Sentinel-1 images were consolidated
into a single damage assessment per year by determining the median damage signal from
overlapping pixels. The number of overlapping images varied regionally, ranging from 1
to 12-25 images, depending on the year, with a median of four overlapping images used
for each pixel.

Spatially integrated quantifications of damage and damage change were conducted based
on the detected damage area. The damage signal was discretized into a binary classifi-
cation, ‘damage’ (D > 0) or ‘no damage’ (D = 0), for each pixel. The sum of pixels (each
measuring 1 by 1 km?) for both categories was then calculated per ice shelf. The damage
values were integrated per ice shelf and sector using the annual updated ice shelf bound-
aries by Greene et al. (2022) and sectors defined by Fiirst et al. (2016), respectively.

3.3.3 Damage observation uncertainty

The NeRD method, while effective, has inherent limitations. It operates by detecting lin-
ear features based on gray-scale contrast, making it unable to distinguish various sources
of contrast in the image, such as rock outcrops, terrain shadow, or sea ice edges, from
ice fractures. These features are filtered from our output by clipping the produced dam-
age map to ice shelf areas, which effectively removes rock outcrops and steeply sloped
terrains. We made an extensive effort to determine an ice front position aligned to the
used satellite data to mask ocean areas, ensuring that sea ice features were removed com-
pletely. We consider these efforts sufficient to remove falsely detected damage features
from the results.

Secondly, the algorithm returns a single value per processing kernel, rather than resolv-
ing the shapes of individual fractures. This limits how well crevasse opening is resolved.
Instead, we have focused on changes in damage area extent by analysing how many ker-
nels yield a positive damage signal D > 0. As a result, the reported damage changes
between 1997 and 2021 consider mainly new damage features or horizontally propa-
gating rifts rather than the deepening or opening of existing fractures. Moreover, the
reported damage areas (in km?) represent the number of output pixels that contain frac-
tures (i.e. weakened areas), not the explicit extent of opened fractures (such as Pang
et al., 2023)).
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3.4 Results

3.4.1 Antarctic wide damage

Eight Antarctic-wide damage maps are produced, for 1997 and every year from 2015 to
2021. These maps can be explored in detail online at the Google Earth Engine (GEE),
https://code.earthengine.google.com/1861eb3fdf5ad2990bfb58aafl
7eb475. Figure 3.2 shows a few maps of damage for these years, Figure 3.3 presents
annual assessments on Antarctic scale and Figure 3.4 shows the long-term differences
between observed damage on selected ice shelves. In Appendix D, more damage maps
are included of selected regions and ice shelves.

From the produced maps, multiple variations of damage patterns on ice shelves are de-
tected. For some ice shelves, damage is concentrated in shear zones (e.g., Pine Island,
Crosson and Fimbul ice shelves; Scott glacier next to Shackleton ice shelf), while others
exhibit fractures mostly perpendicular to the ice flow near the ice front (e.g., Getz, Dot-
son, Cook and Jelbart ice shelves) or distributed across the entire ice tongue (e.g., Brunt,
Larsen D, Ninnis, Drygalski and Shackleton ice shelves). Intact ice shelves with mini-
mal damage are identified (e.g., Abbot, Cosgrove, Bach, and Rennick ice shelves), albeit
rare.

/

o
N}

Damage Signal

Figure 3.2: Damage maps of ice shelves in Amundsen Sea Embayment for select
years. Detected damage by NeRD on Sentinel-1 SAR imagery obtained in September-
October-November each year between 2015-2021. The damage maps have 400 m spatial
resolution. Data is clipped to ice shelf area as obtained from adjusted ice front positions
(Greene et al., 2022) and static grounding line (Rignot et al., 2016). Uniform gray areas
indicate no-data coverage for that year. The grounded ice is visualised with a shaded
DEM (Matsuoka et al., 2018).
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Figure 3.3: Aggregated damage values per sector. (a) Total damaged area extent and
(b) total ice shelf area extent per sector, average of all years in the assessed period (1997;
2015-2021) with errorbars showing the min/max range between years. (c) Damaged area
to ice shelf area fraction (%) calculated per ice shelf for each year, grouped per sector. (d)
Percent change of damaged area per ice shelf each year, grouped per sector. See Figure 3.4
for sector bounds.

In 2021 the extent of damaged area as detected by NeRD is approximately 156600 km?,
roughly 20% of the total ice shelf area of Antarctica. Note that this value describes the
frequency at which a 1x1 km? pixel contains a fracture feature, rather than the exact
area of fractures. In the assessed time period, the damaged area ranges between 140500
to 169800 km? (respectively 19% and 22% of ice shelf area). Most damage is located in
the Wedell and West Indian Sea Sectors (Figure 3.3a), which are also the sectors with
the largest ice shelf area (Figure 3.3b). Vulnerable ice shelves with high ratios of damage
area to ice shelf area (damage fraction) are most frequently located in the Amundsen,
Ross, West Indian and East Indian Sea sectors (Figure 3.3c). The Ross and East Indian Sea
sectors contain many small ice shelves, where a high damage fraction is easily obtained.
The Amundsen and West Indian sectors host more moderate to large ice shelves and,
consequently, a high damage fraction indicates vulnerable ice shelves as a result of large
damaged areas. On the large ice shelves Filchner, Ronne and Ross, the ratio of damaged
area to undamaged ice shelf area is much lower, explaining the overall small relative area
of damage in the Wedell and Ross Sea Sectors (Figure 3.4i).

3.4.2 Observations of damage change

Our observations reveal a noteworthy 7.8% Antarctic-wide decline in damaged ice shelf
area of 13200 km? from 1997 to 2021 (Figure 3.4), detected on 81 ice shelves. Concur-
rently, there is a decrease in the overall ice shelf area by 19200 km?, accounting for a
2.5% reduction during the same period (detected on 69 ice shelves). The general decline
in damaged area is evident in four out of six defined sectors, with the most significant
reductions observed in the Amundsen and Bellingshausen Sea Embayment sectors expe-
riencing decreases of 1440 km? (39.0%) and 500 km? (33.2%), with losses in ice shelf area
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Figure 3.4: Long-term damage change between 1997 and 2021. (a) pan-Antarctic damage in 2021 and sectors bounds over which values
are aggregated. Panels (b-h) show damage observations for selected ice shelves in 1997 (b1-h1; left panels) and 2021 (b2-h2; right panels).
(i) Pie-charts quantifying damage and ice shelf area changes per sector: each pie-chart shows the partition of damaged area (purple) versus
non-damaged area (light blue) and no-data (light gray). The black pie-wedge represents the area difference in either 1997 or 2021 (e.g., a
smaller ice shelf in 2021 with respect to 1997 depicts the calved area in the 2021 pie-chart). Ice shelf fronts adapted from Greene et al. (2022)

are displayed in pink (1997) and blue (2021). The grounded ice is visualised with a shaded Antarctic DEM (Matsuoka et al., 2018).
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of 1200 km? (19.0%) and 830 km? (10.8%), respectively. In contrast, the Weddell Sea and
East Indian Sea Sector display a respective 3.6% and 4.5% increase in damaged area, while
the ice shelf area decreased by 1.8% and 2.3%, respectively.

These findings show that specifically highly damaged areas on ice shelves have calved,
given that the relative reduction in damaged area surpasses the relative reduction in the
overall ice shelf area. This confirms that damage acts as a precursor to calving (Benn
et al.,, 2022; Arthur et al.,, 2021), in line with the findings of Pang et al. (2023): between
2004 and 2014, they reported a ~ 4% reduction of pan-Antarctic surface fracture extent,
attributing it to surface fracture loss within 20 km of the ice front.

The panels in Figure 3.4 provide examples of heavily damaged areas in 1997 that have
calved by 2021, such as the Thwaites Ice Tongue (panel e) and the Mertz, Ninnis, and
Voyeykov Ice Shelves (panels g, h). In contrast, we also identify a few ice shelves, such
as Jelbart, Shackleton and Cook (panels ¢, f, g), that exhibit area expansion alongside an
increase in damaged area, indicating a potential for upcoming calving events. Lastly, we
recognize a few ice shelves with limited changes in damage patterns despite ice shelf area
increases, such as Brunt and Fimbul (Figure 3.4 panels b, c).

3.4.3 Damage development & ice shelf retreat

Since the long-term damage change analysis (Figure 3.4) suggests that highly damaged
areas are removed during calving events, we incorporate annual damage change assess-
ments from 2015 to 2021, based on Sentinel-1 data covering all ice shelves, to validate
this relationship from short-term observations.

The annual satellite observations of damage change reveal a strong positive correlation
(r =0.84, p < 0.01) with annual changes in total ice shelf area (Figure 3.5a). This under-
scores the cyclic nature of damage development on ice shelves (illustrated in Figure 3.6a
and b): damage accumulates and eventually leads to calving (area reduction), which re-
moves the damaged areas. Subsequently, the remaining ice shelf gradually advances and
accrues new damage. Figure 3.5a also displays a number of instances with area changes
close to 0% while damage increases, indicating the weakening of these ice shelves.

While the long-term assessment reveals a total loss of damaged area between 1997 and
2021, the annual assessments unveil fluctuations through the years. The minimum dam-
aged area extent occurred in 2017 (-17.3% w.r.t. 1997), rebounding by 2021 (+11.5%
w.r.t. 2017, Figure 3.5b). The fraction of damaged area to ice shelf area signifies the rela-
tively weakened state of the ice shelves, which fluctuates with the cyclic development and
reduction of damaged areas (22.2% in 1997, minimum of 18.9% in 2017, and 21.0% in 2021).
This fluctuation is widespread across all ice shelves, with 87 out of 124 (70%) exhibiting
a decrease in damage fraction from 1997 to 2017, and 98 ice shelves (79%) displaying an
increase from 2017 to 2021 (with 78 ice shelves belonging to the former group).

The damage cycle is exemplified for select ice shelves in Figure 3.5¢-g. On Crosson, Larsen
C, and Thwaites ice shelves, both the damaged area and damage fraction exhibit fluctua-
tions through the years. Noteworthy calving events, such as the calving of iceberg A-68
(Larour et al., 2021) on Larsen C Ice Shelf in July 2017 are marked by an increase of dam-
aged area and damage fraction (i.e., ice shelf weakening) before the event, followed by a
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Figure 3.5: Correlation between damaged area changes and ice shelf area changes.
(a) Correlation between area changes (%) for all ice shelves, assessments between 1997
and every year from 2015 to 2021. Colors indicate the size of the ice shelf. (b) Time series
for pan-Antarctic and (c-g) selected ice shelves showing total annual damaged (purple)
and ice shelf (green) area on the left y-axis and the fraction of damaged area (orange) on
the right y-axis.

decrease in both after the event. Additionally, ice shelves like Drygalski and Shackleton
exhibit a consistent expansion of ice shelf area and damaged area between 2015-2021,
indicating an overall weakening over time and a heightened likelihood to future calv-
ing.

These examples that consider the damage fraction underscore that ice shelves are often
in a weakened state prior to calving. Weakened ice shelf states have been connected to
loss of buttressing and ice shelf speed-up (Rydt et al., 2021; Lhermitte et al., 2020; Miles
et al., 2021; Surawy-Stepney et al., 2023a), further enhancing damage development and
weakening the ice shelf over time (illustrated in Figure 3.6¢ and d). Our findings capture
this weakening process for the first time.

3.5 Discussion

The annual damage maps presented in this chapter provide insight in the extent and vari-
ability of damage on pan-Antarctic ice shelves. We focus on the overall damaged area ex-
tent per ice shelf, rather than studying various detected patterns of damage, in order to
make Antarctic wide aggregations. This approach disregards the different drivers of frac-
ture opening and rift propagation (e.g., tidal forcing (Hui et al., 2016), mode I-IIl opening
fractures (Colgan et al., 2016; Bassis et al., 2023), basal melt (McGrath et al., 2012a; Alley
etal., 2019)) in favour of providing a general indication of ice shelf weakening through the
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Figure 3.6: Damage impact on ice shelf weakening and retreat. Schematic figure
showing the advance and retreat of an ice shelf during a damage cycle (a and b) versus
enhanced retreat as result of the damage feedback (c and d). The depicted ice shelf states
of panel (a) and (b) are recurring. Panel ¢ and d describe that, once a loss of buttressing
occurs (1), a positive feedback is activated that accelerates ice flow (2), enhances internal
strain rates (3) which, in turn, enhances damage (4) and eventually enhances calving (5).
This further reduces the buttressing effect, reaching panel (d, nr. 6 and onwards), with
no (or very slow) recovery to the original ice shelf extent. Illustration by I. van der Heide.

years. We made binary classifications of the detected damage signal before aggregation
to simplify large-scale interpretation of the results. Hence, the analysis of damage change
focuses on newly damaged areas rather than the change of existing features. Using the
continuous signal in future studies could provide more insight on the development of
existing damaged areas. Furthermore, we neither study the advection of damaged areas
downstream of their initiation area. Using a Lagrangian (displacing damage maps using
velocity fields) would help gain insights in the location of active damage development
areas. However, in our current damage product grounded areas were removed due to
large uncertainties of the NeRD method on steeply sloped terrain. As fractures and rifts
often originate near the grounding line or downstream of pinning points (Emetc et al.,
2018; Rydt et al., 2018; Bassis et al., 2023), the damage product does not provide enough
information to properly assess damage initiation.

Our damage change assessment indicates a positive correlation between changes in dam-
aged areas and ice shelf areas, and that calving removes compromised ice shelf regions,
which is in line with previous studies of Emetc et al. (2018); Pang et al. (2023). We also
find that ice shelf weakening, represented by increased damage fraction, occurs before re-
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treat. The damage fraction, however, is a relative measure and so its comparison between
ice shelves is difficult. We therefore focused on the evolution of the damage fraction in
time and show fluctuations of ice shelf weakening that are prevalent on the majority of
ice shelves. Even though a long term ice shelf retreat and reduction in damaged area is
detected between 1997 and 2021, our results suggest that the majority of ice shelves is in
becoming more vulnerable in the past three years of the observed period. In accordance
with Andreasen et al. (2023), our results underscore the importance of using time-variable
observations of damage and calving to measure change.

These assessments of ice shelf weakening can provide insights in the vulnerability and
likelihood of ice shelves for retreat, although the timing of ice shelf calving is more com-
plex and depends on multiple environmental factors (Banwell et al., 2013; Lipovsky, 2018;
Wille et al., 2022). Nevertheless, Bassis et al. (2023) conclude that ice shelves are some-
times vulnerable to short-term collapse, but that this vulnerability needs to be precondi-
tioned. Our results help in identifying ice shelves that are vulnerable, effectively focusing
future studies into the processes governing ice shelf stability. Lastly, ice shelf retreat has
been associated with loss of buttressing and ice shelf speed-up (Rydt et al., 2021). More
specifically, Davison et al. (2023) have shown a positive correlation between cumulative
retreat and increased grounding line discharge at 48 ice shelves between 1997 and 2021.
Although a difference in sensitivity of ice shelves remains, this means that damage, lead-
ing to ice shelf retreat, can eventually lead to enhanced ice sheet mass loss.

3.6 Conclusion

This study provides a novel perspective on continent-wide changes in damaged areas
across Antarctic ice shelves over an extended 24-year period from 1997 to 2021, sup-
plemented by annual observations from 2015-2021. Our observations reveal a long-term
reduction of damage on Antarctic ice shelves attributed to the calving of compromised ice
shelf regions. Notably, a strong correlation between damaged area changes and ice shelf
area changes over the last seven years underscores the link between damage-induced
weakening and subsequent calving and ice shelf retreat. Increases in damaged area and
damage fraction prior to calving suggest that ice shelves are in a weakened state before
calving occurs. The cyclic development and decrease of damage between 1997 and 2021,
alongside the observed increase in damage fraction across the majority of ice shelves
since 2017, indicate a present and growing vulnerability to calving.
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Chapter 4

Antarctic ice shelves vulnerable to
damage in future climate warming

Together with Chapter 3, this chapter is based on: Izeboud, M., Lhermitte, S., de
Roda Husman, S., Wouters, B. Antarctic ice shelves vulnerable to damage in future climate
warming. In review at Nature Climate Change, NCLIM-24010280-T, 2024

Although the feedback of damage on ice shelf buttressing, ice flow and further damage de-
velopment has been considered key for future ice shelf stability, damage processes remain
challenging to include in ice sheet models. And, due to a lack of large spatiotemporal ob-
servations, ice sheet models have had limited opportunity to be calibrated and evaluated to
observations. This leaves the impacts of damage on ice shelf weakening and Antarctic mass
loss, in current and future scenarios, poorly understood.

In continuation of Chapter 3, here we use machine learning to combine our produced damage
maps to other (satellite) observations (Section 4.2, 4.3) and analyse ‘How is detected dam-
age linked with mechanical weakening of ice shelves?’ The constructed relationship
is used with ice sheet model data of the ISMIP-6 project as input to project damage changes
for future climate scenarios (Section 4.4). With these results we investigate ‘What is the
importance of damage on future ice shelf weakening and retreat?’
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4.1 Introduction

The potential instability of Antarctic ice shelves is a major uncertainty in current sea level
rise projections, either due to short-term collapse or long-term weakening (Fox-Kemper
et al,, 2021; Robel et al,, 2019). Understanding the processes that affect the weakening,
retreat and instability of ice shelves is therefore essential (Bassis et al., 2023; Calvin et al.,
2023). Damaged areas on an ice shelf, consisting of crevasses and/or rifts, are first indica-
tors of its weakening (Borstad et al., 2012, 2017). This weakening reduces the ice shelf’s
ability to buttress the grounded ice, which leads to speedup of the ice flow and increases
internal stress and strain rates (Miles et al., 2021; Gudmundsson et al., 2019; Arndt et al.,
2018; Tinto and Bell, 2011). Higher strain rates, in turn, promote additional damage de-
velopment, creating a feedback loop that increasingly weakens the ice shelf and enhances
ice mass loss through increased discharge (Lhermitte et al., 2020; Surawy-Stepney et al.,
2023a).

Despite the critical role of damage in ice shelf instability and retreat, it remains a chal-
lenging process to capture in ice sheet models. While progress has been made, damage
processes remain inadequately integrated into realistic ice-sheet models, and are cur-
rently limited to study idealised scenarios (Krug et al., 2014; Sun et al., 2017; Benn et al.,
2022). This issue, in part, is a result of the scarcity of large-scale spatiotemporal obser-
vations to constrain, calibrate and evaluate the models (Gerli et al., 2023b). As a result
of these model limitations, we cannot yet quantify the impact of damage on ice shelf
stability and mass loss, and have so far been unable to provide projections of ice shelf
weakening for future emission scenarios.

In order to advance our understanding of ice shelf dynamics and improve the projected
contribution of Antarctica to sea-level rise, it is crucial that we assess the effect of climate
change on damage-induced weakening and retreat of ice shelves, which can potentially
lead to instability and collapse. In this study, we use multi-year observations of damage
changes on Antarctic ice shelves (Chapter 3) and machine learning to analyse the rela-
tionship between damage and ice dynamics from an observational perspective. By using
projected changes of the ice dynamical parameters from ice sheet models in the Ice Sheet
Model Intercomparison for CMIP6 (ISMIP-6) project (Seroussi et al., 2020) as input for the
constructed relationship, we create projections of damage change under future climate
scenarios.

4.2 Data for damage predictor

4.2.1 Feature selection

To discern the intricate connection between our identified damage signal from Sentinel-1
data spanning 2015 to 2021 and the fundamental underlying ice dynamical parameters,
we employed a non-linear, multi-variable Random Forest (RF) regression model. Multiple
features were selected to train the RF model. The feature selection process was carefully
guided by the parameters’ relevance (Emetc et al., 2018) and their consistent availability
across observational datasets (for training of the RF model) and model outputs in the
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ISMIP-6 experiments (for application of the RF model). The selected key features for
the regression are: ice thickness, ice velocity, multiple ice strain rate components, and
temporal changes in both ice velocity and strain rates.

4.2.2 Observational data

For ice thickness, we employed REMA surface elevation mosaic at 8 m spatial resolu-
tion (Howat et al., 2019) as constant proxy for ice thickness for the period 2015-2021. As
a rule of thumb, ice thickness is estimated to be approximately eight times the height
above flotation. The REMA mosaic is available in the Google Earth engine (GEE) as as-
set ‘UMN/PGC/REMA/V1_1/8m’. Velocity and strain rate features were calculated from
horizontal velocity components. Observational velocity data were obtained from the
ITS_LIVE campaign at 240 meter spatial resolution available for the years 2015-2018
(Gardner et al., 2019) and at 120 meter resolution for 2019-2021 (currently working using
beta version, courtesy of Alex Gardner, pending update of final v2 mosaics). Both the
velocity data sets and the REMA mosaic were re-sampled to the same grid as the damage
maps (1 km) using spatial averaging. Temporal velocity and strain changes were calcu-
lated as annual differences and subjected to smoothing using a three-year trailing maxi-
mum window. The strain components, encompassing maximum and minimum principal
strain rates, effective strain rate, longitudinal-, transverse-, and shear strain rates, were
calculated as nominal strains. To accommodate both large-scale averages and small-scale
patterns, these calculations were performed considering different length scales (1, 5, and
15 pixels) (Alley et al., 2018). For the relevant equations we refer to Equation 1-4 and 7
in Alley et al. (2018).

4.2.3 ISMIP-6 ice sheet model data

To generate future projections of damage, we applied the trained RF model to model
outputs of the ISMIP-6 experiments. Correspondingly to the observational data used for
training the RF model, we utilized modelled surface velocity and surface elevation data
(Seroussi et al., 2020).

Many ice sheet models that participated in the ISMIP-6 project have model grid resolu-
tions exceeding 10 km, a relatively low spatial variability compared to the observational
data sets. Recognising that damage is often localised in specific regions of the ice shelves
(e.g., near the ice front, after a pinning point, or in the shear zone (Banwell et al., 2017;
Borstad et al., 2017; Miles et al., 2021, Chapter 3, )), the RF regression model was devel-
oped at the highest possible spatial resolution. We therefore selectively chose ice sheet
models from the ISMIP-6 project with a spatial resolution of 8 kilometers or finer close to
the grounding line. This resulted in five selected ice sheet models: the Potsdam Parallel
Ice Sheet Model (PISM) (Winkelmann et al., 2011), the SImulation COde for POLyther-
mal Ice Sheets (SICOPOLIS) (Greve et al., 2020), MPAS-Albany Land Ice (MALI) model
(Hoffman et al., 2018), the Ice Sheet System Model (ISSM) (Schlegel et al., 2018) and the
Community Ice Sheet Model (CISM) (Lipscomb et al., 2021).
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4.2.4 Spatial resolution

All ISMIP-6 model datasets were re-sampled to a regular 8 km grid to ensure standard-
ised inputs for the RF model, using nearest neighbour interpolation. Concurrently, ob-
servational datasets were down-sampled to the same grid through averaging. During the
down-sampling process of the damage observations, all pixels without observed damage
(i.e., D = 0) were treated as NaN data. These re-sampling and down-sampling steps were
executed prior to strain rate calculations.

4.3 Random Forest model development

We used Random Forest regression to establish a connection between our (continuous)
damage signal observations and key features of ice dynamics. The choice of Random For-
est regression was driven by its capabilities in handling multi-dimensional, non-linear
regression challenges (Nawar and Mouazen, 2017). Random Forest regression offers ad-
vantages over neural networks, particularly in its resilience to feature scaling discrep-
ancies (Ahmad et al., 2017; Han et al., 2018; Rof3bach, 2018), a vital feature for our work
given the varied data distribution characteristics across our input data sources. To ensure
robust and reliable model development, we maintained the independence of our training,
validation, and testing datasets, both in spatial and temporal terms.

4.3.1 Training, testing and validation datasets

To ensure temporal independence, we designated the years 2015 to 2018 as the training
dataset and 2021 as the temporal test dataset. We excluded 2019 and 2020 from the test
set due to the lack of complete independence, given that two of our features involved
temporal averages calculated over three-year trailing windows.

Spatial independence was a critical consideration in the development of the RF model,
due to the spatial correlation between neighbouring pixels (Ploton et al., 2020; Roberts
etal., 2017). Although the model was constructed to predict values at the pixel level, pixels
within the same ice shelf can show interdependence. To address this, we organized pixels
from the same ice shelf into “spatial groups", treating them as independent entities with
respect to pixels from other ice shelves. We leveraged the group-k-Fold cross-validation
technique to partition the data into training, validation, and testing subsets, while en-
suring that these subsets maintained similar distributions of target data. Initially, the
grouped data was randomly split into a train+validation and test set comprising 103/18 ice
shelves (86/14% or 36858/6143 pixel samples). The ice shelves designated for the test set
were kept separately and included Abbot_3, Amery, Bach, Deakin, Dibble, Mendelssohn,
Moubray, Pine Island, Publications, Rennick, Ross_East, Sandford, Shackleton, Stange,
Withrow, Whittle, and Wordie (names from (Mouginot et al., 2017b)). Subsequently, the
training + validation set was further partitioned randomly into training and validation
folds, repeated five times. Each fold consisted between 82/21 and 84/19 ice shelves for
train/validation purposes, respectively (80/20% or 29486/7372 samples)
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4.3.2 Hyperparameter tuning

We optimized the RF model through a two-step hyperparameter tuning process. In the
initial step, we trained the RF model on all features and multiple strain rate length scales,
using a broad hyperparameter grid. Of this grid, twenty candidate models were evaluated
to each of the five data folds using random search cross-validation. The best hyperparam-
eter combination was chosen based on the lowest mean absolute error, and a RF model
was re-fitted with this combination to use for feature importance analysis. This led to
the choice of most relevant strain length-scale (1-pixel), excluding the other scales (5 and
15-pixel) as well as excluding the minimal principal strain (€;).

In the second step, we trained the RF model with the 9 selected features. Another round
of random search cross-validation step was performed first to narrow down the search
grid of hyperparameter values to a subset of promising values. Then, all hyperparameter
combinations in this refined search grid were trained using gridSearchcv (fitting five
folds for 96 candidates, totalling 480 fits) to obtain the best estimator, selected based on the
lowest mean absolute error, which was 0.00979. This final estimator was re-fitted with
all the training and validation data. The determined final hyperparameters were:

« bootstrap = False (rejected: True)

» max tree depth = 10 (rejected: 20, 30, 40, None)

» max features per node = 2 (rejected: 1, 4)

« minimum samples per leaf = 2 (rejected: 1, 4)

« minimum samples per split = 5 (rejected: 2, 10)

« number of estimators = 10 (rejected: 20, 30, 40, 50, 60, 70, 80).

This rigorous hyperparameter tuning strategy ensured the model’s optimal performance
for predicting damage changes.

4.3.3 Projected damage change ensembles

The trained RF model was applied to output of the five selected ice sheet models to gen-
erate damage projections. Model output obtained from five ISMIP-6 forcing experiments
were used to get insights in the sensitivity of projected damage to different climate sce-
narios. Experiments 05 to 08 and the control experiment were selected due to their avail-
ability across all selected ice sheet models. The control experiment maintained constant
climatic forcing from 2015 onward, while the other experiments introduced variations
in atmospheric and oceanic forcing. More detailed descriptions about these experiments
are available in Seroussi et al. (2020).

The RF model was applied to each ice sheet model’s data for each experiment, and we cal-
culated the predicted damage changes relative to each model’s control experiment. This
approach facilitated the analysis of relative changes within each model, thereby minimis-
ing biases resulting from different input feature data distributions among models.

The timeseries of projected damage changes was smoothed with a 5-year running mean.
Model ensembles were created by averaging simulations from each experiment, provid-
ing an overview of the range of potential responses. Spatial maps and integrated as-
sessments of damage change at the end of the century were generated by grouping the
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ensembles (at t=2100) according to the Representative Concentration Pathway (RCP) sce-
narios, RCP2.6 and RCP8.5 (Nowicki et al., 2020). One experiment (exp.07) was part of
the RCP2.6 group and the three others (exp.05, 06, and 08) were part of the RCP8.5 group.
Integrated values per sector were calculated after masking all grounded ice.

It is crucial to note that the ISMIP-6 simulation experiments were designed to explore
the diverse responses of ice sheet models to the RCP scenarios rather than representing
a mean pathway. Consequently, the projected damage changes should be considered as
indicative of the potential range (sensitivity and sign) of responses, rather than as a single
predicted trajectory.
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Figure 4.1: Evaluation of the Random Forest regression model for training (al-c1)
and testing dataset, split in the spatial test set (a2-c2) and temporal test set (a3-c3). al-
a3 show the Structural Similarity Index calculated for each ice shelf, b1-b3 the Mean
Absolute Error calculated for each ice shelf, and c1-c3 the regression of observed versus
predicted values, weighted for the area of each ice shelf.
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4.4 Results

Random Forest model evaluation

For the RF model evaluation, we employ three key metrics: weighted coefficient of de-
termination (RZ, weighted to ice shelf area), Mean Absolute Error (MAE), and Structural
Similarity Index (SSIM). Results are shown in 4.1. The weighted R? allows us to quantify
the goodness of fit while accounting for ice shelf areas’ size, providing more weight to
larger ice shelves where the error variance is lower. This approach was appropriate as
our training features did not perfectly align (per pixel) in space and time. The average
MAE and SSIM per ice shelf allows for assessing the RF model’s ability to predict damage
patterns across the entire ice shelf, with SSIM particularly informative for evaluating the
RF model’s performance in capturing spatial variability.

The RF model demonstrates strong performance in the spatial and temporal evaluations,
as indicated by high SSIM values (0.77 average on training dataset, 0.70 and 0.78 for spa-
tial and temporal test sets, respectively) showing an aptitude for identifying regions with
high damage. The average MAE was 0.017 (training), 0.015 (spatial test), and 0.017 (tem-
poral test), aligning closely to the standard deviation of the damage signal itself (aver-
age D = 0.028 + 0.011). The consistent performance across training and testing instills
confidence in the RF model. Nevertheless, the model exhibits limitations in predicting
high damage signal values, evident in the R? score evaluation where errors increase with
higher damage values (4.1c; R?> = 0.56 for training; R*> = 0.11 for spatial test; R? = 0.44
for temporal test). Efforts were made to address this limitation through under-sampling
and over-sampling techniques during the training process, but these approaches resulted
in decreased RF model performance. From this, we conclude that the input features lack
significant differences for the model to distinguish the (minority) "high’ damage signal
values from ‘'medium’ signal values. This seems reasonable, considering that the observed
damage signal provides a ‘strength of contrast’ in the satellite image and is not directly
related to physical ice parameters. Therefore, the difference between 'medium’ to "high’
damage values might not be evident in the input features.

It should be emphasised that the primary goal of the RF model is not to provide absolute
values of damage predictions. Therefore, the model’s limited capability in predicting
the largest damage values is deemed acceptable. The model’s strength lies in assessing
relative changes in observed damage due to ice dynamics, reliably capturing nuances
and identifying spatial and temporal variations in damage intensity. This aligns with the
overarching goal of evaluating the impact of ice dynamics on ice shelf stability.

4.4.1 Damage link to ice dynamics

The feature importance from the trained RF model shows that ice thickness and longitudi-
nal strain rates have the most weight from all input features, of 20% and 15% respectively;
but all features are meaningful, with lowest importance for the shear strain rate at 6%.
Figure 4.2 provides insights into how these features are correlated, exemplified for the
Amundsen and Bellingshausen Sea Sectors. These figures show how observed high dam-
age signal values are positively correlated to high values of ice flow, ice flow change (i.e.
acceleration) and high strain rate (for all components), while inversely correlated to ice
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a) Amundsen Sea Embayment ice shelves b) Bellingshausen Sea Embayment ice shelves
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Figure 4.2: Correlation of input features for RF model. Pixel values are aggregated per sector, and shown here for ice shelves in
the (a) Amundsen Sea and (b) Bellingshausen Sea Embayment. Damage signal values are binned by low to high signal values, to favor

visualisation of the minority (high damage signal) class (low: D € (0,0.0125], medium: D € (0.0125,0.0625], high: D € (0.0625,0.5]).
See also Appendix Figure C.3.
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Figure 4.3: Model ensembles of predicted damage values between 2015-2100,
shown for each climate forcing experiment, experiment 05 (a), 06 (b), 07 (c) and exper-
iment 08 (d). Each panel shows predicted values of damage change (%) with respect to
the control simulation of each model, with the ensemble mean in red, smoothed with a
5-year running mean.

thickness - indicating that (high) damage is more likely to be found at thinner parts of
the ice shelf. These correlations are found on pan-Antarctic scale (Appendix Figure C.3)
albeit not as strongly in all sectors.

The obtained RF model confirms that a feedback of damage-induced mechanical weaken-
ing to ice dynamics (as discussed by, for example, Lhermitte et al., 2020; Surawy-Stepney
et al., 2023a) can be found based on observations, on pan-Antarctic scale.

4.4.2 Damage projected in future climate scenarios

We project the observations of damage changes to the future by providing the trained
RF model with projected values of the ice dynamical parameters, obtained from the five
selected ice sheet models for four climate forcing experiments and a control experiment.
Figure 4.3 displays the timeseries of Antarctic-wide average damage change relative to
the control experiment for each model-experiment combination, including the ensem-
ble mean. The figure shows a large range of responses between the ice sheet models.
A relatively small ensemble mean trend is observed, but this intensifies near the end of
the century, when climate forcing scenarios start to deviate more from the control con-
ditions and differences between experiments get more pronounced (Calvin et al., 2023).
For example, near 2100, differences between exp.05 (high emission scenario RCP8.5) and
exp.07 (low emission scenario RCP2.6) are evident across the model range. In the con-
trol simulations, damage is projected to be relatively stable for all models (Appendix
Figure C.4).
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The ensemble mean projections at the end of the century, depicted in Figure 4.4, highlight
the sensitivity of damage to future emission scenarios. Figure 4.4a indicates a slight de-
crease in damage for low emission scenarios associated with RCP2.6 of -0.8% (-2.9 to 0.7%
model range) across the Antarctic domain by 2100, compared to the control simulations.
Conversely, for the high emission pathway RCP8.5, we project an increase in damage by
3.2% (-5 to 14% model range, Figure 4.4b and c). The expected increase of damage un-
der RCP8.5 coincides with increased ice shelf velocity (3%), thinning (8%), and increased
strain rates (120 — 770% depending on the strain component; Figure 4.4d-i), reinforcing
the notion of a general weakening of the ice shelves.

Distinct regional variations are observed (Figure 4.4c). The Amundsen Sea, West Indian,
EastIndian, and Ross Sea Sectors exhibit escalating damage levels. These increases results
from a combination of ice flow acceleration, ice shelf thinning, and increased strain rates
(Figure 4.4d-i). For example, strong increases of damage are predicted at the center of
the Ross Ice Shelf in the RCP8.5 scenario primarily due to thinning and increased shear
strain resulting from localised ice shelf acceleration and deceleration near the ice front.
In contrast, the Weddell Sea and Bellingshausen Sea sectors display lower sensitivity,
demonstrating fewer differences between a low or high climate forcing scenario.

4.5 Discussion

This chapter establishes a link between detected damage and key ice shelf parameters us-
ing a RF regression model and multiple observational datasets. While the RF effectively
captures the spatial variability (high SSIM) and overall damaged state of ice shelves (low
MAE), it struggles with predicting high damage signal values (low R2). Although its per-
formance is sufficient for this study’s purposes in capturing the qualitative response and
sensitivity of damage development to future scenarios, the RF model can not accurately
quantify the magnitude of impact of damage-induced weakening on ice shelf dynamics
and mass loss. Presumably, the RF model could be improved by enhancements such as
using a higher spatial resolution, adding more parameters like basal melt and thickness
change or distances to ice front or grounding line, or by developing multiple RF mod-
els for distinct ice shelf groups to better capture various dynamic behaviour (similar to
Emetc et al., 2018). Although, rather than improving the RF model, we advocate to im-
prove and calibrate the representation of damage processes in ice sheet models, which
have the ability to isolate and quantify damage processes and calculate its contribution
on Antarctic mass loss in past and future climate forcing scenarios.

By applying the RF model and projecting damage development to 2100, we discover that
damage is expected to be enhanced for high emission scenarios relative to control con-
ditions, while there is limited difference between the low emission scenario and control
conditions. However, there is a wide range of projected damage changes across models,
with a model range of 20% damage change relative to control for RCP8.5 scenarios and
model range of < 5% for RCP2.6 scenario. The largest sources of uncertainty within the
ISMIP6 project comes from the climate forcing, the ocean-induced melt rates, how these
rates are calibrated on oceanic conditions outside of the ice shelf cavities, and the ice
sheet dynamic response to these oceanic changes (Seroussi et al., 2020). In the selected
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Figure 4.4: Projections of damage change (%) by 2100. Predicted damage values were
obtained from the RF model using input data from five ice sheet models (PISM (Winkel-
mann et al., 2011), SICOPOLIS (Greve et al., 2020), MALI (Hoffman et al., 2018), ISSM
(Schlegel et al., 2018) and CISM (Lipscomb et al., 2021)), and are calculated relative (%) to
the control simulation of each model. Panel (a) and (b) show maps of the ensemble mean
grouped for two climate forcing pathways, RCP2.6 and RCP8.5. Panel (c) shows the inte-
grated values per sector, including data points for each model/experiment combination.
Panels (d-i) show the projected changes of the input features by 2100 the same way.
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experiments the melt parameterisation is the same (as described in Jourdain et al., 2020).
Therefore, uncertainties in predicted damage values are mainly governed by uncertain-
ties in the dynamic response of the ice shelves to this melting.

Lastly, significant regional variations in damage response are shown. In particular, the
Rossice shelf is expected to experience substantial damage increase under RCP8.5 scenar-
ios. The potential intrusion of warm ocean waters into the Ross ice shelf cavity, leading to
enhanced thinning, can explain this strong response (Figure 4.4d, Arzeno et al., 2014; Sil-
vano et al., 2018; Siahaan et al., 2022; Seroussi et al., 2023). A similar concern of intruding
warm ocean waters has been raised for the Filchner-Ronne Ice Shelf, but its occurrence
before the end of this century is debated (Bull et al., 2021; Naughten et al., 2021; Siahaan
et al., 2022). Our results do not suggest enhanced ice shelf weakening for Filchner-Ronne
Ice Shelf under the used climatic and oceanic forcing, but this could change for new
insights regarding the warm water intrusion. In the Amundsen Sea Embayment, ocean-
driven melt has been controlling mass loss in the past and is expected to continue in the
future (Dutrieux et al., 2014; Jourdain et al., 2020; Lipscomb et al., 2021; Naughten et al.,
2023). The noted increase of damage development in a warmer climate (high emission
scenario, RCP8.5) is therefore in line with expectations. More surprisingly, the West and
East Indian Sea Sectors display similar sensitivities of damage development to the choice
of emission scenario as the Amundsen Sea Embayment. East Antarctica (covering both
sectors) is generally more stable in projections of future mass loss, largely because losses
due to calving flux are offset by increased surface mass balance (Seroussi et al., 2020;
Fox-Kemper et al., 2021). Past ice discharge in East Antarctica remained remarkably sta-
ble (between 2008 and 2015, Gardner et al., 2018), but, for example, Totten and Moscow
University glaciers are thought to have similar sensitivity to additional basal melt and
dynamic mass loss as Thwaites and Pine Island glaciers (Seroussi et al., 2023). So, the
balance in East Antarctica might become more precarious if damage-induced weaken-
ing is taken into account, especially considering that both East and West Indian Sectors
contain many ice shelves that are currently already highly damaged (Chapter 3, Figure
3.3).

4.6 Conclusion

For the first time, this study introduces projections of future damage changes by linking
observed damage to key ice shelf parameters. Our projections highlight the sensitivity
of future damage development (thus ice shelf weakening) to emission pathways. Under
high emission scenarios, we anticipate intensified damage development, particularly in
regions where ice shelves thin and accelerate (driven by increased ocean melt (Naughten
etal., 2023)), coupled with substantial increases in strain rates. This underscores the intri-
cate interplay between weakened ice shelves, accelerated flow, and damage development
with notable vulnerabilities predicted in the Amundsen, East and West Indian and Ross
Sea Sectors. While this is in line with observed modes of weakening at the Amundsen Sea
Sector (Chapter 3, Surawy-Stepney et al., 2023a; Miles et al., 2021), the Ross Sea Sector
currently displays relatively low amounts of weakening, and these projections indicate a
potential shift to a more vulnerable regime.
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The implications of observed and predicted damage development on ice shelves with re-
spect to Antarctic mass loss are twofold. Firstly, we establish that weakened ice shelves
coincide with acceleration and thinning, indicating a loss of buttressing, and express the
expected weakening of ice shelves under (extremely) high climate warming scenarios.
Not only does this future weakening then enhance the acceleration and damage devel-
opment process which leads to more mass loss, the weakened ice shelves are also in-
creasingly susceptible to retreat and/or collapse due to external forcing (Lai et al., 2020;
Robel and Banwell, 2019; Benn et al., 2022; Banwell et al., 2019; Arthur et al., 2021; Mas-
som et al., 2018; Donat-Magnin et al., 2021; Christie et al., 2022) - in which case their
buttressing ability is diminished even further.

In conclusion, our study underscores the critical importance of including damage impacts
in ice sheet models and future mass loss assessments. Damage leads to ice shelf loss as
damage precedes calving events. Our projections indicate an increase in damage for fu-
ture ice flow acceleration and thinning, suggesting that we may currently underestimate
(the timing of) ice shelf retreat and Antarctic mass loss, contingent on the trajectory
of future climate scenarios. Addressing this underestimation is vital for improving the
representation of ice shelf stability and refining our understanding of Antarctica’s con-
tribution to sea level rise.
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Chapter 5

Conclusions and perspectives

You can never know everything, and part of what you know is always
wrong. Perhaps even the most important part. A portion of wisdom lies in
knowing that. A portion of courage lies in going on anyways.

Robert Jordan, The Wheel of Time

We investigated the role of damage on ice shelf stability from an observational perspec-
tive. The focus has been on the spatial distribution and development of damage, as de-
tected in satellite imagery, and considers both observations of the past and projections
to future scenarios. The work can be split into three themes: (i) developing a method to
make large spatiotemporal assessments of damage on Antarctic ice shelves, (ii) analysis
of damage abundance and development as detected by the developed method on satellite
data, and studying the link of damage to ice shelf weakening and retreat, (iii) providing
estimates of future damage states, in order to gain more insights into the potential impact
of damage on ice shelf stability.

This chapter summarizes the key finding of each theme, provides discussion and answers
the research questions as formulated in Chapter 1. After that, the main findings are
summarised and future research directions are discussed.

5.1 Automated damage detection method

In Chapter 2, a new method to detect damage features from satellite imagery is intro-
duced: the NeRD detection method. The line-detection algorithm was successfully de-
veloped to generate robust crevasse signals and crevasse orientation across large spatial
domains, and is uniquely suited to be applied to satellite imagery from different sources
at varying spatial resolution. Another quality of NeRD is the detection of a continuous
damage signal, enabling a differentiation between surface crevasses and rifts based on
signal strength.

With respect to the research question, “How can an effective and robust method be
devised to detect damage on Antarctic ice shelves from multi-source satellite im-
agery?”, NeRD is considered a successful method to achieve the desired results. Nev-
ertheless, it is recognized that alternative methods may be, and have been, devised that
reach the same goal. Especially the efficacy of machine learning approaches, particularly
Convolutional Neural Networks (CNN) for pattern detection, should be acknowledged.
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Below, key characteristics of NeRD are highlighted in comparison to CNNs, to help future
studies in choosing the best approach for their research objective.

NeRD excels in detecting damage features across various scales, moving beyond historical
focuses on large rift features (e.g. Lai et al., 2020). This ability can, in principle, also
be achieved by CNNss if they are developed to do so (e.g., Zhao et al., 2022), but this is
not always straightforward (e.g., Surawy-Stepney et al., 2023b) and depends heavily on
the detail and quality of training labels. Similarly, it should theoretically be possible to
develop CNNs that can be applied on multi-source remote sensing data; but at present
NeRD is the only available method that achieves this.

Despite its strengths, NeRD does not delineate individual fractures themselves. This im-
pedes studying the life cycle of individual fractures. In this regard, CNNs are a more
suitable approach. Vice versa, CNN-based approaches can mimic the spatial damage
extent assessments of NeRD by constructing fracture density maps from their binary
delineated fractures (such as Zhao et al., 2022; Surawy-Stepney et al., 2023b), and there-
fore cover more use cases than NeRD. Lastly, NeRD is a less computationally efficient
method compared to trained machine learning models, which is a potential hindrance
depending on the available computing power and scale of research. Then again, NeRD
has the advance of being a transparent and understandable algorithm. This allows other
researcher to more easily to pick up the method and further improve the algorithm to
their needs.

5.2 Assessment of damage and damage change related
to ice shelf retreat

In this section the inquiries of “What is the current extent of damage across Antarc-
tic ice shelves, and how has this damage evolved over the past decades?” and “To
what extent is detected damage correlated to ice shelf retreat?” are discussed.

In Chapter 3, newly produced, extensive, annual damage maps of Antarctic ice shelves are
presented. The abundance of damage is evident on many ice shelves, including both fast
flowing and accelerating ice shelves such as Pine Island, Thwaites and Crosson ice shelves
in the Amundsen Sea Embayment, as well as other ice shelves across the perimeter of
Antarctica. Vulnerable ice shelves with high ratios of damage to ice shelf area (damage
fraction) are most frequently located in the Amundsen, Ross and West Indian sea. For
some ice shelves, damage is concentrated in shear zones (e.g., Pine Island and Fimbul ice
shelves and Scott ice shelves), while others exhibit fractures mostly perpendicular to the
ice flow near the ice front (e.g., Getz, Dotson, Cook and Jelbart ice shelves) or distributed
across the entire ice tongue (e.g., Brunt, Larsen D, Ninnis, Drygalski and Denman ice
shelves). Intact ice shelves with minimal damage are identified (e.g., Abbot, Cosgrove,
Bach, and Rennick ice shelves), albeit rare. In total, about 20% of the ice shelf area is, to
some degree, damaged.

Long-term assessment of damage change unveil a widespread, long-term reduction of
damage on Antarctic ice shelves (of 13200 km?; 7.8%), attributed to the calving of com-
promised regions. This chapter also sheds light on annual fluctuations in damage extent.
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Ice shelves display an damage increase during phases of ice shelf advance and damage
decrease with ice shelf area loss. Examples show the increase of damage prior to large
calving events, signifying ice shelf weakening prior to retreat.

The chapter concludes that changes in damage extent are strongly and positively corre-
lated to changes in ice shelf area, thereby confirming the link between damage-induced
weakening, calving, and subsequent ice shelf retreat, based on these assessments. This
correlation is observed on pan-Antarctic scale. By becoming increasingly damaged, ice
shelves can become vulnerable for short-term collapse (Bassis et al., 2023). However,
given the substantial variation among ice shelves in their damage extent and rates of
damage development, further research is needed to translate detected damage and dam-
age changes into predictions of ice shelf retreat or collapse. This will need to include
other environmental factors that could trigger disintegration.

5.3 Impact of damage on ice shelf stability

Here the research questions “How is detected damage linked with mechanical weak-
ening of ice shelves?” and “What is the importance of damage on future ice shelf
weakening and retreat?” are considered.

Even though the effect of damage on ice rheology is simulated in continuum damage
models, which can provide a connection between damage evolution and environmental
forcing on ice shelves, the large scale evaluation and calibration of these models to ob-
servations has been limited thus far. Therefore, in Chapter 4, the relationship between
damage and ice flow parameters is estimated based on Antarctic wide observational data.
The used RF model was carefully trained and tested on independent spatial and temporal
datasets, and was able to reproduce damage patterns reliably. The RF model reveals the
link between damage, ice shelf thinning, ice shelf acceleration and high strain rates - in
particular high effective strain and high longitudinal strain rates. The regression confirms
that a feedback of damage-induced mechanical weakening to ice dynamics (as discussed
by Lhermitte et al., 2020; Surawy-Stepney et al., 2023a) can be found on pan-Antarctic
scale, based on observations. However, while accelerated ice flow by extension leads to
enhanced mass loss of the Antarctic Ice Sheet, this study does not provide a quantitative
assessments of how much mass loss can be attributed to damage. To better quantify the
impact of damage on Antarctic mass loss, modelling approaches that include observa-
tionally constrained damage processes are required. This is further discussed in the next
section.

Future damage development, indicative of ice shelf weakening, proves to be sensitive to
future emission pathways, i.e. climate warming. For low emission pathways (RCP2.6)
damage is predicted to be relatively stable or even decrease slightly (-0.8% w.r.t control
simulation) across all sectors. For the high emission pathway (RCP8.5), an increase in
damage (3.2% w.r.t. control simulation) is predicted, with strong regional differences (-
5 to 14% model range). This indicates the benefit of climate mitigation policies with
respect to Antarctic mass loss. The highest vulnerability to future damage changes is
predicted in the Amundsen, East Indian, and Ross Sea Sectors, providing a focus for future
ice shelf instability studies. The projected sensitivity of future damage development is
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ultimately driven by ocean warming induced by climate change, that controls the amount
of thinning and acceleration of the ice shelves.

Chapter 4 concludes that the implications of observed and predicted damage on ice shelves
with respect to Antarctic mass loss are two-fold. On the one hand, weakened ice shelves
are shown to be associated with thinning and accelerating ice shelves, enhancing dy-
namic mass loss through loss of buttressing and increased ice flux over the grounding
line. Secondly, weak ice shelves are more prone to calving, increasing susceptibility to
significant retreat or collapse due to external forcing — potentially even preconditioning
otherwise-stable ice shelves for collapse.

5.4 Perspectives and recommendations

The combined results of all chapters underscore the critical importance of better quanti-
fying the impacts of damage on ice shelf stability, in order to improve estimates of future
Antarctic mass loss. Without accounting for damage processes in ensemble projections of
the Antarctic Ice Sheet, we are currently likely underestimating the magnitude and/or the
timing of ice shelf retreat and Antarctic mass loss, contingent on future climate scenar-
ios. Addressing this underestimation is pivotal for refining our estimation of Antarctica’s
contribution to sea level rise. In order to do better quantify damage impacts on Antarctic
mass loss, improved representation of damage processes in ice sheet models is required.
A few considerations are detailed below, as well as suggestions on how to focus and refine
observations of damage for this goal.

5.4.1 Model evaluation with damage detected from observations

The evaluation of calving laws, fracture mechanics models and continuum damage mod-
els (CDM) is an essential step in improving our understanding of key processes that gov-
ern ice shelf weakening and retreat, and constraining estimates of future ice mass loss.
Ice sheet models have, so far, rarely successfully predicted major ice shelf calving events
before they occurred. Rather, they have been used as forensic tools to hunt for clues
about the causes and drivers of ice shelf change (Bassis et al., 2023).

The produced damage maps presumably offer a way to evaluate large ice sheet models in
their ability to simulate patterns of ice shelf weakening. The spatiotemporal maps pro-
duced by NeRD are expected to be useful to assess CDM models, where effects on the
bulk properties of the ice are considered and the need for resolving individual fractures
can be avoided. For one, the produced damage maps can potentially be used as a proxy
for the often used scalar ‘damage’ parameter (D) in CDM models, which represents the
reduction in effective ice viscosity caused by the presence of fractures (Lemaitre, 2012;
Borstad et al., 2012). This would require a translation of the (continuous) damage sig-
nal detected by NeRD to the scalar parameter D used in these models. The strength of
the damage signal already provides some indication of fracture size (with larger, deeper
fractures returning stronger signals), which could be further explored and optimised. For
example, information about crevasse depth obtained from altimetry data can be used to
enrich the spatial distribution of NeRD-detected damage and so construct a parameteri-
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sation of the scalar damage parameter D. However, the scalar parameter D also includes
effects of micro cracks an pre-existing flaws on the load-bearing capacity of the ice, aside
from effects induced by open crevasses (Benn and Astrom, 2018). Such small, internal
features can never be observed from remote sensing observations. The translation of
observable and detected damage to the scalar damage parameter, therefore, requires ap-
propriate tuning and testing before a parameterisation can be constructed.

Alternatively, the damage maps can potentially be assimilated into fracture or contin-
uum mechanics models to better constrain initial parameters of ice rheology, such as the
effective ice viscosity. However, the few studies so far that have compared observed to
modelled crevasses have found limited agreement in crevasse patterns and ice rheologi-
cal parameters (Enderlin and Bartholomaus, 2020; Gerli et al., 2023b). It is likely that not
all observed crevasses or fractures are of importance to the dynamics of the ice shelf (as
suggested by Gerli et al., 2023a). Therefore, before observed damage maps can be used
effectively to constrain ice rheological parameters, a better distinction could be made to
filter ‘relevant’ damage from the bulk of observations. Potentially such a feat could be
achieved by incorporating information of additional datasets to filter the damage dataset,
e.g. stress or strain rates lv et al. (similar to 2022) or spatial information such as the dis-
tance to the ice front. For damage maps produced by NeRD, a simple first filtering step
would be to discretise different damage signal classes and focus only on areas with high
damage signals. Another possibility is to focus on capturing damage changes rather than
the reproduction of static crevasse maps. This approach would put emphasis on active,
weakening areas — assuming these areas are of higher importance to overall ice dynamic
behaviour than passive (surface) crevasses (Rydt et al., 2019; Lhermitte et al., 2020; Gerli
et al., 2023a). This could yield to an assessment similar to Lai et al. (2020), and provide
nuance as to when and where fractures have (strong) impact on ice rheology.

5.4.2 Towards monitoring fracture initiation and calving

Apart from capturing large weakening patterns of ice shelves with ice sheet models, it is
also imperative that ice shelf calving and retreat is better resolved and predicted.

To calibrate, validate and test existing theories of fracture and calving processes at a
fundamental scale, observations of very high spatial and temporal resolution are required
(Bassis et al., 2023). Although the produced damage maps are using high spatial resolution
satellite imagery (30 m spatial resolution), a higher resolution would be desirable to study
the initiation and development of individual fractures. And, whereas the overall evolution
of large rifts often takes place over multiple years or decades, propagation often occurs
in burst over short periods of time until calving occurs (Borstad et al., 2017; Rydt et al.,
2019). Studying these events in detail would require weekly to monthly monitoring; an
endeavour not easily automated on the large Antarctic domain.

The current development in fracture detection methods already has the potential to be
used to track and monitor fracture opening. Especially machine learning approaches
would be suitable for this task due to their capability in individual fracture segmentation
and fast and efficient data processing. A potential workflow could be to first infer ‘im-
portant’ fractures from large scale damage maps — where ‘important’ can be in terms of
its impact on ice shelf weakening, its likelihood to result in calving or its susceptibility to
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hydrofracture. Then, as a second step, to make use of targeted super high resolution data
for detailed monitoring. Daily or even sub-daily acquisitions at meter-scale resolution
are becoming available (for example, ICEYE’s constellation of agile satellites).

Lastly, in order to accurately quantify future calving rates and ice shelf retreat of Antarc-
tic ice shelves, it is crucial that the influence of environmental forcing on rift propagation
is captured accurately as well. Rift propagation and calving can be stabilised by land fast
or sea ice (Cheng et al., 2021), destabilised by ice mélange (Poinelli et al., 2023), altered by
basal melt or refreezing (Dow et al., 2018; Bassis and Ma, 2015) or triggered by hydrofrac-
turing when surface crevasses are inundated with meltwater (ultimately depending on
atmospheric conditions) (Lai et al., 2020).

5.5 Final note

In conclusion, there is still a way to go before accurate, long-term predictions of ice shelf
weakening, calving and retreat can be made, and how much Antarctic mass loss can be
expected as a result. Here, we have provided valuable insights in the spatial distribution
of damage and damage change across Antarctic ice shelves. The developed NeRD method
as well as the produced Antarctic damage maps are open-source available, providing a
valuable resource to the community for future research. By leveraging large spatiotem-
poral remote sensing observations the link of observed damage to ice shelf retreat and ice
shelf weakening is shown, and a sensitivity of ice shelf weakening to future climate sce-
narios is revealed. Overall, these findings contribute to our understanding of the impact
of damage on ice shelf stability.
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Appendix A
Code and Data Availability

Code

The code of the developed NeRD method is available on github,
https://github.com/mizeboud/NormalisedRadonTransform.

The code to pre-process satellite data, to post-process pan-Antarctic damage assessments,
and to develop and apply the Random Forest model to provide future damage projections,
is available at:

https://github.com/mizeboud/antarctic-damage-change

Data produced in this thesis

Annual Antarctic Damage Maps

The developed annual damage maps can be viewed or accessed in the —
Google Earth Engine, https://code.earthengine.google.com/ EWQE
e091fa357d068a23be6722¢c37e£66590. The maps are furthermore w _ "ﬂ
published and available as tiled geotiff and netcdf files at the 4TU data %}

repository with DOI: 10.4121/911e8799-f0dc-42e3-82b4-766ad
680a71e. SCAN ME

Other Supporting data

The adjusted annual ice shelf polygons of Greene et al. (2022), created for Chapter 3 & 4,
as well as other supplementary data, such as a list of all processed orbits of Sentinel-1,
supporting shape-files, and NetCDF files of projected damage values, are made available
at the 4TU research data repository with DOIL: 10.4121/911e8799-f0dc-42e3-82b
4-766ad680a71le.
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A. APPENDIX: CODE AND DATA AVAILABILITY

Used satellite data

The satellite imagery data used in this thesis is open-source available. Most datasets
have been accessed via the Google Earth Engine (GEE), for which code is made avail-
able.

Sentinel & Landsat images for Chapter 2. Accessed through GEE. Code: https:
//code.earthengine.google.com/63b4cf06dffc7c6b5695dbd256e844fd

Sentinel-1 images for Chapter 3 accessed through GEE. Code is included in the code
repository (see above), and a list of processed images is included with the published sup-
plementary material of this chapter at the 4TU data repository, doi:10.4121/911e8799
-f0dc-42e3-82b4-766ad680a7le

RAMP Radarsat mosaic. The RAMP AMM-1 SAR Image Mosaic of Antarctica (Jezek
et al., 1998), Version 2, is available at Alaska Satellite Facility - Distributed Active Archive
Center. https://asf.alaska.edu/data-sets/derived-data-sets/ramp/ram
p-get-ramp-data/

MODIS MOA2009 mosaic. The MODIS MOA2009 mosaic (Haran et al., 2014) is available
at the National Snow & Ice Data Center (NSIDC): https://nsidc.org/data/nsidc
-0593/.

ITS_LIVE ice flow velocity. Available through the data portal at https://nsidc.or
g/apps/itslive/ (Gardner et al., 2019).

Reference Elevation Model of Antarctica (REMA). Accessed through GEE, asset with
ID ‘UMN/PGC/REMA/V1_1/8m’ (Howat et al., 2019).

Other data

MEaSURESs grounding line and ice boundaries. This thesis uses the MEaSUREs ground-
ing line (Rignot et al., 2016) and ice shelf boundaries (Mouginot et al., 2017b), available at
the National Snow and Ice Data Center (NSIDC):
https://nsidc.org/data/nsidc-0709/versions/2.

ISMIP-6 project model data. Output data of ice sheet models participating in the ISMIP-
6 project is available through a Globus endpoint (Nowicki et al., 2021), instructions and
information are available at GHub: https://theghub.org/resources/4748.

Quantarctica. To produce visually pleasing maps, the Quantarctica dataset for QGIS
(Matsuoka et al., 2018) was used to provide map layers with additional relevant informa-
tion.

Scientific Colormaps. The scientific colour maps batlow and roma from Crameri (2018)
were used in this thesis to prevent visual distortion of the data and exclusion of readers
with colour vision deficiencies. doi:10.5281/zenodo. 8409685
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Appendix B

Supplementary Figures for Chapter 2

This appendix contains supplementary figures for Chapter 2, as published alongside
the main article, Izeboud, M. and Lhermitte, S., 2023, Damage detection on Antarctic
ice shelves using the normalised radon transform. Remote Sensing of Environment, 284,
113359, https://doi.org/10.1016/j.rse.2022.113359
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— Grounding
line

Ocean mask

Figure B.1: Median image composites of Sentinel-2 optical images. Data acquired
during austral summer (December, January, February) 2020-2021. Images displayed are
R-G-B spectral bands on (a) Pine Island, (b) Thwaites, (c) Crosson and (d) Getz ice shelves.
Grounding lines (dark grey line, Rignot et al. (2016)) and an ocean mask (light blue area,
adjusted from Mouginot et al. (2017)) are added to the plot.
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Figure B.2: Manually labelled damage features. Labelled (a) Pine Island, (b) Crosson,
(c) Thwaites and (d) Getz ice shelf, on the Sentinel-2 median image RGB composite of DJF
2020-2021. Labels were grouped in three classes: linear features, densely crevassed fields
and areas with heavy damage including open rifts and ice melange. Three zoom areas are
selected to show the original image and the respective labels for surface crevasse fields
(A-1), heavy damage areas (A-2) and linear features (D-1). Grounding lines (dark grey
line, Rignot et al. (2016)) and an ocean mask (light blue area, adjusted from Mouginot et
al. (2017)) are added to the plot.
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Figure B.3: Confusion matrices. Validating the NeRD damage detection to damage
labels on (a) the full ASE area, (b) Pine Island, (c) Crosson, (d) Thwaites and (e) Getz ice
shelf. The confusion matrix is normalised with respect to the number of true labels. All
grounded ice has been removed before calculating these values.
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Figure B.4: Detected damage on the MODIS Mosaic of Antarctica 2008-2009
(MOA2009). Damage pixels classified if D > 0. MOA2009 shown as background im-
age on the selected ice shelves: (a) Pine Island, (b) Thwaites, (c) Crosson and (d) Getz ice
shelves. Detected damage pixels as result from the Normalised Radon transform, applied
to 10x10 pixel windows (1250m) with pixels of 125m resolution, are shown in light green.
Red values represent the detected fractures by Lai et al. (2020) using a machine learning
approach. Grounding lines (dark grey line, Rignot et al. (2016)) and an ocean mask (light
blue area, adjusted from Mouginot et al. (2017)) are added to the plot.
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Figure B.5: Damage detection for different image pre-processing procedures. Ex-
ample of applying the NeRD method to data from the same source but using different
image selection procedures, applied for both Sentinel-2 and LandSat-8 during austral
summer 2019-2020. Panel (a) and (f) show a mosaic of individual images with the least-
cloudy image on top; panel (c) and (h) show a median image composite. Panels (b,d,g,1)
show the respective detected damage and (e) and (j) show a histogram of the different
damage signal values. Grounding lines (dark grey line, Rignot et al. (2016)) and an ocean
mask (light blue area, adjusted from Mouginot et al. (2017)) are added to the plot.
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Table B.1: Overview of created image composites or mosaics for different austral sum-
mers (December, January, February), their respective data sources and the Figure number
that they are displayed in. The images were retrieved using Google Earth Engine, for
which the code is made available.

Austral Source Image type Used for Figure
summer

2008-2009 Landsat 7 | median composite | Validation to Lai et al. (2020) | Fig.11

2013-2014 Landsat 8 | median composite | Temporal analysis Fig.12
2015-2016 Landsat 8 | median composite | Temporal analysis Fig.12
2017-2018 Sentinel-2 | median composite | Temporal analysis Fig.12
2019-2020 Sentinel-2 | spatial mosaic Spectral bands sensitivity | Fig.12,
test, pre-processing choice Sup.Fig.5
Sentinel-1 | spatial mosaic Sensor sensitivity test Fig.7
Landsat 8 | median composite | Sensor sensitivity test Fig.7

Sentinel-2 | median composite | Sensor sensitivity test, res- | Fig.7,
olution sensitivity test and | Fig.4,
temporal analysis Fig.12

2020-2021 Sentinel-2 | median composite | Application to study area Fig.8
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Supplementary Material for Chapter 3

Sensor Sensitivity of NeRD algorithm

In this supplementary section we provide a more detailed assessment of the sensitivity of
the utilised NeRD algorithm to the variations between satellite imagery obtained by dif-
ferent sensors. This appends to method section ‘Damage detection with NeRD algorithm’
of the main manuscript.

While the NeRD method effectively minimizes disparities in detected damage signal val-
ues between different sensors through the sensor- and resolution-specific noise thresh-
olds, some variations may persist due to two key factors: i) changes in surface conditions
that influence the SAR backscatter signal and ii) differing levels of sensitivity to the spa-
tial variability of surface conditions.

(i) Changes in surface conditions

Images acquired at different dates contain changes in surface conditions that influence the
SAR back-scatter signal. Alterations in surface features like snow cover, surface rough-
ness, and liquid water content can affect the visibility of identical fracture features in
radar images. In our efforts to minimise the influence of changing surface conditions
between the yearly Sentinel-1 and RAMP assessments, we consistently acquired imagery
during the same austral fall period (September-October-November).

(ii) Sensitivity to spatial variability

Sensors may exhibit differing levels of sensitivity to the spatial variability of surface con-
ditions, resulting in varying damage signal values for the same feature. Factors con-
tributing to this variation include differences in look-angle, wavelength, and image pixel
resolution. Contrasts of features can shift based on the sensor’s pixel resolution, as well
as the chosen processing kernel size of the NeRD algorithm, further amplifying this effect
(Izeboud and Lhermitte, 2023).

To estimate the sensitivity of NeRD to contrast variability between the RAMP and Sentinel-
1 sensors, we tested (a) the difference between processing kernel size for Sentinel-1 im-
agery and (b) the difference between processed RAMP and Sentinel-1 imagery. We se-
lected a specific area on grounded ice with pronounced terrain shadows (i.e. image con-
trast) for these tests. While the signals detected by NeRD in such regions are not true
damage signals, they serve as a means to gain insights into the sensor bias. This area
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was chosen based on the assumption that surface characteristics are similar enough in
1997 and 2021 for such a comparison — an assumption that would not be valid for actual
damaged areas that are typically very variable in time.

Two distinct approaches were employed to attain the same 1000 m output resolution for
Sentinel-1 data as the RAMP data (processed with 10-pixel kernels), and so test the sensi-
tivity of NeRD to this choice: (a) processing 40 m resolution images with a 25-pixel kernel
size and (b) initially down-scaling the 40 m resolution images to a 100 m grid (using near-
est neighbour approach, applied in the image export command of Google Earth Engine),
followed by processing with 10-pixel kernel size. The used NeRD signal noise threshold
(7, refer to (Izeboud and Lhermitte, 2023) or main manuscript) were Tsy;40m:25px = 0.041;

Ts1;100m:10px = 0.038.

The average damage signal and standard deviation in the selected grounded area was
assessed as follows:

D(RAMP); 0,51, = 0-008 £0.015,

D(S1)1010px = 0-010£0.023,

D(S1)4gpm:25px = 0-009 +0.022.

The bias between the two radar sensors is therefore 0.002 or 0.001, depending on the pro-
cessing resolution choice for Sentinel-1. Notably, this difference is an order of magnitude
smaller than the standard deviation of the signal itself, and can be considered insignifi-
cant. This instills confidence in the comparability of RAMP and Sentinel-1 damage assess-
ments. We continued our damage change assessments by comparing the RAM Py 9::10px
damage maps to S140,:25px maps.
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Supplementary Figures
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Figure C.1: Time series of damage per sector. Each panel shows annual damaged
(purple) and ice shelf (black) area on the left y-axis and the fraction of damage to ice

shelf area (orange) on the right y-axis.
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Figure C.2: Annual damage assessments obtained from NeRD algorithm. No-data areas are shown in gray; for the 1997 assessment
(from the RAMP mosaic (Jezek et al., 1998)) the shown red tiles were excluded from the assessments to achieve similar data coverage as
Sentinel-1 (2015-2021). The pie charts represent the aggregated values moH. all ice shelves in the defined sectors by counting pixels of no-data
(light gray), no-damage (light blue, (D = 0) or damaged class (purple, D > 0). Percentages are displayed for the no-damage/damage class.
The total ice shelf area varies per year using the annual calving front positions adapted from Greene et al. (2022).
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Figure C.3: Random Forest input feature information. (a) Correlation of input
features used for training the RF model on pan-Antarctic scale. Damage signal val-
ues are binned by low to high signal values, to favor visualisation of the minority
(high damage signal) class (low: D € (0,0.0125], medium: D € (0.0125,0.0625], high:
D €(0.0625,0.5]). (b) feature importance as result of the RF model training.
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Figure C.4: Predicted damage values between 2015-2100. Values were obtained from
the RF model using input data from five ice sheet models. (a) PISM (Winkelmann et al.,
2011), (b) SICOPOLIS (Greve et al., 2020), (¢) MALI (Hoffman et al., 2018), (d) ISSM
(Schlegel et al., 2018), (e) CISM (Lipscomb et al., 2021), limited to ice shelf area and and
averaged over the whole domain. Each panel shows predicted values for the control ex-
periment and four climate forcing experiments, exp 05, 06, 07 and 08, smoothed with a
5-year running mean.
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Figure C.5: Spatial plots of predicted damage change (%) at year 2100, shown for
each climate forcing experiment and ice sheet model.
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Appendix D

Some more damage maps

This appendix contains multiple figures displaying damage maps of selected areas along
the periphery of Antarctica. All maps show detected damage by NeRD on the RAMP
mosaic (1997) and Sentinel-1 (2015-2021) SAR imagery. The damage map of 1997 is 1000
m resolution, the others 400 m spatial resolution. Data is clipped to ice shelf areas as
obtained from adjusted ice front positions (Greene et al., 2022) and a static grounding line
(Rignot et al., 2016). The figures show a shaded DEM on grounded ice areas (Matsuoka
et al., 2018).
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Figure D.1: Damage map of ice shelves in Amundsen Sea Embayment
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Figure D.3: Damage map of Filchner ice shelf
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