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SUMMARY

The Antarctic Ice Sheet is a key regulator of the Earth’s climate system, containing vast
reserves of freshwater that could raise global sea level by 58 meters if fully melted. The
stability of the Antarctic Ice Sheet is of global concern, particularly as climate change
disrupts ecosystems and human settlements worldwide. Studying the behavior of the
Antarctic Ice Sheet is crucial not only to project sea level rise but also to better under-
stand complex interactions between the ice, ocean, and solid Earth systems.

This dissertation focuses on the interactions between the ice and the solid Earth, to
understand how these two systems influence each other. It presents the development
and application of a coupled 3D Glacial Isostatic Adjustment (GIA) and ice sheet model
for Antarctica. GIA is the process by which Earth’s surface rebounds or subsides in re-
sponse to changing ice loads. As ice accumulates, the bedrock depresses; when the ice
melts, the Earth slowly rebounds. This bedrock deformation affects ice dynamics be-
cause bedrock uplift causes floating ice to become grounded. The Antarctic Ice Sheet
mainly loses mass via melt below floating ice shelves that are attached to grounded ice.
When floating ice becomes grounded due to GIA. so is less ice shelf area and thus less ice
mass loss. GIA therefore has a stabilising feedback on the ice sheet.

Most existing models either oversimplify the Earth’s structure as a 1-dimensional
model with uniform viscosities for a limited number of layers, or use prescribed rep-
resentations of ice sheet history instead of a dynamic model, failing to capture the full
complexity of the solid Earth-ice system. The model presented in this thesis incorpo-
rates lateral variations in mantle viscosity, allowing for a more realistic simulation of how
different regions of Antarctica respond to changing ice loads. This advancement is cru-
cial because the Earth’s structure beneath West Antarctica is weaker, with lower mantle
viscosity, compared to East Antarctica, which is an old craton with a stronger Earth struc-
ture. Such regional differences can lead to varying rates of bedrock uplift, and quantify-
ing these is key to accurately projecting future ice sheet behavior. Since mantle viscosity
remains uncertain, two different 3D Earth structures are used that are derived based on
seismic data and mantle viscosity constraints from literature. One Earth structure is rel-
atively weak to fit a mantle viscosity constraint in the Amundsen Sea Embayment, and
one structure is relatively strong to fit mantle viscosity constraints in the Weddell Sea
Embayment.

Studying the last glacial cycle is essential for improving projections of future ice sheet
behavior and sea-level rise because the physical model can be compared to historical
records of how ice sheets have historically responded to natural climate fluctuations.
The last glacial cycle, spanning approximately 120,000 years, includes periods of ice
growth and retreat in Antarctica, offering valuable insights into the feedback mecha-
nisms between the ice, atmosphere, ocean, and solid Earth during this cycle. By un-
derstanding how these systems interacted during past climate shifts, particularly during
the Last Glacial Maximum (LGM), between 25,000 and 15,000 years ago, and the sub-

xi



xii SUMMARY

sequent deglaciation, patterns and processes can be identified that are likely to recur
under present and future climate change scenarios.

Chapter 3 of this thesis demonstrates that the bedrock elevation at the LGM plays
a key role in determining the evolution of the Antarctic Ice Sheet during deglaciation.
By simulating an entire glacial cycle using a fully coupled 3D GIA-ice sheet model, it is
shown that a weaker Earth structure leads to higher bedrock elevation at the LGM, as the
weaker Earth structure allows for uplift during warmer intervals during the glaciation,
while a stronger Earth structure continues to subside until LGM. The higher bedrock el-
evation at the LGM in the weaker structure causes slower ice retreat during deglaciation
compared to the stronger structure. This is due to less ice being exposed to ocean water,
leading to less ice mass loss and slower bedrock uplift. Surprisingly, while weaker Earth
structures typically lead to more uplift, this is not the case here due to the differences in
bedrock elevation at the LGM. At present day, the weaker Earth structure leads to a less
retreated grounding line and greater ice thickness than the stronger structure.

Previous research has shown the importance of including GIA in ice sheet projec-
tions, typically using simplified Earth structures or simplified methods like the elas-
tic lithosphere and relaxed asthenosphere (ELRA) model. However, these approaches
often fail to capture the complexity of solid Earth-ice interactions. Chapter 4 demon-
strates that a fully coupled 3D GIA-ice sheet model reduces Antarctica’s contribution to
barystatic sea level rise by 9-23% by 2500, compared to a rigid Earth scenario, depend-
ing on the emission scenario and climate models. Additionally, it delays the grounding
line retreat by 50-130 years between 2300 and 2500 due to the faster isostatic adjustment
enabled by the lower mantle viscosity in West Antarctica.

General circulation models are used to provide atmospheric and oceanic inputs for
these projections. To study the effect of spatial differences in ocean warming on GIA,
we used the output of one general circulation model where warming mostly occurs in
the Weddell Sea and the Ross sea, and another model where warming mostly occurs in
the Amundsen Sea and the Ross sea. The study finds that spatial patterns of warming
determine the influence on GIA, with stronger impact if warming occurs in areas like
the Amundsen Sea where mantle viscosity is low. In a low-emission scenario, warming
concentrated in the Amundsen Sea leads to 16% more barystatic sea level rise compared
to warming in the Weddell Sea. Including 3D GIA in this scenario reduces barystatic
sea level rise by 23%, showing that GIA effects can outweigh uncertainties related to the
choice of general circulation model.

GIA has a stronger influence in low-emission scenarios where the slower ice sheet
retreat can be stabilised by the bedrock uplift, whereas in high-emission scenarios, the
rapid ice sheet retreat makes the rate of bedrock uplift less significant, allowing GIA to
slow the retreat but not to prevent a fast collapse of the West Antarctic Ice Sheet. These
findings highlight the importance of aggressive mitigation efforts which result in a sce-
nario where GIA’s stabilizing effects are relatively enhanced, reduce ice mass loss, and
limit long-term sea level rise.

The high computational cost of using a 3D GIA model makes it impractical for en-
semble studies that require thousands of simulations, prompting the need for faster,
simpler Earth models like ELRA or 1D GIA to approximate bedrock response. Chapter
5 shows that up until 2300, the sea level contribution and ice sheet evolution from these
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3D Earth structures can be reasonably approximated by an ELRA model with a uniform
relaxation time of 300 years, which is much shorter than used in most existing models.
Beyond 2300, a 1D GIA model with an upper mantle viscosity of 1019Pa · s and laterally
varying relaxation times provides a better approximation. While these simpler models
offer useful approximations, the spread in sea level contribution between the two 3D
Earth structures is significant, indicating that it is preferable to vary Earth parameters in
a simplified model to capture the range of possible 3D GIA responses rather than relying
on average results.

The conclusions drawn from this research emphasize the critical role that GIA plays
in the evolution of the Antarctic Ice Sheet. The feedback between bedrock uplift and ice
dynamics is essential for understanding both past and future changes in the ice sheet,
particularly in West Antarctica where the mantle is relatively weak compared to East An-
tartica, and where the ice sheet is most vulnerable to climate change. The findings have
important implications for future climate projections, as they highlight how sea level rise
is overestimated when the effect of GIA is excluded in ice sheet models.

In terms of future research, several model development efforts are recommended.
First, there is a need to improve the spatial resolution of both GIA and ice sheet models
to better capture local variations in bedrock deformation and ice dynamics. The models
presented in this thesis already include extensive observational data from ground-based,
airborne, and spaceborne sources; however, their accuracy can be further enhanced by
incorporating additional geopdetic measurements, such as bedrock uplift and changes
in ice thickness. These data would allow for better constraint of uncertain parameters in
the models.

The coupled 3D model can be applied to other regions, such as the Greenland and
Laurentide ice sheets, to explore how GIA with realistic viscosity variations affects these
ice sheets. Lastly, integrating these more advanced models into global climate simula-
tions will help to assess the broader interactions between the ice sheet, the solid Earth,
and the ocean-atmosphere system, providing a more comprehensive understanding of
future sea level rise.
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SAMENVATTING

De Antarctische ijskap (Antarctic Ice Sheet, AIS) is een belangrijke regulator van het kli-
maatsysteem van de aarde. De ijskap bevat enorme reserves aan zoet water die de zee-
spiegel wereldwijd met 58 meter kunnen laten stijgen als de ijskap volledig smelt. De
stabiliteit van de Antarctische ijskap is van wereldwijd belang, met name omdat klimaat-
verandering ecosystemen en menselijke nederzettingen wereldwijd verstoort. Het be-
studeren van het gedrag van de Antarctische ijskap is cruciaal, niet alleen om de stijging
van de zeespiegel te voorspellen, maar ook om complexe interacties tussen het ijs, de
oceaan en de vaste aarde beter te begrijpen.

Dit proefschrift richt zich op de interacties tussen het ijs en de vaste aarde om te be-
grijpen hoe deze twee systemen elkaar beïnvloeden. De vaste aarde bestaat uit de kern,
mantel en korst van de aarde. Het proefschrift presenteert de ontwikkeling en toepas-
sing van een gekoppeld 3D glaciale isostatische aanpassing (GIA) en ijskapmodel voor
Antarctica. GIA is het proces waarbij het aardoppervlak daalt of terugveert als reactie op
veranderende ijsbelastingen. Naarmate het ijs zich ophoopt, zakt het aardoppervlak in;
wanneer het ijs smelt, veert de aarde langzaam terug. Deze vervorming van het gesteente
beïnvloedt de ijsdynamiek omdat opheffing van het aardoppervlak ervoor zorgt dat drij-
vend ijs aan de grond komt en niet meer in contact is met de oceaan. De Antarctische
ijskap verliest voornamelijk massa door het smelten van ijs onderaan drijvende ijspla-
ten. Deze ijsplaten zitten vast aan ijs wat op de vaste ondergrond ligt. Wanneer drijvend
ijs aan de grond komt door GIA is er minder ijsoppervlak in contact met water en zal er
minder ijs smelten. GIA heeft daarom een stabiliserende feedback op de omvang van de
ijskap.

De meeste bestaande modellen vereenvoudigen de structuur van de mantel van de
aarde door een 1-dimensionale uniforme viscositeit aan te nemen met een gelimiteerd
aantal lagen in de aarde of gebruiken vaststaande representaties van de geschiedenis van
de ijskap in plaats van een dynamisch model. In deze modellen kan de volledige com-
plexiteit van het vaste aarde-ijssysteem niet worden meegenomen. Het model dat in
dit proefschrift wordt gepresenteerd omvat laterale variaties in de mantelviscositeit, wat
een meer realistische simulatie mogelijk maakt van hoe verschillende regio’s van Antarc-
tica reageren op veranderende ijsbelastingen. Dit is cruciaal omdat de structuur van de
mantel van de aarde onder West-Antarctica zwakker is, met een lagere mantelviscositeit,
vergeleken met Oost-Antarctica, wat een oud kraton is met een sterkere aardstructuur.
Dergelijke regionale verschillen kunnen leiden tot verschillende snelheden van ophef-
fing van het aardoppervlak en het kwantificeren hiervan is essentieel voor het nauw-
keurig projecteren van toekomstig ijskapgedrag. Omdat de mantelviscositeit onzeker
is worden twee verschillende 3D-aardstructuren gebruikt die zijn afgeleid op basis van
seismische gegevens en mantelviscositeitsbeperkingen uit de literatuur. Eén aardstruc-
tuur is relatief zwak om te voldoen aan de bepaalde mantelviscositeit in de Amundsen
Sea Embayment, en één structuur is relatief sterk om te voldoen aan de bepaalde man-

xv
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telviscositeit in de Weddell Sea Embayment.

Het bestuderen van de laatste glaciale cyclus is essentieel voor het verbeteren van
voorspellingen van toekomstig ijskapgedrag en zeespiegelstijging, omdat het fysieke mo-
del kan worden vergeleken met historische gegevens over hoe ijskappen in het verleden
hebben gereageerd op natuurlijke klimaatschommelingen. De laatste glaciale cyclus,
die ongeveer 120000 jaar beslaat, omvat periodes van ijsgroei en -terugtrekking in An-
tarctica, wat waardevolle inzichten biedt in de feedbackmechanismen tussen het ijs, de
atmosfeer, de oceaan en de vaste aarde in deze cyclus. Door te begrijpen hoe deze syste-
men interacteerden tijdens eerdere klimaatveranderingen, met name tijdens het laatste
glaciale maximum (LGM) tussen 25000 en 15000 jaar geleden en de daaropvolgende de-
glaciatie, kunnen patronen en processen worden geïdentificeerd die opnieuw zouden
kunnen optreden onder de huidige en toekomstige klimaatveranderingsscenario’s.

Hoofdstuk 3 van dit proefschrift toont aan dat de topografie van het aardoppervlak
bij het LGM een belangrijke rol speelt bij het bepalen van de evolutie van de Antarctische
ijskap tijdens de deglaciatie. Door een complete glaciale cyclus te simuleren met behulp
van een volledig gekoppeld 3D GIA-ijskapmodel, wordt aangetoond dat een zwakkere
aardstructuur leidt tot een hogere topografie van het aardoppervlak bij het LGM, om-
dat de zwakkere aardstructuur opheffing toestaat tijdens warmere intervallen tijdens de
glaciatie, terwijl een sterkere aardstructuur blijft zakken tot aan bet LGM. De hogere to-
pografie van het aardoppervlak bij het LGM in de zwakkere aardstructuur zorgt voor een
langzamere terugtrekking van het ijs tijdens de deglaciatie in vergelijking met de sterkere
structuur. Dit komt doordat er minder ijs wordt blootgesteld aan oceaanwater, wat leidt
tot minder verlies van ijsmassa en een langzamere opheffing van het aardoppervlak. Ver-
rassend genoeg leiden zwakkere aardstructuren doorgaans tot meer opheffing, maar dit
is hier niet het geval vanwege de verschillen in topografie van het aardoppervlak bij het
LGM. Aan het eind van de laatste glaciale cyclus leidt de zwakkere aardstructuur tot een
minder teruggetrokken grondlijn en een grotere ijsdikte dan de sterkere aardstructuur.

Uit eerder onderzoek is gebleken hoe belangrijk het is om GIA op te nemen in ijskap-
projecties, meestal met behulp van vereenvoudigde aardstructuren of vereenvoudigde
methoden zoals het model van de elastische lithosfeer en de vertraagd terugverende as-
thenosfeer (ELRA). Deze benaderingen slagen er echter vaak niet in om de complexiteit
van interacties tussen aarde en ijs vast te leggen. Hoofdstuk 4 laat zien dat een volle-
dig gekoppeld 3D GIA-ijskapmodel de bijdrage van Antarctica aan de barystatische zee-
spiegelstijging met 9-23% vermindert tegen 2500, vergeleken met een rigide aardstruc-
tuur, afhankelijk van het emissiescenario en de toegepaste klimaatmodellen. Bovendien
vertraagt GIA de terugtrekking van de grondlijn met 50-130 jaar tussen 2300 en 2500
vanwege de snellere isostatische aanpassing die mogelijk wordt gemaakt door de lagere
mantelviscositeit in West-Antarctica.

Klimaatmodellen worden gebruikt om atmosferische en oceanische input te leve-
ren voor deze projecties. Om het effect van ruimtelijke verschillen in oceaanopwarming
op GIA te bestuderen, gebruikten we de output van een algemeen klimaatmodel waar-
bij opwarming vooral plaatsvindt in de Weddellzee en de Rosszee, en een ander model
waarbij opwarming vooral plaatsvindt in de Amundsenzee. De studie concludeert dat
ruimtelijke patronen van opwarming de invloed op GIA bepalen, met een sterkere im-
pact als opwarming plaatsvindt in gebieden zoals de Amundsenzee waar de mantelvis-
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cositeit laag is. In een scenario met lage emissie leidt opwarming in de Amundsenzee tot
16% meer barystatische zeespiegelstijging vergeleken met opwarming in de Weddellzee.
De toepassing van 3D GIA in dit scenario vermindert de barystatische zeespiegelstijging
met 23%. Het effect van GIA is in dit geval significant groter dan de onzekerheid tussen
verschillende circulatiemodellen.

GIA heeft een sterkere invloed in lage-emissiescenario’s waarbij de langzamere terug-
trekking van de ijskap kan worden gestabiliseerd door de opheffing van het aardopper-
vlak, terwijl in hoge-emissiescenario’s de snelle terugtrekking van de ijskap de snelheid
van de opheffing van het aardoppervlak minder significant maakt, waardoor GIA de te-
rugtrekking kan vertragen, maar niet een snelle ineenstorting van de West-Antarctische
ijskap kan voorkomen. Deze bevindingen benadrukken het belang van grote mitigatie-
inspanningen die resulteren in een scenario waarin de stabiliserende effecten van GIA
relatief worden versterkt, het verlies van ijsmassa wordt verminderd en de zeespiegel-
stijging op de lange termijn wordt beperkt.

De hoge rekenkosten van het gebruik van een 3D GIA-model maken het onpraktisch
voor ensemblestudies die duizenden simulaties vereisen, waardoor er behoefte is aan
snellere en meer eenvoudige aardmodellen zoals ELRA of 1D GIA om de opheffing van
het aardoppervlak te benaderen. Hoofdstuk 5 laat zien dat, tot 2300, de bijdrage van de
zeespiegel en de evolutie van de ijskap van deze 3D aardstructuren redelijkerwijs kun-
nen worden benaderd door een ELRA-model met een uniforme relaxatietijd van 300 jaar,
wat veel korter is dan in de meeste bestaande modellen nu toegepast wordt. Na 2300
biedt een 1D GIA-model met een bovenmantelviscositeit van 1019Pa · s en lateraal va-
riërende relaxatietijden een betere benadering. Hoewel deze eenvoudigere modellen
nuttige benaderingen bieden, is de spreiding in zeeniveaubijdrage tussen de twee 3D-
aardstructuren aanzienlijk, wat aangeeft dat het beter is om aardparameters te variëren
in een vereenvoudigd model om het bereik van mogelijke 3D GIA-reacties vast te leggen
in plaats van te vertrouwen op gemiddelde resultaten.

De conclusies die uit dit onderzoek zijn getrokken, benadrukken de cruciale rol die
GIA speelt in de evolutie van de Antarctische ijskap. De feedback tussen opheffing van
het aardoppervlak en ijsdynamiek is essentieel voor het begrijpen van zowel eerdere als
toekomstige veranderingen in de ijskap, met name in West-Antarctica, waar de mantel
relatief zwak is in vergelijking met Oost-Antarctica, en waar de ijskap het meest kwets-
baar is voor klimaatverandering. De bevindingen hebben belangrijke implicaties voor
toekomstige klimaatprojecties, omdat ze benadrukken hoe zeespiegelstijging wordt over-
schat wanneer het effect van GIA wordt uitgesloten in ijskapmodellen.

Wat betreft toekomstig onderzoek worden verschillende modelontwikkelingsinspan-
ningen aanbevolen. Ten eerste is er behoefte aan het verbeteren van de ruimtelijke re-
solutie van zowel GIA- als ijskapmodellen om lokale variaties in deformatie van het ge-
steente en de dynamiek van het ijs beter vast te leggen. De modellen die in dit proef-
schrift worden gepresenteerd bevatten uitgebreide observatiegegevens van grond-, lucht-
en ruimtegebaseerde bronnen. Echter, de nauwkeurigheid van de modellen kan verder
worden verbeterd door aanvullende geodetische metingen mee te nemen, zoals bodem-
opheffing en veranderingen in ijsdikte. Het meenemen van deze data maakt het mogelijk
om onzekere parameters in de modellen beter te beperken.

Het gekoppelde 3D-model kan worden toegepast op andere regio’s, zoals de Groen-
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landse en Laurentide-ijskappen, om te onderzoeken hoe GIA met realistische variaties
in viscositeit deze ijskappen beïnvloedt. Tot slot zal het integreren van deze geavan-
ceerdere modellen in wereldwijde klimaatsimulaties helpen om de interacties tussen de
ijskap, de vaste aarde en het oceaan-atmosfeersysteem te bestuderen, wat bijdraagt aan
een vollediger begrip van de toekomstige zeespiegelstijging.
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1
INTRODUCTION

The Antarctic Ice Sheet (AIS) plays a crucial role in the regulation of the Earth’s system.
Spanning about 14 million square kilometers, it is the largest ice mass on the planet.
The marine-based regions of Antarctica, which are the parts of the AIS situated below
sea level, hold sufficient freshwater to raise the global mean sea level (GMSL) by 25 me-
ters (Noble et al., 2020). The South Pole, located 1235 km from the nearest coast, is at
an elevation of 2800 meters where temperatures can drop to -50°C (Stammerjohn and
Scambos, 2020). The interior of the AIS receives only around 50 mm of water-equivalent
snowfall annually, making it a cold desert (Nicola et al., 2023). This snow gradually accu-
mulates, forming ice that flows toward the coast as massive glaciers that extend into the
ocean as floating ice shelves.

The AIS significantly influences ocean circulation, atmospheric temperatures, and
global sea levels. The melting of ice from Antarctica drives the formation of cold, dense
water, which sinks into the surrounding Southern Ocean and fuels global ocean circula-
tion patterns, such as the thermohaline circulation (e.g. Bronselaer et al., 2018; Goosse
and Fichefet, 1999). These currents play a vital role in the distribution of heat throug-
hout the planet, thus regulating temperatures and weather patterns. The melting land
ice, either from melting or calving of icebergs, adds water to the oceans and could also
contribute to sea level rise in case this leads to a negative mass balance of the ice sheet.
In recent decades, the warming climate has accelerated Antarctic ice mass loss and sea
level rise, raising concerns about present and future coastal flooding and habitat loss
(e.g. IPCC, 2023; Rignot et al., 2019). Additionally, the AIS reflects a significant portion
of the sun’s energy back into space because of its high reflectivity. In case the ice sheet
shrinks, less solar radiation is reflected (Jakobs et al., 2021).

A change in the mass of the ice changes the pressure on the Earth’s surface, causing
the interior of the Earth to deform. When the ice sheet expands during glacial periods,
the bedrock beneath subsides under the added weight. Conversely, when the ice sheet
melts during the deglaciation phases, the bedrock experiences uplift. This process is
called glacial isostatic adjustment (GIA) (e.g. Whitehouse et al., 2019) and plays an im-
portant role in vertical deformation in Antarctica (e.g. van der Wal et al., 2023). Bedrock
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deformation has a stabilising effect on ice sheet flow because it delays grounded ice be-
coming afloat in case of ice sheet retreat. Bedrock deformation is therefore one of the
feedbacks that control the ice sheet evolution and is a negative feedback, which means
that an increase in bedrock deformation can decrease ice sheet melt. The negative feed-
back from GIA is the focus of this thesis.

Understanding the current state of the Antarctic Ice Sheet is crucial, as its dynamics
are intricately tied to past, ongoing and future changes in the Earth’s system. Recent
observations highlight that accelerated ice mass loss and warming temperatures are sig-
nificantly altering the ice sheet’s structure, impacting not only sea level rise but also the
complex feedback mechanisms between the ice, ocean, and atmosphere (Rignot et al.,
2019; The IMBIE team, 2018).

1.1. THE CURRENT STATE OF THE ANTARCTIC ICE SHEET
The AIS is composed of two main regions: the East Antarctic Ice Sheet and the West An-
tarctic Ice Sheet, separated by the Transantarctic Mountains that rise to almost 5 km.
Satellite data and in-situ measurements have revealed that the East Antarctic Ice Sheet
is grounded mostly above sea level, which can be seen in the lower panel of figure 1.1,
where the East Antarctic Ice Sheet is the right-hand side of the ice sheet where the be-
drock elevation is mainly above zero (Morlighem et al., 2020). East Antarctica also con-
tains the majority of the ice mass, as can be seen in the middle panel of figure 1.1. The
ice is up to 4500 meters thick in the interior of East Antartica. The West Antarctic Ice
Sheet, the left hand side of the ice sheet, is largely grounded below sea level with deep
subglacial basins like the Bentley Subglacial Trench at more than 2500 meters below sea
level.

Also in terms of ice mass changes, there is a large difference between East and West
Antarctica. Since observations started at the beginning of the 21st century, a mass gain
has been observed in the interior of Antarctica. However, mass balance estimates, de-
rived from satellite missions like GRACE (Gravity Recovery and Climate Experiment),
indicate a net loss of over 150 gigatons per year since the early 2000s due to significant
mass loss in West Antarctica (Rignot et al., 2019; The IMBIE team, 2018).

Mass loss in Antarctica occurs mainly via calving of ice bergs and melt at the base of
ice shelves (Rignot et al., 2019). These shelves are located in between the orange lines in
figure 1.1. Ice streams in Antarctica flow towards these shelves with velocities of up to 10
km per year, as is shown by bright orange streams in the top panel of figure 1.1. The line
where the ice sheet transitions from resting on bedrock to floating on the ocean is called
the grounding line and is the inner orange line in figure 1.1. The change in position of
the grounding line over time is an indicator of the ice sheet’s stability. The fastest flowing
ice streams, such as Pine Island and Thwaites Glaciers in West Antarctica, have shown
grounding line retreat in the order of 1 km per year over the last two decades (Milillo
et al., 2019).

Ice shelves can act as a back-stress on grounded ice, called buttressing, holding back
the flow of land-based ice from the interior of the AIS. As ice shelves thin or collapse, the
grounded glaciers and ice streams behind them are able to accelerate, causing increased
ice discharge into the ocean and contributing to sea level rise. The modern analogue of
the reduction in buttressing has been observed near Larsen B, where after the collapse
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the inland ice flow accelerated (Khazendar et al., 2015; Rignot et al., 2004). Other ice
shelves in Antarctica might be vulnerable to this process as well (Miles et al., 2022).

Variations in grounded ice loading over the last glacial cycle and at present day lead
to changes in the topography underneath the Antarctic Ice Sheet due to GIA. Global Na-
vigation Satellite System (GNSS) stations on bedrock distributed across Antarctica, pro-
vide high-precision, continuous measurements of this vertical movement, with uplift ra-
tes varying significantly across the continent (Scheinert et al., 2021). In West Antarctica,
where ice loss has been most pronounced, uplift rates have been measured to exceed
40 mm per year at the Amundsen Sea Embayment (Barletta et al., 2018). These GNSS
measurements capture instant and short-term deformation due to seasonal snow ac-
cumulation and ice mass variations, and long-term deformation from GIA. The spatial
variations in long-term uplift rate are not only caused by variations in the load over time
and space, but also by spatial variations in the viscosity of the Earth structure.

Quantifying GIA is not only essential for simulating the feedback on the ice dyna-
mics, but also for correcting satellite-derived measurements of ice sheet mass balance,
as it directly influences gravity field and surface elevation changes. Furthermore, the up-
lift measurements help to constrain the mantle viscosity underneath the AIS (e.g. Ivins
et al., 2023), a key parameter in GIA models and geodynamic models in general, which in
turn refines projections of future ice sheet evolution and global sea-level contributions.
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Figure 1.1: The current state of Antarctica as observed by satellite, airborne and in-situ data. The top panel
shows the horizontal surface velocity of the ice using inSAR data from Landsat-8, Sentinel-1, and RADARSAT-2
(Mouginot et al., 2017), the middle panel shows the ice thickness, and the lower panel shows the bedrock ele-
vation, both mainly based on airborne radio-echo sounding, satellite interferometry and seismic data (Morlig-
hem et al., 2020).
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1.2. RESPONSE OF THE AIS TO CHANGES AND FEEDBACK IN

ATMOSPHERE, OCEAN AND SOLID EARTH
Direct observations of the Antarctic Ice Sheet cover only the last centuries while the res-
ponse of ice sheets to climate shifts is a long-term process. It is therefore important to
study the paleo time scales as this understanding is also needed to simulate current ice
sheet processes. Paleo-records also provide valuable insights into past ice sheet and cli-
mate changes, particularly during the last glacial cycle starting 120000 years ago, when
sea levels shifted by about 120 meters (Gowan et al., 2021; Simms et al., 2019) and global
temperatures dropped by 4–6 degrees Celsius (Annan et al., 2022; Tierney et al., 2020).
Studying the last glacial cycle reveals important feedbacks of the AIS with the atmosp-
here, ocean and solid Earth (Noble et al., 2020), which are shown in figure 1.2 and dis-
cussed in this section.

Figure 1.2: Ice sheet interactions. This figure is adopted from Stocker et al. (2013).

ATMOSPHERIC FEEDBACK

During the last glacial cycle, the AIS underwent significant changes driven largely by
orbital forcing and atmospheric feedbacks (Löfverström et al., 2014). Orbital forcing,
particularly changes in Earth’s axial tilt, eccentricity, and precession, determines the
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amount and spatial and temporal distribution of solar radiation reaching the planet, dri-
ving glacial and interglacial cycles via complex feedback mechanisms that involve the
land-ocean distribution and seasonal variations. During glacial periods, colder tempe-
ratures allowed the AIS to grow. At the peak of the last glaciation, the Last Glacial Maxi-
mum, around 20000 years ago, the ice sheet was considerably larger and thicker than it
is today. The planet enters a deglaciation phase starting roughly 15000 years ago when
warmer atmospheric and ocean temperatures caused by increased solar radiation led to
ice sheet retreat and thinning, contributing to global sea level rise.

Atmospheric feedbacks, such as the ice-albedo effect, amplified these changes in
ice sheets (Stap et al., 2017): as ice melted, the exposed darker ocean and land surfa-
ces absorbed more solar radiation which accelerated warming. Additionally, changes
in atmospheric carbon dioxide concentrations, which increased during interglacial pe-
riods due to ocean-atmosphere interactions, further enhanced warming. Also the melt-
elevation feedback, which is the interaction between surface melt and atmospheric tem-
perature gradients, has a substantial impact on the ice sheet. As ice melts, the surface
elevation of the ice sheet decreases, moving the ice sheet surface to lower altitudes where
atmospheric temperatures are generally higher because air temperature increases by se-
veral degrees per kilometer of descent (Hahn et al., 2020). Thus, this elevation loss sub-
jects the ice to warmer temperatures, which enhances surface melting, further lowering
the elevation. Additionally, as the ice sheet thins, the change in surface elevation may
also affect local air circulation patterns, which can influence temperature distribution
and further intensify the feedback loop. The melt-elevation feedback thus amplifies the
rate of ice sheet thinning contributing to more rapid ice mass loss over time.

The surface elevation of the AIS also significantly impacts local precipitation (Tewari
et al., 2021). When the AIS decreases in height, the atmosphere becomes warmer and
wetter, leading to more precipitation and increased snow accumulation. Conversely, if
the AIS height increases, the atmosphere cools and dries out, resulting in less precipita-
tion. While increased precipitation from a thinner AIS can help stabilize its surface ele-
vation, this is often more than offset by rising surface temperatures, and the combined
effect of melt and precipitation is destabilizing (Kittel et al., 2021). Additionally, changes
in AIS elevation affect the atmospheric circulation by influencing local surface winds
and the jet around the Antarctic continent.

The future evolution of the AIS will be strongly influenced by ongoing and projected
greenhouse gas emissions. As atmospheric concentrations of CO2 and other greenhouse
gases continue to rise due to human activities, the resulting warming of the Earth’s cli-
mate will accelerate ice sheet melting and destabilization, particularly in the vulnera-
ble regions of West Antarctica (IPCC, 2023). If global temperatures continue to rise in
line with high-emissions scenarios, such as those outlined in the IPCC’s shared socio-
economic pathway (SSP)5-8.5, significant portions of the West AIS could collapse within
the coming centuries (IPCC, 2023). This could lead to a multi-meter rise in global sea
levels over the next centuries. Conversely, under a more moderate emission scenario
SSP2-4.5, or the strong mitigation scenario SSP1-2.6 where global emissions are sub-
stantially reduced, the rate of ice loss from Antarctica may be slowed, limiting sea level
rise. However, even under lower-emission pathways, continued ice loss is expected, as
the AIS is already responding to the climate warming that has occurred to date.
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The present thesis explores the effect of GIA on the Antarctic ice sheet evolution over
the last glacial cycle, and under the SSP1-2.6 and SSP5-8.5 scenarios to explore the full
uncertainty range. It is assumed the middle scenario falls within the uncertainty range.

OCEAN FEEDBACK

The evolution of the AIS and the surrounding ocean are tightly interconnected through
several feedback mechanisms, which play a critical role in influencing both ice dynamics
and ocean circulation patterns. One of the key feedbacks between the AIS and the ocean
involves the interaction between warm ocean water and ice shelves, which can lead to
enhanced ice shelf melting resulting in ice mass loss, and changes in ocean properties
(Jenkins et al., 2018).

Warm ocean currents originating from the deep Southern Ocean flow underneath
the floating ice shelves that fringe much of the Antarctic coastline. These warm waters
melt the base of the ice shelves, thinning them and reducing their buttressing capacity.
When warm ocean water reaches the grounding line, it can melt the ice at its base, cau-
sing the grounding line to retreat inland. This retreat can expose more of the ice sheet
to ocean water, accelerating ice loss. In some cases, this can lead to a feedback known
as marine ice sheet instability in areas where the bedrock slopes downward inland, al-
lowing more warm water to intrude further under the ice sheet and enhance melting
(Joughin and Alley, 2011; Mercer, 1978; Schoof, 2007). Parts of the AIS and its ice streams
lie on a reversed bedrock slope (Figure 1.1). When an ice sheet on a reverse-sloped bed
loses its buttressing, the flow of ice increases. This can cause acceleration of the retreat
which continues until the grounding line reaches forward-sloped or flat bedrock, or un-
til the buttressing ice shelf regrows. Grounding lines on reverse slopes are conditionally
unstable, and their retreat is influenced in a complex way by factors such as ice flow,
bedrock shape, and the surface mass balance.

In the coming centuries, ice mass loss in Antarctica will mainly occur in areas where
warm ocean currents are melting ice shelves from below, such as the Amundsen Sea Em-
bayment where the retreating Pine Island and Thwaites Glaciers are located. Feedback
processes, such as the marine ice sheet instability which has potential to occur in West
Antarctica, could accelerate ice loss beyond current projections.

As ice melts and calving increase, large amounts of freshwater are released into the
surrounding ocean. This freshwater influx reduces the salinity and density of the surface
waters around Antarctica, which can disrupt local ocean circulation patterns, including
the formation of Antarctic Bottom Water. This is a dense water mass that sinks and drives
global thermohaline circulation, influencing ocean heat transport and climate world-
wide. Changes in freshwater input from the AIS can slow down or alter these circulation
patterns, potentially reducing the ocean’s ability to transport heat and regulate global
climate. Meltwater also affects sea ice formation because the reduced salinity leads to
an increase in the freezing temperature. This might influence precipitation patterns as
the uptake of moisture depends on the presence of sea ice.

A change in sea level also influences ice sheet growth and melt. An increase in sea
level near the ice sheet slows ice sheet growth by causing the grounding line to retreat,
thereby expanding the ice shelf area exposed to sub-shelf melting (De Boer et al., 2014;
Gomez et al., 2010, 2015, 2018; Konrad et al., 2015). Additionally, higher sea levels may
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accelerate calving rates, as more ice at the ice shelf front comes into contact with ocean
water (Fig. 1.5). Conversely, a drop in sea level near the ice sheet reduces both sub-shelf
melting and calving rates because less ice interacts with the ocean. Finally, variations
in sea level can alter the depth of the ice shelf base, potentially exposing it to ocean wa-
ters of different temperatures. These temperature changes can affect sub-shelf melting,
which is tested for and further explained in Chapter 4 of this thesis.

SOLID EARTH FEEDBACK

The interactions between the solid Earth and the AIS involve several processes that shape
both the ice and the underlying land, which are shown in figure 1.3. Erosion and depo-
sition continuously reshape the landscape, while basal heat flux influences the thermal
dynamics of the ice sheet. Glacial isostatic adjustment influences both the local geo-
metry and global sea levels. Together, these processes govern the complex relationship
between the ice and the Earth beneath it.

Figure 1.3: Interactions between the solid Earth and the ice sheet. This figure is adopted from Whitehouse et al.
(2019).

Erosion occurs as the AIS moves across the bedrock beneath it (Livingstone et al.,
2012). The pressure of the ice cause it to scrape and grind against the Earth’s surface, lea-
ding to the removal of material. This process is known as abrasion, where the ice, often
carrying rocks and sediment, smooths and polishes the underlying bedrock. Deposition
is the counterpart to erosion, where the ice sheet deposits the material it has eroded and
transported. As the ice melts, it releases sediment in the form of glacial till, which is an
unsorted mixture of rock, clay, and other particles. This deposited material builds up,
forming features such as moraines and drumlins beneath the ice. Erosion and deposi-
tion under the ice sheet carves out valleys and fjords, reshaping the landscape beneath
the ice. The landscape is an important factor determining the velocity and direction of
ice flow.

The basal heat flux refers to the transfer of heat from the Earth’s interior to the base
of the ice sheet. This heat, originating from deep layers within Earth’s interior, can lead
to melting at the ice sheet’s base (Reading et al., 2022). The amount of heat reaching the
ice base controls the temperature which determines the basal melt rates and thereby the
friction between ice and bedrock which influences the flow of the ice. Areas of increased
basal heat flux can create areas of subglacial lakes and rivers, which further affect the
movement and dynamics of the ice.

GIA plays a critical role in shaping the evolution of ice sheets (Whitehouse, 2018).
Understanding GIA is thus essential to project how ice sheets like Antarctica will evolve
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in a warming climate and to accurately project sea-level rise. GIA will be discussed in
detail in the next section.

1.3. GLACIAL ISOSTATIC ADJUSTMENT
Solid Earth deformation due to ice and ocean mass changes is governed by the princi-
ples of rheology, which describes how Earth’s materials respond to applied stresses both
elastically and viscously (Ivins et al., 2023; Sabadini et al., 2016). The deformation of the
Earth due to ice load changes depends on the material properties of both the lithosphere
and the mantle.

The lithosphere responds elastically to stress, meaning that it deforms immediately
when a load is applied and fully recovers when the load is removed. The thickness and
stiffness of the lithosphere play an important role in determining the magnitude and
wavelength of this elastic response. A thicker lithosphere tends to deform less under the
same ice load compared to a thinner one.

The mantle, in contrast, can be considered to behave viscoelastically, meaning that
on short timescales, the mantle deforms elastically, but over longer timescales, it flows
like a fluid, with the flow rate governed by its viscosity. Viscosity is a key parameter that
controls how quickly or slowly the mantle can adjust to the changing stresses imposed
by ice loading and unloading. Higher viscosity in the mantle leads to slower isostatic
adjustment, while lower viscosity allows for more rapid flow and quicker recovery of the
surface after changes in loading.

The viscosity of the mantle beneath Antarctica is spatially variable due to differen-
ces in the geological characteristics of the lithosphere and underlying mantle across the
continent (Kaufmann et al., 2005; van der Wal et al., 2023). There are two main geologic
regions in Antarctica: East Antarctica and West Antarctica. East Antarctica is geologically
older and more stable, with a thick, cold, and rigid lithosphere. The upper mantle under-
neath East Antarctica is more viscous, meaning it resists flow more effectively. In con-
trast, West Antarctica is younger and geologically more active, with a thinner lithosphere
and a hotter, more deformable upper mantle. This region has lower mantle viscosity, al-
lowing for faster mantle flow and isostatic adjustment in response to ice mass changes.
These variations in mantle viscosity are controlled by factors like temperature, mantle
composition, and stresses, leading to significant spatial heterogeneity across Antarctica
but also on a regional scale.

The interaction between the elastic lithosphere and the viscous mantle governs the
timescales and spatial patterns of GIA. On a post-Last Glacial Maximum scale, which oc-
curred between 25000 and 15000 years ago, GIA has significantly influenced the lands-
cape as the ice sheet began to retreat, governed by adjustments in bedrock elevation over
thousands of years. This long-term process continues to shape the region today, with
ongoing adjustments in response to the melting ice. In recent decades, GIA has been ob-
served at shorter timescales (Barletta et al., 2018; Nield et al., 2014). Regions vulnerable
to climate change, such as the Amundsen Sea Embayment happen to overlay a relatively
weak Earth structure with a low mantle viscosity. There, the impact of GIA is therefore
significant over decadal to centennial time scales (Book et al., 2022). GIA is therefore a
crucial factor in understanding historical, contemporary and future shifts in Antarctica’s
ice dynamics.
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Ice mass changes can be measured using gravimetry data from the GRACE and GRACE-
FO satellite missions which detects mass changes at a spatial resolution of about 300 km
by measuring changes in gravity. However, these measurements contain both ice loss
and GIA signals. To separate the signals, the GIA component is computed by GIA models
which assume a certain mantle viscosity. The mantle viscosity can be constrained using
measurements of vertical bedrock deformation in Antarctica by GNSS stations mounted
on bedrock. These models have proven essential in explaining high uplift rates in regi-
ons such as the Amundsen Sea sector, where a low-viscosity mantle leads to significant
bedrock rebound (e.g. Barletta et al., 2018).

The bedrock uplift directly leads to a drop in sea level, causing the sea level to vary
not only temporally, but also spatially. Furthermore, the sea level varies spatially due to
the self-gravitating effect of the ice sheet. As an ice sheet grows during a glaciation phase,
the increased gravitation of the ice mass attracts the sea level, which rises nearby the ice
sheet and drops far from the ice sheet (e.g. Farrell and Clark, 1976). As the ice sheet
melts, the opposite occurs and the decrease in gravitational attraction of the ice causes
the sea level to drop close to the ice sheet, while it rises far from the ice sheet. The total
change in regional sea level over time thus depends on vertical bedrock deformation and
on the self-gravitating effect of the ice sheet.

Around 21000 years ago, the barystatic sea level was about 130 meter lower than it is
at present day, but for example in Canada, the sea level was about 450 meter higher than
at present day because of the presense of the Laurentide Ice Sheet (Fig. 1.4) (Lambeck
et al., 2014). Furthermore, the sea level is projected to drop by 200 meters close to the
West Antarctic Ice Sheet in the coming 500 years in case of a high emission scenario due
to ice mass loss from the AIS, whereas the AIS contribution to barystatic sea level (the
global mean sea level) is 6 meters in that same scenario (Gomez et al., 2024). This sea
level change inclused vertical bedrock deformation and the effect of self-gravitation of
the AIS.

The change in sea level impacts bedrock deformation since the change in ocean mass
also acts as a surface load on the Earth. However, in Antarctica the change in sea level is
relatively small compared to the change in ice thickness, which can be up to 2 km over
the coming 500 years and over the last deglaciation. In this thesis, the change in ocean
loading is taken into account at locations where ice was melting or growing by com-
puting the change in ice above flotation, which is then applied as loading on the Earth
surface. Outside of these locations, the load of the change in ocean mass is neglected,
which slightly decreases the bedrock response to changes in loading.

The Earth’s rotation influences sea level by causing a redistribution of water (Wu and
Peltier, 1984). This rotational effect causes sea levels to be higher at the equator and
lower at the poles with a difference of 2 meters over a glacial cycle (Martinec and Hage-
doorn, 2014). Additionally, changes in the Earth’s rotation can be caused by the redistri-
bution of mass. These changes, known as rotational feedback, can also result in regional
variations in sea level. However, the rotational feedback is neglected in this thesis since
the effect of rotation is much smaller than the effect of a change in ice loading.

Finally, the bedrock deformation causes more deformation by itself due to the self-
gravity of the Earth itself. The sensitivity tests presented in Chapter 3 and 4 show that
the effect of self-gravitation of the Earth on bedrock deformation is much smaller than
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the effect of ice loading on the bedrock deformation. The magnitude of localized stress
caused by ice loading far exceeds the localized impact of the Earth’s self-gravitation. Ice
loading directly deforms the Earth’s lithosphere and mantle beneath the ice, while the
self-gravitation effect is distributed globally and contributes relatively little to the defor-
mation in comparison.

Figure 1.4: Difference between the barystatic sea level change and the regional sea level change. Note that the
dark red and blue colors indicate regions with a difference greater than 15 meters. The letters in the figure refer
to different locations: Tahiti (Ta), Freeport (Fe), Richmond Gulf (Ri), Barbados (Ba), Benghazi (Be), Seychelles
(Se), Sunda Shelf (Su), Bonaparte Gulf (Bo) and Huon Peninsula (Hu). This figure is adopted from Milne and
Mitrovica (2008).

FEEDBACK ON ICE DYNAMICS

As the bedrock rebounds, it influences the evolution of the ice sheet in multiple ways
(Figure 1.5).

First, and most importantly, when bedrock uplift occurs, floating ice can become
grounded, causing the grounding line to retreat less. This dynamic interaction between
the rising land and the overlying ice reduces the initial perturbation and therefore in-
creases the stability and acts as a negative feedback in the ice sheet evolution. The effect
of self-gravitation of the ice sheet on the ocean is also a negative feedback. In this thesis,
the effect of bedrock deformation on ice sheet dynamics is always taken into account,
whereas the effect of self-gravitation of the ice sheet on the sea level is neglected. To
test the importance of self-gravity of the ice sheet on the sea level compared to the ef-
fect of bedrock deformation on sea level, a sensitivity test is performed and described in
Chapter 4 of this thesis.

Second, the surface elevation of the ice increases when bedrock elevation increases.
The ice surface is then in a colder atmosphere, which could increase snowfall and reduce
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melt.
Third, GIA influences the bedrock slope within the West Antarctic Ice Sheet. Uplift

associated with GIA can lead to the flattening of reverse bed slopes, promoting glacier
advancement and enhancing the stability of the ice sheet (Adhikari et al., 2014). Over the
past deglaciation, GIA has been suggested to alter bed slopes by 0.25–0.4 m/km (White-
house et al., 2019). A reversed bed slope can even become a forward bed slope, depen-
ding on the location (Konrad et al., 2015). The shape of the bedrock affects ice dynamics
as variations in slope impact ice velocity and flow direction.

Last, bedrock deformation also influences the shape of the cavities below the ice
shelves and the depth of the continental ridge, and thereby the temperatures below the
ice shelves which regulate the melt of ice shelves (Kreuzer et al., 2023).

Figure 1.5: The effect of bedrock uplift on the ice sheet. This figure is adopted from van Calcar et al. (2024).

MODELLING THE GIA FEEDBACK

GIA is modelled by solving the momentum equation, which, for this purpose, descri-
bes how surface loads induce forces within the Earth, and cause deformation over time.
Central to this process is the buoyancy force, driven by density contrasts between the
crust and the underlying mantle and to a lesser extent by density contrasts below. As
ice sheets melt and the surface load decreases, the mantle’s buoyancy force pushes the
crust upward. The density of the crust and the mantle control this upward movement.
GIA models need to include the rigidity to simulate its instant elastic response, and the
viscosity to simulate the delayed viscoelastic deformation of the mantle. GIA models are
also used to compute the regionally varying sea level over paleo timescales and for future
sea level change projections by solving the sea level equation (e.g. De Boer et al., 2017;
Yousefi et al., 2022).
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Traditionally, GIA has been studied with a focus on the last glacial cycle, which spans
the past approximately 120000 years, using a prescribed ice sheet history (e.g. Blank
et al., 2021; Geruo et al., 2013; Gomez et al., 2013; Hay et al., 2017; Kaufmann et al., 2005;
Nield et al., 2014, 2018; Powell et al., 2021; van der Wal et al., 2015; Whitehouse et al.,
2012; Yousefi et al., 2022). Over these long time scales, GIA leads to sea level changes up
to hundreds of meters, and solid earth deformation which significantly influences the
glacial cycle (Abe-Ouchi et al., 2013; Oerlemans, 1980). This type of modelling is used
to constrain the local mantle viscosity by conducting many simulations with different
Earth structures and possible ice sheet histories to obtain present day uplift or gravity
rates, or paleo sea levels that match observations.

A reconstruction of the ice sheet history (hereafter referred to as prescribed ice sheet
history) provides a representation of the growth and retreat of ice sheets, allowing to
compute the crustal response and mantle flow directly. This approach assumes that the
ice sheet’s behavior over time is well-documented and generally does not use available
information about ice sheet dynamics. Such reconstructions are used in GIA models
to simulate sea level change self-consistently by means of the Sea Level Equation (e.g.
Spada and Melini, 2019; Yousefi et al., 2022). While this method has been useful in some
regions and globally, it does not capture the feedback between ice dynamics and bedrock
deformation, which is critical for future projections (Kachuck et al., 2020; Pollard et al.,
2017).

To project sea level rise, ice dynamical models are employed to simulate the move-
ment and evolution of ice sheets in response to climate change. However, GIA has often
been excluded from these models or treated in a simplified manner (Bulthuis et al., 2019;
Coulon et al., 2024; DeConto et al., 2021). One of the methods used to incorporate GIA
in such projections is the Elastic Lithosphere Relaxing Asthenosphere (ELRA) model (Le
Meur and Huybrechts, 1996). The ELRA model assumes that the Earth’s lithosphere be-
haves elastically while the asthenosphere (the shallow and more fluid part below the li-
thosphere) relaxes viscously under the load of ice. Though it provides a basic framework
for calculating the crustal response to changing ice mass, it is limited by its assumption
of a uniform and idealized Earth structure, making it unsuitable for complex variations.

Another approach to include GIA has been the use of 1D GIA models, which sim-
plify the Earth’s structure by assuming radial symmetry (Golledge et al., 2019; Gomez
et al., 2015; Konrad et al., 2015; Rodehacke et al., 2020). These models can vary lithosp-
heric thickness and mantle viscosity but do so in only one dimension, treating the Earth’s
layers as uniform. While 1D models are computationally efficient and useful for global-
scale projections, they lack the ability to account for lateral heterogeneity—geological
variations in Earth’s properties across different regions, such as exist in Antarctica, and
they are not as fast as ELRA models.

3D GIA models incorporate lateral variations in Earth’s structure, such as changes in
crustal thickness and mantle viscosity, and several have been applied to study Antarctica
(Geruo et al., 2013; Hay et al., 2017; Kaufmann et al., 2005; Powell et al., 2021; van der Wal
et al., 2015; Yousefi et al., 2022). These 3D models allow for a more realistic representa-
tion of how different regions of the Earth’s lithosphere and mantle respond to ice mass
changes. While 3D GIA models offer significant improvements over 1D models, they
have mainly been applied in studies using a prescribed ice sheet history. This means
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that while the Earth’s response is modelled in three dimensions, the ice sheet’s behavior
is prescribed which does not account for the dynamic feedback between ice mass loss
and GIA, which could significantly impact projections of ice sheet retreat and sea-level
rise.

To fully understand the role of GIA during glacial cycles and in future projections, a
coupled 3D GIA-ice sheet model is necessary. In such a coupled model, the ice sheet,
solid Earth and sea level evolve together, allowing for feedbacks at different timescales
between the systems.

Besides the studies presented in this thesis, there exist only two other studies on the
last glacial cycle using a coupled 3D GIA - ice sheet model,(Albrecht et al., 2024; Gomez
et al., 2018), and one other study on projections of the AIS (Gomez et al., 2024). These
studies use a different coupling scheme than the scheme developed for this thesis, and
they make use of different ice sheet and GIA models. In this thesis, we present a new cou-
pled 3D GIA - ice sheet model which allows us to study the GIA feedback on glacial time
scales, as well as the coming centennials. The main difference between this model and
other coupled 3D GIA - ice sheet models is the input for the Earth’s rheology. The mantle
viscosity in the model presented here depends on the stress resulting from changes in ice
loading, the mantle temperature derived from seismic measurements, and on the water
content and grain size. In contrast, other coupled models use a prescribed viscosity as
input for the GIA model that is independent on the loading and static in time.

The 3D GIA model presented in this thesis will be a computationally expensive mo-
del, making it impractical for ensemble studies, where thousands of simulations are re-
quired to explore the uncertainties of sea level rise projections. Therefore we also use the
results of the coupled model to study if and how simpler bedrock deformation and GIA
models with a faster computation time can be used.

1.4. RESEARCH QUESTIONS
While prescribed ice sheet histories and simplified GIA models (like ELRA or 1D GIA)
have been widely used in the past, they fail to capture the full complexity of interactions
between the ice sheets and the Earth’s crust. Investigating the last glacial cycle with a
newly developed coupled 3D GIA - ice sheet model allows to understand the feedback in
detail. This leads to the first research question, answered in Chapter 3:

1. How does a 3D mantle structure affect the Antarctic Ice Sheet over a glacial cycle?

Subsequently, the ice dynamical component was replaced by the latest state-of-the-
art model, and the coupled model was applied to address the second research question,
answered in Chapter 4:

2. How does a 3D mantle structure affect the Antarctic Ice sheet over the next centu-
ries?

The long computation time of coupled ice sheet - 3D GIA models creates the need for
approximations of the bedrock response for a 3D Earth structure using methods that are
already incorporated in other ice sheet models. This leads to the final research question,
answered in Chapter 5:
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3. How can the bedrock response for a 3D Earth be approximated in ice sheet mo-
dels?

This thesis concludes with Chapter 6, which reflects on the contributions of the study
to the field of ice sheet dynamics and GIA, discusses the limitations of the approach
taken in this thesis, and suggests directions for future investigations.



Antarctic Peninsula 



2
METHOD

For this dissertation, a coupled 3D GIA - ice sheet model has been developed using two
different ice sheet models. To simulate the last glacial cycle, the 3D GIA model is cou-
pled to the ice sheet model ANICE (De Boer et al., 2013) and the results are presented
in Chapter 3. To conduct projections, the same GIA model was coupled to the newer ice
sheet model IMAU-ICE (Berends et al., 2022), of which the results are presented in Chap-
ter 4. In Chapter 5, the sea level rise resulting from a coupled 3D GIA - ice sheet model is
approximated using the ELRA model and a 1D GIA model coupled to IMAU-ICE.

The general physics behind both ice sheet models is the same and is discussed in sec-
tion 2.1 of this chapter. Since this is the first time Antarctic projections are conduc-
ted with IMAU-ICE, a detailed description of relevant features of IMAU-ICE is provided
in section 2.2. The GIA model and the coupling method are discussed in sections 2.3
and 2.4.
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2.1. ICE SHEET MODELS
The ice sheet models IMAU-ICE (Berends et al., 2022) and ANICE (De Boer et al., 2013)
use a combination of the shallow ice and the shallow shelf approximations (SIA and SSA,
respectively) to solve the balance of membrane, basal and driving stresses (Bueler and
Brown, 2009; Lipscomb et al., 2019). Using the SIA, there is no sliding and the driving
force of gravity is balanced by vertical shearing within the ice. The SIA is solved in ANICE
and IMAU-ICE using the following equations:

∂

∂z

(
η
∂u

∂z

)
= ρg

∂h

∂x
(2.1a)

∂

∂z

(
η
∂v

∂z

)
= ρg

∂h

∂y
, (2.1b)

where η is the effective viscosity, u and v are the components of the horizontal velocity,
ρ is the density of ice, g is the gravitational acceleration, and ∂h

∂x and ∂h
∂y are horizontal

derivative of the ice surface elevation.
In the SSA, the driving stress is balanced by the basal shear stress, and the membrane

stresses caused by horizontal stretching and shearing of the ice, while vertical shearing is
neglected. The SSA deployed in IMAU-ICE is described by the following set of equations:

∂

∂x

[
2η̄H(2ūx + v̄y )

]+ ∂

∂y

[
η̄H(ūy + v̄x )

]−ρg H
∂h

∂x
= τb,x (2.2a)

∂

∂y

[
η̄H(2v̄y + ūx )

]+ ∂

∂x

[
2η̄H(v̄x + ūy )

]−ρg H
∂h

∂y
= τb,y (2.2b)

The terms between square brackets are the membrane stresses from longitudinal stret-
ching and lateral shearing with η̄ as the vertically averaged effective viscosity, ū and v̄ as
the vertically averaged horizontal velocities and H as the ice thickness. τb,x and τb,y are
the basal shear stress components which are dependent on friction and basal hydrology
parameters.

In ANICE, the gradients in the effective viscosity are neglected and the new vertically
averaged viscosity µ̄ is equal to η̄H . As is described in Berends et al. (2021), the equations
to solve the SSA are simplified to:

4
∂2ū

∂x2 + ∂2ū

∂y2 +3
∂2v̄

∂x y
− τb,x

µ̄
= ρg H ∂h

∂x

µ̄
(2.3a)

4
∂2v̄

∂y2 + ∂2v̄

∂x2 +3
∂2ū

∂x y
− τb,y

µ̄
=
ρg H ∂h

∂y

µ̄
(2.3b)

To solve the SIA and SSA, the basal friction and the grounding line position should be
computed. The basal friction is computed using regularised Coulomb law, as explained
in the following section "Sliding", which is followed by a section explaining the determi-
nation of the grounding line position. Afterwards, the solution to the SSA is discussed,
and how basal and surface mass balance are solved to compute the ice sheet evolution.
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2.1.1. SLIDING
The velocity components ū and v̄ consist of a deformational and a sliding component.
In this paragraph we describe the sliding component. Sliding at the base of the Antarctic
Ice Sheet occurs when the ice moves over a layer of water or sediment, reducing friction
between the ice and the bedrock. This process is influenced by the presence of meltwa-
ter, allowing the ice to slide more easily. Basal sliding plays a critical role in the ice sheet
dynamics, particularly in regions like West Antarctica, where much of the ice is groun-
ded below sea level. The rate of sliding is affected by factors such as bedrock topography,
subglacial water pressure, and the roughness of the ice-bed interface. Faster sliding can
lead to accelerated ice flow.

In IMAU-ICE, multiple sliding laws are implemented to compute a basal friction
coefficient(β), of which each law has advantages and disadvantages (Joughin et al., 2019).
In this thesis, we use the newest implemented regularised Coulomb law by Zoet and Iver-
son (2020), which is based on experiments of ice flow over water saturated till and thus
takes into account slip over both hard and soft beds:

β= N · tan(φ) ·u
1

p−1 (u +ut )
−1
p , (2.4)

where u is the horizontal velocity, and ut and p are a uniform transition velocity and slip
exponent, respectively.

The variable N is the effective pressure, which is the overburden pressure minus the
pore water pressure. The overburden pressure can be described as ρg H . There are dif-
ferent approximations to compute the pore water pressure. In this thesis, the newest
approach proposed by Martin et al. (2011) is used, in which the pore water pressure is
dependent on the ice thickness and scales with the bedrock topography and the sea level.
The pore pressure increases with ice thickness and decreases with bedrock topography.
The effective pressure is by default assumed to be 4% of the overburden pressure at sea
level. The effective pressure then increases with bedrock elevation up to where the ele-
vation equals 1000 m. Above that, the effective pressure equals the overburden pressure.

The variable φ is the till friction angle that approximates the bed roughness. There
exist different parameterisations, for example Martin et al. (2011), where the angle is
dependent on the bed topography. However, in this thesis a fixed friction field from a
calibration procedure was used, as explained in section 2.2.2.

As ANICE is an older ice sheet model than IMAU-ICE, β is computed following ano-
ther version of the regularised Coulomb law from Bueler and Brown (2009)):

β= N · tan(φ) ·u

(
p−1

u
p
thr eshol d

)
, (2.5)

where the plastic parameter p is set to 0.3 and the scaling velocity uthr eshol d is set to 100
m
s . N and φ are determined in the same way as in IMAU-ICE.

2.1.2. GROUNDING LINE POSITION
The basal friction applies only to grounded ice and the sub-shelf basal melt is only ap-
plied to floating ice. For this reason, we need to calculate the position of the grounding
line which separates floating and grounded ice. To do so, the flotation function is solved,
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which determines whether ice is grounded or floating, and provides a floating function
( f ). A grounding line parameterisation is used to define the grounding line position in
regions where ice transitions from grounded to floating, following Leguy et al. (2021). In
here, the floating function is computed at the center of each grid cell as follows:

f =−b − ρi

ρo
H , (2.6)

where b is the bedrock elevation, H the ice thickness, ρi the density of ice and ρo the
density of ocean water. The floating function equals zero at the grounding line, is nega-
tive for grounded ice and when positive, the function equals the water depth between
the ice shelf base and the seafloor.

In ANICE, the basal friction coefficientis multiplied with the grounding fraction, which
is 1 if the cell centre is grounded and zero if the cell centre is floating. In IMAU-ICE, the
basal friction coefficientis multiplied with a grounded fraction (φg ). An interpolation
process calculates the grounded fraction (φg ) at the cell vertices by estimating how much
of the surrounding grid box of the staggered grid is grounded ( f < 0) using a bilinear in-
terpolation scheme. The grid box of the staggered grid has its corners at the center of the
grid cells of the main grid. Within the grid box, f is a bilinear function of x and y:

f (x, y) = a +bx + c y +d x y, (2.7)

where x and y are scaled between 0 and 1. The southwest corner is at (0,0) and the nor-
theast corner is at (1,1). a,b,c and d equal:

a = f SW ,

b = f SE − f SW ,

c = f NW − f SW ,

d = f N E + f SW − f NW − f SE ,

(2.8)

At the grounding line, f (x, y) equals zero and y can be written as an explicit function
of x. The grounded fraction at a vertex is then computed using an integral that can be
solved analytically:

φg =
∫ x0

0
y(x)d x = (bc −ad)l n|1− ad

bc |+ad

d 2 (2.9)

Depending on the flotation condition, the grounded fraction varies smoothly between
0 (fully floating) and 1 (fully grounded). The grounded fraction is then applied to ad-
just the basal friction at grid vertices, ensuring that friction changes smoothly across the
grounding line. This interpolation method ensures that the grounding line migration is
handled accurately, even at coarser grid resolutions, improving the overall performance
and stability of the simulations.

2.1.3. ICE VELOCITIES
Knowing the basal friction and the grounding line position we can solve the equations
for the SSA (Equation 2.2a and 2.2b). The Shallow Shelf Approximation (SSA) requires an
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iterative procedure because the ice viscosity is nonlinear and dependent on the strain
rate (the rate of deformation of the ice) (Robinson et al., 2020). The effective strain rate
(ε̇) is the second invariant of the strain rate tensor (ε̇i , j ). The strain rate tensor compo-
nents are computed as follows:

ε̇i , j = 1

2

(
∂ui

∂x j
+ ∂u j

∂xi

)
, i , j = 1,2,3 (2.10a)

ε̇=
(

1

2
ε̇i , j ε̇i , j

) 1
2

(2.10b)

The viscosity of the ice is a function of the strain rate through Glen’s flow law, where
the viscosity (η) decreases as the strain rate increases (i.e., ice deforms more easily when
it’s flowing faster):

η= 1

2
A

−1
n ε̇

1−n
2n , (2.11)

where A is the flow factor, which is a function of the ice temperature according to an
Arrhenius relationship (Huybrechts, 1996), and n is 3 in Glen’s flow law.

Since the strain rate depends on the velocity field, and the velocity field depends on
viscosity, there is a coupling between the two. Thus, to solve for the velocities, the model
starts with a given initial viscosity, compute the velocity field, and then update the vis-
cosity based on the newly calculated strain rate. This process is repeated iteratively until
the viscosity and velocity fields converge to a consistent solution. The iterative proce-
dure to compute ice velocities is adopted from Robinson et al. (2020).

To compute the velocities, first the gravitational driving stress (τd ) in horizontal directi-
ons is computed using

τd ,x =−ρi g H
∂h

∂x
(2.12a)

τd ,y =−ρi g H
∂h

∂y
(2.12b)

Here, ρi is the density of ice, g is the gravitational acceleration, H is the ice thickness,
and ∂h

∂x and ∂h
∂y are the surface slopes in x and y direction, respectively.

After this step the following iterative procedure is used to solve the effective viscosity,
effective basal friction and ice velocities:

1. Calculate the total effective strain rate (ε̇) using equations 2.2a and 2.2b.

2. Calculate the effective viscosity (η) using equation 2.11.

3. Compute the product of the effective viscosity and the ice thickness.

4. Calculate the basal friction coefficient(β) using equation 2.4. The velocity compo-
nents u and v are needed to compute β. The first iteration of the first time step
starts with u and v equal to 0 everywhere, and the first iteration of each subse-
quent time step uses the final velocity from the previous time step.



2

24 2. METHOD

5. At grid cells at the grounding line, apply the subgrid grounded fraction (Φg as com-
puted using equation 2.9) to the basal friction coefficient β following β1 = β ·Φm

g ,
where m is a constant equal to 2, and β1 is the corrected basal friction coefficient
(Berends et al., 2022).

6. While the SSA equations involve nonlinear viscosity (because viscosity depends
on the strain rate), the system is treated as linear for a given viscosity field as com-
puted in step 2. After discretizing using finite differences on a staggered grid (as
explained in detail in Berends et al. (2022)), a linear system of equations is formed:
Au = b. The coefficient matrix A is derived from the discretization of the stress
divergence terms (which include the viscosity and ice thickness). The right hand
side, b, is a vector representing the driving stress from the ice surface slope and

basal drag terms and equals −τd ·∆2

N . u is the vector of the unknown velocities ū
and v̄ .

7. Check if the iteration has converged to a stable solution using the L2 error norm:

δu,v = 2
√∑

(u1 −u0)2 +∑
(v1 − v0)2√∑

(u1 +u0)2 +∑
(v1 + v0)2

, (2.13)

where u1 and v1 are the velocities for the current iteration, and u0 and v0 are the
velocities from the previous iteration. The sum is taken over all grid cells with
nonzero velocity. In this thesis, the typical convergence limit (δu,v ) of 10−2 is used
(Robinson et al., 2020).

2.1.4. SURFACE MASS BALANCE
Besides velocities, we also need the surface mass balance (SMB) and basal mass balance
(BMB) in order to calculate the evolution of the ice sheet in time. The surface mass
balance is computed with IMAU-ITM using the yearly mean atmospheric temperature
and monthly precipitation as input. The precipitation and atmospheric temperature at
present day is taken from ERA5 (Uppala et al., 2005). For the last glacial cycle, the pre-
cipitation is assumed equal to present day, and the time dependent spatially averaged
atmospheric temperature is provided by De Boer et al. (2014). For projections, precipita-
tion ratios and atmospheric temperature anomalies until the year 2300 result from two
CMIP6 models, CESM2-WACCM and IPSL-CM6A-LR, and is provided by Coulon et al.
(2024). To use this data for this thesis, an extra option was added to IMAU-ICE to read
precipitation ratios and atmospheric temperature anomalies, interpolate to the correct
time step and apply them to the present day precipitation and temperature from ERA5.

Ablation (A) is computed according to Bintanja et al. (2002):

A = 4(T −T f )+0.513(1−α)Qt −88

100
(2.14)

where T f is the melting temperature of ice (273.16 K), Qt is the incoming shortwave ra-

diation at the top of the atmosphere (in W
m2 ) taken from Laskar et al. (2004) and α is the

surface albedo. The albedo of ice-covered areas depends on the depth of the firn layer
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and the melt of the previous year. The depth of the firn layer is computed using the snow-
fall and can be maximum 10 meters thick. The coefficients in Equation 2.14 are derived
by Bintanja et al. (2002) by calibrating model simulations of Antarctica to mass balance
observations for the present-day climate.

Snowfall is computed using the precipitation multiplied by the snow fraction. This
fraction is computed according to Ohmura et al. (1999) and depends on the atmospheric
temperature. The part of precipitation that doesn’t fall as snow, is considered as rainfall.
Part of the rainfall refreezes, the amount of which is calculated according to Huybrechts
and De Wolde (1999) based on the amount of water that refreezes on top of the snow-
pack, and liquid water.

Finally, the SMB is computed as follows:

SMB = Snow f al l +Re f r eezi ng − Abl ati on (2.15)

This simplistic SMB parameterisation performs well for Greenland (Fettweis et al., 2020)
and has the advantage that it can be used for glacial time scales because the incoming
shortwave radiation at the top of the atmosphere follows from the Milankovitch theory.
For the application on Antarctica, the SMB parameterisation has been tuned such that
the modeled surface mass balance matched the observed surface mass balance (De Boer
et al., 2014).

2.1.5. BASAL MASS BALANCE AND CALVING
The basal melt is computed by a quadratic temperature-depth dependent parameteri-
zation (Favier et al., 2019). In there, first the temperature and freezing point are derived
at the base of the ice shelf based on provided temperature and salinity profiles. Next, the
ocean freezing point is subtracted from the ocean temperature to obtain the difference
in temperature available for melt. Last, the BMB is computed as follows:

B MB = γT

(
ρSW cpo

ρi Li

)2

(To −T f )2, (2.16)

where γT is the calibrated heat exchange velocity, ρSW the density of ocean water, ρi the
density of ice, cpo the specific heat capacity of the ocean mixed layer, and Li the latent
heat of fusion of ice. The ocean temperature at present day is determined using a ca-
libration process to an equilibrium state of the ice sheet, as explained in section 2.2.2.
The salinity at present day is taken from the WOA which is extrapolated to the sub-shelf
cavities (Zweng et al., 2019). The ocean temperature anomalies and salinity anomalies
for projections until the year 2300 result from the same two CMIP6 models as the at-
mospheric temperature anomalies and precipitation ratios, CESM2-WACCM and IPSL-
CM6A-LR, and is also provided by Coulon et al. (2024).

Leguy et al. (2021) defined three different parameterisations to determine sub-shelf melt
at the grounding line, which are all applied in the ice sheet models ANICE and IMAU-
ICE. In this thesis, the floatation condition melt parameterisation (FCMP) is used. Here,
melt is applied to the full grid cell if the center of the grid cell is floating. Other para-
meterisations are the partial melt parameterisation, which uses a bilinear interpolation



2

26 2. METHOD

scheme to determine the floating function of the grid cell to which the melt is proporti-
onal, and the non-melt parameterisation which assumes no melt at grounding line grid
cells.

Calving is governed by a simple rule that initiates calving when the ice thickness exceeds
a threshold, which is set to the commonly used value of 200 meters (Wilner et al., 2023).

2.1.6. TIME STEPPING

Both ANICE and IMAU-ICE use an adaptive time step for the ice-dynamical solver (Be-
rends et al., 2022; De Boer et al., 2014). ANICE uses separate steps for the SIA (which is
mostly diffusive) and the SSA (which is mostly advective), while IMAU-ICE always sol-
ves both simultaneously. In ANICE, the other model components (thermodynamics,
surface/basal mass balance, climate forcing) are solved synchronously (i.e. in every ice-
dynamical time step), while in IMAU-ICE these have their own, separate time steps. In
the simulations presented in this thesis, we used 1 year time steps for the thermody-
namic, SMB and bedrock modules, and 3 month time steps for the climate, ocean and
BMB modules. To define the time step for the ice-dynamical solver in IMAU-ICE, two
critical time steps are computed, namely the critical time step for advective ice flow and
the critical time step based on the truncation error in ice thickness (Cheng et al., 2019;
Robinson et al., 2020).

The critical time step for advective ice flow is calculated as follows:

∆tn+1 = ∆x

ū + v̄
, (2.17)

where ∆x is the spatial resolution of the model (16 km), and ū and v̄ the vertically aver-
aged horizontal velocities in two directions as before. The label n +1 indicates the next
time step.

The length of the critical time step based on the truncation error in ice thickness (χ)
is calculated as follows:

∆tn+1 =
(

ϵ

χn+1

)(kl+kp ) ( ϵ

χn

)−kp

∆tn , (2.18)

where ϵ is the target tolerance, and kl = 2
10 and kp = 1

10 are control parameters. This
time step and the necessary parameters is computed in the predictor-corrector method,
which is explained in detail in section 2.2.

The time step for the ice dynamical solver is the smallest time step between the time
step based on the advective ice flow and the time step based on the truncation error.

2.2. IMAU-ICE
In this section, IMAU-ICE is discussed in detail in terms of the general setup, the velo-
city and ice thickness computations, calibration, sea level, and bedrock since the adjust-
ments to these modules only apply to IMAU-ICE and not to ANICE.
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2.2.1. MODEL SETUP
To couple IMAU-ICE to the 3D GIA model, IMAU-ICE is required to restart every 5 years.
For this purpose, the model was restructured such that the model restarts properly. To
do so, the order in which modules are called for at each time step was adjusted compared
to IMAU-ICE version 2.0 from Berends et al. (2022). The new order is shown in figure 2.1
and explained in detail below.

During initialisation of IMAU-ICE at a certain start time, all the input data fields are
read, the SMB and BMB are computed, the ice temperature and velocities are read from
a data file or a restart file, and the bedrock deformation is computed. Next, the length
of the first time step is determined as described in the timestepping section. Last, the
ice thickness at the end of the first time step is computed based on the mass transport
equation. The ice thickness in the model is not updated yet, that is done during the time
step and not in the initialisation. This initialisation process is shown in figure 2.1.

At each time step, several modules of IMAU-ICE are called for, in the order as shown
in figure 2.1. First, the model checks which modules should be run at this specific time
step, as described earlier in the timestepping section. Then, the geometry is updated
based on the ice thickness that is computed at the previous time step. Then, SMB, BMB,
and the temperature of the ice are computed. Last, the ice velocities and the new ice
thickness and ice extent at the end of the time step are computed. The main steps of
each time step, and the steps of the initialisation are shown in figure 2.1.

Figure 2.1: Flowchart of the time steps within IMAU-ICE. Each time step consists of one loop and the next
time step starts at the yellow block called "Update model time". The ice velocities are computed following the
iterative process as discussed in section 2.1.3.

The step "Compute ice velocities" in figure 2.1 is conducted in IMAU-ICE using the
predictor-corrector method. This method significantly improves the accuracy of the so-
lution compared to the forward Euler method (Robinson et al., 2020), which was used in
ANICE (De Boer et al., 2013).

Following the predictor-corrector method, the ice thickness is first predicted using
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the velocities from the previous time step. Then, the velocities are computed based on
the predicted ice thickness, and the ice thickness is computed again starting from the ice
thickness of the previous time step. The procedure contains the following steps:

1. Compute the predicted ice thickness as follows:

H⋆
n+1 = Hn +∆tn[ν1 f (Hn , ūn)+ν2 f (Hn−1, ūn−1)], (2.19)

where H⋆
n+1 is the predicted ice thickness, ∆t is the timestep, ν1 = 1+ ζt

2 , ν2 =− ζt
2

and ζt = ∆tn
∆tn−1

.

2. Set the previous ice thickness to the current ice thickness, and the current ice
thickness to the predicted ice thickness. Compute the new surface elevation using
the ice thickness change and bedrock elevation change over the time step. Then,
compute the change in surface elevation over the time step and the new grounding
line position.

3. Solve the velocities following the iterative procedure between viscosity and veloci-
ties as discussed in the section "ice velocities".

4. Calculate the change in ice thickness based on the new velocities, the surface ele-
vation change as computed in step 2, and the surface and basal mass balances.

5. Set the current ice thickness to the ice thickness of the previous time step, and
update surface elevation and grounding line position.

6. Calculate the corrected ice thickness (Hn+1) as follows:

Hn+1 = Hn + ∆tn

2
[ f (H⋆

n+1, ūn+1)+ f (Hn , ūn)], (2.20)

7. Calculate the applied ice thickness rate of change, which is dependent on the cor-
rected ice thickness, the current ice thickness and the critical time step.

8. Determine the truncation error as follows:

τn+1 =
ζt (Hn+1 −H⋆

n+1)

(3ζt +3)∆tn
. (2.21)

The truncation error is then used to determine the new velocity time step as de-
scribed in the timestepping section above.

2.2.2. CALIBRATION
Two large uncertainties in the ice sheet model are the friction at the base of grounded ice
and the ocean temperature at the base of ice shelfs. For this reason, a calibration method
was developed where the observed surface velocities are compared with the surface ve-
locity from the modeled 3D velocity field. During the calibration time of 10000 years,
the ocean temperature and friction parameter are tuned at each time step to obtain a
3D ice velocity field in equilibrium with the observed ice surface elevation and bedrock
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elevation. By tuning these parameters, the velocity field is changed until the modeled ice
thickness matches the observed ice thickness. This final velocity field of the calibration
will serve as the present-day (initial) velocity field for the projections.

The inversion procedure of the friction parameter was developed by Berends et al.
(2022). When modeled ice thickness at a certain location is thicker than the observed ice
thickness, the friction parameter is decreased such that the velocities can increase which
will lead to decreased ice thickness. Conversely, when modeled ice thickness at a certain
location is thinner than the observed ice thickness, the friction parameter is increased
such that the velocities will decrease which will lead to increased ice thickness.

The inversion procedure of the ocean temperature, occurring at the same time as
the friction inversion, was developed for this thesis. During the calibration, the model
inverts for an anomaly to the extrapolated ocean temperature provided by the World
Ocean Atlas (WOA) (Zweng et al., 2019) and iterates until the ice thickness is in equili-
brium and as close to the observed ice thickness at present day as possible (Morlighem
et al., 2020).

To obtain an ice sheet in equilibrium at present day conditions, a 13000 year cali-
bration is performed. The inversion of the ocean temperature is done by changing an
anomaly to the extrapolated ocean temperatures from the WOA. This anomaly is increa-
sed when the modeled ice is too thick compared to the observed ice thickness from Bed-
machine version 3 (Morlighem et al., 2020) such that more sub-shelf melt will occur and
velocities will increase such that the ice thins. Conversely, the anomaly to the ocean tem-
perature is decreased when the modeled ice is thinner than the observed ice thickness.

To apply this concept in the model, first the ice thickness difference with respect to
the observations (∆H) is computed.

∆H = H −Hobs , (2.22)

where H is the modeled ice thickness and Hobs the observed ice thickness from Bedma-
chine version 3 (Morlighem et al., 2020). Then, two regularisation terms (θ1 and θ2) are
computed as follows:

θ1 = ∆H ·τ
H0

, (2.23a)

θ2 =
2 d H

d t

H0
, (2.23b)

where τ is the time scale for regularisation and H0 is the ice thickness scale for regulari-
sation. Both parameters are set to 100.

After each model time step, the ocean temperature is increased by a certain tempe-
rature anomaly, indicated by ∆T . In the model, this anomaly to the ocean temperature
is not computed directly, but instead an adjustment to the anomaly is computed using
the above mentioned regularisation terms (θ1 and θ2). This adjustment to the anomaly
is the change of temperature over the model time step and is indicated by d∆T

d t . The
adjustment to the anomaly is computed as follows:

d∆T

d t
= θ1 +θ2 (2.24)
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The adjustment to the ocean temperature anomaly is extrapolated beyond the ice shel-
ves. Then, a Gaussian smoothing filter is applied to the anomaly.

Finally, the adjustment is applied to the ocean temperature anomaly itself as follows:

∆Ti =∆Ti−1 + d∆T

d t
·d t (2.25)

where ∆Ti is the ocean temperature anomaly of the current time step, and ∆Ti−1 the
ocean temperature anomaly of the previous time step.

The ocean temperature that is used to compute the sub-shelf basal melt is simply
computed by adding the anomaly to the ocean temperature itself.

In the first 100 years of the calibration, the grounding line is fixed to prevent a fast
discharge of grounded ice due to warm ocean water, which leads to an overestimation of
the basal melt rates inducing a too strong shock to the model. After 8000 years of inver-
ting for the friction angle and the ocean temperature anomaly, the friction angle is kept
fixed. After 10000 years of calibration, also the ocean temperature anomaly is kept fixed.
The last 3000 years of the simulation shows that an equilibrium state has been reached
and the difference of the modeled ice thickness and observed ice thickness is mostly
insignificant except for small regions with maximum 500 meter difference (details are
shown in section 4.5).

2.2.3. SEA LEVEL
Both ice sheet models ANICE and IMAU-ICE contain a bedrock elevation, an ice surface
elevation and a sea level. The change in sea level due to bedrock deformation is included
by altering the bedrock elevation. This will change the grounding line position and the
ice above floatation, and therefore also the sea level.

The change in sea level due to the self-gravitation of the ice sheet is included by al-
tering the sea level parameter directly. The scalar containing the global mean sea level
in IMAU-ICE was used as the spatial variable containing the sea level. To study the ef-
fect of a regionally changing sea level on the ice sheet, IMAU-ICE is adjusted to apply a
regional varying sea level from an external file when the option "geoid" is chosen. When
using this option, the sea level is not a spatial uniform field like for the global mean sea
level, but instead a spatially varying field. The geoid is computed by the GIA model, as
explained in section 2.3.1.

2.2.4. BEDROCK
The surface topography, bedrock topography and ice thickness are taken from Bedma-
chine version 3 (Morlighem et al., 2020), which used data from airborne ice penetrating
radar measurements and satellite interferometry, stereophotogrammetry, radar and alti-
metry. The bedrock elevation is defined with respect to global mean sea level and affects
ice dynamics directly in several ways:

• The water depth is defined as the negative bedrock elevation and determines, to-
gether with the ice thickness, whether a column of ice on a grid cell of IMAU-ICE
is floating, grounded, or partially grounded. The ice is determined to be floating
when the ice thickness is smaller than the water depth times the density of sea wa-
ter divided by the density of ice. The thickness above floatation is the ice thickness



2.3. GLACIAL ISOSTATIC ADJUSTMENT MODEL

2

31

minus the water depth times the same density ratio. The grounded fraction of a
grid cell, which ultimately determines where the grounding line is exactly positi-
oned, is then computed using the thickness above floatation of the neighbouring
cells, as is explained in the grounding line position section above.

• The bedrock elevation determines, together with the ice thickness, the modeled
surface elevation (S) of the ice sheet. The surface mass balance is dependent on
the surface elevation via the surface temperature (T ), which is computed as fol-
lows: T = Tobs +(S−Sobs ) ·λ, where λ is the lapse rate of -0.01 K /m. Tobs is the ob-
served surface elevation temperature at the observed surface elevation Sobs , which
can also be replaced by a given surface temperature and surface elevation compu-
ted by an earth system model.

• The gravitational driving stress determining the ice velocities is dependent on the
bedrock slope, which is the horizontal derivative of the bedrock elevation.

• In some parameterisations, such as Martin et al. (2011) which is used in this thesis,
the bedrock elevation determines the pore water pressure at the base of the groun-
ded ice sheet as described in point 4 of the velocity procedure in section 2.2.1.

• In one parameterisation of sub-shelf basal melt, which is used in the ice sheet mo-
del ANICE of Chapter 3, the sub-shelf basal melt is scaled by the water depth bet-
ween the bathymetry and the base of the ice shelf, which is in turn dependent on
the surface elevation (as discussed in the first bullet). However, the sub-shelf basal
melt parameterisation of chapters 4 and 5 is not dependent on the water depth.

The bedrock deformation was computed in IMAU-ICE using the Elastic Lithosphere Re-
laxed Asthenosphere (ELRA) model. This model simplifies the Earth’s response to surface
loading by considering the lithosphere as an elastic plate and the asthenosphere as a vis-
cous layer that relaxes over time. The equation governing the time-dependent bedrock
deformation in the ELRA model is:

db(i , j )

d t
= w(i , j )−b(i , j )

τ
, (2.26)

where db
d t is the bedrock elevation change over time, w is the equilibrium profile from

the elastic lithosphere, b the current bedrock elevation, i , j the grid coordinates, and τ

the relaxation time. The details of the ELRA model are described in section 5.2.
For this thesis, IMAU-ICE was extended to apply a spatially varying relaxation time in

the ELRA model. The option is called LVELRA. Furthermore, the option was added to use
a prescribed bedrock deformation over time. For this, an externally computed bedrock
deformation is applied to the bedrock elevation linearly over time. This option is called
"external GIA" and relies on GIA calculated with an external model as described in the
following section.

2.3. GLACIAL ISOSTATIC ADJUSTMENT MODEL
To couple a GIA model to an ice sheet model, the GIA model has to save all the varia-
bles after each time step and write the surface deformation to a file. To run a time step,
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the model needs to restart from the previous time step. For this thesis, the GIA model
from Blank et al. (2021) was restructured and a restart option was added. The coupling
method, the models, and the changes made to the models are discussed in detail in sec-
tion 3.2.

2.3.1. MODEL SETUP
The Earth’s mantle behaves elastically over short timescales but exhibits viscous flow
over longer timescales. For a spherical, self-gravitating, incompressible Earth, the governing
equations of motion after linearization are (Wu and Peltier, 1982):

−→∇ ·τ−−→∇ (−→u ·ρ0g0r̂ )−ρ0
−→∇Φ1 = 0. (2.27)

Here, τ is the stress tensor, −→u is the displacement vector, and r̂ is a unit vector in the ra-
dial direction. The variables ρ, g ,Φ are density, gravitational acceleration and gravitatio-
nal potential, respectively. The subscript zero denotes the hydrostatic background state,
while subscript one refers to the perturbed state. The first term in equation 2.27 repre-
sents the internal stresses within the Earth. The second term describes the advection of
pre-stress in the Earth, which is caused by the initial gravitational field. This stress, the
hydrostatic background stress, is carried by the material in motion and acts as the resto-
ring force that maintains balance in response to surface changes, known as isostasy. The
third term accounts for the effect of self-gravitation where the redistribution of mass due
to deformation alters the gravity field and its potential.

Compressibility cannot directly be implemented in spherical models based on Abaqus
(Reusen et al., 2023). Implementing compressibility would therefore require additional
code which increases the computation time (Huang et al., 2023). The effect of compres-
sibility on vertical deformation is small and can be partly compensated by adjusting the
rigidity of the model (Tanaka et al., 2011). Therefore, in this thesis the Earth is assumed
to be incompressible, meaning that there is no internal buoyancy, and changes in the
gravitational potential do not need to be computed with Poisson’s equation. Instead,
the perturbed gravitational potential Φ is a function of the radial displacements and the
surface load, and can be solved using the following Laplace equation (Wu, 2004):

∂2

∂r 2Φl ,m + 2

r

∂

∂r
Φl ,m − l (l +1)

r 2 Φl ,m = 0, (2.28)

where r is the Earth’s radius. The Laplace equation is solved by applying boundary con-
ditions assuming density varies radially but not laterally (Wu and Peltier, 1982). The
perturbed gravitational potential is computed for each layer of the GIA model. In this
section, only the computation of the perturbed gravitational potential at the surface is
described. Including the boundary conditions for the surface of the Earth, the solution
to the Laplace equation is:

Φl ,m = 4πG

2l +1
r
[
σl ,m +ρ0(r )Ul ,m(r )

]+ 4πG

2l +1

N−1∑
k=0

rkUl ,n(rk )(ρk −ρk+1)
( rk

r

)l+1
(2.29)

whereσl ,m and Ul ,m are the coefficients of the spherical harmonic decomposition of the
surface load and radial displacements, respectively, N is the total number of layers, G the
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gravitational constant (6.67430 ·10−11m3kg−1s−2), ρ0 the density at the surface, ρk the
density of the k th layer, r the distance from the Earth’s center to the surface (6371·106m),
rk the distance from the Earth’s center to the outer radius of the k th layer.

Equation 2.29 computes the perturbed gravitational potential due to changes in ice
and ocean loading (σ), and due to the displacement itself (U ). The changes in ice and
ocean loading can be computed by the sea level equation:

S = N −U , (2.30)

where S is the change in sea level, N the change in geoid and U the radial displacement.
The sea level equation can be solved globally including migrating shorelines but solving
that is computationally expensive and requires to compute the ice sheet evolution glo-
bally (Mitrovica and Milne, 2003), whereas we only compute the Antarctic Ice Sheet evo-
lution in this thesis. Furthermore, the changes in ocean loading are significantly smaller
than the changes in ice loading (as discussed in sections 3.2 and 4.5). Therefore, the
ocean loading is not taken into account as a loading on the GIA model, and only the ice
loading is applied.

The sea level determines, together with the bedrock elevation, whether ice is floating
or grounded, as discussed in section 2.2.4. The projections presented in this dissertation
use a fixed sea level in time but tests are conducted to study the effect of a spatial- and
time-varying sea level in the ice sheet model. To obtain this varying sea level, the GIA
model was used to compute the change in geoid. The geoid is the equipotential surface
of the Earth’s gravity field that best approximates regional sea level.

The geoid height (N ) depends on the difference between the gravitational potential
at a given point (V ) and the reference potential surface (V0), and can be computed as
follows:

N = V −V0

g
, (2.31)

where g is the average gravitational acceleration near the Earth’s surface (9.81 m/s2).
The spherical harmonic coefficients computed with equation 2.29 are converted to the
spatial domain such that the perturbed gravitational potential can be used to compute
the geoid according to equation 2.31. The geoid is then applied in the ice sheet model as
described in section 2.2.

The equations of motion can be solved by the finite element software Abaqus after ap-
plying a stress transformation (Wu, 2004). The finite element method is coupled to the
Laplace equation using an iterative scheme. This is typically done by, first, computing
the displacement using the FE method over all time steps and then computing the gra-
vitational potential over all time steps. The gravitational potential is added as an additio-
nal loading, after which the radial displacements at all timesteps can be computed based
on the updated loading (Wu, 2004). This method requires the surface loading for the full
simulation time to be known. However, in this thesis, the loading is computed by the
ice sheet model and depends on the radial displacements computed by the GIA model.
Therefore, the iterations between the FE model and the Laplace equation are applied at
each time step, instead of over the full simulation period.
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The change in gravitational potential due to deformation itself is hereafter referred to
as the effect of self gravitation of the Earth on solid Earth deformation. Chapters 3 and 4
include a sensitivity study on the effect of self gravitation of the Earth over a glacial cycle
and projections, respectively. We found that the effect of including self gravitation of the
Earth is relatively small, whereas the computation time doubles. Therefore, the coupling
between the FE method and the Laplace equation has been excluded in the main results
of this thesis.

2.3.2. RHEOLOGY
The model calculates the displacement of each element after placing a certain load on
the Earth’s surface for a period of time which requires input of the so-called constitutive
equation that relates stress and strain through material parameters. The material of the
mantle is viscoelastic and the strain rate is computed using equation 2.32 (van der Wal
et al., 2013; Blank et al., 2021).

∆ϵi j = 3

2
(Bdi f f +Bdi sl q̃n−1)qi j∆t (2.32)

∆ϵi j is the strain, Bdiff and Bdisl are the spatially variable diffusion and dislocation pa-
rameters respectively, q̃ is the Von Mises stress which is assumed to be 0.1 MPa (Ivins
et al., 2023), n is the stress exponent, taken to be 3.5, consistent with Hirth and Kohlstedt
(2003), qi j is the deviatoric stress tensor, and ∆t is a variable time increment for the nu-
merical integration within Abaqus during the coupling time step that is computed for a
specified accuracy. With this method, the model does not require average mantle visco-
sity and lithospheric thickness as input parameters as many other methods do (see over-
view in Ivins et al. (2023)). The diffusion and dislocation parameters in equations 5.2a
and 5.2b depend on the grain size of the mantle, the water content, the pressure and the
temperature. Pressure is calculated based on the densities in the earth model and tem-
peratures is derived from seismic observations. The material parameter grain size and
water content can also be used in and constrained by geologic observations (e.g. Martin
and van der Wal (2023)), and other geodynamic models. However, the formulation re-
sults in viscosity values that are not well constrained, therefore calibration of the model
is necessary in areas where GIA is relatively well known.

To create 3D rheologies, a seismic model is used to convert seismic velocity anoma-
lies to dislocation and diffusion parameters, which then determine the deformation in
the mantle for given ice loading. The seismic model was adjusted to include high reso-
lution seismic information over Antarctica combined with global seismic model. How
different 3D structures are obtained using this new seismic model is described in detail
in sections 3.2 and 4.5.

The mantle viscosity in Antarctica varies radially and laterally with several of orders
of magnitude (van der Wal et al., 2023). The variation is largest between East and West
Antarctica, but varies significantly within West Antarctica as well. Here we constrain the
mantle viscosity by the viscosity values obtained in Palmer Land in the Antarctic Penin-
sula, in the Weddell Sea Embayment and in the Amundsen Sea Embayment (Wolsten-
croft et al., 2015; Bradley et al., 2015; Barletta et al., 2018). These values are used to fit
grain size and water content, as described in detail in section 4.5.
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The model has a high resolution area over Antarctica. With a global resolution of 200
km and an Antarctic resolution of 30 km, the model contains about 290,000 elements.
Each element get assigned a density and Youngs modulus, dependent on the layer that
the element is in. Between 35 and 670 km depth, the elements get assigned a dislo-
cation and diffusion parameter. All elements in the top 35 km get assigned a viscosity
of 1044Pa · s, which is purely to force this layer to respond elastic. Certain elements in
the upper mantle also respond elastic but that is not prescribed and instead determined
by the assigned diffusion and dislocation parameter, and the applied stress by changes
in surface laoding. Elements in the lower mantle gets assigned a constant viscosity of
5 ·1021Pa · s.

2.4. COUPLING METHOD
In this dissertation, the GIA model is coupled to two different ice sheet models: ANICE
for Chapter 3, and IMAU-ICE for chapters 4 and 5. Section 3.2 describes in detail the
coupling method for a glacial cycle, and section 4.5 describes in detail the coupling me-
thod for a projection. In all three chapters the same concept is used for the coupling,
which is described further in this section.

A simulation is initialised by running the ice sheet model over the first coupling time
step using the ELRA model. Now, the initialisation has finished and the simulation of

Figure 2.2: Concept of the coupling method.

the first coupling time step starts by running the ice sheet model while applying the be-
drock deformation that resulted from the initialisation. This step is shown by the first
blue block of the conceptual diagram in figure 2.2. The resulting change in ice load over
the first coupling time step is then passed to the GIA model which computes the bedrock
deformation over the first coupling time step. Last, this bedrock deformation is passed
back to the ice sheet model, which is again run over the first coupling time step. Hereaf-
ter, the ice sheet configuration at the end of the first coupling time step is used as starting
point for the second coupling time step, together with the last computed bedrock defor-
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mation. This is indicated by the dashed blue and red lines in figure 2.2. For the second
coupling time step, first the ice sheet model is run, then the GIA model, and finally the
ice sheet model, after which the model moves on to the third time step, and so on.

The change in surface loading over a time step, given by the ice sheet model, is ap-
plied linearly over a time step in the GIA model. Moreover, the bedrock deformation
resulting from the GIA model is applied linearly to the bedrock elevation in the ice sheet
model. The time step should therefore be short enough such that the linear approxi-
mation is valid. Tests to determine the coupling time step and the number of iterations
within one coupling time step are described in section 3.2 for the last glacial cycle, and
section 4.5 for the projections. The tests show that for a small enough time step length,
the model converges after 1 iteration. Therefore, figure 2.2 shows the application of 1
iteration. A coupling time step of 5000 years was chosen for the glaciation phase of the
last glacial cycle, 500 years for the deglaciation phase, and 5 years for projections.
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SIMULATION OF A FULLY COUPLED

3D GIA - ICE-SHEET MODEL FOR

THE ANTARCTIC ICE SHEET OVER A

GLACIAL CYCLE

ABSTRACT
Glacial Isostatic Adjustment (GIA) has a stabilizing effect on the evolution of the Antarctic
Ice Sheet by reducing the grounding line migration following ice melt. The timescale and
strength of this feedback depend on the spatially varying viscosity of the Earth’s mantle.
Most studies assume a relatively long laterally homogeneous response time of the bedrock.
However, the mantle viscosity is spatially variable with a high mantle viscosity beneath
East Antarctica, and a low mantle viscosity beneath West Antarctica. For this study, we
have developed a new method to couple a 3D GIA model and an ice-sheet model to study
the interaction between the Solid Earth and the Antarctic Ice Sheet during the last gla-
cial cycle. In this method, the ice sheet model and GIA model exchange ice thickness and
bedrock elevation during a fully coupled transient experiment. The feedback effect is ta-
ken into account with a high temporal resolution where the coupling time steps between
the ice-sheet and GIA model are 5000 yr over the glaciation phase and vary between 500
and 1000 yr over the deglaciation phase of the last glacial cycle. During each coupling
time step, the bedrock elevation is adjusted every ice-sheet model time step and the de-
formation is computed for a linearly changing ice load. We applied the method using the
ice-sheet model ANICE and a 3D GIA finite element model. We used results from a regional
seismic model for Antarctica embedded in the global seismic model SMEAN2 to determine

Published as: van Calcar, C.J., van de Wal, R.S.W., Blank, B., de Boer, B., and van der Wal, W.: Simulation of a
fully coupled 3D glacial isostatic adjustment – ice sheet model for the Antarctic Ice Sheet over a glacial cycle.
Geoscientific Model Development, 16, 5473–5492, 2023. Minor corrections are included in this thesis.
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the patterns in the mantle viscosity. The results of simulations over the Last Glacial Cycle
show that differences in mantle viscosity of an order of magnitude can lead to differences
in grounding line position up to 700 km and to differences in ice thickness in the order of
2 km at present day near the Ross Embayment. These results underline and quantify the
importance of including local GIA feedback effects in ice-sheet models when simulating
the Antarctic Ice Sheet evolution over the Last Glacial Cycle.

3.1. INTRODUCTION
The stability of the Antarctic Ice Sheet (AIS) is largely controlled by the bedrock profile
(Pattyn and Morlighem, 2020). The bedrock elevation and slope vary in time due to Gla-
cial Isostatic Adjustment (GIA), which is the response of the solid Earth to a changing
ice load. Accurate GIA simulations are needed when analyzing the past and future ice
sheet dynamics and stability (e.g. Pan et al., 2021; Gomez et al., 2010). At present, the
AIS loses mass in areas where the basal melt increases and the grounding line retreats
(Meredith et al., 2019). Fig. 3.1 shows schematically how GIA affects grounding line mi-
gration when the ice sheet retreats. Initially, before the on-set of ice shelf melting, the
ice sheet and bedrock topography are represented by the solid grey and brown lines, res-
pectively. The initial position of the grounding line is indicated by p1. Thinning of the
ice shelves by increased basal melting, represented by the dashed grey line, leads to a
retreat of the grounding line to position p2. Due to a decreasing ice thickness, and thus
a decreasing ice load, the Earth’s surface experiences a direct instantaneous elastic uplift
and a delayed uplift of the viscoelastic mantle of the Earth, represented by the dashed
brown line. The uplift of the bedrock causes a local shoaling of water, decreased ice flux
towards the ice shelf, and an outward movement of the grounding line to position p3
(Fig. 3.1). As a consequence, the GIA feedback slows down retreat of the grounding line
and acts as a negative feedback (Larour et al., 2019; Konrad et al., 2015; Adhikari et al.,
2014; Gomez et al., 2012).

There exist other GIA feedbacks on the ice sheet evolution apart from the direct effect
on the grounding line via the bedrock elevation. First, the local sea level decreases due
to the diminishing gravitational attraction of the ice on the surrounding water in case
the ice sheet melts (e.g. De Boer et al., 2017; Gomez et al., 2015). As a consequence, a
decrease in sea level reduces the load of the ocean on the bedrock and in turn enhances
uplift from GIA, although to a smaller degree than the loss of grounded ice. Second, GIA
could steepen or flatten the bed slope dependent on the local topography. A flattened
bed slope decreases the rate of basal sliding and ice deformation and therefore decrea-
ses the ice flux and ice velocity towards the shelfs (Adhikari et al., 2014). Finally, GIA
stabilizes the ice sheet as it reduces the surface elevation change of the ice sheet cau-
sed by surface melt in a warming climate. The reduced lowering of the surface elevation
thereby suppresses melt rates (Van Den Berg et al., 2008).

Several types of models have been developed to include GIA in ice-sheet models. A
widely used approach to take changes in bedrock topography into account is by using
an Elastic Lithosphere Relaxing Asthenosphere (ELRA) model (Le Meur and Huybrechts,
1996). This is a two-layer model that contains a local elastic layer and an asthenosphere
that relaxes with a single constant relaxation time. This simplified model is computati-
onally cheap and provides a first-order estimate of bedrock changes (e.g. Pelletier et al.,
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Figure 3.1: Schematic figure of GIA feedback on grounding line migration. The solid light grey and upper brown
lines represent the initial ice sheet/shelf and bedrock elevation respectively before retreat of the grounding line.
The lower solid brown line separates the elastic lithosphere and the viscoelastic mantle. p1 is the grounding
line position corresponding to the initial steady state. The dashed light grey line represents the ice sheet/shelf
after retreat, the dashed black line is the perturbed mantle elevation, and the dashed brown is the new bedrock
surface. p2 is the grounding line position after retreat without GIA effects. P3 is the grounding line position
after the GIA response. The change in sea level is not applied as load on the GIA model and only the global
mean sea level is prescribed as forcing on the ice-sheet model. The sea level is for this reason not shown in this
figure.

2022; De Boer et al., 2017; Pattyn, 2017). However, the ELRA approach assumes a homo-
geneous flat Earth while the actual Earth properties vary radially and laterally. To partly
overcome these limitations, Coulon et al. (2021) included regions with different relaxa-
tion times in the ELRA model to capture the main patterns of spatial variability in the
relaxation time scale. Still, ELRA neglects the effect of self-gravitation, the size depend-
ency of the Earth’s response to ice loading, and the fact that larger ice sheets respond to
deeper Earth characteristics and smaller ice sheets respond to shallower Earth characte-
ristics (Wu and Peltier, 1982).

The solid earth response is mainly determined by the thickness of the elastic lithosp-
here and the viscosity of the mantle. ELRA models have been improved by coupling the
lithosphere with a viscous half-space, where mantle viscosity can be used as input para-
meter instead of the relaxation time (Albrecht et al., 2020; Bueler et al., 2007). Another
approach to compute GIA is self-gravitating visco-elastic (SGVE) spherical Earth models.
They compute the response to global ice sheet thickness changes with radially varying
Earth models, labeled 1D GIA models, that account for gravity field perturbations . Most
1D GIA studies also account for relative sea level change by solving the sea level equa-
tion (DeConto et al., 2021; Pollard et al., 2017; Konrad et al., 2015; De Boer et al., 2014;
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Nield et al., 2014; Gomez et al., 2013; Whitehouse et al., 2012). For Antarctica, these 1D
GIA models commonly use an Earth structure with an upper mantle viscosity of 1020-
1021 Pa·s and a lithosphere of approximately 100 km thick which is close to the Antarctic
average (Gomez et al., 2018; Geruo et al., 2013). The present-day ice surface elevation
resulting from a coupled 1D GIA – ice-sheet model with a mantle viscosity of 1021 Pa s
can be achieved with reasonable accuracy by the ELRA approach with a relaxation time
of 3000 yr, but deformation through time differs and it is not known how well other vis-
cosities can be approximated (Pollard et al., 2017; Van Den Berg et al., 2008; Le Meur and
Huybrechts, 1996).

However, even 1D GIA models are oversimplified for realistic Antarctic conditions, as
it can be derived from seismic data that the viscosity of the mantle under the AIS varies
laterally with six orders of magnitude with much lower viscosities approximately 1018

Pa·s in West Antarctica than the generally assumed global average mantle viscosity (Hay
et al., 2017; van der Wal et al., 2015; Ivins et al. 2021). In these low viscosity regions, the
Earth’s mantle approaches isostatic equilibrium one to two orders of magnitude faster
than the timescale of 3000 yr that is commonly used in the application of ELRA models
(Whitehouse et al., 2019; Barletta et al., 2018). This can only be overcome by 3D GIA
models which have been developed to simulate GIA using a lateral variable rheology in
Antarctica (Yousefi et al., 2022; Blank et al., 2021; Powell et al., 2021; Nield et al., 2018;
Hay et al., 2017; van der Wal et al., 2015; A et al., 2013; Geruo et al., 2013; Kaufmann et al.,
2005), but those approaches so far neglected the GIA feedback on the ice sheet evolution
because they use a predefined ice sheet history.

Whitehouse (2018) emphasises the importance of coupled 3D GIA – ice-sheet mo-
dels to study regions with a low mantle viscosity and there are ongoing efforts to develop
an efficient coupling method on a high temporal resolution using a 1D GIA model (Han
et al., 2021). Coupled GIA – ice-sheet models need an iterative method to include the GIA
feedback since ice-sheet models need bedrock deformation as input to compute the ice
thickness and GIA models need ice thickness as input. We define a coupling time step as
the time period over which the ice sheet model and GIA model exchange ice thickness
and bedrock elevation during a fully coupled transient experiment. There are coupled
1D GIA – ice-sheet models that use short coupling time steps of tens of years but those
models simulate projections and hence consider a much shorter time scale than the gla-
cial cycle (DeConto et al., 2021; Konrad et al., 2015). The only model that couples 3D GIA
with ice dynamics is developed by Gomez et al. (2018), who show significant differences
in ice thickness of up to 1 km in the Antarctic Peninsula and the Ross Embayment when a
3D Earth rheology was used instead of a 1D rheology. From this model it can be conclu-
ded that uplift is typically underestimated in West Antarctica and overestimated in East
Antarctica when using lateral homogenous Earth structures in ELRA or 1D GIA models
(Nield et al., 2018). Gomez et al. (2018) apply the following iteration method to simulate
the AIS evolution from 40 kyr to present-day. First, the 3D GIA model computes bedrock
elevation changes relative to the geoid at time steps of 200 yr for the entire 40 kyr using
ice thickness changes from a previous coupled 1D GIA simulation. These bedrock ele-
vation changes are corrected at each time step for the difference between the simulated
present-day bedrock topography and the observed present-day topography. The correc-
ted bedrock elevation changes are passed to the ice-sheet model to recompute the ice
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thickness history for the entire period of 40 kyr till present-day with time steps of 200 yr.
Finally, the new ice thickness history is passed to the 3D GIA model and the process is
repeated until the ice and bedrock elevation histories converge. Typically, only four ite-
rations are needed. However, both models are still simulated over the entire period of 40
kyr with a fixed ice or bedrock elevation history as input. As a consequence the coupling
time step between ice sheet model and 3D GIA model is 40 kyr. Yet, for example in the
Amundsen Sea embayment in West Antarctica, GIA occurs on decadal to centennial ti-
mescales (Barletta et al., 2018). Present-day GIA estimations and the evolution of the ice
sheet could therefore be improved by including the 3D GIA feedback in a coupled model
at coupling time steps shorter than 40 kyr.

This study presents a method to fully couple an ice-sheet model and a 3D GIA model
on century to millennial timescales from 120 ka onwards. The method simulates the 3D
GIA feedback by iterating an ice-sheet model and a 3D GIA model at every single cou-
pling time step. The method is applied using the ice-sheet model ANICE (De Boer et al.,
2013), and a 3D GIA finite element (FE) model (Blank et al., 2021), where the coupling
time steps are 5000 yr over the glaciation phase and vary between 500 and 1000 yr over
the deglaciation phase of the last glacial cycle. The GIA model computes deformation
due to ice loading and does not solve the sea level equation, but the viscoelastic model
does account for the effect of self-gravitation of the mantle deformation when a 1D Earth
structure is used. To decrease computational time, the GIA model excludes the effect of
self-gravitation when a 3D Earth structure is used which is explained in section 3.2.2.
Global Mean Sea Level (GMSL) from the northern hemisphere ice-sheets is prescribed
in the ice-sheet model. The ice-sheet model is applied to Antarctica to assess the impact
of the stabilizing GIA effect on the AIS evolution over the last glacial cycle using 1D and
3D Earth structures.

We assess whether widely used 1D Earth structures, for example those used by Pol-
lard et al. (2017), yield similar stability characteristics for ice sheet evolution caused by
bedrock uplift, in comparison to 3D Earth structures during the deglaciation phase. The
developed coupled model can be applied to different regions and the coupling method
could be applied to different ice-sheet models and GIA models. The model has poten-
tial to improve GIA estimates, and hence corrections for ongoing GIA to geodetic data
(e.g. Scheinert et al., 2021). This method cannot only be applied to improve glacial-
interglacial ice sheet histories, but also for future projections of the AIS evolution.

3.2. METHOD
The coupling method that we present in this chapter can be applied to any ice-sheet and
GIA model, as long as the models have the possibility to restart at certain time steps.
We applied the coupling method to the ice sheet model ANICE and the 3D GIA model,
which are introduced first in this section 3.2.1 and 3.2.2. The coupling method alternates
between the ice-sheet model and the GIA model, where the ice-sheet model uses the
bedrock deformation computed by the GIA model and the GIA model uses the changes
in ice thickness computed by the ice-sheet model. The interpolations that are necessary
to feed the ice-sheet model output to the GIA model and the GIA model output to the
ice-sheet model are discussed in section 3.5. Finally, we describe the coupling method
in section 3.2.3. The models are coupled at a coupling time step that varies during a
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glacial cycle. During the glaciation phase, the coupling time step is 5000 yr and during
the deglaciation phase, the coupling time step is 1000 and 500 yr. The effect of the size
of the coupling time step is discussed in section 3.2.3. At intermediate time steps the
ice-sheet model uses a linear interpolation of the bedrock changes and the GIA model
uses a linear interpolation of the ice thickness changes.

3.2.1. ICE-SHEET MODEL: ANICE
The ice-sheet model ANICE is a global 3D ice-sheet model allowing to simulate the AIS,
Greenland ice sheet, Eurasian ice sheet and North American ice sheet separately or si-
multaneously (de Boer et al., 2013). Each ice sheet can be simulated on different equi-
distant grids. The horizontal resolution is 20 km for Greenland and 40 km for the other
regions. The temporal resolution of ANICE is 1 yr, hereafter referred to as the ANICE
time step. ANICE has been used for a variety of experiments (Berends et al., 2018, 2019;
Bradley et al., 2018; De Boer et al., 2013, 2017; Maris et al., 2014). For this study, ANICE
is used to simulate the Antarctic Ice Sheet evolution with a resolution of 40x40 km. At-
mospheric temperature and GMSL act as the main forcing for the ice-sheet model, as is
shown in Fig. 3.10, and are the result of previous ice volume reconstructions using ANICE
and benthic isotopes forcing (De Boer et al., 2013). The accumulation for the ice sheet is
computed using present-day monthly precipitation from ERA40, which are temporally
extrapolated as a function of the free atmospheric temperature (Bintanja and van de Wal,
2008; Bintanja et al., 2005). A time and latitude dependent surface temperature-albedo-
insolation parameterization is used to calculate ablation (Berends et al. 2018). Insolation
changes are based on the solution by Laskar et al. (2004). The Shallow Shelf Approxima-
tion (SSA) (Bueler and Brown, 2009) is used to solve mechanical equations to determine
sliding and velocities of ice shelves, and the Shallow Ice Approximation (SIA) is used to
compute velocities of grounded ice (Morland, 1987; Morland and Johnson, 1980). Basal
sliding follows a Weertman friction law where friction is controlled by bedrock eleva-
tion. The position of the grounding line and GMSL determine whether ice is grounded
or floating, thus whether the ice experiences sub-shelf melt or not. A combination of the
glacial-interglacial parametrization by Pollard and DeConto (2009) to scale the global
mean ocean temperature beneath the shelf, and the ocean temperature-based formula-
tion by Martin et al. (2011) are used to compute sub-shelf melt. This parameterisation
assumes a linear relation between sub-shelf melt and ocean temperature. Changes in
ocean circulation are not taken into account.

Besides the effect of GMSL, there is an effect from regional sea-level variations as
well. Although the effect of the northern hemisphere ice sheets on GMSL is significant,
the effect of the AIS itself is most important for regional sea level (Gomez et al., 2020).
At regions where grounded ice melts, such as the Ross and the Filchner-Ronne embay-
ments during the deglaciation phase, the near field sea level is reduced due to the decre-
asing gravitational attraction between the ice sheet and the ocean. De Boer et al. (2014)
studied the differences between using ANICE with a gravitationally self-consistent sea-
level, and with global mean sea level. At last glacial maximum, the ice volume of the AIS
is lower when including regional sea level because the increased regional sea level due to
increased gravitational attraction of the growing ice sheet leads to a small reduction in
grounded ice. During the deglaciation, the differences in ice volume are small. The spa-
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tial variation caused by Northern Hemisphere ice volume changes over a glacial cycle is
smaller than the spatial variation in regional sea level by Antarctic changes and is there-
fore considered a second order effect. The regional sea level variation is not yet included
in this model.

The standard version of ANICE uses the ELRA method to compute bedrock elevation
changes using a uniform relaxation time that is usually taken to be 3000 yr. For this study,
ANICE is adjusted to use the bedrock deformation computed by a GIA model instead of
computing the bedrock deformation using the ELRA method (see section 3.2.3 for expla-
nation of the chosen coupling time steps). The initial topography at 120 ka is taken from
ALBMAP (Le Brocq et al., 2010). Within one coupling time step, the bedrock elevation
is updated in ANICE at time steps of 1 yr using linear interpolation of the deformation
computed by the GIA model:

bt = bt0 + ∆b

∆tcoupli ng
·∆tAN IC E , (3.1)

where bt refers to the updated bedrock elevation at the ANICE time step, bt0 refers to the
bedrock elevation at the beginning of the coupling time step, ∆b

∆tcoupli ng
refers to the total

deformation of one coupling time step computed by the GIA model divided by the length
of the coupling time step in years, and ∆tAN IC E refers to the ANICE time step of 1 yr.
Linear interpolation introduces inaccuracy of the true GIA deformation which generally
follows an exponential curve. As a consequence, the total deformation at the end of the
coupling time step is the same, but the deformation would be slightly underestimated
at the beginning of the coupling time step. This effect is higher at regions with a lower
viscosity of the Earth’s mantle due to the increased nonlinearity of the Earth’s response
compared to higher viscosity regions. The effect of this approximation can be reduced
by reducing the length of the coupling time step as is shown in section 3.2.3.

3.2.2. GIA MODEL
The GIA Finite Element (FE) model from Blank et al. (2021) is used, which is based on
the commercial Finite Element Method (FEM) software ABAQUS following Wu (2004). It
computes bedrock changes for surface loading on a compressible spherical Earth with a
composite and Maxwell rheology. The Poisson’s ratio is assumed to be 0.28. The effect
of density variations required for full compressibility is not included. Each element of
the model gets assigned a dislocation and diffusion parameter from which the mantle
viscosity can be computed based on, among others, the applied stress from surface loa-
ding. Section 3.2.2 discusses how these parameters, and the viscosity are computed.
The FEM approach allows for discretization and computation of stresses and the resul-
ting deformation in the Earth using a modified stiffness equation and Laplace’s equation
(Wu, 2004). The ice loading is applied to the GIA FE model at each coupling time step.
When running the GIA FE model, each coupling time step is divided in increments for
numerical integration inside the finite element model. The size of each subsequent in-
crement is determined based on how fast the computation of the deformation conver-
ges. In this study, each coupling time step is divided into approximately 30 increments
so that the nonlinear solution path can be followed sufficiently accurate. The advantage
of this FEM approach based on ABAQUS is its flexibility as its grid size and rheology can
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be adjusted. Furthermore, FE models operate in the time domain so the program can be
stopped at each time step and all information about the state of stress is stored, contrary
to SGVE models which operate in the Laplace domain for which the entire ice history has
to be available to compute the next time step (e.g. de Boer et al., 2014), introducing com-
plication if the coupled evolution is addressed. Because of the solution in the temporal
domain FE models can exchange information with the ice-sheet model at every required
time step. This advantage allows, for example, to simulate the glaciation phase of the last
glacial cycle once on a high spatial and temporal resolution and to use the state of the
Earth at the end of the glaciation phase as a starting point for different experiments of
the deglaciation phase where, for example, the coupling step size or the forcing of the
ice-sheet model is adjusted. The restart option also allows for simulation of projections
where the model is restarted from an initialized GIA FE - ice-sheet model.

The adopted 3D GIA FE model from Blank et al. (2021) used a prescribed ice load
history for all time steps in the GIA FE model and iterates several times over the past
120000 yr to include self-gravitation (Wu, 2004). However, restarting with a different
ice load at each coupling time step is necessary to include the GIA-feedback on the ice
dynamics. For this reason adjustments to the GIA FE model have been made, to be able
to continue the GIA FE model with a new ice load after each coupling time step using the
RESTART option in ABAQUS. When simulating the 1D Earth structures, two iterations of
the GIA FE model are performed over each coupling time step to include self-gravitation
before moving on to the next time step. When simulating the 3D Earth structures, only
one iteration of the GIA FE model is performed over each coupling time step to decrease
the simulation time with 50%. The difference between including and excluding the effect
of self-gravitation is less than 10% of the total deformation as shown in Fig. 3.11. For
future studies, the same iteration over each coupling time step could be used to solve the
sea level equation (Wu, 2004; Blank et al., 2021) and rotational feedback (Weerdesteijn
et al., 2019).

The applied changes in ice loading are relative to the present-day ice load, as it is
assumed that the Earth was in isostatic equilibrium with present-day ice loading at the
beginning of the last glacial cycle. The ice load is computed at each time step by com-
puting grounded ice thickness above flotation, taking into account the relative sea level
change, as described in Simon et al. (2010). The ice load is computed by ANICE using:

HAF = H −max(0, (SL−b) · ρw

ρi
) (3.2)

where HAF refers to the ice thickness above floatation of grounded ice, H to the ice thick-
ness of grounded ice, SL to the sea level relative to present day sea level, b to the bedrock
elevation relative to present day sea level, and ρw and ρi to the density of water and ice
respectively. The change in ice load is applied as a linear change on the GIA FE model
during each coupling time step. This is an approximation of the true ice dynamics over
the coupling time step, of which the ice dynamic equations are solved on much shorter
timescales (1 yr) than the coupling time steps and are nonlinear. The determination of
the chosen coupling time steps of 5000, 1000 and 500 yr is described in section 3.2.3.

Not only ice loading causes deformation, but also ocean loading due to temporal va-
riations in sea level. We conducted a test where we prescribed a spatially variable global
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ice and ocean loading caused by other ice mass changes, taken from Whitehouse et al.
(2012), in addition to loading from the Antarctic ice-sheet model. From the results of the
test, we conclude that the effect of global ocean and ice loading on deformation could
be important on the scale of individual glaciers in Antarctica, but the load of global ice
and ocean loading from other ice mass changes was negligible compared to the ice load
variations on the scale of the AIS. Including global loading in the GIA FE model increases
the computation time because a load is applied to every surface element globally instead
of only on the surface elements where there is a change in grounded ice in Antarctica.
Thus, loading due to other ice masses, spatially variable ocean loading, and loading due
to variations in Earth’s rotation, are not considered with the aim of reducing computati-
onal burden, as this paper focuses on the direct effect of mantle viscosity.

MODEL SETUP AND RESOLUTION

In the GIA model adopted for this study, referred to as the GIA FE model (Blank et al.,
2021; Hu et al., 2017), a different mantle viscosity can be assigned to each element which
allows for the use of 3D Earth structures (van der Wal et al., 2015). Other parameters
(such as density and Youngs modulus) are taken constant in layers that represent the
core, lower and upper mantle and the elastic lithosphere. The horizontal grid has a hig-
her resolution over Antarctica, which is visible in Fig. 3.2. Sensitivity tests for the grid
size are conducted for the trade-off of accuracy versus the computation time. For these
tests, the GIA FE model is loaded with a parabolic ice cap for 1000 yr using four diffe-
rent spatial resolutions, respectively: 70, 55, 30 and 15 kilometers. The details of the test
are described in Fig. 3.12 in the supplementary materials. The tests show that using a
horizontal resolution of 15 by 15 kilometers instead of 30 by 30 kilometers decreases the
deformation with 0.01 percent over 1000 yr and increases the computation time of the
GIA FE model by approximately 30 percent to 15 minutes (Fig. 3.12). A coarser resolution
of 55x55 km does not notably reduce the computation time. Therefore, a resolution of
approximately 30 by 30 km is chosen at the surface in Antarctica from 62 degrees lati-
tude to the south pole, and 200 by 200 km elsewhere in the GIA FE model. Since the grid
lies on a sphere, the elements are not equal, but their size approaches the given resolu-
tion. The resolution in the lower mantle and core are double as coarse as the lithosphere
and the upper mantle. The chosen resolution results in approximately 300,000 elements
divided over several layers, where the lithosphere and upper mantle have double the ele-
ments of the lower mantle and the core. The FE model is divided in eight layers for the
1D simulations and nine layers for the 3D simulations to represent the upper and lower
mantle so that the elements in each layer lie at the same depth (see Table 3.1 for detailed
parameters of the layers). The bottom of the upper mantle is connected to the lower re-
solution lower mantle with the use of so-called tie constraints. Fig. 3.2 shows an example
of a change in a deformed sphere due to ice unloading at East Antarctica and ice loading
at West Antarctica, with a relatively high-resolution in and around Antarctica and lower
resolution in the far-field.

Following the 5-layer model used in Spada et al. (2011), one value for density, Young’s
modulus and, in the case of a 1D model, a viscosity is assigned to each layer, as is shown
in Table 3.1. In case of a 3D Earth structure, the elastic top layer is fixed till 35 km depth
as this is the thinnest lithosphere found in West Antarctica (Pappa et al., 2019), and a 3D
rheological model with specific dislocation and diffusion creep parameters is assigned
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Figure 3.2: Example of the deformed Earth simulated by the GIA FE model at 115 ka. The grid has a higher
resolution area of 30 by 30 km at latitudes until -60 degrees, and a lower resolution area of 200 by 200 km
above -60 degrees latitude. The ice sheet is mainly growing in West Antarctica, causing subsidence, and slightly
decreasing in East Antarctica which causes uplift.

to each element between 35 and 670 km depth, as is described in section 3.2.2. The ef-
fective lithospheric thickness is therefore spatially variable and follows from the effective
mantle viscosity. If the viscosity in a region is so high that viscous deformation in one of
the top layers is negligible over the entire cycle, the region can be considered to be part
of the lithosphere (e.g. van der Wal et al., 2013; Nield et al., 2018). This will lead to a thic-
ker effective lithosphere than 35 km in most of Antarctica. Thus, the second model layer
partly consists of lithosphere and partly of upper mantle and is called the shallow upper
mantle in Table 3.1. In the 1D model, the lithosphere is prescribed as 100 km thick which
is similar to the lithospheric thickness used in Gomez et al. (2018). The chosen viscosi-
ties of 5·1021 and 1021 Pa·s for the mantle between 420 and 2891 km depth, are shown in
Table 3.1, and consistent with GIA based inferences of radial viscosity (Lambeck et al.,
2014; Lau et al., 2016). The core is included in the model only through boundary conditi-
ons to provide a buoyancy force on the mantle (Wu et al., 2004). The complete overview
of the parameter set up is shown in Table 3.1.

Table 3.1: Material properties of the GIA FE model. The top of upper mantle 2 is at 100 km depth for the 1D
simulation and at 35 km for the 3D simulation.

Earth layer
Depth
[km]

Number of
layers

Density
[kg /m3]

Young’s
modulus [Pa]

Viscosity
[Pa · s]

Top layer 0 - 35(3D)/100(1D) 1 3037 0.50605·1011 1·1044

Upper mantle 35(3D)/100(1D) – 420 3/4 3438 0.70363·1011 1D/3D variable
Transition zone 420 - 670 2 3871 1.05490·1011 1·1021

Lower mantle 670 - 2891 2 4978 2.28340·1011 5·1021

Core 2891 - 6371 1 10750 1·10-20 0
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RHEOLOGY AND SEISMIC MODELS

The deformation as a result of the applied ice load depend on the rheological model
that is used by the GIA FE model. Rheological models describe the relation between
stress and strain. The 1D version of the GIA FE model uses a linear Maxwell rheology
at all depths, whereas the 3D version uses a composite rheology following van der Wal
et al. (2010) at depths between 30 and 420 km (see Table 3.1). The composite rheology
combines two deformation mechanisms, diffusion and dislocation creep such that the
strain computed in ABAQUS is:

∆ϵi j = 3

2
(Bdi f f +Bdi sl q̃n−1)qi j∆t , (3.3)

where ∆ϵi j is the strain, Bdiff and Bdisl are the spatially variable diffusion and dislocation
parameters respectively, q̃ is the Von Mises stress which is assumed to be 0.1 MPa (Ivins
et al., 2021), n is the stress exponent, taken to be 3.5, consistent with Hirth and Kohlstedt
(2003), qi j is the deviatoric stress tensor, and ∆t is a variable time increment for the
numerical integration within the coupling time step. The increments are determined
automatically depending on the applied stress and the size of the coupling time step.
Detailed explanation of the implementation of the composite rheology in the FE model
can be found in Blank et al. (2021).

From Eq. 3.3 it can be derived that the effective viscosity (ηe f f ) for each element of
the GIA FE model (van der Wal et al., 2013) becomes:

ηe f f =
1

3Bdi f f +3Bdi sl qn−1 (3.4)

The diffusion and dislocation parameters used in this study are derived from the flow
law from Hirth and Kohlstedt (2003) and given by Eq. 3.6a and 3.6b respectively:

Bdi f f = Adi f f d−3 f 1
H2Oe

E+PV
RTx,y (3.5a)

Bdi sl = Adi sl d 0 f 1
H2O .2e

E+PV
RTx,y (3.5b)

where A is experimentally determined (Adi f f = 106 MPa, Adi sl = 90 MPa), d is the grain
size, fH2O is the water content, E is the activation energy, P is the depth dependent pres-
sure (Kearey et al., 2009), V is the activation volume, R is the gas constant and Tx,y is
the spatially variable absolute temperature. A, E and V are different according to the
values for wet and dry olivine. All parameters, except temperature, grain size and water
content, are taken from Hirth and Kohlstedt (2003). The temperature is derived from an
Antarctic seismic model and a global seismic model for each element of the GIA FE mo-
del following approach 3 in Ivins et al. (2021) to include a nonlinear rheology. Following
this approach, seismic velocity anomalies are converted to temperature, assuming that
all seismic velocity anomalies are caused by temperature variations (Goes et al., 2000).
Derivatives of seismic velocity anomalies to temperature anomalies are provided as a
function of depth in the mantle (Karato et al., 2008). Antarctic seismic velocity anoma-
lies are taken from Lloyd et al. (2020) and global velocity anomalies for regions above
-60 degrees latitude are taken from SMEAN2 which is an average of three seismic mo-
dels (Becker and Boschi, 2002). The models are combined with a smoothing applied at
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the boundary at -60 degrees latitude. Mantle melt is assumed to have a relatively small
influence on upper mantle viscosity and is therefore not included in this study (van der
Wal et al., 2015).

Following Eq. 3.3- 3.6, the mantle viscosity, and thus the deformation, is dependent
on the grain size and water content. As little information exists on grain size and water
content, these parameters are kept spatially homogeneous (van der Wal et al., 2015).
We obtained two different 3D rheologies by choosing a grain size of 4 mm and a water
content of 0 (hereafter referred to as 3Ddry) and 500 ppm (hereafter referred to as 3Dwet)
to obtain rheologies that can be considered realistic based on other viscosity studies (e.g.
Blank et al., 2021; Gomez et al., 2018; Hay et al., 2017). A water content of 500 ppm is
within the range of water content found in Antarctic xenoliths (Martin, 2021).

The two rheology models give an idea of some, though not all, variation in 3D mantle
viscosity. The viscosity of both 3D rheologies is shown at three depths in the two right
columns of Fig. 3.3 (Fig3c-d, g-h, k-l). Increasing the water content lowers the mantle
viscosity but the pattern of viscosity variations is maintained (Karato et al., 1986; Blank
et al., 2021). This can be seen in Fig. 3.3, where the mantle viscosity of 3Ddry is ap-
proximately one order of magnitude higher than the mantle viscosity of 3Dwet. Both 3D
rheologies provide an upper mantle viscosity of approximately 1018Pa ·s in West Antarc-
tica, which is comparable with Barletta et al., (2018), who estimated such low viscosities
in West Antarctica by constraining the GIA model using GPS and seismic measurements,
and with Blank et al. (2021), who confirmed that a mantle viscosity of 1018-19 Pa·s is plau-
sible in the Amundsen Sea sector, based on the WINTERC 3.2 temperature model which
is constrained by seismic data and satellite gravity data (Fullea et al., 2021). The visco-
sity pattern of both 3D rheologies used in this study, and the viscosity value of the 3Ddry
rheology, are similar to the mantle viscosity used by Gomez et al. (2018) and Hay et al.
(2017), who infer mantle viscosity by scaling seismic anomalies to viscosity anomalies
and adding them to a background viscosity profile from GIA or geodynamic studies. A
background viscosity can be inferred from other GIA or geodynamic studies, however
following the method from van der Wal et al. (2015) allows to directly obtain absolute
viscosity values from seismic measurements without the need to assume a background
viscosity profile.

The results of the coupled model using a 3D rheology can be compared with the re-
sults using 1D rheologies. Two experiments are performed using a 1D rheology with
two different upper mantle viscosity profiles: 1020 (hereafter referred to as 1D20) and
1021Pa · s (hereafter referred to as 1D21). These values are consistent with the lower and
upper boundaries of the upper mantle viscosity that is generally used in studies for An-
tarctica (e.g. Albrecht et al., 2020; Gomez et al., 2018; Pollard et al., 2017). The elastic
lithospheric thickness is the same for both 1D experiments and is set to 100 km. Fig. 3.13
in the supplementary materials shows the viscosity profile at 4 different locations for the
4 different rheologies. The locations are indicated by the numbers in Fig. 3.3a. At the
Thwaites glacier (location I in Fig. 3.3a), the viscosity of the 3D rheologies is between
1020 and 1022Pa · s between 70 and 100 km depth, whereas the 1D rheologies assume
this layer to be elastic. On the other hand, at dome C (location IV in Fig. 3.3a) the vis-
cosity is above 1023 between 100 and 170 km depth for the 3D rheologies, whereas the
1D rheologies assume a viscosity of 1021 and 1020Pa · s between 100 and 170 km depth.
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In general, the viscosity of the 3D rheologies are up to 4 orders of magnitude lower in
West Antarctica and up to 3 orders of magnitude higher in East Antarctica compared to
the 1D21 rheology. It should be noted that the response of the bedrock to changes in ice
loading does not solely depend on the local viscosity but on the viscosity of the whole
region where the change in ice load occurs.

Figure 3.3: Panels a, e and i correspond to the 1D rheology referred to as 1D20. The red dots annotated by ro-
main numbers in panel a correspond to the viscosity profiles shown in Fig. 3.13 in the supplementary material.
Panels b, f and j correspond to the 1D rheology referred to as 1D21. Panels a and b show a viscosity of 1044Pa ·s,
representing the 100 km thick lithosphere in the 1D rheology. Panels c, g and k correspond to a 3D rheology
with a water content of 500 ppm referred to as 3D (wet), and figures d, h and l correspond to a 3D rheology
without water content referred to as 3D (dry). Both 3D rheologies assume a grain size of 4 mm. A pressure of
0.1 MPa is used to compute the viscosity from the dislocation and diffusion parameters.

3.2.3. ITERATIVE COUPLING METHOD
The simulation of ice dynamics for a certain coupling time step requires the deforma-
tion of the Earth over the coupling time step. On the other hand, the computation of the
deformation over this coupling time step, using the GIA FE model, requires the change
in ice mass over that coupling time step. For this study, an iterative coupling scheme
has been developed that alternates between the models per time step with a varying
length of 500 to 5000 yr. The GIA and ice-sheet model outputs (bedrock deformation
and change in ice thickness respectively) are generated on different grids and the corres-
ponding interpolation method is described in section 3.5. The iterative scheme is shown
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in Fig. 3.4. The ice thickness and deformation at each coupling time step of the coupled
model is computed as follows:

1. Simulate the evolution of the AIS for the first coupling time step using ELRA. Use
the difference in grounded ice thickness at the end of the coupling time step and
the initial grounded ice thickness as input for the GIA FE model which starts initi-
ally in isostatic equilibrium.

2. Run the GIA FE model to compute the deformation of the Earth’s surface during
the first coupling time step. Next, subtract the final bedrock elevation of the cou-
pling time step from the final bedrock elevation of the last time step and interpo-
late this linearly to obtain deformation at the time steps of the ice-sheet model.
Run the ice-sheet model to compute the new ice sheet evolution at the first cou-
pling time step using the updated deformation in linear increases during the cou-
pling time step. The ice-sheet model and the GIA FE model uses its own internal
time stepping, as discussed in section 3.2.1 and 3.2.2 respectively.

3. Continue the iterative process described in step 2 until a convergence criterium
has been reached. The convergence of the coupled model and the required num-
ber of iterations is further described in section 3.2.3.

4. Take the average deformation of the last two iterations as the final deformation to
minimize the uncertainties in areas where the coupled model does not converge
to zero but alternates between positive and negative values. Pass the average de-
formation to the ice-sheet model and run the model to calculate the final ice sheet
evolution over the first coupling time step.

5. All stresses present at the end of the first coupling time step are saved in the GIA
FE model which will be restarted in the second coupling time step. The final con-
figuration of the ice-sheet model at the end of the first coupling time step is also
saved and used as starting point for the ice-sheet model simulation at the second
coupling time step. The averaged deformation of the last two iterations of the pre-
vious coupling time step will be used as initial guess to run the ice-sheet model for
the first iteration of the next coupling time step.

6. Once the simulation over the entire glacial cycle has finished, compute the dif-
ference between the simulated present day bedrock topography and the observed
present day bedrock topography using eq. 6, as will be explained further in section
3.2.3. Then, repeat the simulation of the entire glacial cycle using a corrected ini-
tial topography. Repeat the glacial cycle 2 to 4 times to convergence to a simulated
present day topography equal to the observed present day topography.

Gomez et al. (2018) create ice loading and bedrock deformation histories of 40 kyr
with a temporal resolution of 200 yr and run the ice-sheet model and sea level model
alternately at once over the full history. In the method of the present study, the ice-sheet
model and GIA FE model run alternately at each dynamic coupling time step, of which
the coupling time step can be changed depending on the desired accuracy. However,
the GIA FE model used in the present study does not solve the sea level equation, which
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Figure 3.4: Schematic overview of the method for coupling the GIA and ice-sheet model. The numbers 1 to 6
in black circles refer to the steps of the iterative coupling process explained in the main text. The solid lines
refer to the flow of input and output. The dashed lines connect the blocks for running the GIA or ice model to
show that the saved model of the previous coupling time step is used to restart the model in the next coupling
time step.

should be included in the GIA FE model for realistic reconstructions. For the present
study, the last glacial cycle is simulated using 51 coupling time steps of 5000, 1000 and
500 yr (section 3.2.3). Tests are performed to determine the required number of iterati-
ons per coupling time step (section 3.2.3). After calculating the first glacial cycle there
is usually a mismatch between modelled and observed topography at present-day. To
solve this mismatch, we use two to four glacial cycle iterations, depending on the rhe-
ology, each with 51 coupling time steps to correct for the difference in modelled and
observed topography (section 3.2.3) (e.g. Kendall et al., 2005). The method allows to
use variable coupling time steps throughout the glacial cycle and between iterations of
glacial cycles to decrease the total computation time.

SIZE OF THE COUPLING TIME STEP

A longer coupling time step increases the deformation and change in ice thickness over
one coupling time step. Therefore, the coupling time steps need to be chosen sufficiently
small, so that deformation and ice thickness change nearly linearly. On the other hand, a
large coupling time step is desirable to limit the computation time. The convergence of
the coupled model is highly dependent on the length of the coupling time step since the
change in ice load, and thus the bedrock deformation, is smaller for smaller time steps,
which converges faster.
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Table 3.2: Coupling time steps over last glacial cycle.

Period [ka] Time step size [kyr] Number of coupling times
120 – 20 5 20
20 – 15 1 5
15 – 5 0.5 20
5 – 1 1 4
1 - 0 0.5 2

The coupled model is tested using different coupling time steps for the 1D21 rhe-
ology. Relatively long coupling time steps of 5000 and 1000 yr are tested between 120
ka and 20 ka because the change in GIA signal is small within this period since the ice
sheet volume is slowly increasing till Last Glacial Maximum (LGM), and knowledge of
the past climate is limited. Using a step size of 1000 yr did not lead to significantly dif-
ferent results than using time steps of 5000 yr and we therefore chose a step size of 5000
yr for the glaciation phase of the last glacial cycle. Because of the fast reduction of ice
in a warming climate, smaller coupling time steps are required during the deglaciation.
Han et al. (2022) showed that coupling time steps of 200 yr are optimal for the deglacia-
tion phase in their coupled 1D GIA – ice-sheet model. However, their method assumes a
constant topography during the coupling time step, which is not the case here, and the
topography is updated only at the end of each time step. In our simulation, the topo-
graphy changes linearly during the coupling time step and is updated every year in the
ice-sheet model. In addition we run the ice-sheet model twice per coupling time step,
whereas in the method of Han et al., (2022) this is done only once per coupling time step.
The method of Han et al. (2022) therefore requires smaller coupling time steps between
the GIA and ice-sheet models than the coupling method presented in this study. To de-
termine the length of the coupling time step of the deglaciation phase, we tested a step
size of 200 and 500 yr over the period of fast deglaciation between 15 and 5 ka. The results
are shown in Fig. 3.14 in the supplementary materials, together with a table showing the
exact used step sizes over the glacial cycle (Table 3.3). Difference in bedrock elevation
between using a step size of 200 and 500 yr occurs mainly at the Ross embayment and
the Princess Astrid Coast of Queen Maud land and bedrock is maximum 20 meter higher
at present day when a time step of 200 yr is used. The ice thickness of the Ross Ice Shelf at
present day is 70 meter larger when a step size of 200 yr is used and there is no difference
in grounding line position. The ice thickness at the Princess Astrid Coast at present day
is 680 meter larger and the grounding line lies 80 meter further inland when a step size
of 200 yr is used. However, this region with large ice thickness differences is very small
and spans only 120 km. The computation time of simulating a time step of 200 yr and
500 yr is similar but the 200 yr time step requires 42 extra time steps. Using time steps of
200 yr between 15 and 5 ka increases the computation time with 56 hours. We therefore
chose to use time steps of 500 yr during the deglaciation phase. We used time steps of
1000 yr around LGM and between 5 and 1 ka to create a smooth transition between the
glaciation phase, the deglacation phase and the Late Holocene. The chosen time steps
for the entire glacial cycle for this study are shown in Table 3.2.
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CONVERGENCE OF THE COUPLED MODEL

The number of iterations needed to converge is dependent on the change in ice load
and the Earth’s structure. The coupled model requires 3 to 13 iterations iterations per
coupling time step to converge to an incremental change in deformation of less than 3
mm per yr in all individual grid cells when using the 1D21 rheology. A different rheo-
logy requires a different number of iterations. An example of convergence of a coupling
time step using the 1D21 rheology can be seen in Fig. 3.5, which shows the difference in
deformation and ice thickness between iterations of one coupling time step from 120 ka
till 115 ka. The deformation threshold is set to 15 m for the entire glacial cycle. Panel a
of Fig. 3.5 shows the change in ice thickness and panel b shows the change in bedrock
elevation over this coupling time step when using the 1D21 rheology. Panels c to f show
the difference in ice thickness and bedrock elevation compared to the former iteration.
The ice thickness and deformation converge for most of Antarctica, except at the Ross
embayment where the shelf thickness still differs between iteration 2 and 3 due to its
high sensitivity to grounding line position.

When using the 1D20 rheology, ice thickness and deformation do not converge exactly
at multiple locations around the grounding line after iteration 3. A high deformation rate
and large changes in ice thickness cause a large shift in the position of the grounding
line. Glaciated grid cells of the ice-sheet model are defined as grounded ice or floating
ice, depending on their position upstream or downstream of the grounding line. If the
grounding line in the ice-sheet model moves with every iteration due to large changes
in deformation, the grid cells around the grounding line alternate between an ice shelf
and grounded ice status. Since ice thickness can differ with hundreds of meters between
adjacent grid cells, the difference in ice thickness at one grid cell between iterations can
also differ greatly. In this case, both ice thickness and the change in deformation at these
grid cells around the grounding line do not converge to zero but to an alternating value.
The bedrock deformation converges better than ice thickness because of the stiffness of
the Earth causing a more smooth deformation pattern.

Tests show that the coupled model converges within an acceptable computation
time when the convergence criterium is set to 3 mm per yr over the coupling time step.
This uncertainty is still below the effect of the uncertainties of the input parameters such
as background mantle temperature and seismic velocity (e.g. Blank et al. 2021) . Since
the grid cells around the grounding line in some cases do not converge to zero, the cou-
pling method introduces an uncertainty. For example, if in one grid cell the change in
total deformation over 5000 yr keeps alternating between -2 and +2 meter, the uncer-
tainty range is 4 meter. To decrease this uncertainty, the average deformation of the last
two iterations is used as the final deformation to simulate ANICE for the final iteration of
the time step. Decreasing the spatial resolution would allow smoother transitions bet-
ween grounded and floating ice and thus a further improvement of the convergence.
However, the ice-sheet model is currently limited to a 40 kilometer resolution.

NUMBER OF ITERATIONS PER COUPLING TIME STEP

Three simulations are conducted to study the effect of the number of iterations on the
GIA and the evolution of the AIS using the 1D21 rheology. One simulation is performed
with 1 iteration per time step (which means that the ice-sheet model was run twice over
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Figure 3.5: Iterations of coupling time step 1 from 120 ka to 115 ka using the 1D21 rheology. (a) Change in
ice thickness over this coupling time step. (b) Change in bedrock elevation over this coupling time step. (c-f)
Difference in ice thickness and bedrock elevation change compared to the previous iteration. The threshold is
set to 10 m over the full coupling time step.

the coupling time step and the GIA FE model was run one time over the coupling time
step), one simulation with a varying number of iterations per time step using the con-
vergence threshold as described in section 3.2.3 and one simulation simulates first the
full glacial cycle using the ice-sheet model, followed by a full glacial cycle using the GIA
FE model, and last another glacial cycle using the ice-sheet model. Differences in de-
formation and ice thickness between the three simulations are neglectable during the
glaciation phase of the last glacial cycle. At present day, the absolute maximum diffe-
rence between the convergence simulation and the simulation with only 1 iteration is
700 m in ice thickness at the Ross embayment and the grounding line differs by 80 km
in this region (Fig. 3.15 in the supplementary materials). The maximum difference in ice
thickness at present-day is still 2 times smaller than the maximum difference between
using different 1D and 3D rheology’s and only occurs over very small regions. The abso-
lute maximum difference between the 1 iteration simulation and simulation where the
entire cycle was run at once is much larger with 3500 m in ice thickness at the Ross em-
bayment, and the grounding line differs by approximately 800 km in this region (Fig. 3.16
in the supplementary materials). From this we conclude that the effect of iterating over
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the glacial cycle versus iterating per coupling time step is much larger than the effect of
the number of iterations over a coupling time step. Furthermore, the effect of decreasing
the length of the coupling time step is small.

Reducing the number of iterations significantly reduces the computation time. The
coupled model simulations are performed on 16 CPU’s of model Intel(R) Xeon(R) Gold
6140 CPU @ 2.30GHz, of which the CPU speed varies between 1085 and 2707 MHz. The
GIA FE model takes approximately 20 and 40 minutes to simulate 5000 yr for the 1D rhe-
ology and the 3D rheology respectively. The ice-sheet model takes only several minutes
so the GIA FE model takes most of the time. A simulation of one glacial cycle using the
1D GIA FE model performing 3 iterations per coupling time step takes 27 days when
running on 16 CPU’s performing 51 time steps (which is 1 glacial cycle). Performing only
one iteration reduces the total running time to 30 hours. Simulating the last glacial cy-
cle using a 3D GIA FE model takes about 5 days when only 1 iteration per time step is
performed, and 37 days when in total 293 iterations are performed.

Considering the long computation time if multiple iterations are used, only 1 itera-
tion is used for results in the remainder of this study. This means that for each coupling
time step first the ice model is run using the deformation over the former coupling time
step, next the GIA FE model is run with the new ice load from the ice model and finally,
the ice model is run including the new deformation of the GIA FE model.

ITERATIONS OVER THE ENTIRE GLACIAL CYCLE

The bedrock elevation at last glacial maximum is higher for a larger mantle viscosity
since there is less subsidence during the glaciation phase. In that case, the ice sheet in
West Antarctica will melt less and less bedrock uplift will occur during the deglaciation
phase. Thus, the differences in melt during the deglaciation phase for the various rhe-
ologies could be caused not only by the direct effect of the viscosity of the rheology on
the uplift, but by the difference in bedrock elevation at last glacial maximum. The di-
rect effect of various rheologies on ice dynamics during the deglaciation phase can be
isolated if the model is constrained by ending up at present with the observed bedrock
topography. Without iterations, the present-day bedrock topography after a glacial cy-
cle differs per simulation and does not equal the observed bedrock topography. For this
reason we apply a commonly used approach in GIA modelling by applying several ite-
rations of the entire last glacial cycle, hereafter called glacial iterations, as described in
step 6 of the coupling scheme in Fig. 3.4. They are needed to ensure that modelled and
observed present day bedrock topography are in agreement (Peltier, 1994; Kendall et al.,
2005). It is assumed here that this difference is solely caused by modelled vertical GIA de-
formation, neglecting other types of deformation, such as tectonic motion and erosion
or restraining assumptions in the ice-sheet model.

The initial bedrock topography at 120 ka of the first glacial iteration is initially assu-
med to be equal to present-day bedrock topography, taken from ALBMAP (Le Brocq et
al., 2010). For the next glacial iterations, the initial bedrock topography is adjusted for
the difference in simulated present-day bedrock topography and the observed present-
day topography ALBMAP:

b0,i = b0,i−1 + (bALB M AP −bPD,i−1), (3.6)
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where the subscript i refers to the iteration over the glacial cycle, b0,i refers to the be-
drock elevation at the beginning of the new glacial iteration, b0,i−1 refers to the bedrock
elevation at the beginning of the previous glacial iteration, bPD,i−1 refers to the present-
day bedrock elevation of the last glacial iteration and bALB M AP refers to the observed
present-day bedrock topography based on Le Brocq et al. (2010). Four to five iterati-
ons of the entire glacial cycle are typically needed to converge the modelled present-day
bedrock topography to the observed present-day bedrock topography, of which the first
three iterations are shown in Fig. 3.17 in the supplementary materials.

3.3. RESULTS AND DISCUSSION

3.3.1. TESTING THE COUPLED MODEL USING DIFFERENT 1D RHEOLOGIES

The evolution of the AIS over the entire last glacial cycle shows a similar ice sheet thick-
ness, extent and volume using the 1D coupled model of this study, compared to other
studies using coupled 1D GIA – ice-sheet models and coupled ELRA – ice-sheet models
(de Boer et al., 2014, 2017; Gomez et al., 2015; Pollard et al., 2017). To further test if the
coupled model works as expected, the results for an upper mantle viscosity of 1020Pa · s
(1D20) are compared to those of 1021Pa · s (1D21). The results of both simulations in
terms of ice thickness and grounding line position follow a similar pattern as in Pollard
et al. (2017). The Filchner-Ronne and Ross embayment (indicated with FR and R respec-
tively in Fig. 3.6a) remain larger during the deglaciation phase for the 1D20 simulation
than for the 1D21 simulation because the uplift is faster when using the smaller mantle
viscosity of 1020Pa · s (Fig. 3.6). Based on the Marine Ice Sheet Instability (MISI) process,
increased ice shelf melt and fast grounding line retreat can be expected due to a retro-
grade bedrock slope and an increasing relative sea level caused by subsidence (Schoof,
2007). At present day, the ice is up to 1 km thinner around the grounding line of the
Ross and Filchner-Ronne embayments, and the grounding line is further retreated by
approximately 100 km at the Ross embayment in the 1D21 results compared to the 1D20
results, shown in Fig. 3.6h.

3.3.2. STABILIZATION OF THE AIS USING 1D AND 3D RHEOLOGIES.
In a cooling climate between 120 ka and 20 ka, all 1D and 3D coupled simulations show
an ice thickness increase mainly at the Ross and the Filchner-Ronne embayments and at
the Peninsula, causing the bedrock to subside in these regions. In the 1D simulations, the
bedrock subsides 500 m less during this period than in the 3Ddry simulations due to the
stiffer 1D rheology compared to the 3Ddry rheology (Fig. 3.7a and 7d). However, the be-
drock subsides a similar amount when using the 3Dwet rheology compared to the 1D20
rheology during the glaciation phase. At the Amundsen embayment, the mantle visco-
sity of the 3Dwet rheology is so low that the bedrock responds quickly to slight changes
in ice loading. The ice loading follows a fluctuating pattern due to the atmospheric and
sea level forcing (Fig. 3.10 in the supplementary materials) and the bedrock follows the
same pattern, although dampened and delayed. The bedrock with the 3Dwet rheology
subsides over the full glaciation phase but not as much as the bedrock with the 3Ddry
rheology because the 3Dwet rheology can respond fast enough to cause uplift in periods
when ice thickness does not grow as much.
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Figure 3.6: Ice thickness of 1D20 (top row) and the difference in ice thickness between 1D20 and 1D21 (bottom
row) at four epochs during the deglaciation phase. (a) FR refers to the Filchner-Ronne Ice Shelf and R refers to
the Ross embayment. In (e-h), the 1D20 grounding line (green) mostly overlaps with the 1D21 grounding line
(black).

At LGM, the ice thickness is several hundreds of meter larger near the Ross and the
Filchner-Ronne embayments when using a 1D rheology compared to the 3Ddry rheo-
logy (Fig. 3.8bc). During the deglaciation phase, the Ross and Filchner-Ronne embay-
ments retreat fast due to climate warming, similar to what other studies of the AIS evo-
lution suggest (e.g. Albrecht et al., 2020). The 1D mantle viscosity leads to a slower uplift
which causes the grouding line near the Ross and Filchner-Ronne embayments to retreat
faster in the 1D simulations than in the 3D simulation (Fig. 3.7b-c, e-f), corresponding to
results by Pollard et al. (2017) and Gomez et al. (2018). Using a 3Ddry rheology leads to
a difference in grounding line position of up to 700 km and a difference in ice thickness
of up to 2 km at present-day along the Siple coast (Fig. 3.8c). Using a 3Dwet rheology
leads to 600 m thicker ice at present day compared to using the 1D20 rheology and a
more advanced grounding line position of 80 km. The ice thickness of the 3Dwet rhe-
ology lies closer to the 1D20 ice thickness than the ice thickness of the 3Ddry rheology
because the bedrock elevation at LGM is similar for the 1D20 and the 3Dwet rheologies
and is 500 m lower for the 3Ddry rheology. Due to the lower bedrock elevation at LGM
when the 3Ddry rheology is used, the ice sheet in West Antarctica will melt more and
faster bedrock uplift will occur during the deglaciation phase when a stronger rheology
is used. The differences in melt during the deglaciation phase between using different
rheologies is then not caused by the direct effect of different rheologies on uplift rates,
but by the difference in bedrock elevation at last glacial maximum.

In contrast to the changes in West Antarctica, Fig. 3.8 shows that the difference in
ice sheet thickness between the 1D and 3Ddry simulations in the interior of the East AIS
are not larger than 50 meter, although the mantle viscosity in East Antarctica is several
orders of magnitude higher in the 3D rheology than in the 1D rheologies. This is be-
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cause the interior of the ice sheet is not as sensitive to the bedrock elevation as the outlet
glaciers near the margin, leading to an insignificant effect of mantle viscosity differen-
ces. The interior of Antarctica is also less sensitive to changes in the surface temperature
and sea level and therefore follows an equilibrium response which is independent of the
rheology.

Figure 3.7: Total uplift over the glaciation phase between 120 and 15ka for 1D20 (panel a), 3Ddry (panel d)
and 3Dwet (panel g), and average uplift rates between 10ka and present day for the 1D20 (panels b,c), 3Ddry
(panels e,f) and 3Dwet (panels h,i) rheologies. The green grounding line shows the grounding line position
at the beginning of the period over which the uplift or uplift rate is computed, and the black grounding line
shows the position at the end of the period.

As can be seen in Fig. 3.8, Antarctic ice mass variability is dominated by the changes
in West Antarctica. Fig. 3.9 shows that 1D21 decreases faster than the 1D20 rheology
dues to the slower uplift in West Antarctica as shown in Figure S.9 in the supplemen-
tary materials. Figure 9 also shows that the present-day ice volume is 0.2-0.6 km3 lower
when using 1D rheologies compared to using the 3Dwet rheology. The use of the 3Dwet
rheology stabilizes the ice sheet compared to the use of a 1D mantle viscosity (Fig. 3.9)
because a lower mantle viscosity at West Antarctica stabilizes the Filchner-Ronne and



3.3. RESULTS AND DISCUSSION

3

61

Figure 3.8: 1D vs 3D ice thickness and mantle viscosity at a depth of 250 km. A stress of 0.1 MPa is used to
compute the 3D viscosity from dislocation and diffusion parameters. In Fig 3.8, the 1D grounding line (green)
mostly overlaps with the 3D grounding lines (black).

Ross embayments (Fig. 3.8). However, the ice volume decreases faster in the deglacia-
tion phase for the 3Ddry rheology compared to the 1D rheologies. The ice volume and
ice surface elevation when using the 3Ddry rheology is much lower at LGM than the ice
volume when one of the other rheologies is used and the bedrock uplift during the degla-
ciation phase is not fast enough to prevent the ice sheet from melting more ice compared
to the using the other rheologies. The bedrock elevation at LGM plays therefore a very
important role to determine the ice sheet evolution during the deglaciation phase.

Gomez et al. (2018) found an insignificant difference in ice volume at present-day
for 3D viscosity vs 1D viscosity. Gomez et al. (2018) included the effect of regional sea
level in the coupled model. Even though the effect of self-gravitation of the ice sheet
on regional sea level is smaller than the effect of bedrock deformation, including the
self-gravitation of the ice sheet in our model would decrease ice shelf melt and therefore
decrease the ice volume change itself and the difference in ice volume between the 1D
and 3D simulations. Differences in terms of ice dynamics formulations, forcings, rheo-
logy and resolution could additionally explain the different result of Gomez et al. (2018)
and this study.

Overall, it can be concluded that the variations in mantle viscosity between a realis-
tic 3D rheology and commonly used 1D rheology have a significant impact on grounding
line position and ice thickness in West Antarctica and an insignificant impact in East An-
tarctica. Furthermore, during the deglaciation phase the difference in ice thickness of
the 3Dwet and the 1D20 simulations is smaller than the difference of the 3Ddry and the
1D20 simulations because the bedrock elevation at LGM is much lower when the 3Ddry
is used. The ice thickness is lower for the Ross and Filchner-Ronne embayments when
using a 1D rheology compared to the 3Dwet rheology, but much higher compared to the
3Ddry rheology. The stabilizing effect increases when using the 3Dwet rheology com-
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Figure 3.9: The black lines show the AIS volume over time for the 1D simulations and for the two 3D simulations
(dry and wet rheology). The red line shows the mean surface temperature.

pared to using the 1D rheologies because the mantle viscosity under West Antarctica
is lower and shows fast uplift during the deglaciation phase. Ice-sheet models using a
similar 1D rheology with an upper mantle viscosity of 1020 Pa·s or higher and a lithosp-
heric thickness of 100 km (e.g. DeConto et al., 2021; Pollard et al., 2017; Konrad et al.,
2015), might therefore underestimate the stability for the Ross and Filchner-Ronne em-
bayments.

3.4. CONCLUSIONS AND OUTLOOK
This study presented the first method to study GIA feedback on ice dynamics for later-
ally varying mantle viscosity on short timescales of hundreds of years using a coupled
ice sheet-3D GIA FE model. Each coupling time step needs iterations to include the GIA
feedback on short timescales of 500 to 5000 yr. The coupling method is tested for con-
vergence, which is mainly dependent on the size of the time step. We used only one
iteration per time step with a variable coupling time step of 500 to 5000 yr. Two to four
iterations over the entire cycle are needed to adjust the initial topography to arrive at the
present-day topography at the end of the simulation. Experiments where the resolution
in near field and far field are varied indicate that a near field resolution of 30 by 30 km
and a far field of 200 by 200 km yields an accuracy of 2 mm/yr bedrock deformation and
a computation time of 5 days to simulate a single glacial cycle.

We created two 3D Earth rheologies based on an Antarctic-wide seismic model. Using
the 3Ddry Earth rheology leads to a difference in grounding line position up to 700 km
and a difference in ice thickness of up to 3500 m compared to using a 1D mantle visco-
sity of 1020 Pa·s at present, due to a much lower bedrock elevation at LGM (Fig. 3.8). The
bedrock elevation at LGM is similar between using the 3Dwet Earth rheology and a 1D
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mantle viscosity of 1020 Pa·s because the mantle viscosity at the Amundsen embayment
is so low that uplift can occur during short periods of atmospheric temperature decrease
in the glaciation phase. Using the 3Dwet Earth rheology leads to a less retreated groun-
ding line position of up to 80 km and thicker ice thickness of up to 600 m compared to
using a 1D mantle viscosity of 1020 Pa·s at present day (Fig. 3.8). The ice volume at pre-
sent day increases with 0.5 or 1.8 percent when using the 3Dwet rheology compared to
using a 1D mantle viscosity of 1020 Pa·s or 1021 Pa·s respectively. That is because the low
mantle viscosity found in the 3Dwet rheology leads to large uplift rates which stabilize
the ice sheet more than the 1D rheologies. An ice-sheet model coupled to a 1D rheology
with an upper mantle viscosity of 1020 Pa·s or 1021 Pa·s and lithospheric thickness of 100
m underestimates the stabilizing effect of GIA. However, when the bedrock elevation at
LGM is much lower, such as for the 3Ddry rheology compared to the 1D rheologies, the
difference in ice volume is up to 0.2 km3 between the 3Ddry and the 1D rheologies. In
the future it is desired to apply the coupling method presented in this chapter with high
resolution models including regional sea level forcing, not only because a higher reso-
lution provides more accurate grounding line simulation, but also because the method
will converge better since the grid cell is smaller and thus the ice load on one grid cell as
well.

The method developed for this study has several advantages which can be exploited
in future work when simulations are performed which are as realistic as possible, rather
than focussing on the physical principles as we did in this chapter. First, the time step is
variable throughout the glacial cycle and can be adjusted between iterations of the full
glacial cycles. This way, computation time can be saved by simulating the first glacial
cycle on a low temporal resolution to obtain the first modelled present-day topography,
while the second iteration with the adjusted initial topography can be performed with
a higher temporal resolution to include the GIA feedback more accurately. Second, the
GIA FE model can be restarted at any time step. Therefore, the last glacial cycle can
once be simulated on a very high temporal resolution to obtain present-day results and
the coupled model can be restarted from present-day to simulate future evolution of
the ice sheet under different scenarios or rheologies. Third, the coupling method allows
coupling with any ice-sheet model, as long as the model can restart at each coupling
time step. Last, the method has potential for a higher temporal resolution than used in
this study at designated periods in time. For example, the simulation can be restarted at
500 yr before present and run on a higher temporal resolution such as a coupling time
step of 10 yr to simulate recent uplift and future climate change projections.
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3.5. SUPPLEMENTAL MATERIALS
FORCING

Fig. 3.10 shows the sea level and temperature forcing for the coupled model simulations.
This forcing is in the results of previous simulations of de Boer et al. (2013) where ANICE
was used to reconstruct global ice volume and the continental mean temperature at the
northern hemisphere over the past 1 Myr. Those simulations used the LR04 benthic δ18O
stack of 57 deep-sea sediment records as forcing (van de Wal et al., 2011). The results lead
to a past surface-air temperature and eustatic sea level.

Figure 3.10: Atmospheric temperature (black) and eustatic sea level relative to present-day (red). Both are
shown over time, starting 120 kyears before present.
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Figure 3.11: Two simulations are performed using the 1D21 GIA model, one with the effect of self-gravity and
one without the effect of self-gravity on bedrock deformation. The applied ice load is the change in ice load
computed by ANICE using ELRA from 120 ka to 115 ka. Panel a shows the applied ice load over a period of 5000
yr. This change in ice load is the highest change simulated by the 1D21 coupled model over a glacial cycle.
Panel b shows the resulting bedrock deformation when the effect of self-gravity is excluded. Panel c shows the
bedrock elevation after 5000 yr when the effect of self-gravity is excluded subtracted from the bedrock elevation
after 5000 yr when the effect of self-gravity is included.

RESOLUTION AND RUNTIME OF THE GIA MODEL

Fig. 3.12 shows the results of the tests performed to determine the resolution of the GIA
model with the best trade-off between accuracy in deformation and the computation
time. A 1D viscosity of 1020 Pa·s is used. The tests are performed using ice loading in the
shape of a parabolic ice cap of 1500 meter thick with a radius of 1500 meter that is linearly
applied to the GIA model from zero thickness to its maximum thickness over a time step
of 1000 years. The near field resolution is varied between 15, 30, 55 and 70 km, shown on
the horizontal axis, and the far field resolution is varied between 100 and 200 km, shown
as dashed and solid lines respectively. For each test, we measured the computation time,
shown on the left vertical axis, and we computed the maximum deformation of each
simulation, shown on the right vertical axis. As expected, the dashed black line, referring
to the runtime of the test with a far field resolution of 100 km, lies much higher than the
solid black line, which refers to the runtime of the test with a far field resolution of 200
km. Following the red lines, the maximum difference in deformation with the coarsest
resolution (70 km near field-200 km far field resolution) and the finest resolution is 11 cm
(15 km near field-100 km far field resolution). However, the computation time is three
times as long for the 30 km near field-100 km far field resolution compared to the 30
km near field-200 km far field resolution, while the difference with the higher resolution
test is only 5 cm on a total deformation of 171 meter. Also, when considering far field
resolution of 200 km, the near field resolution test of 15 km takes twice as long as the
near field resolution test of 30 km whereas the difference in deformation is only 2 cm
over 1000 years. We therefore chose a far field resolution of 200 km and a near field
resolution of 30 km.
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Figure 3.12: The test simulations of 1000 years were conducted using a paraboloid ice load of 1500 meter thick.
The x axis shows the near field resolution around Antarctica, the solid lines correspond to a far field resolution
of 200 km and the dashed lines to a far field resolution of 100 km.

Figure 3.13: Viscosity profile at 4 different locations; Thwaites glacier (-76.5531,-107.4472), Filchner-Ronne
embayment (-78.8373,-62,5924), Siple coast (-79.2968,-149.0362), and Dome C (-75.1712,122.9052). The loca-
tions with corresponding numbers in the title are indicated in the map in Fig. 3.3a in the main manuscript.
The viscosity is computed assuming a stress of 0.1 MPa.
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Table 3.3: Two simulations were performed to test the sensitivity of the model to the length of the coupling
time step. The length of the time step of the test with 500 yr time steps is shown in Table 3.2 in the main text.
Here, we show the time step size of the test with 200 yr time steps during the deglaciation phase.

Period [ka] Time step size [kyr]
120 – 20 5
20 – 15 0.5
15 – 5 0.2
5 – 1 0.5
1 - 0 0.2

INTERPOLATION OF BEDROCK DEFORMATION AND ICE LOADING

The total deformation computed by the GIA FE model that is used as input for ANICE,
is defined on a regular grid of 0.25 by 0.25 degrees, whereas ANICE is defined on a polar
stereographic equidistant grid of 40 km. Therefore, interpolation of the ANICE output,
the change in ice thickness over the coupling time step, is needed to use the output of
the ANICE as input for the GIA FE model. On the other hand, interpolation of the ANICE
output is needed to use the output as input for the GIA FE model. For both interpolati-
ons we use Oblimap which is suitable for polar projections and takes into consideration
conservation of mass (Reerink et al., 2016). The input for the GIA model is defined on a
regular grid of 0.25 degrees latitude and longitude. For interpolation from the fine grid
size of input of the GIA FE model to a somewhat coarser grid size of ANICE, the so-called
radius method is used as this is computationally fast and provides an accurate result
(Reerink et al., 2016). All fine grid points within a radius of the order of half the coarse
grid size are included by a Shepard distance-weighted averaging interpolation method
to obtain a representative value for this coarse grid point (Shepard, 1968). The quadrant
method is used for gridding from a coarser ANICE grid to a somewhat finer input grid
of the GIA FE model (Reerink et al., 2016). The region around the grid point of the fine
grid is divided in four quadrants. For each quadrant, the closest grid point in the coarse
grid is selected and Shepard distance-weighted averaging is applied to these coarse grid
points using a Shepard’s power parameter of 2 (Shepard, 1968). A lower parameter would
result in a smoother output but also less detailed. Furthermore, the ice thickness is li-
nearly interpolated from the regular input grid of 0.25 degrees latitude by 0.25 degrees
longitude to the irregular grid of the actual GIA FE sphere.
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Figure 3.14: Two tests were performed using the 1D21 rheology to test the sensitivity of the model to the length
of the coupling time step. Panels a-c show the difference in ice thickness of the 200 yr time step simulation
minus the ice thickness of the 500 yr time step simulation at three different moments in time, 10 ka, 5 ka and
present day respectively. Panels d-f show the difference in bedrock elevation of the 200 yr time step simulation
minus the bedrock elevation of the 500 yr time step simulation at three different moments in time, 10 ka, 5 ka
and present day respectively.
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Figure 3.15: The results of two simulations are shown using the 1D21 rheology. One test where the iterations are
performed per coupling time step until the convergence threshold of 3mm/yr has been met, and one test where
only one iteration is performed. Panels a-c show the difference in ice thickness of the convergence simulation
minus the ice thickness of the 1 iteration simulation at three different moments in time, 10 ka, 5 ka and present
day respectively. Panels d-f show the difference in bedrock elevation of the convergence simulation minus the
bedrock elevation of the 1 iteration simulation at three different moments in time, 10 ka, 5 ka and present day
respectively.
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Figure 3.16: The results of two simulations for the 1D21 rheology. One test where only one iteration is perfor-
med per coupling time step and one test where there is no iteration performed per coupling time step. Panels
a-c show the difference in ice thickness of the convergence simulation minus the ice thickness of the 1 iteration
simulation at three different moments in time, 10 ka, 5 ka and present day respectively. Panels d-f show the
difference in bedrock elevation of the convergence simulation minus the bedrock elevation of the 1 iteration
simulation at three different moments in time, 10 ka, 5 ka and present day respectively.
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Figure 3.17: Difference in bedrock elevation between topography at the final time step of the simulation and
the observed present-day topography for the first three iterations over the glacial cycle using Earth structures
1D20 and 1D21, and two iterations using 3Dwet and 3Ddry.
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Figure 3.18: Total uplift over the glaciation phase between 120 and 20ka, and average uplift rates between 10ka
and present day for the 1D20 (panels a-c) and the 1D21 rheologies (panels d-f). The green grounding line
shows the grounding line position at the beginning of the period over which the uplift is computed, and the
black grounding line shows the position at the end of the period.
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BEDROCK UPLIFT REDUCES

ANTARCTIC SEA-LEVEL

CONTRIBUTION OVER NEXT

CENTURIES

The contribution of the Antarctic Ice Sheet to global sea-level rise could be as high as eight
meters around 2300 but remains deeply uncertain. Retreat of the Antarctic Ice Sheet leads
to uplift of the underlying bedrock, which in turn can exert a stabilising effect on the re-
ceding grounding line. However, projections of ice mass loss either exclude bedrock ad-
justment, use simplified Earth structures or do not explore the uncertainty range in lateral
variations in Earth structure and the uncertainty from climate models. In our work, we
couple an ice sheet model with a bedrock model that includes different realistic radially
and laterally varying Earth structure to account for feedbacks between ice loss and bedrock
deformation under different shared socio-economic pathways. We show that the groun-
ding line in West Antarctica takes 50 to 130 years longer to retreat when the heterogeneity
of the solid Earth is included, leading to a reduction of 9-23% in the Antarctic sea-level
contribution by the year 2500. We applied several climate models and 3D Earth structures
and found that the effect of the solid Earth feedback in ice sheet projections can be twice
as large as the uncertainty due to the climate forcing. Moreover, we show that the use of
simplified GIA models lead to systematic overestimates of future sea-level rise. Our results
emphasise that radially and laterally varying Earth structures should be considered when
projecting the Antarctic contribution to sea-level rise on centennial time scales.

Published as: van Calcar, C.J., Bernales, J., Berends, C.J., van der Wal, W., and van de Wal, R.S.W.: Bedrock uplift
reduces Antarctic sea-level contribution over next centuries. Preprint, 2024. Minor corrections are included in
this thesis.
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4.1. SOLID EARTH AND ICE SHEET STABILITY
The West Antarctic Ice Sheet (WAIS) has been identified as a critical tipping element,
with its potential collapse being triggered if certain temperature thresholds are surpas-
sed (Fox-Kemper et al., 2021). The long-term contribution of the Antarctic Ice Sheet to
global sea-level rise could be as high as eight meters around 2300 but is deeply uncer-
tain (Fox-Kemper et al., 2021). These uncertainties have been partly attributed to unac-
counted feedbacks between ice dynamics and the other components of the Earth system
(Gomez et al., 2024). Among these, bedrock deformation due to future ice mass loss has
been suggested to exert a stabilising effect on the ice sheet (Barletta et al., 2018) which
depends on regional solid Earth properties. This dependence has traditionally not been
included in projections of ice sheet evolution (Book et al., 2022; Bulthuis et al., 2019;
Coulon et al., 2021, 2024; DeConto et al., 2021; Golledge et al., 2015; Gomez et al., 2015;
Kachuck et al., 2020; Konrad et al., 2015; Levermann et al., 2020; Lipscomb et al., 2021;
Pollard et al., 2017; Rodehacke et al., 2020). We integrate a heterogeneous solid Earth
structure into an ice dynamic model to quantify the impact of the solid Earth effect on
Antarctic ice retreat over the next 500 years under different global warming scenarios.

As an ice sheet melts, the load exerted on the underlying bedrock decreases (green li-
nes in Fig. 4.1). Deformation in the Earth’s crust and mantle results in the uplift of the be-
drock surface (brown lines in Fig. 4.1). This process is called glacial isostatic adjustment
(GIA). A critical indicator of ice sheet stability is the retreat of the grounding line, which
marks the transition between a grounded ice sheet and its fringing ice shelves (Mercer,
1978; Joughin and Alley, 2011; Schoof, 2007). As shown in Fig. 4.1, a retreat of the groun-
ding line from its initial position purely due to ice shelf melt is partly counteracted by
an accompanying bedrock uplift. In this configuration, the solid Earth response has the
potential to slow down future grounding line retreat, giving rise to a negative feedback
(Book et al., 2022; Bulthuis et al., 2019; Coulon et al., 2021, 2024; DeConto et al., 2021;
Golledge et al., 2015; Gomez et al., 2015, 2024; Kachuck et al., 2020; Konrad et al., 2015;
Levermann et al., 2020; Lipscomb et al., 2021; Pollard et al., 2017; Rodehacke et al., 2020).
In addition, the bedrock uplift can have an impact on ice sheet elevation, bedrock slope
and water depth below the ice shelf which control basal melt rates. Finally, a decrease in
ice mass leads to a reduction in the self-gravitation effect of the ice sheet, which results
in a sea-level drop in its vicinity and a sea-level increase far away from it.

The deformation of the solid Earth depends on changes in ice load and the local
mantle viscosity which controls the response time of the bedrock. Several regions in
West Antarctica, such as the Amundsen Sea Embayment, overlie relatively weak mantle
structures where the mantle relaxes within decades to centuries (Barletta et al., 2018;
Lloyd et al., 2019; Nield et al., 2014). Conversely, East Antarctica mostly consists of an old
craton underlain by colder mantle, with response times that could reach beyond tens of
thousands of years (Lloyd et al., 2019). Thus, there is a large difference to be expected
between the dynamical responses of the bedrock in West and East Antarctica to ice load
variations. Current long-term projections of the Antarctic Ice Sheet based on ice dyna-
mical models typically do not include the solid Earth response (Levermann et al., 2020;
Lipscomb et al., 2021), implement a fixed bedrock response time based on the so-called
Elastic Lithosphere Relaxed Asthenosphere (ELRA) model (Bulthuis et al., 2019; Coulon
et al., 2021, 2024; DeConto et al., 2021; Levermann et al., 2020), or use a variety of sim-
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Figure 4.1: Schematic figure of GIA feedback on grounding line migration. The solid green and brown lines re-
present the initial ice sheet/shelf and lithosphere, respectively. The lower solid brown line separates the elastic
lithosphere and the viscoelastic mantle. The solid and dashed blue lines represent local sea level before and
after ice sheet melt and GIA, respectively. p1 is the initial grounding line position. The dashed green line re-
presents the ice sheet/shelf after retreat, while the dashed brown lines are the perturbed mantle elevation and
bedrock surface. p is the expected grounding line position after retreat without considering any GIA effects.
p2 is the grounding line position including the GIA response. h1 is the initial surface elevation, h the surface
elevation without GIA effects and h2 the surface elevation after the GIA response. Bedrock slope, λ ,changes
from λ1 to λ2 due to the bedrock response. b1 and s1 are the local water depth and sea level, respectively,
before GIA, while b2 and s2 are their counterparts after GIA. Modified from van Calcar et al. (2023).

plified representations of the Earth’s structure (Golledge et al., 2015; Gomez et al., 2015;
Levermann et al., 2020; Rodehacke et al., 2020), or do not explore the uncertainty range
of lateral variations in the Earth’s structure and climate models (Gomez et al., 2024).

Studies comparing different radially varying Earth structures (hereafter called 1D
Earth structures) have shown that ice sheet dynamics are sensitive to the choice of Earth
structure, and emphasised the need for including heterogeneity in the Earth’s composi-
tion (DeConto et al., 2021; Kachuck et al., 2020; Konrad et al., 2015; Pollard et al., 2017).
Using a laterally varying relaxation time in an ELRA model resulted in a significant stabi-
lising effect on the WAIS study on multicentennial-to-millennial timescales for varying
future emission scenarios (Coulon et al., 2021). However, in Coulon et al. (2021), the
relaxation time is prescribed and constant over time, whereas in reality the relaxation
time varies as it depends on the evolving size of the ice sheet and the associated mantle
viscosity change with depth (Wu and Peltier, 1982; Mitrovica and Peltier, 1991).

Previous research has shown that a radially and laterally varying Earth structure (he-
reafter 3D Earth structure) might not only lead to a reduction of the global mean sea-
level rise (Hay et al., 2017), but also cause an increase in the contribution of the Antarctic
Ice Sheet to far-field sea-level due to the water expulsion effect of uplifting regions (Pan
et al., 2021; Yousefi et al., 2022). However, in those studies the ice sheet evolution is pre-
defined rather than dynamically modelled, and any stabilising effects on grounding line
migration and other ice sheet processes are therefore not accounted for.
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Recent work incorporating lateral Earth structure variations on a dynamically mo-
delled ice sheet evolution has demonstrated significant stabilisation of the Antarctic Ice
Sheet (Gomez et al., 2024), but this finding is based on only a single climate model and
Earth structure. Different climate models exhibit warming patterns in different regions
between which the Earth structure varies, yielding a different response as observed in
Fig. 4.3 and Fig. 4.7 in section 4.6. Furthermore, the mantle viscosity for the 3D Earth
structure is derived from seismic and geologic information on the structure of the An-
tarctic mantle, which exhibit large uncertainties leading to significantly different be-
drock responses (van Calcar et al., 2023). Assuming only a single Earth structure does
not take the uncertainties into account. Finally, the mantle rheology is assumed to be
linear. However, the Earth’s response to mass loss in regions with low upper mantle vis-
cosities, such as the Amundsen Sea Embayment, has shown to be nonlinear (Blank et al.,
2021).

Here, we quantify the stabilising effect of the nonlinear response of multiple 3D Earth
structures on the Antarctic Ice Sheet. We employ a coupled ice-sheet—GIA model that
incorporates 3D mantle viscosities to simulate the Antarctic Ice Sheet evolution up to
the year 2500 under two global warming scenarios (Chen et al., 2021): the low emission
shared socio-economic pathway SSP1-2.6 and the high emission SSP5-8.5. For both sce-
narios, we force our simulations with products from two different climate models to be
able to compare the uncertainty in the choice of the climate forcing with the uncertain-
ties in the GIA component. We quantify the sensitivity of Antarctic Ice Sheet evolution
to different plausible 3D Earth structures and show that they can delay grounding line
retreat by 50-130 years and reduce the sea-level contribution in 2500 by 9-23% depen-
ding on the choice of climate forcing. Finally, we compare the results of different 3D
Earth structures to the 1D and ELRA models, and conclude that these simplified models
significantly underestimate the stabilising effect of bedrock deformation. The applied
method is discussed in detail in section 4.5.

4.2. SEA-LEVEL RISE REDUCTION THROUGH BEDROCK UPLIFT
The Earth structure can be inferred from seismic measurements when adopting experi-
mental flow laws for mantle rock under the assumption of different parameters, such as
water content and grain size in the Earth’s mantle. We varied the grain size and water
content in the mantle to obtain two different 3D Earth structures, a stronger (hereafter
3D Stronger) and a weaker (hereafter 3D Weaker) structure (Fig. 4.5 in section 4.6). The
Earth structures are based on seismic models and mantle flow laws and both result in a
local mantle viscosities that are close to those from regional studies of GIA due to past ice
sheet variations (Barletta et al., 2018; Blank et al., 2021; Bradley et al., 2015; Wolstencroft
et al., 2015, Methods).

Using 3D Weaker leads to a reduction in sea-level rise of 23% in 2500 compared to the
rigid Earth that does not deform (Fig. 4.2 and Tab. 4.2 in section 4.6). This corresponds
to a sea-level rise reduction of 1 m. 3D Stronger results in less bedrock uplift compared
to the 3D Weaker due to its higher mantle viscosity, but still reduces sea-level rise by 14%
compared to a rigid Earth (Fig. 4.2 and Tab. 4.2 in section 4.6).

Besides the 3D Earth structures and the rigid Earth, we also applied a commonly used
1D Earth structure with an upper mantle viscosity of 1021pa ·s, and the ELRA model (see
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section 4.5). The 1D and ELRA model exert a less stabilising effect on the ice sheet than
both 3D structures (Fig. 4.6 in section 4.6) since the 1D and ELRA models do not take into
account the weak zones in the Earth’s mantle that deform faster and provide more stabi-
lity to the ice sheet. In agreement with previous studies, we found negligible differences
in sea-level contribution between the ELRA model and the commonly used 1D Earth
structure (DeConto et al., 2021; Golledge et al., 2015; Pollard et al., 2017). However, their
impact had not been directly compared to that of a 3D Earth structure. Our results show
that the 3D Stronger model reduces sea-level rise by 20%, and the 3D Weaker model by
10%, relative to the response from the 1D Earth structure and ELRA (Fig. 4.6 in section
4.6). Current projections using simplified Earth models might therefore overestimate
sea-level rise over the next centuries.

Figure 4.2: The barystatic sea-level contribution using a rigid and the 3D Weaker structure for two different
climate models (CESM and IPSL) and two different emission scenarios (SSP1-2.6 and SSP5-8.5, panel a). Das-
hed lines correspond to using a rigid Earth and solid lines to the use of a 3D Earth structure. Red and orange
lines correspond to scenario SSP5-8.5, and light and dark green lines to scenario SSP1-2.6. Panel b shows the
absolute difference between the use of a 3D Earth structure and a rigid Earth structure when forcing from IPSL
is applied (dashed lines) and the absolute difference between applying forcing from CESM and IPSL using a
rigid Earth structure (dotted lines). IPSL contains warming mainly in the Amundsen Sea and CESM contains
warming mainly in the Weddell Sea.

4.3. BEDROCK UPLIFT DELAYS ICE SHEET RETREAT
The solid Earth response to ice mass loss differs regionally due to the lateral variability of
the Earth’s structure in combination with the location of ice sheet retreat. In Antarctica,
present trends in ice mass loss are dominated by melt and discharge at the base and
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front of ice shelves (Rignot et al., 2013; Depoorter et al., 2013), which in turn can lead to
an acceleration of upstream flow through reduced buttressing (Haseloff and Sergienko,
2022; Haseloff and Sergienko, 2018; Dupont and Alley, 2005). In our simulations, mass
loss is strongly dependent on regional variations in the ocean temperatures driving sub-
shelf melt rates. This forcing is taken from a climate model (see section 4.5) that exhibits
particularly strong ocean warming in the Amundsen Sea Embayment (location indicated
by AS in Fig. 4.3). The largest retreat therefore initiates from the Thwaites Ice Shelf in the
Amundsen Sea Embayment, where the grounding line migrates hundreds of kilometres
inland over approximately 350 years (Fig. 4.3). Here, this migration is strongly dependent
on the choice of Earth structure, with the rigid Earth model showcasing up to 180 km of
further inland grounding line retreat compared to 3D structures by year 2500. The latter
provides up to 160 m of bedrock uplift over 500 years, slowing down the retreat. As a
result, the grounding line positions reached by the 3D Weaker and Stronger structures in
year 2500 have been already reached by the rigid Earth by 2370 and 2420, respectively.
Thus, 3D Earth structures delay grounding line retreat by 80-130 years (Tab. 4.3 in section
4.6).

Acknowledging the significant uncertainties in climate projections (Lipscomb et al.,
2021), which can include dissimilarities in the regions where ocean warming occurs, we
run an experiment employing a different climate model that exhibits a strong warming
in the Weddell Sea area instead of the Amundsen Sea (see section 4.5). This choice initi-
ates a retreat of the grounding line of the Ronne Ice Shelf region, leading to a significant
mass loss and accompanying solid Earth rebound (Fig. 4.7 in section 4.6). In this re-
gion, and compared to a rigid Earth model, the use of 3D structures results in a delay of
grounding line retreat by 50-70 years (Tab. 4.3 in section 4.6). This smaller impact and
sensitivity of this region relative to the retreat modeled for the Amundsen Sea Embay-
ment can be explained by the mantle viscosity in the Ronne Ice Shelf region, which is up
to 2 orders of magnitude higher than that in the Amundsen Sea Embayment. The same
holds in other regions with significant grounding line retreat, the Ross Ice Shelf and Wil-
kes basin (indicated by RS and WB in Fig. 4.8a in section 4.6), where the mantle viscosity
is higher in combination with a relatively small amount of ice mass loss compared to the
Amundsen Sea Embayment. Even though there are relatively low viscosity regions at the
grounding line of the East Antarctic Ice Sheet, the grounding line is stable, because the
climate warming is not strong enough to initiate a retreat in those regions on the time
scales considered in the framework of the used climate models. The Wilkes region is the
exception, as shown in Fig. 4.7 and 4.8 in section 4.6.

Although the uncertainties embedded in climate projections have a significant effect
on the resulting sea-level contribution, we found that in certain cases an even greater
impact can arise from the choice of the Earth structure model. For example, the dif-
ference in modelled sea-level rise between rigid Earth simulations using two different
climate models can reach 16% (Fig. 4.2 and Tab. 4.4 in section 4.6). However, when war-
ming occurs in the Amundsen Sea Embayment, the use of a 3D Weaker Earth structure
can result in a reduction of 23% in the projected sea-level rise relative to its rigid-Earth
counterpart (Fig. 4.2b and Tab. 4.2 and 4.4 in section 4.6) due to delayed grounding line
retreat fuelled by a relatively low mantle viscosity and quick bedrock uplift response.

The bedrock adjustment stabilizes the ice sheet and reduces ice mass loss. The peak
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Figure 4.3: The ice thickness of the West Antarctic Ice Sheet in years 2300, 2400 and 2500 using the 3D Weaker
Earth structure and IPSL forcing under the low emission scenario SSP1-2.6 (panel a-c). AS in panel a indicates
the Amundsen Sea, and WS indicates the Weddell Sea. Panel d-f show the ice thickness difference between
using the 3D Weaker structure and the rigid Earth structure. Panel g-i show the difference in bedrock eleva-
tion between the application of the 3D Earth structure and the rigid Earth structure. IPSL corresponds to the
climate model with main warming in the Amundsen Sea (see section 4.5).

basal mass loss of 2.4 ·1013m3/yr is reached around the years 2100 and 2240, correspon-
ding to periods with the highest sub-shelf ocean temperatures (Fig. 4.4a and c). From
2250, basal melt rates decrease in the 3D Earth structure experiments. The total basal
mass loss is determined by the area of the ice shelves and the temperature at the depth
of the shelf base. On the one hand, the total ice shelf area is smaller in case of a 3D Earth
because of the slower grounding line retreat, which decreases basal mass loss compared
to a rigid Earth (Fig. 4.4b). On the other hand, the mean ice shelf thickness being thicker
when using the 3D Earth structure results in a draft in contact with warmer water, which
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increases basal melt rates (Fig. 4.4c). The effect of the decrease in ice shelf area is larger
than the effect of shelf base depth. Hence, the main mechanism behind the stabilising
effect is the reduction of ice shelf area growth due to delayed grounding line retreat.

Figure 4.4: The total sub-shelf basal melt rate and total ice shelf area when using a rigid Earth and a 3D Earth
structure are shown in panel a and b, respectively. Panel c and d show the mean ocean temperature at shelf
base depth and ice thickness over a subset of the ice shelf cells. This subset consists of all cells that are floating,
at any given time, in both the rigid-Earth and the 3D-Earth structure simulations. Results are shown only for
the experiments driven by IPSL forcing, but they are qualitatively similar under CESM forcing.
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4.4. IMPLICATIONS FOR ICE SHEET PROJECTIONS
The timing and magnitude of ice mass loss determine the bedrock response, which in
our experiments have been the result of a projected climate warming based on the low-
emission SSP1-2.6. In order to account for the uncertainty in projected climate path-
ways, we also studied the effect of GIA for the high emission SSP5-8.5. We found that the
emission scenario is the most important factor determining future sea-level rise, com-
pared to the effect of bedrock deformation and choice of climate model. By year 2500,
sea-level rise is reduced by 29-59% under the low emission scenario compared to the
high emission scenario, dependent on the combination of chosen climate model and
3D Earth structure (Fig. 4.2a and Tab. 4.5 in section 4.6 ). Using 3D Weaker instead of a
rigid Earth reduces the sea-level contribution from Antarctica by 16-23% (0.7-1 m) un-
der the low-emission scenario, and 12-17% (0.8-1.3 m) under the high emission scena-
rio, dependent on the climate model (Fig. 4.2a and Tab. 4.2 in section 4.6). Some studies
(Gomez et al., 2024; Pollard et al., 2017) present a possible stronger reduction of sea le-
vel rise by fast bedrock uplift, but such strong reductions in sea level rise are only found
when strong East Antarctic Ice Sheet retreat is occurring due to the inclusion of marine
ice cliff instability, which is disputed (Morlighem et al., 2024). In addition, we show that
the widely used ELRA model and 1D Earth models with a relaxation time of 3000 years
and an upper mantle viscosity of 1021Pa · s, respectively, systematically underestimate
the stabilising effect of bedrock uplift. The reduction of sea level rise when using these
models is only 2-3% for the low emission scenario, and 3-5% for the high emission sce-
nario, dependent on the climate model and Earth model.

Under the high emission scenario, the grounding line retreat leads to a WAIS collapse
for both climate models and the grounding line reaches the same position in 2500, inde-
pendent from the Earth structure and climate model. The delay in grounding line retreat
due to the 3D Earth structure is only 20-30 years, dependent on the Earth structure and
climate model, because the bedrock uplift is too slow compared to the fast rate of ice loss
under the high emission scenario. This stands in contrast to the results of the low emis-
sion scenario presented above, with up to 130 years of delay in grounding line retreat
caused by the use of a weak 3D Earth structure . This can be explained by a much slower
ice sheet retreat under the lower emission scenario, where the bedrock uplift is fast en-
ough to stabilise the ice sheet. Thus, our results indicate that the impact of a 3D Earth
structure is smaller for a high emission scenario than for a low emission one because,
under a strong ocean warming, a collapse of WAIS cannot be prevented by bedrock up-
lift, supporting the findings of other studies using simpler ELRA and 1D Earth structures
(Konrad et al., 2015; Coulon et al., 2021), and a 3D Earth structure (Gomez et al., 2024).

To varying degrees, our experiments show that bedrock adjustment provides a sta-
bilising effect in all configurations: the barystatic sea-level contribution using both 3D
Earth structures is reduced at any time, relative to using a rigid Earth structure for all
scenarios and applied climate models. Overall, we find that the delay in grounding line
retreat for the WAIS covers a total range of 50-130 years among all combinations of Earth
structure, the climate model and the emission scenario tested in our study.

The negative feedback of GIA on ice dynamics is not only caused by bedrock uplift.
The ice mass change in combination with bedrock adjustment affects the gravitational
potential surface that the sea level would follow when at rest, called the geoid. An in-
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crease of ice mass and bedrock elevation raises the geoid. Previous research that used a
1D Earth model included the self-gravitational effect of the ice sheet on the sea level and
found that the near-field sea-level fall is the limiting factor of the retreat (Gomez et al.,
2015; Konrad et al., 2015), although these studies did not separate the effect of bedrock
uplift and the effect of the self-gravitation of the ice sheet on sea level. Other studies,
also including the self-gravitational effect of the ice sheet, have shown the bedrock uplift
to be the dominant factor of the stabilising effect of the solid Earth (Coulon et al., 2021;
Kachuck et al., 2020). The latter used a lower viscosity, which could lead to faster bedrock
uplift for a similar ice mass loss. Apart from the change in gravitational potential, the sea
level will be affected by the contribution from the Greenland Ice Sheet, glaciers, land-
water storage, and thermal expansion (Fox-Kemper et al., 2021). In our main results,
the sea level is assumed to be spatially uniform and constant in time. We investigated
the impact of this assumption on ice sheet dynamics by implementing a spatially and
temporally varying sea-level where the geoid is computed by the GIA model with the An-
tarctica forcing using the 1D Earth structure, and the contribution from all other sources
is added assuming it is uniform (see section 4.5). We found that grounding line retreat in
West Antarctica is delayed even further by about 20 years due a local sea-level drop that
peaks at 8 meters. The ice thickness is regionally up to 500 m thicker and the total ice
volume loss decreases by 5% in 2500 when regional sea-level variations are included in
2500 compared to keeping sea level fixed at present day (Fig. 4.9 in section 4.6). Hence,
our results suggest that the main stabilising effect of GIA on Antarctic Ice Sheet evolu-
tion is through bedrock uplift, and local variations in sea-level represent a smaller effect.
. This is caused by the changes in ice thickness that are highly local.

Since 3D simulations are computationally expensive, simulations in this study share
a large set of ice model parameters. This implies that for a complete characterisation
of the model spread a wider region of the model parameter space should be explored.
Since intercomparison experiments suggest that the uncertainty due to choice of ice
sheet model is large, experiments with other ice sheet models are also needed (Seroussi
et al., 2020). The modelling setup in this study assumes an Earth in isostatic equilibrium
at the start of the simulation and does not take into account already ongoing bedrock
uplift at present-day. The bedrock displacement due to past ice mass loss should there-
fore be added to the projected bedrock displacement, which could potentially increase
the stabilization effect on ice dynamics. However, observed present-day uplift rates are,
for example at the Amundsen Sea Embayment, in the order of tens of millimeters per
year (Barletta et al., 2018), which is considerably lower than projected uplift rates in the
order of tens of centimeters per year around 2400 under strong warming, even though
GNSS observations of bedrock deformation are sparse and other regions of relatively fast
uplift at present-day might be uncovered. Furthermore, the ice sheet model is calibra-
ted to a present-day equilibrium state, which underestimates projected ice mass loss in
areas with already ongoing ice loss, such as the Amundsen Sea Embayment (Rignot et al.,
2019; van den Akker et al., 2025). Calibrating the ice sheet model to match present-day
ice mass loss would advance retreat of the Amundsen Sea Embayment, which might en-
hance the effect of bedrock deformation on shorter timescales than 300 years. To im-
prove the accuracy, future research on sea level projections should include an ice model
that is initialised including ongoing bedrock deformation and ice mass loss.
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Finally, dissimilarities between different 3D Earth structures could be constrained
if there would be more data on mantle viscosity. Improvements in seismic and geode-
tic infrastructure, as well as geologic findings, are instrumental in pinning down mantle
viscosity. Despite this uncertainty, our results reinforce the notion that the solid Earth
feedback cannot stop the fate of WAIS and the associated sea-level rise in case of a high
emission scenario, which argues for strong mitigation measures. If a low emission sce-
nario were to be followed, bedrock uplift significantly delays ice sheet retreat.

Our findings confirm that in a high-emission scenario, solid Earth feedback alone
cannot prevent the collapse of the West Antarctic Ice Sheet (WAIS) and the resulting sea-
level rise, emphasizing the need for strong mitigation efforts. However, under a low-
emission scenario, bedrock uplift plays a critical role in significantly slowing the retreat
of the ice sheet.

4.5. METHODS
The model developed for this study is a coupled ice sheet – 3D GIA model developed for
the last glacial cycle in van Calcar et al. (2023) and adjusted for this study to simulate
future ice sheet evolution (van Calcar et al., 2023). We used the ice sheet model IMAU-
ICE (Berends et al., 2022) and a GIA finite element (FE) model (van Calcar et al., 2023).

4.5.1. ICE SHEET MODEL
IMAU-ICE combines the shallow ice and the shallow shelf approximations to compute
velocities of ice flow (Berends et al., 2022; Morland, 1987; Bueler and Brown, 2009) on a
16 km grid resolution. The present-day geometry for ice and topography is taken from
Bedmachine version 3 (Morlighem et al., 2020). The surface mass balance is computed
by a temperature and radiation parameterisation (Berends et al., 2022). The basal sliding
is determined according to the regularised Coulomb law (Zoet and Iverson, 2020). The
geothermal heat flux is taken from Shapiro and Ritzwoller (2004). Basal melt at the ice
shelf is computed using the Favier quadratic method (Favier et al., 2019). A detailed
model description of IMAU-ICE can be found in Berends et al. (2022).

The barystatic sea level contribution is computed based on the volume above flota-
tion following Equation 1 (Goelzer et al., 2020).

Va f =
∑
n

(Hn +mi n(bn ,0)
ρocean

ρi ce
)An (4.1)

The volume above flotation is denoted by Va f , H is the ice thickness, b is the bedrock
elevation, ρocean and ρi ce the density of water and ice respectively, A is the area of the
gridcell, and n the gridcell number. The sea level equivalent (SLE) is then computed
using

SLE = Va f

Aocean

ρi ce

ρocean
(4.2)

The ocean area (Aocean) is assumed to be 3.611 ·1014m2 (Goelzer et al., 2020). IMAU-ICE
includes a module to compute bedrock surface deformation using the ELRA model. The
ELRA model is a simplified representation of Earth’s viscoelastic response to surface loa-
ding changes (Le Meur and Huybrechts, 1996), commonly used in ice sheet models. It
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conceptualizes the lithosphere as an elastic shell and the underlying asthenosphere as
a uniform medium with a characteristic relaxation time, capturing the delayed viscous
response of the mantle without explicitly solving equations of motion. The bedrock res-
ponse is described using a relaxation equation for the bedrock elevation h:

dh

d t
= heq −h

τ
(4.3)

where heq is the equilibrium bedrock height dictated by isostatic balance, and τ is the
relaxation timescale, typically assumed to be 3000 years (Le Meur and Huybrechts, 1996).
This approach provides an efficient way to approximate bedrock deformation in ice sheet
models while maintaining computational efficiency.

4.5.2. CALIBRATION OF THE ICE SHEET MODEL
The Antarctic Ice Sheet is calibrated to an equilibrium state at present day. In there, the
difference between observed and modelled ice thickness is minimised by adjusting the
basal friction coefficient and ocean temperature over a period of 10,000 years. During
this time, there are no vertical displacements of the bedrock such that the ice sheet is
in equilibrium with the present-day bedrock topography at the end of the calibration.
Present day ocean temperature and salinity from the World Ocean Atlas (Zweng et al.,
2019) are extrapolated into the sub-shelf cavities and taken as the initial value for the
calibration (Jourdain et al., 2020).

The total ice volume at the end of the calibration deviates 20 mm sea-level equivalent
from the present day observed ice volume. The 95th percentile of the absolute difference
between the modelled ice thickness at the end of the calibration and the observed ice
thickness (Bedmachine version 3) is 50 meters (Fig. 4.10 in section 4.6). The modelled
grounding line mostly coincides with the observed grounding line. Where that is not
the case, the modelled grounding line lies more towards the ocean and the deviation
from the observed grounding line never exceeds 16 km. When run for 2000 years under
constant climate and ocean conditions after the calibrated equilibrium state, the model
shows a negligible model drift.

4.5.3. FORCING SCENARIOS
The ocean temperature, salinity and atmospheric temperature anomalies, and precipita-
tion ratios result from two climate models: CESM2-WACCM (hereafter CESM) and IPSL-
CM6A-LR (hereafter IPSL) for IPCC scenario SSP5-8.5 and SSP1-2.6 (Fig. 4.11 in section
4.6)(as used in Coulon et al., 2024). These two models were selected from the climate
model intercomparison project CMIP6 since they are two of the few models providing
projections until 2300 (Coulon et al., 2024; Meehl et al., 2020). In the high emission sce-
nario, the ocean temperature anomaly is smaller in CESM than in IPSL, with a maximum
difference of 1.2°C at 2300. In the low emission scenario, the ocean temperature anomaly
in CESM is smaller than in IPSL until 2100 and larger from 2100 onwards, with a maxi-
mum difference of 0.3°C in 2200.

Up to 2300, ocean temperature and salinity anomalies from the climate models are
added to the inverted ocean temperature from the calibration and to the extrapolated
salinity values from the World Ocean Atlas. Atmospheric temperature anomalies and
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precipitation ratios are added to the present day observed climate taken from ERA5 (Up-
pala et al., 2005). Between 2300 and 2500, the forcing is kept constant at the value of
2300 since no data from climate models exist on these time scales (Coulon et al., 2024;
Golledge et al., 2015).

4.5.4. COUPLING TO THE GIA MODEL
The ice sheet model and the GIA model are coupled following the method by van Calcar
et al. who applied the coupling method to the last glacial cycle (van Calcar et al., 2023).
The ice sheet model IMAU-ICE was adjusted to output ice loading such that it can be
used by an external GIA model and to use bedrock deformation provided by an external
GIA model.

The total simulation time of 500 years is divided over coupling time steps of 5 years.
The coupling time step is the time over which IMAU-ICE is run before the output is pas-
sed on to the GIA model and in turn, the time over which the GIA model is run before the
output is passed back to IMAU-ICE. The coupling method is based on the following pro-
cedure. First, the ice sheet model is run over a period of 5 years using a smaller time step
that varies between 1 month and 2 years. The resulting change in ice load is used as input
for the GIA model, which is then run for the same period in time as IMAU-ICE. The GIA
model uses time steps varying between hours and months to simulate the 5-year period.
The GIA model provides the total bedrock deformation over the 5-year period, linearly
interpolated to the time steps in IMAU-ICE. This deformation is then used to run the ice
sheet model again for the same period. Then, the ice model moves on to the next period.

The coupling timestep can be chosen as short as needed because our method allows
to stop the computation, save all important variables, and restart at any time step. We
tested the effect of coupling time steps of 20, 10, 5 and 3 years. The effect of the length
of the coupling time step and the number of coupling iterations on the total ice volume
is in the order of mm sea level equivalent. The difference in ice thickness between a
5 and a 3 yr coupling time step is 120 m on a small scale of approximately 1000 km2

(Fig. 4.12 in section 4.6). The shorter the coupling time step, the more time steps need to
be performed to simulate 500 years in total. Each coupling time step has approximately
the same runtime independent of the length of the coupling time step.

We also tested the impact of running IMAU-ICE twice over the same time step as de-
scribed above, where the second time includes the deformation computed by the GIA
model over that same time step. The difference in ice thickness between iterating or not
iterating for a 5 yr coupling time step is 250 m on a small local scale of approximately
1500 km2 (Fig. 4.13 in section 4.6). Iterating once over the coupling time step does not
increase the computation time much since it only requires an extra simulation of the ice
sheet model and not of the GIA model, whereas the GIA model is the main time consu-
ming component. Our final choice is a coupling time step of 5 years with one iteration,
which leads to a feasible runtime and acceptable differences with respect to smaller time
steps and more iterations.

4.5.5. GIA MODEL
The GIA model is developed by Blank et al. (2021) and adjusted for the coupling to an
ice sheet model by van Calcar et al. (2023). The GIA model is a spherical model based on
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finite element software ABAQUS that can include self-gravity. For this study, the GIA mo-
del contains a total of 9 layers with 1 layer for the core, 7 mantle layers and 1 surface layer.
The lithospheric thickness follows from the assigned parameters determining the rheo-
logy and therefore varies locally and is not prescribed to follow a certain layer. The model
is materially compressible, which includes compressible material but not the effect on
buoyancy forces (Klemann et al., 2003). A et al. (2013) showed that present-day Antarctic
uplift rates are reduced by about 5% when an incompressible model was used compared
to a compressible model. The difference will be smaller for a material compressible mo-
del compared to a fully compressible model (Reusen et al., 2023). It is assumed that the
Earth is in isostatic equilibrium at present day.

In the main simulations, we exclude the effect of the local sea-level to disentangle the
effect between bedrock uplift and local sea-level variations. Due to the decrease in gra-
vitational attraction of the shrinking ice sheet, local sea-level will drop. This will stabilise
the ice sheet even further, besides the effect of bedrock uplift. In this study we focus
solely on the effect of bedrock uplift. However, we have tested the effect of including
local sea-level variations. These are computed for each coupling time step as a result
of bedrock deformation and changes in gravitational potential due to the ice load and
the deformation using the GIA model. Then, background sea-level change is computed
as the combination of projected contribution from thermal expansion and melt from
Greenland, glaciers and land-water storage, which is then added to the local sea-level
variations (Tab. 4.6 in section 4.6). We assume that this contribution is uniform in space
over Antarctica. This underestimates the contribution from Greenland because the ac-
tual sea-level contribution in Antarctica is higher due to the self-gravitational effect of
the Greenland ice sheet. However, the effect of thermal expansion, Greenland, glaciers
and land-water storage on the local sea-level in Antarctica is small compared to the 8 m
sea-level drop in Antarctica due to its loss of gravitational attraction (see section 4.4).

The GIA model has a global resolution of 200 km and a higher resolution region of
30 km over Antarctica. Using a resolution of 15 km for Antarctica resulted in negligi-
ble difference on ice volume and maximum 6 meter difference in bedrock deformation
(Fig. 4.14 in section 4.6), with significant larger computation time than using a resolu-
tion of 30 kilometres. The viscoelastic bedrock response to changes in ice loading is a
much smoother response than the change in ice loading itself. The resolution of IMAU-
ICE is 16 km. Therefore, increasing the resolution of the GIA model without increasing
the ice sheet model resolution is not useful. When the sea-level equation would have
been solved, the topography should be included at high resolution, seperately from the
resolution of the FE model, as done in Blank et al. (2021).

Including self-gravitation of the Earth in the GIA model has a negligible effect on
ice volume change and results in difference of 100 m in the ice thickness and 3 meters
in bedrock deformation on a local scale (Fig. 4.15 in section 4.6). However, including
self-gravity doubles the computation time. We therefore decided to not include self-
gravitation in the GIA model.

The GIA model used for this study does not include rotational effects. A change in
Earth’s rotation caused by ice loss affects the equilibrium shape of the ocean surface, and
the deformation of the crust directly. This has been shown to be a significant effect in the
far field sea level fingerprint of a West Antarctic Ice Sheet collapse (Mitrovica et al., 2009).
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In our study, we don’t simulate the sea level fingerprint and only compute the barystatic
sea level contribution of the Antarctic Ice Sheet. Signals are smaller for Antarctica due to
its proximity to the rotational axis, where mass redistributions have a weaker influence
on Earth’s rotation.

4.5.6. EARTH STRUCTURES

The projections are performed using three different Earth structures, one 1D structure
and two 3D structures. The density and Young’s modulus are the same for each struc-
ture and shown in Table 3.1 (van Calcar et al., 2023). The 1D rheology contains an elastic
lithospheric thickness of 100 km and an upper mantle viscosity 1021Pa·s (hereafter refer-
red to as 1D), similar other 1D GIA models for Antarctica (Bulthuis et al., 2019; Golledge
et al., 2015; Gomez et al., 2015; Levermann et al., 2020; Rodehacke et al., 2020).

The 3D rheology of the mantle is computed using spatially varying seismic velocity
anomalies from Lloyd et al. (2019) for Antarctica and from Becker and Boschi (2002) glo-
bally. The spatially varying mantle temperature can be derived from the seismic velocity
anomalies assuming seismic anomalies are caused by thermal anomalies (Ivins et al.,
2023; Karato et al., 2008). The uncertainty rising from the interpretation of the seismic
anomaly in terms of temperature and viscosity is taken into account by using different
flow law parameters and constraining those with regional viscosity estimates (Ivins et al.,
2023). The temperature together with pressure for a hydrostatic Earth is used to compute
dislocation and diffusion parameters based on flow law for olivine, as dislocation and
diffusion creep are assumed to be the most important mantle deformation mechanisms
(van der Wal et al., 2010). The method to obtain dislocation and diffusion parameters
from seismic velocities is discussed in van Calcar et al. (2023).

As little information exists on grain size and water content, these parameters are
kept spatially homogeneous (van der Wal et al., 2015). To determine the water con-
tent and grain size, we consider three regions where significant ice mass loss occurs and
for which the mantle viscosity is relatively well known from fitting different GIA models
to GPS data, namely the Amundsen Sea Embayment with an upper mantle viscosity of
4 · 1018Pa · s (Barletta et al., 2018), and the Weddel Sea Embayment and Palmer Land
with a viscosity of 1− 3 · 1020Pa · s(Bradley et al., 2015; Ivins et al., 2023; Wolstencroft
et al., 2015). We computed the average mantle viscosity over depth intervals that align
with these constraints and are considered sensitive to ice mass loss in each region. For
the Amundsen Sea Embayment, Barletta et al. (2018) showed that both the shallow and
deeper portions of the upper mantle, with a transition at approximately 200 km depth,
respond to changes in ice loading. We therefore computed the average mantle viscosity
between 150 and 250 km depth. To ensure the lithosphere was excluded from our cal-
culation, we omitted viscosities above 1030Pa · s. For the Weddell Sea and Palmer Land,
mantle viscosity constraints are defined for the upper mantle between 120 and 660 km
depth (Bradley et al., 2015; Wolstencroft et al., 2015). Accordingly, we calculated the aver-
age viscosity across the middle part of the upper mantle, from 350 to 450 km depth. All
viscosity estimates were computed for a range of water contents from 0 to 800 ppm and
grain sizes from 500 µm to 9.5 mm. The best fitted viscosity at the Amundsen Sea Em-
bayment to the data is 5·1018Pa ·s with a water content of 800 ppm and a grain size of 2.5
mm. However, for this combination of parameters, the viscosity is approximately 1 and
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Table 4.1: Average mean viscosity for the Weddell Sea Embayment, the Amundsen Sea Embayment and Palmer
Land for two different combinations of grain size and water content. 3D Weaker follows from a water content
of 400 ppm and a grain size of 2.5 mm, and 3D Stronger follows from a water content of 200 ppm and a grainsize
of 4.5 mm.

3D Weaker
Mean viscosity [Pa·s]

3D Stronger
Mean viscosity [Pa·s]

Weddel Sea Embayment 4·1019 3·1020

Amundsen Sea Embayment 8·1018 4·1019

Palmer Land 1·1019 1·1020

1.5 orders of magnitude too low in the Weddell Sea Embayment and Palmer Land com-
pared to their constraints, respectively. On the other hand, a water content of 400 ppm
in combination with a grainsize of 8.5 mm leads to the best fit viscosity of 3 ·1020Pa · s
for Palmer Land, but this leads to a viscosity in the Amundsen Sea Embayment of 1 and
0.5 orders of magnitude too high at the Amundsen Sea Embayment and the Weddell Sea
Embayment respectively. Even though the fit is very good for one of the regions, the
combination of parameters leads to a large total misfit for the three regions together. To
reduce the total misfit, we chose a combination that fits within half an order of magni-
tude at the Amundsen Sea Embayment and within one order of magnitude at the other
regions, namely a water content of 400 ppm and a grain size of 2.5 mm (referred to as
3D Weaker). Furthermore, we chose a combination that fits within half an order of mag-
nitude at the Weddell Sea and Palmer Land, and within one order of magnitude in the
Amundsen Sea Embayment, namely a water content of 200 ppm and a grainsize of 4.5
mm (referred to as 3D Stronger). The average viscosities for each region for 3D Weaker
and 3D Stronger are shown in Tab. 4.1. Both rheologies can be considered realistic based
on other viscosity estimates and fit with GIA observations (Blank et al., 2021; Barletta
et al., 2018). A water content of 400 ppm is within the range of water content found in
Antarctic xenoliths (Martin, 2021).

The mantle viscosities of the 3D experiments are shown in Fig. 4.5 in section 4.6 at
three depths. The 3D viscosities are up to 4 orders of magnitude lower at certain locati-
ons in West Antarctica and up to 3 orders of magnitude higher in East Antarctica com-
pared to the 1D rheology. The viscosity of the 3D Stronger rheology is about 1 order of
magnitude higher than the 3D Weaker rheology (Fig. 4.5d-f in section 4.6).
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Figure 4.5: Viscosity at the depth of 100, 200 and 300 km of the 3D Weaker rheology (panels a-c) and the
difference in viscosity between the 3D Stronger and the 3D Weaker rheologies (panels d-f).
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Figure 4.6: Barystatic sea level contribution under two different scenarios, two different global climate models
and 5 different Earth structures (see section 4.5).
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Figure 4.7: The ice thickness of the West Antarctic Ice Sheet at 2300 , 2400 and 2500 using the 3D Earth structure
when applying CESM2-WACCM under the low emission scenario ssp1-2.6 (panel a-c). Panel d-f show the ice
thickness difference between using the 3D Earth structure and the rigid Earth structure. Panel g-i show the
difference in bedrock elevation between using the 3D Earth structure and the rigid Earth structure. CESM2-
WACCM corresponds to the climate model with main warming in the Weddel sea (see section 4.5).
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Figure 4.8: The ice thickness of the West Antarctic Ice Sheet at 2300 , 2400 and 2500 using the 3D Earth structure
when applying IPSL-CM6A-LR under the low emission scenario ssp1-2.6 (panel a-c). AS in panel a indicates
the Amundsen sea, and WS indicates the Weddel sea, and WB indicates Wilkes basin. Panel d-f show the
ice thickness difference between using the 3D Earth structure and the rigid Earth structure. Panel g-i show
the difference in bedrock elevation between using the 3D Earth structure and the rigid Earth structure. IPSL-
CM6A-LR corresponds to the climate model with main warming in the Amundsen sea (see section 4.5).
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Figure 4.9: Difference in ice thickness change over the 500 year simulation. The left panel shows the difference
in ice thickness change when geoid is included vs when geoid is excluded. The right panel shows the difference
in bedrock deformation.

Figure 4.10: Ice thickness at the end of the inversion minus observed ice thickness (Bedmachine version 3).
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Figure 4.11: The mean ocean temperature anomaly over the present day ice shelf area between 2014 and 2514.
The anomalies are taken from Coulon et al.9, whom used ocean temperature anomalies from the global climate
models CESM2-WACCM (indicated by CESM) and IPSL-CM6A-LR (indicated by IPSL) for two different IPCC
scenario’s: SSP5-8.5 and SSP1-2.6. The anomalies are averaged over the present day ice shelf area for each time
step.
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Figure 4.12: Difference in ice thickness (panels a-c) and bedrock deformation (panels d-f) between different
coupling time steps. Note that the red line is overlapping the green line. Note that the green line is mostly
covered by the red line.
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Figure 4.13: Difference in ice thickness and bedrock deformation between applying 1 iteration and applying
no iterations for each coupling time step. Note that the red line is overlapping the green line. Note that the
green line is mostly covered by the red line.

Figure 4.14: The left panel shows the difference in ice thickness change over a 500 year simulation between
using a 30 km resolution of the GIA model and 15 km resolution. The right panel shows the difference in
bedrock deformation. Note that the red line is overlapping the green line. Note that the green line is mostly
covered by the red line.
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Figure 4.15: The left panel shows the difference in ice thickness change over a 500 year simulation when self-
gravity is included vs when self-gravity is excluded. The right panel shows the difference in bedrock deforma-
tion. Note that the red line is overlapping the green line. Note that the green line is mostly covered by the red
line.

Table 4.2: Maximum reduction in sea level rise of the 3D Earth structures compared to rigid Earth. The climate
model IPSL-CM6A-LR is referred to as IPSL and the climate model CESM2-WACCM is referred to as CESM.

Climate model Emission scenario
Reduction of

3D weaker [%]
Reduction of

3D stronger [%]
CESM SSP5-8.5 12 7
CESM SSP1-2.6 16 9
IPSL SSP5-8.5 17 12
IPSL SSP1-2.6 23 14
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Table 4.3: Maximum delay in grounding line retreat in years under different Earth structures for two climate
models.

IPSL-CM6A-LR CESM2-WACCM
3D Weaker 130 yr 70 yr
3D Stronger 80 yr 50 yr

Table 4.4: Maximum reduction in sea level rise of the climate models IPSL-CM6A-LR compared to CESM2-
WACCM.

Emission scenario
Reduction of

rigid Earth [%]
Reduction of

3D weaker [%]
Reduction of

3D stronger [%]
SSP5-8.5 26 22 23
SSP1-2.6 16 31 25

Table 4.5: Maximum reduction in sea level rise of the low emission scenario compared to the high emission
scenario. The climate model IPSL-CM6A-LR is referred to as IPSL and the climate model CESM2-WACCM is
referred to as CESM.

Climate model
Reduction of

rigid Earth [%]
Reduction of

3D weaker [%]
Reduction of

3D stronger [%]
CESM 46 36 35
IPSL 29 59 57

Table 4.6: Contribution of all components to global mean sea level rise, except the component of Antarctica
(IPCC AR6 chapter 9).

SSP1.2-6 SSP5.8-5
Contribution

2100 2300 2100 2300
Thermal expansion 0.14 0.19 0.3 0.92
Greenland 0.06 0.11 0.13 0.32
Glaciers 0.09 0.12 0.18 0.32
Land-water storage 0.03 0.05 0.03 0.05
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The bedrock response to a melting ice sheet provides a negative feedback on ice mass loss.
When modelling the future behaviour of the Antarctic Ice Sheet, accounting for the impact
of bedrock deformation on ice dynamics can reduce predictions of future sea level rise by
up to 40% in comparison with scenarios that assume a rigid Earth. The rate of the solid
Earth response is mainly dependent on the viscosity of the Earth’s mantle, which varies
laterally and radially with several orders of magnitude across Antarctica. Because model-
ling the response for a varying viscosity is complex, sea level projections often exclude the
Earth’s response, or apply a globally constant relaxation time or viscosity. We investigate
how accurate such approximations are using an ice sheet model coupled with a glacial
isostatic adjustment (GIA) model that simulates the bedrock response to changes in ice
loading including lateral and radial variations in viscosity (3D GIA model). Using the 3D
model we determined a relation between relaxation time and viscosity which can be used
in simpler models. We compare output from an elastic lithosphere relaxed asthenosphere
(ELRA) with uniform and laterally varying relaxation times, and a GIA model with a radi-
ally varying Earth structure (1D GIA model) and a 3D GIA model. We conducted 500 year
projections of the Antarctic Ice Sheet evolution using two different climate models and two
emissions scenarios: the high emission scenario SSP5-8.5 and the low emission scenario
SSP1-2.6. The results show that using a uniform relaxation time of 300 years in the ELRA
model or an upper mantle viscosity of 1019Pa · s in the 1D GIA model leads to a total sea

Published as: van Calcar, C.J., Whitehouse, P.L., van de Wal, R.S.W., and van der Wal, W.: Approximating ice
sheet – bedrock interaction in Antarctic ice sheet projections. Preprint, 2024. Minor corrections are included
in this thesis.

103



5

104
5. APPROXIMATING ICE SHEET – BEDROCK INTERACTION IN ANTARCTIC ICE SHEET

PROJECTIONS

level rise that deviates less than 40 cm from the average of the 3D GIA models. This diffe-
rence in the sea level rise predicted with 1D and 3D GIA models can be further reduced to
10 cm by using laterally varying relaxation time maps in an ELRA model. Our results show
that the effect of 3D viscosity variations on the AIS contribution to sea level rise can be ap-
proximated using the ELRA model or a 1D GIA model when the recommended parameters
derived from the full 3D GIA model are used.

5.1. INTRODUCTION
The melt of (part of) the Antarctic Ice Sheet might contribute several meters to global
mean sea level rise over the next centuries (Fox-Kemper et al., 2021). The rate of ice loss
is influenced by many processes such as atmospheric and oceanic feedbacks, ice dyna-
mics, and interactions with the underlying bedrock. Accurately representing these pro-
cesses in models, along with their associated uncertainties, presents a significant chal-
lenge for projecting the ice sheet evolution. To address this, a wide range of parameters
in the ice sheet model must be explored, requiring thousands of simulations to produce
robust projections of potential sea level rise over the coming centuries (Seroussi et al.,
2020).

One of the main uncertainties in projecting the evolution of the Antarctic Ice Sheet
over the next centuries is the response of the solid Earth to future changes in ice mass
(Fox-Kemper et al., 2021). The bedrock experiences uplift due to the loss of ice mass at
the surface, a process known as glacial isostatic adjustment (GIA). The bedrock uplift can
delay grounding line retreat and thereby stabilize the ice sheet (Book et al., 2022; Coulon
et al., 2021; Gomez et al., 2024; Kachuck et al., 2020; Konrad et al., 2015; Pollard et al.,
2017; van Calcar et al., 2024; Whitehouse et al., 2019). The rate of the bedrock uplift de-
pends on the viscosity of the Earth’s mantle, which varies both radially and laterally by
several orders of magnitude beneath the Antarctic Ice Sheet (Ivins et al., 2023; Kaufmann
et al., 2005), as derived from seismic models (e.g. Lloyd et al., 2019). Therefore, bedrock
uplift is influenced not only by the amount of ice mass loss but also by the specific region
where the loss occurs. Models that include the solid Earth feedback for a realistic Earth
structure project a maximum of 23-40% reduction in sea level rise over the coming cen-
turies compared with models that assume a rigid Earth (Gomez et al., 2024; van Calcar
et al., 2024), and a delay in grounding line retreat in the Amundsen Sea Embayment by
up to 130 years (van Calcar et al., 2024). However, it is currently unfeasible to include a
realistic Earth structure in a large ensemble of sea level projections due to the long com-
putation time involved (van Calcar et al., 2023). Therefore, projections of the Antarctic
Ice Sheet evolution by ice sheet models either omit bedrock uplift or use simplified Earth
models (Levermann et al., 2020).

One such simplified model that is commonly coupled to ice sheet models is the elas-
tic lithosphere relaxed asthenosphere (ELRA) model. ELRA models are computationally
cheap and can be used in combination with a range of ice models, allowing large en-
sembles of sea level projections to be simulated (Bulthuis et al., 2019; Coulon et al.,
2024; DeConto et al., 2021). Typically, the ELRA model is used with a uniform relaxa-
tion time of 3000 years and a flexural rigidity of 1025kg m2s2, which roughly corresponds
to a lithospheric thickness of 100 km. The relaxation time of the Earth’s mantle, which
is a characteristic time scale that expresses how fast the mantle responds to changes in
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surface loads, serves as a proxy for mantle viscosity because it also reflects how fast the
viscous mantle flows under stress. Flexural rigidity is the resistance of a body, such as
the Earth’s lithosphere, to bending and is determined, among other, by its stiffness (the
Young’s modulus) and its thickness.

Alternatively, some sea level projections use ice sheet models coupled with a 1D GIA
model. A GIA model can include the bedrock response to changes in ice loading, and
can be used in combination with the sea level equation to include changes in ocean loa-
ding. In this study, we use the term GIA model for a model that computes deformation
based on ice loading only. A 1D GIA model includes an Earth structure where viscosity
varies radially and not laterally, equivalent to a self-gravitating viscoelastic Earth (SGVE)
model (Le Meur and Huybrechts, 1996). Current existing ice sheet projections use a ho-
mogeneous upper mantle viscosity of 1021Pa ·s (Golledge et al., 2019; Gomez et al., 2015;
Konrad et al., 2015; Rodehacke et al., 2020). However, using such a viscosity value, or a
relaxation time of 3000 years, does not affect sea level rise projections significantly com-
pared with excluding GIA entirely, and it overestimates sea level rise by up to 20% by
the year 2500 compared with projections that use GIA models that consider 3D Earth
structure, which we refer to as 3D GIA models (see Chapter 4).

In the Amundsen Sea embayment, mantle viscosity can be as low as 1019Pa · s (Bar-
letta et al., 2018). Incorporating a low-viscosity zone in the upper mantle within a 1D
GIA model leads to a significant stabilizing effect on the ice sheet over thousands of years
(Pollard et al., 2017). However, using different relaxation times for East and West Antarc-
tica did not contribute significantly to the uncertainty in the multi-centennial response
of the Antarctic Ice Sheet to climate change. This can be explained by the chosen re-
laxation times for West Antarctica which were longer than 1000 years, while they might
be a lot shorter in this region (Bulthuis et al., 2019). Other research has demonstrated
that using a laterally varying relaxation time in the ELRA model (LVELRA) with a shorter
relaxation time under West Antarctica results in a significantly reduced sea level con-
tribution from Antarctica on multicentennial-to-millennial timescales for four different
warming scenarios of 5000 years (Coulon et al., 2021). While it has long been possible
to determine relaxation time spectra for radially varying viscosity profiles (McConnell,
1965), such calculations have not been performed for profiles with both lateral and ra-
dial variations in viscosity. Consequently, the variation in mantle relaxation times across
Antarctica remains unknown.

A laterally varying relaxation time can be implemented in a straight-forward way in
an ELRA model (Coulon et al., 2021; Oude Egbrink, 2018). However, sea level projecti-
ons generated using coupled ELRA-ice sheet models have not been compared with the
output from coupled ice sheet-3D GIA models, leaving it unclear how well different re-
laxation times and 1D mantle viscosity profiles are able to approximate the behaviour
seen in more complex models that include 3D Earth structure. We used the ice sheet
model IMAU-ICE coupled to ELRA and a GIA model to answer the following research
questions:

1. How well can a coupled ice sheet – ELRA model using uniform relaxation time
approximate the ice sheet evolution resulting from a coupled ice sheet - GIA model
using a 3D Earth structure?
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2. How well can a coupled ice sheet – ELRA model using laterally varying relaxation
time approximate the ice sheet evolution resulting from a coupled ice sheet - GIA
model using a 3D Earth structure?

3. How well can a coupled ice sheet – GIA model with a 1D Earth structure approxi-
mate the ice sheet evolution resulting from this model with a 3D Earth structure?

To address these questions, 3D GIA simulations are conducted using a global spheri-
cal finite element model coupled to the ice sheet model IMAU-ICE (see Chapter 4). We
use constraints from seismic velocity studies to determine the spatially-varying rheolo-
gical properties of the mantle (Wu and van der Wal, 2013). Output from models that
employ 3D and 1D Earth structures, and maps of different relaxation times are compa-
red in terms of sea level rise, grounding line position, ice thickness and bedrock uplift.
As a result, we recommend values for uniform relaxation times in combination with the
flexural rigidity that results in a sea level rise close to the average sea level rise resulting
from two 3D Earth structures, one based on a viscosity constraint in the Amundsen Sea
Embayment, and one based on a constraint in the Weddell Sea Embayment and Palmer
Land in the Antarctic Peninsula. Furthermore, we derive a relation between relaxation
time and viscosity and recommend a laterally varying relaxation time map in combina-
tion with a flexural rigidity. Last, we recommend a 1D viscosity profile to approximate a
3D viscosity profile.

5.2. METHOD
To compare the performance of the ELRA, LVELRA and 1D GIA models with that of a
3D GIA model, we conduct sea level projections using the ice sheet model IMAU-ICE
coupled to all three of these GIA models (see Chapter 4). We compare the Antarctic Ice
Sheet evolution over the next 500 years under different warming scenarios and climate
models using a variety of Earth structures. An overview of the simulations with different
Earth models is provided in Table 5.1. We use the low emission scenario SSP1.2-6 and
the high emission scenario SSP5.8.5 and the climate models CESM2-WACCM (hereafter
CESM), where warming mainly occurs in the Weddell sea, and IPSL-CM6A-LR (hereafter
IPSL), with warming mainly in the Amundsen Sea. The climate models provide ocean
temperature, salinity and atmospheric temperature anomalies, and precipitation ratios
until the year 2300, which are used to force the ice sheet model. The forcing is kept
constant between 2300 and 2500. The ice dynamical model IMAU-ICE is based on the
shallow ice and shallow shelf approximations (Berends et al., 2022; Bueler and Brown,
2009; Morland, 1985). Ice velocities are computed on a 16 km grid resolution. Basal
sliding follows the regularized Coulomb law (Zoet and Iverson, 2020). Basal melt at the
ice shelf is computed using the Favier quadratic method and the surface mass balance
is computed using a temperature and radiation parameterisation (Berends et al., 2022;
Favier et al., 2019). The present-day bedrock and ice surface topography are taken from
Bedmachine version 3 (Morlighem et al., 2020).

5.2.1. 1D AND 3D GIA MODELS
To compute the Earth’s deformation, a global spherical finite element model based on
Abaqus software is used. This GIA model is used for two purposes: (1) To produce re-



5.2. METHOD

5

107

Table 5.1: Different Earth structures used in the coupled ice sheet – Earth models. The 3D Stronger and Weaker
structures are equal to the 3D structures in Chapter 4.

ELRA 1D GIA 3D GIA
Uniform (τ= 3000, 1500, 500, 400, 300, 200, 50 yr) 1D21 3D Stronger
2D Stronger 1D20 3D Weaker
2D Weaker 1D19

1D18

alistic sea level projections via coupling to the ice sheet model, and (2) to calculate the
relaxation time of schematic ice unloading experiments which are used to derive a rela-
tion between relaxation time and viscosity. In the GIA model, deformation in the upper
mantle is assumed to be governed by diffusion and dislocation creep in olivine (Hirth
and Kohlstedt, 2003) as in earlier studies (van der Wal et al., 2013; van der Wal et al.,
2015; Blank et al., 2021, van Calcar et al., 2023; van Calcar et al., 2024). We do not specify
lithospheric thickness, but instead use seismic velocity perturbations to assign approp-
riate rheological properties in each element between 35 and 670 km depth. At shallower
depths, the layer is defined to be purely elastic. At deeper depths, the lower mantle is
assumed to be homogeneous. The effective viscosity, ηe f f , is a function of the von Mises
stress, q , and hence it is an output of the model rather than a property that is assumed a
priori:

ηeff =
1

3Bdiff +3Bdislqn−1 (5.1)

Here, n is the stress exponent, and Bdi f f and Bdi sl are creep parameters for diffusion
and dislocation creep as shown in Eq. 5.2a and 5.2b (Hirth and Kohlstedt, 2003).

Bdi f f = Adi f f d−3 f 1
H2Oe

− E+PV
RTx,y (5.2a)

Bdi sl = Adi sl d 0 f 1.2
H2Oe

− E+PV
RTx,y (5.2b)

A is experimentally determined (Adi f f = 106 MPa, Adi sl = 90 MPa), d is the grain size,
and fH2O is the water content. E is the activation energy which is assumed to be 335 ·103

kJ/mol for diffusion creep and 480 ·103 kJ/mol for dislocation creep. P is the depth de-
pendent pressure (Kearey et al., 2009). V is the activation volume which is assumed to
be 4·10−6m3/mol for diffusion creep and 11·10−6m3/mol for dislocation creep. R is the
gas constant (8.314 JK 1mol 1), and Tx,y is the spatially variable absolute temperature. A,
E and V have different values for wet and dry olivine (Hirth and Kohlstedt, 2003), and
are shown here for wet olivine. All parameters, except temperature, grain size and water
content, are taken from Hirth and Kohlstedt (2003). In this study, melt content is neglec-
ted as it has a relatively small influence on viscosity in this formulation (van der Wal et
al., 2015). Tx,y is the spatially varying mantle temperature, which is derived from a high
resolution seismic model (Lloyd et al., 2019) in combination with a global seismic mo-
del from Becker and Boschi (2002). The mantle temperature variations are determined
by converting these global seismic velocity perturbations to temperature perturbations
using derivatives from Karato et al. (2008), and then converting these to absolute tempe-
rature assuming a standard mantle geotherm (Turcotte and Schubert, 2002). The upper
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mantle viscosity can vary greatly depending on the grain size and water content used.
To obtain a realistic rheology, two different combinations of grain size and water content
are chosen such that the average viscosity values across the Amundsen Sea Embayment
and the Weddell Sea Embayment are the same as those constrained by GIA observations
(Ivins et al., 2023), resulting in a relatively weaker 3D structure (labelled 3D Weaker) and
a relatively stronger 3D Earth structure (labelled 3D Stronger) respectively (see Chap-
ter 4). Since the viscosity is constrained by observations, both structures are considered
realistic and not just an upper or lower limit. Background stress that contributes to the
variable q in Eq. 5.1 is ignored here. Including background stress from the long-term GIA
signal would lower viscosity, which will be compensated by grain size and water content
parameters to still match the viscosity constraints.

For the coupling to the ice model, the GIA model is used with 9 vertical layers (0-35
km, 35-100 km, 100-150 km, 150-300 km, 300-420 km, 420-550 km, 550-670 km, 670-
1171 km, and 1171-2890 km, and 2890-6371 km). Laterally varying Bdi f f and Bdi sl are
assigned to each element between 35 and 670 km depth following Eq. 5.2aa and 5.2bb,
respectively. The viscosity according to Eq. 5.1 determines if an element behaves effecti-
vely elastic; the lithosphere thickness is not specified explicitly. At shallower depths, the
layer is defined to be purely elastic. At deeper depths, the lower mantle is assumed to
be homogenous. A high resolution area is defined over Antarctica with a horizontal and
vertical grid resolution of 35 km wide and deep between the surface and 670 km depth.
The spatial resolution outside the high-resolution area is 200 km.

Different methods can be used to simulate the response due to 1D Earth structures
(Peltier, 1974; Wu and Johnston, 1998) but here we use the same GIA model to simulate
1D Earth structures and 3D Earth structures to avoid introducing differences that arise
due to model formulation. The relatively high computation time of the GIA model limits
the number of cases we can investigate. Four 1D Earth structures are applied in the GIA
model: one commonly used structure with an upper mantle viscosity of 1021Pa · s, two
structures with an upper mantle viscosity of 1020 and 1019Pa · s, respectively, to repre-
sent the average viscosity under West Antarctica, and one with an upper mantle viscosity
between 5 · 1018 and 3 · 1019pa · s that could represent the Amundsen Sea Embayment
(Barletta et al., 2018). These structures are hereafter referred to as 1D21, 1D20, 1D19
and 1DASE, respectively. Fig. 5.1 shows the 1D viscosity variations with depth. To derive
a relation between relaxation time and viscosity, we used uplift rates from a schematic
experiment using a 3D GIA model. In this case, the spatial resolution is 2 degrees at the
surface and includes 8 vertical layers following van der Wal et al., 2013 and van der Wal et
al., 2015 (0-35 km, 35-70 km, 70-120 km, 120-170 km, 170-230 km, 230-400 km, 400-670
km, and 670-2890 km), which we label as configuration 2, and the GIA model with va-
riable resolution as ‘configuration 1’. This resolution allowed us to run many schematic
experiments. We used a global seismic model from Schaeffer and Lebedev (2013) combi-
ned with the regional seismic model of Heeszel et al. (2016) derived from Rayleigh wave
array analysis over Antarctica to create a global seismic model. Uncertainties in the re-
gional seismic model are used to ensure a smooth transition between values defined by
the regional and global seismic models. The mantle temperature is then obtained follo-
wing the same procedure as described for configuration 1. The dislocation and diffusion
parameters are then computed using the mantle temperature, stresses, and a suite of
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Figure 5.1: Upper mantle viscosity of the 1D Earth structures.

globally-uniform values for grain size (1, 4, and 10 mm) and water content (0 or 1000
ppm H2O). Below 400 km, uniform creep parameters are adopted, which yield mantle
viscosities of 1021 − 1023Pa · s. The 3D GIA model is coupled to a code that solves the
sea-level equation (Farrell and Clark, 1976) as implemented by Wang and Wu (2006).

5.2.2. ELRA
In ice sheet modelling, the Earth properties are often simplified to the ELRA approxima-
tion as described in detail in Le Meur & Huybrechts (1996). In this approach, bedrock de-
formation is dependent on a point load, the flexural rigidity and the relaxation time. The
flexural rigidity (D) determines, together with the density of the asthenosphere (ρa) and
the gravity acceleration at the surface (g ), the radius of relative stiffness (Lr ) as shown in
Eq. 5.3.

Lr =
(

D

ρa g

) 1
4

(5.3)

First, the equilibrium deflection (w) at a normalized distance (x) from a point load (q) is
computed using

w(x) = qL2
r

2πD
χ(x), (5.4)

where χ is the zeroth order Kelvin function of x. The normalized distance is defined as
the real distance (r ) from the point load divided by the radius of relative stiffness. The
total deflection at each point is the sum of the deflection at all neighboring points within
a distance of six times the radius of relative stiffness.

Second, the bedrock deflection can be computed using

db(i , j )

d t
= w(i , j )−b(i , j )

τ
, (5.5)

where db
d t is the bedrock elevation change over time, b the current bedrock elevation, τ

the relaxation time and i , j the grid coordinates.
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Besides the commonly used relaxation time of 3000 years and flexural rigidity of
1025N ·m, we also applied a relaxation time of 1500, 500, 450, 400, 350, 300, 250, 200
and 50 years in combination with a flexural rigidity of 1.92 ·1024N ·m. The flexural rigi-
dities roughly correspond to lithospheric thicknesses of 100 km and 60 km. This can be
derived from the definition of flexural rigidity:

D = Eh3

12(1−ν2)
, (5.6)

with the Young’s modulus (E) set to 100 GPa and the Poisson’s ratio (ν) set to 0.25. The
lithospheric thickness is defined by h.

For the laterally varying ELRA model, we simply made the relaxation time a function
of the 2D grid coordinates, as shown in Eq. 5.7.

db(i , j )

d t
= w(i , j )−b(i , j )

τ(i , j )
, (5.7)

A laterally varying flexural rigidity is also possible to implement but it is more complex
(Coulon et al., 2021), and the effect on bedrock deformation is limited (Coulon et al.,
2021; Mitrovica et al., 2011; Zhao et al., 2017). We therefore used uniform flexural rigidity
values of 1.536 ·1025,1 ·1025,4.5511 ·1024, and 1.92 ·1024N ·m, corresponding roughly to
lithospheric thicknesses of 120, 100, 80 and 60 km (Eq. 5.6), in agreement with estimates
for lithospheric thickness across West and East Antarctica (Lloyd et al., 2019).

5.3. RELATION BETWEEN 3D VISCOSITY AND RELAXATION TIME
For a GIA model consisting of a viscous half-space with a uniform mantle viscosity, the
relaxation time is equal to the Maxwell relaxation time that can be computed directly
from the viscosity and shear modulus (e.g. Turcotte and Schubert, 2002). However, in a
more realistic Earth structure, there is no longer a simple relation between Maxwell time
and viscosity. In GIA models based on the normal mode method (e.g. Wu and Peltier,
1982), each eigenmode has a characteristic relaxation time, but the complete response
is controlled by a weighted combination of modes that depends on the spatial scale of
the load and the properties of the lithosphere. This implies that the relaxation time de-
pends on the size of the ice sheet and that a single relaxation time cannot be derived.
Here, using the 3D GIA model in configuration 2, we determine relaxation times empi-
rically by analysing the solid Earth deformation triggered by the removal of schematic
surface loads. These surface loads are chosen to reflect large and small areas of ice mass
change for different regions in West Antarctica, such that the resulting empirical relati-
onship between mantle viscosity and relaxation time accounts for the different mantle
conditions beneath the regions where the load changes are taking place. The shape of
each surface load is controlled by the resolution of the 2-degree finite element mesh that
is used in this configuration of the 3D GIA model (Fig. 5.2a). The uniform thickness of
each load is taken to be 500 m. Each load is placed on the Earth until equilibrium is
reached, and then instantaneously removed. The change in surface load from sea level
changes are not taken into account because these experiments encompasses the sche-
matic experiment of instant removal of ice mass.
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A total of 40 simulations are conducted, varying the grain size, water content and
region of loading. For each simulation, the displacement over time for each surface
load/Earth model combination is computed for multiple time steps. From the displace-
ment curve, the uplift rate through time is calculated by time differentiation. The relaxa-
tion time is computed as half the time it takes for solid Earth rebound rates to decrease
by 1

e2 following instantaneous unloading (Table 5.2 in section 5.6). Averaging over two
relaxation times reflects more accurately the fact that viscosities at different depths will
control the deformation at different stages of the relaxation.

Typically, depth averaged viscosities are computed by taking the average of the log
of the viscosity values in a certain layer or area (e.g. Bagge et al., 2021; Paulson et al.,
2005; Whitehouse et al., 2006). The filled symbols in Fig. 5.2b show the characteristic
relaxation time of each region plotted against the average mantle viscosity, calculated
as the volume-weighted mean viscosity of all elements between 120 and 400 km depth
beneath each unloaded region indicated in Fig. 5.2a. However, the actual region of the
mantle that predominantly influences the response depends on the radial size of the
ice loading(Peltier, 1976; Wu, 2006). The sensitivity to the viscosity profile can be taken
into account by computing the vertically averaged viscosities weighted by the local strain
rate (Christensen, 1984). Such a procedure would result in average viscosity values that
are determined more by low viscosity values in sub-surface Antarctica because a low
viscosity region experiences the highest strain rates due to the ability to deform more
easily under stress. To take that into account, the computed relaxation times are com-
pared to not only the average mantle viscosity value for each region, but also the lowest
mantle viscosity derived from the seismic model, which is shown by the open symbols
in Fig. 5.2b. A linear fit through the resulting log-log graph provides a relation between
relaxation time in years, τ, and viscosity in Pa · s for the average viscosity (Eq. 5.8, solid
line in Fig. 5.2) and the lower bound viscosity (Eq. 5.9, dashed line in Fig. 5.2).

τ= 2.3 ·10−5η0.35 (5.8)

τ= 3.9 ·10−2η0.20 (5.9)

Both relations will be used to create 2D relaxation time maps to identify which one is
best approximating the sea level rise projections resulting from the coupled 3D GIA –
ice sheet model. When the 2D relaxation time maps are used in an ELRA model, either a
high-resolution viscosity profile should be used, because this will likely not contain large
sharp changes in viscosity, or the relaxation time map should be smoothed, otherwise
discontinuities in deformation arise.

Using our empirically derived relationships between viscosity and relaxation time
(Eq. 5.8 and 5.9), we derive laterally variable relaxation time maps based on the 3D
Weaker and 3D Stronger Earth models described in section 2.1. ηe f f is taken to be the
viscosity of the 3D Earth structure vertically averaged between 120 and 400 km depth
(Fig. 5.3a,d). For the ice thickness changes in the projections of the ice sheet evolution by
the ice sheet model, the highest sensitivity will be in this relatively shallow layer (Barletta
et al., 2018). This results in two relaxation time maps based on the 3D Weaker rheology,
hereafter referred to as 2D Weaker Average and 2D Weaker Lower bound (Fig. 5.3 b-c),
and two relaxation time maps based on the 3D Stronger rheology, hereafter referred to
as 2D Stronger Average and 2D Stronger Lower bound (Fig. 5.3 e-f). Finally, to prevent
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Figure 5.2: The relationship between mean upper mantle viscosity and relaxation time across West Antarctica.
(a) Regions from which ice is instantaneously unloaded in order to determine regional relaxation times. Within
each of the four main regions, there is a large and a small version of the region, coloured in dark and light
colours respectively. The small region overlaps the large region. NAP refers to Northern Antarctic Peninsula,
WSE refers to Weddell Sea Embayment, ASE refers to Amundsen Sea Embayment, and RSE refers to Ross Sea
Embayment. (b) Log-log plot of relaxation time against mean upper mantle viscosity and the lower bound
viscosity. The colours are identical to (a). The symbols reflect the parameters in the 3D GIA model used in
each experiment (see Table 1 in supplemental materials of this preprint online). The filled symbols reflect the
average viscosity and the open symbols reflect the lower bound viscosity.

the occurrence of unrealistically low relaxation times due to the extrapolation of the li-
near relation between viscosity and relaxation time, the minimum relaxation time is set
to 67 years, which is derived from the minimum viscosity found in the experiments used
to derive Eq. 5.8 and 5.9.

5.4. PROJECTIONS USING DIFFERENT APPROACHES TO BEDROCK

RESPONSE
The sea level rise is projected for the coming 500 years using two different climate models
for a high and a low emissions scenario. The sea level rise projected using simple models
that adopt a uniform relaxation time, a laterally variable relaxation time, or a 1D Earth
structure is compared to the average sea level rise projected when using the 3D Weaker
and 3D Stronger Earth structures within the GIA model in configuration 1 (as described
in 5.2.1). The average barystatic sea level rise computed by the ice sheet model using the
two different 3D Earth structures is referred to as 3D-Average.

5.4.1. A UNIFORM RELAXATION TIME
The bedrock response is dependent on the climate model because different regions of
ocean warming cause different regions of ice retreat, and the mantle viscosity differs in
each region. The bedrock response depends on the emission scenario as well, since a
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Figure 5.3: Panels a and d show the vertically averaged mantle viscosity between 120 and 400 km depth based
on van Calcar et al. (in review). Panels b and e show the relaxation time maps computed using Eq. 5.8, and 3D
Stronger and 3D Weaker, respectively. Panels c and f show the relaxation time maps computed using Eq. 5.9,
and 3D Stronger and 3D Weaker, respectively.

larger region of ice mass loss will trigger deformation deeper in the mantle where visco-
sity, and hence relaxation times, will be different to values at shallower depths (Peltier,
1976). The sea level rise resulting from the coupled ice sheet – GIA model using a 3D
Earth structure therefore differs from a uniform relaxation time, and this difference in
turn varies for different emission scenarios and climate models.

To assess the performance of the ELRA model with a uniform relaxation time, the
resulting sea level rise is compared to the sea level rise averaged from the output of the
two models that employ 3D Earth structures (3D-Average). The widely used uniform
relaxation time of 3000 years (hereafter referred to as ELRA3000) overestimates the con-
tribution from the AIS to sea level rise by 0.44-0.70 m (8-20%) in 2500 compared to the
3D-Average value, with the precise value depending on the emission scenario and the
applied climate model (Fig. 5.4b,c,e,f). ELRA3000 overestimates sea level rise because
this relaxation time is much longer than the relaxation time associated with the low vis-
cosity values found in the 3D Earth structures (Fig. 5.3), especially when retreat occurs in
the Amundsen Sea Embayment (as predicted by climate model IPSL) where the mantle
viscosity is relatively low. We therefore search for a better choice of relaxation time, as
formulated in research question 1: How well can a uniform relaxation time approximate
the ice sheet evolution resulting from 3D Earth structures?

Out of the relaxation times investigated, we find that 300 years yields a reasonable
approximation for the 3D results until year 2400, in combination with a flexural rigidity
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corresponding to 100 km lithospheric thickness (Fig. 5.4). For longer simulations, a 500
year relaxation time can be recommended. When a smaller lithospheric thickness of 60
km is applied, a longer relaxation should be considered (Fig. 5.8). Since the combina-
tion of a higher flexural rigidity and shorter relaxation time yields a similar result to the
combination of a lower flexural rigidity and somewhat higher relaxation time we only
discuss the results for a flexural rigidity corresponding to a 100 km thick lithosphere in
the following.

For the low emission scenario and by using the climate model IPSL, the difference in
sea level rise between using a relaxation time of 300 yr (hereafter referred to as ELRA300)
and 3D Stronger is negligible until 2400, but increases afterwards, reaching a maximum
of 17 cm in 2500 (Fig. 5.4c), which is 5% of the total of 3.6 m of sea level rise using 3D
Stronger (Fig. 5.4a). The ice is approximately 50 meter thicker within the Amundsen Sea
Embayment using ELRA300 (Fig. 5.5a) due to faster uplift in this region compared to 3D
Stronger. On timescales of 400 years and longer, it is not only the local low viscosity,
but also the surrounding higher viscosities, which impact bedrock deformation in the
3D model. The rate of uplift predicted by the 3D GIA model therefore slows down on
these longer timescales whereas the relaxation time in the ELRA model is constant over
time and corresponds only to the low viscosities of the 3D model. As a consequence, the
amount of bedrock uplift is about 75 m greater in ELRA300 than 3D Stronger between
2400 and 2500. The impact of the difference in bedrock elevation on ice mass loss and
grounding line position is negligible. Contrary to this, the viscosity of 3D Weaker is much
lower and the uplift predicted by ELRA300 is too slow compared to 3D Weaker over the
full simulation time. The bedrock elevation of ELRA300 is tens of meters lower than 3D
Weaker in 2300, causing faster retreat to be predicted by ELRA300 until 2500. In 2500, the
grounding line has retreated about 150 km more in ELRA300 compared with 3D Weaker
(Fig. 5.5).

For the high emission scenario, ELRA300 underestimates sea level rise by 0.4 m in
2500 compared with 3D-Average (Fig. 5.4a). When there is a larger region of ice mass
loss, as is the case in the high emission scenario compared with the low emission scena-
rio, the bedrock response is more sensitive to the rheology of deeper parts of the mantle,
where the viscosity can be up to 3 orders of magnitude greater than at shallower depths.
This causes the same effect as in the low emission scenario – a slowdown of the uplift
projected by the 3D model on longer timescales – but the effect is even stronger. The
relaxation time of ELRA300 is therefore too short compared to 3D Stronger and 3D Wea-
ker on the long-term, leading to faster uplift and a higher bedrock elevation by 150 m
in 2500 (Fig. 5.9). However, around 2300, uplift in the 3D model has not slowed down
much and is faster than the uplift of ELRA300. Therefore, at this moment in time, the ice
is about 750 meters thicker in 3D Weaker compared with ELRA300 and the grounding
line has retreated about 100 km less in the Amundsen Sea Embayment (Fig. 5.10). The
slowdown of bedrock uplift is less strong when retreat is concentrated in the Weddell Sea
Embayment (using climate model CESM) due to less vertical variation in mantle visco-
sity in this region (Fig. 5.4e,f). To conclude, a relaxation time of 300 years fits best until
2400, but a relaxation time of 500 years should be chosen for longer simulations because
of the increasing deviation of ELRA300 from 3D-Average over time.
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Figure 5.4: The Antarctic Ice Sheet contribution to barystatic sea level rise using the 3D GIA model and the
ELRA model for a high and a low emission scenario and two different climate models, IPSL-CM6A-LR (panel
a) and CESM2-WACCM (panel d). Two different Earth structures are applied in the 3D GIA model, a stronger
Earth structure and a weaker Earth structure. The relaxation time of the ELRA model is varied between 200
and 500 years, and a reference run of 3000 years is used. The flexural rigidity of 1025km ·m2/s2 roughly cor-
responds to a lithospheric thickness of 100 km. Panels b, c, e, and f show the difference in barystatic sea level
contribution between the ELRA model with different relaxation times and the average sea level contribution
between the two 3D GIA simulations. The difference between the average sea level contribution between the
two 3D GIA simulations and 3D weaker, 3D stronger and ELRA3000 (black solid lines) are also shown.

5.4.2. A LATERALLY VARIABLE RELAXATION TIME
Previous studies have shown that a laterally varying Earth structure is needed to accura-
tely simulate AIS evolution (Gomez et al., 2024; van Calcar et al., 2024). As these 3D GIA
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Figure 5.5: Difference in grounded ice thickness above flotation (panel a and b) and bedrock elevation (panel
c and d) in 2500 between the ELRA model with a relaxation time of 300 years (referred to as ELRA300) and the
two 3D Earth structures. Panels a and c correspond to 3D Stronger and panels b and d to 3D Weaker. The
climate model IPSL is applied for the low emission scenario SSP1-2.6.

simulations are very costly, they prohibit large ensemble simulations. We therefore as-
sess the performance of a 2D relaxation time, which is straight forward to implement in
an ELRA model, to answer research question 2: How well can a laterally varying relaxa-
tion time approximate the ice sheet evolution resulting from 3D Earth structures? We
combined 4 different laterally varying relaxation time maps with different uniform flexu-
ral rigidities to investigate how well the computationally efficient ELRA model can repli-
cate the results of the 3D models. As there is no a priori reason to select the average or
lower bound viscosity equations, or a particular flexural rigidity, we investigate which of
the resulting ice sheet evolutions using the 2D maps correspond best to ice sheet evolu-
tion using the 3D-Average, and whether the improvement is significant compared to the
performance of ELRA300. The different relaxation time maps, in combination with diffe-
rent lithospheric thicknesses, result in a large range of sea level rise projections. The 2D
Stronger map, when combined with a flexural rigidity that corresponds to a lithospheric
thickness of 120 km and derived from the average viscosity (Eq. 5.8), produces results
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which are closest to 3D-Average when considering both emissions scenarios and climate
models (Fig. 5.6) and will be considered in the following. For the high emission scenario,
the sea level rise is about 30-40 cm closer to 3D-Average at 2500 using 2D Stronger com-
pared to using ELRA300 (Fig. 5.6a-b). The advantage of using 2D Stronger over ELRA300
is particularly great in the Amundsen Sea Embayment projections (IPSL) for scenarios
longer than 400 years because the difference between 3D-Average and ELRA300 increa-
ses strongly after 2300, whereas the difference between 2D Stronger and 3D-Average is
constant over time (Fig. 5.6a). In the high emission scenario driven by the IPSL climate
model, the bedrock in the Amundsen Sea Embayment uplifted about 250 meters more by
2500 when using 2D Stronger compared with using the 3D GIA model (Fig. 5.11). Howe-
ver, this uplift occurs mainly in the last 100 years and the effect on grounding line retreat
is small due to the fact that the grounding line is already retreating rapidly and the West
Antarctic Ice Sheet is in a phase of collapse.

Figure 5.6: The difference in Antarctic Ice Sheet contribution to barystatic sea level rise between the average sea
level contribution of the two 3D GIA simulations and the contribution using different 2D relaxation time maps.
Results are shown for a high and a low emission scenario and two different climate models, IPSL-CM6A-LR and
CESM2-WACCM. The dashed lines refer to the relaxation time calculated from the average viscosity (Eq. 5.8)
and the solid lines refer to relaxation times calculated from the lower bound viscosity (Eq. 5.9). The numbers
120 and 60 in the legend refer to the lithospheric thickness.

5.4.3. 1D GIA
Some ice sheet models are coupled with a 1D GIA model to conduct projections (Konrad
et al., 2015; Whitehouse et al., 2019; Kachuck et al., 2020). The 1D GIA model is more
realistic than the ELRA model because it takes into account the radial depth variation
of viscosity, which implies a variable relaxation time as the size of the load determines
which part of the radial viscosity profile controls the response. As 1D GIA models can
also be considered intermediate in terms of computation time compared to ELRA and
3D GIA, we study whether 1D Earth structures offer an improved accuracy compared to
ELRA models to answer research question 3: How well can a 1D Earth structure approxi-
mate the ice sheet evolution resulting from 3D Earth structures? A widely used mantle
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viscosity for a 1D GIA model is 1021Pa · s (hereafter referred to as 1D21) (Gomez et al.,
2015; Konrad et al., 2015; Rodehacke et al., 2020; Golledge et al., 2019). Fig. 5.7 shows
that 1D21 overestimates the Antarctic sea level contribution by 0.4-0.55 m, depending on
the emission scenario and climate model, because the structure is too stiff in West An-
tarctica compared to the 3D structures. The viscosity profiles 1DASE and 1D19 produce
results similar to each other and to the 3D-Average model for the low emission scenario
but, like ELRA300, they still underestimate the sea level contribution by 0.35 m in 2500
for the high emission scenario. The largest improvement of 1D19 compared to ELRA300
and 2D Stronger is in the bedrock uplift. The bedrock elevation of 1D19 in 2500 differs by
a maximum of 80 meters from the results of the 3D GIA modelling in the high emission
scenario, which is significantly smaller than the difference of 250 m when 2D Stronger is
compared with the 3D GIA model output (Fig. 5.12). To replicate not only the sea level
contribution from 3D-Average, but also the geometry of the bedrock, it can therefore be
recommended to use a 1D GIA model with an upper mantle viscosity of 1019Pa ·s instead
of the ELRA model with a uniform relaxation time of 300 years or the 2D Stronger relaxa-
tion time map. Especially for long-term projections under a high emission scenario, the
1D GIA model is preferred over an ELRA model.

Figure 5.7: The difference in Antarctic Ice Sheet contribution to barystatic sea level rise between the average
sea level contribution of the two 3D GIA simulations and the contribution using different 1D Earth structures.
Results are shown for a high and a low emission scenario and two different climate models, IPSL-CM6A-LR
and CESM2-WACCM. Note that the 1D19 and 1DASE mostly overlap for IPSL SSP1-2.6.

5.5. CONCLUSIONS AND OUTLOOK
We investigated the accuracy of common implementations of bedrock adjustment within
an ice model against ice model projections coupled to a GIA model with 3D variations in
viscosity, for different emission scenarios and climate models. The ELRA model with a
commonly used uniform relaxation time of 3000 years combined with a uniform flexu-
ral rigidity overestimates sea level rise by up to 0.70 m (20%) compared with the average
barystatic sea level rise predicted using a model that includes 3D Earth structures. A 1D
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GIA model with an upper mantle viscosity of 1021Pa · s overestimates sea level rise by
up to 0.60 m (17%). To replicate the sea level rise of the average of the 3D GIA models
(3D Average) better, a relaxation time or mantle viscosity corresponding to the area of ice
mass loss should be chosen. We investigated the degree to which different bedrock mo-
dels, Earth structures and parameterisations can replicate the bedrock uplift predicted
by models that include 3D Earth structures.

Research question 1 was: How well can a uniform relaxation time approximate the
ice sheet evolution resulting from 3D Earth structures? We recommend to use a uniform
relaxation time of 300 years with a lithospheric thickness of 100 km to replicate the sea le-
vel rise predicted by a model that includes 3D Earth structure. Using this relaxation time
results in a sea level rise that differs from 3D-Average by only 0.05-0.4 m, dependent on
the emission scenario and the climate model. Note that using this relaxation time does
lead to an increasing underestimation of sea level rise from 2400 onwards. Therefore,
for simulations longer than 400 years, a relaxation time of 500 years is recommended.
Even though the sea level rise can be similar between ELRA300 and 3D-Average, the ice
thickness can locally differ by up to 750 meters, the grounding position may differ by 100
km, and the bedrock elevation may differ by 150 meters between ELRA300 and the dif-
ferent 3D Earth structures. It is therefore recommended to vary the uniform relaxation
time between 300 and 500 years to include the same uncertainty range as the 3D Earth
structures.

With a small change in the ELRA model, a spatially varying relaxation time can be in-
cluded. We derived an empirical relation between upper mantle viscosity and relaxation
time and computed 2D maps of relaxation times to answer research question 2: How
well can a laterally varying relaxation time approximate the ice sheet evolution resulting
from 3D Earth structures? Applying the 2D Stronger map, derived using the relation bet-
ween average viscosity for a strong 3D rheology and relaxation time, and a lithospheric
thickness of 120 km, results in a sea level rise projection that differs from the 3D-Average
value by only 10 cm in 2500. This difference doesn’t increase on the long term in contrast
to the ELRA model and it can thus be recommended to use ELRA with spatially varying
relaxation time for long term simulations. Still, the bedrock elevation in 2D Stronger is
hundreds of meters too high by 2500 compared to the 3D model under a high emission
scenario.

For models that are able to use a 1D GIA model, we answer research question 3:
How well can a 1D Earth structure approximate the ice sheet evolution resulting from
3D Earth structures? The use of an upper mantle viscosity of 1019Pa ·s results in sea level
rise projections that only differ from 3D-Average by a maximum of 0.3 m. The bedrock
elevation in 1D19 differs from 3D-Average by a maximum of 80 meters, thus this model
provides the closest resemblance to the 3D Earth structures in terms of geometry, bet-
ter than the ELRA and LVELRA models. However, the improvement should be traded off
against a large increase in computation time. Our recommended values for the relaxa-
tion time and 1D viscosity will provide a better approximation of sea level rise than the
currently used standard values but should serve to correct the oversimplification of the
ELRA model and not as the true relaxation time or viscosity of the Earth’s mantle. The
simplified Earth models are all compared to the same coupled ice sheet - 3D GIA model
and this model did not include the effect of a local sea level drop on ice sheet retreat.
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Including the feedback of the sea level drop on the ice sheet dynamics reduces the sea
level rise by 5% compared to using a static sea level equal to present day (see Chapter 4).
Furthermore, different coupled ice sheet-3D GIA models could lead to different projec-
tions of sea level contribution, which might lead to somewhat different recommended
values for relaxation time and 1D viscosity.

The laterally varying relaxation time is dependent on the 3D viscosity structure so
different 2D relaxation time maps could be produced using the provided relation bet-
ween relaxation time and viscosity. This allows other modellers to create their own re-
laxation time maps based on their preferred 3D viscosity profiles. If other regions and
time periods are studied, these maps could be derived based on different seismic mo-
dels, a different time period such as the deglaciation since the last glacial maximum, or
for other regions such as Greenland.
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Figure 5.8: The Antarctic Ice Sheet contribution to barystatic sea level rise using the 3D GIA model and the
ELRA model for a high and a low emission scenario and two different climate models, IPSL-CM6A-LR (panel
a) and CESM2-WACCM (panel d). Two different Earth structures are applied in the 3D GIA model, a stronger
Earth structure and a weaker Earth structure. The relaxation time of the ELRA model is varied between 200
and 500 years, and a reference run of 3000 years is used. The flexural rigidity of 1.92 ·1024km ·m2/s2 roughly
corresponds to a lithospheric thickness of 60 km. Panels b, c, e, and f show the difference in barystatic sea level
contribution between the ELRA model with different relaxation times and the average sea level contribution of
the two 3D GIA simulations.
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Figure 5.9: Difference in accumulated grounded ice thickness above floatation (panel a and b) and bedrock
elevation change (panel c and d) by 2500 between the ELRA model with a relaxation time of 300 years (referred
to as ELRA300) and the two 3D Earth structures. Panels a and c correspond to 3D Stronger and panels b and
d to 3D Weaker. The climate model IPSL is applied for the high emission scenario SSP5-8.5. Note that the
grounding line of the 3D structures overlap the grounding line of ELRA.
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Figure 5.10: Difference in accumulated grounded ice thickness above floatation (panel a and b) and bedrock
elevation change (panel c and d) by 2300 between the ELRA model with a relaxation time of 300 years (referred
to as ELRA300) and the two 3D Earth structures. Panels a and c correspond to 3D Stronger and panels b and
d to 3D Weaker. The climate model IPSL is applied for the high emission scenario SSP5-8.5. Note that the
grounding line of the 3D structures overlap the grounding line of ELRA.
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Figure 5.11: Difference in accumulated grounded ice thickness above floatation (panel a and b) and bedrock
elevation change (panel c and d) by 2500 between the LVELRA model with the 2D stronger structure, a flexural
rigidity corresponding to a lithospheric thickness of 120 km and based on the average viscosity (Eq. 5.6) and
the two 3D Earth structures. Panels a and c correspond to 3D Stronger and panels b and d to 3D Weaker. The
climate model IPSL is applied for the high emission scenario SSP5-8.5. Note that the grounding line of the 3D
structures overlap the grounding line of 2D Stronger.
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Figure 5.12: Difference in accumulated grounded ice thickness above floatation (panel a and b) and bedrock
elevation change (panel c and d) by 2500 between 1D19 and the two 3D Earth structures. Panels a and c corres-
pond to 3D Stronger and panels b and d to 3D Weaker. The climate model IPSL is applied for the high emission
scenario SSP5-8.5. Note that the grounding line of the 3D structures overlap the grounding line of 1D19.
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Table 5.2: Regional relaxation times. Relaxation times are calculated as half the time taken to decay to 1
e2 of

the inital rebound rate at the point of unloading. The mean upper mantle viscosity is defined as the volume-
weighted mean viscosity of all elements between 120 and 400 km depth beneath each unloaded region. The
upper and lower bounds reflect the highest and lowest viscosity beneath each unloaded region between 120
and 400 km depth.

Region name
Mantle water
content (ppm)

Mantle grain
size (mm)

Relaxation
time (yrs)

log (Upper mantle viscosity) (Pa s)
Mean Lower bound Upper bound

ASE small 0 1 67 18.554 18.3 19.0
ASE small 0 4 323 20.35 20.1 20.8
ASE small 1000 4 92 18.542 17.2 19.1
ASE small 1000 10 152 18.996 17.1 20.0
ASE large 0 1 69 18.484 18.0 19.2
ASE large 0 4 351 20.27 19.8 21.0
ASE large 1000 4 90 18.652 17.2 19.4
ASE large 1000 10 105 19.151 17.1 20.0
NAP small 0 1 114 19.15 18.6 19.7
NAP small 0 4 1194 20.967 20.4 21.6
NAP small 1000 4 109 19.542 19.1 20.0
NAP small 1000 10 133 20.725 20.2 21.2
NAP large 0 1 111 19.067 18.4 19.7
NAP large 0 4 1310 20.883 20.2 21.6
NAP large 1000 4 104 19.475 18.9 20.0
NAP large 1000 10 105 20.65 19.9 21.2
RSE small 0 1 79 18.685 18.3 19.2
RSE small 0 4 398 20.494 20.2 21.0
RSE small 1000 4 100 18.526 17.9 19.1
RSE small 1000 10 118 18.837 17.7 20.3
RSE large 0 1 99 18.764 18.2 19.4
RSE large 0 4 486 20.57 20.0 21.2
RSE large 1000 4 103 18.599 17.5 19.3
RSE large 1000 10 108 18.956 17.6 20.4
RSE LGM 0 1 114 18.856 17.1 22.1
RSE LGM 0 4 825 20.647 18.9 23.8
RSE LGM 1000 4 159 18.635 15.7 20.8
RSE LGM 1000 10 165 18.997 15.7 21.1
WSE small 0 1 278 20.086 18.8 22.0
WSE small 0 4 1399 21.89 20.6 23.8
WSE small 1000 4 148 19.694 18.8 21.5
WSE small 1000 10 201 20.199 18.7 22.4
WSE large 0 1 258 20.054 18.7 22.4
WSE large 0 4 1488 21.859 20.5 24.2
WSE large 1000 4 177 19.766 18.8 21.5
WSE large 1000 10 212 20.243 18.7 22.4
WSE LGM 0 1 579 20.199 18.5 23.0
WSE LGM 0 4 1327 22.004 20.3 24.8
WSE LGM 1000 4 400 19.967 18.4 22.2
WSE LGM 1000 10 547 20.457 18.3 22.5
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CONCLUSIONS AND

RECOMMENDATIONS

6.1. CONCLUSIONS
Results from coupled 3D GIA - ice sheet models demonstrate that Glacial Isostatic Ad-
justment (GIA) plays a substantial role in shaping ice sheet evolution in Antarctica and
its contribution to sea level changes over a glacial cycle and for the coming centuries. By
accounting for the spatial variability in Earth’s mantle properties, the model shows how
GIA affects the stability and dynamics of the ice sheet, and what uncertainty is associa-
ted with GIA in sea level rise projections. Furthermore, it is shown how Earth parameters
used in simpler Earth models coupled to ice sheet models can be adjusted to prevent a
systematic overestimation of sea level rise due to the standard Earth structure that is too
stiff. Below, the answers to the research questions presented in Chapter 1 are discussed.
The findings of this thesis underscore the importance of integrating spatial variability
in Earth’s mantle properties in GIA models coupled to ice sheet models to better under-
stand the effect of bedrock deformation on the ice sheet evolution and sea level change.

6.1.1. RESEARCH QUESTION 1
How does a 3D mantle structure affect the Antarctic Ice Sheet over a glacial cycle?

Chapter 3 shows that the bedrock elevation at the Last Glacial Maximum (LGM) prima-
rily determines the ice sheet evolution during the deglaciation phase. Previous studies
have either used a fixed ice sheet history for GIA models, employed a coupled 1D GIA
- ice sheet model, or started simulations with a coupled 3D GIA-ice sheet model from
around 40,000 years ago and not at the start of the glacial cycle. Chapter 3 presents the
simulation of an entire glacial cycle using a coupled 3D GIA - ice sheet model. The 3D
structure is determined using radially and laterally varying seismic velocity anomalies,
from which a mantle temperature is derived. The viscosity of the mantle is computed
based on this mantle temperature, the change in pressure from ice loading, and a uni-
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form grain size and water content. The two chosen combinations of water content and
grain size lead to a stronger and a weaker Earth structure. One Earth structure is relati-
vely weak to fit a mantle viscosity constraint in the Amundsen Sea Embayment, and one
structure is relatively strong to fit mantle viscosity constraints in the Weddell Sea Em-
bayment. It concludes that a relatively low mantle viscosity in West Antarctica results in
a much higher (i.e. less depressed) bedrock elevation at the LGM compared to a higher
mantle viscosity. This is because a weaker Earth structure allows for stabilisation or even
uplift during short periods when the ice sheet’s growth halts due to warm climate inter-
vals during the glaciation. In contrast, a stronger Earth structure does not respond to
changes in ice loading over centuries but only to changes on longer time scales, leading
to continued subsidence and a lower bedrock elevation at LGM compared to the weaker
Earth structure.

The surface elevation at the LGM that the ice sheet reaches at the end of the glaci-
ation phase depends on the atmospheric temperature and precipitation, and to a sig-
nificant lesser effect on the bedrock elevation. The surface elevation of the ice sheet
at LGM is therefore similar between simulations with different Earth structures. A lo-
wer bedrock elevation caused by a stronger Earth structure leads to faster retreat during
the deglaciation phase because more ice is floating and thus in contact with the ocean
water compared to a higher bedrock elevation caused by a weaker Earth structure. Fur-
thermore, there is more ice to melt because the ice sheet is thicker at the LGM due to a
lower bedrock elevation, while the ice surface elevation remains similar for the stronger
Earth structure compared to the weaker Earth structure. This results in higher ice mass
loss and, counterintuitively, faster uplift than using a weaker Earth structure. The wea-
ker structure would produce more uplift than the stronger structure if the ice mass loss
since LGM were the same, but this is not the case due to the different bedrock elevations
at the LGM. Still, at present day, the weaker 3D Earth structure leads to a less retreated
grounding line position of up to 80 km and a greater ice thickness of up to 600 m compa-
red to using a stronger 3D Earth structure. The stabilising effect of GIA would be stronger
if the self-gravitating effect of the ice sheet on sea level, and the effect of ocean loading
outside of the ice sheet on bedrock deformation were also to be taken into account.

Thus, the coupling with a 3D earth rheology leads to different ice sheet configurati-
ons at present day. Using a prescribed ice history would fail to account for the enhan-
ced stabilizing effect of a weaker Earth structure on ice sheet evolution compared to a
stronger Earth structure. Additionally, while a fixed ice mass loss during the deglaciation
phase will lead to greater uplift for a weaker Earth structure, a stronger Earth structure
results in more uplift because the ice mass loss is greater for the stronger Earth structure.

Due to a lack of mantle viscosity constraints, one cannot determine which of the two
used 3D structures is more realistic. If 3D Stronger were the most realistic, a 1D struc-
ture with an upper mantle viscosity of 1 · 1019Pa · s could also be used to approximate
this 3D Earth structure in ice sheet models that can be coupled with 1D GIA models
only. However, using this 1D structure results in a significantly different bedrock defor-
mation compared to a weak 3D structure. It is therefore necessary to use multiple 3D
Earth structures when simulating the Antarctic Ice Sheet evolution over a glacial cycle
to account for the uncertainty in 3D mantle rheology. Other 1D Earth structures could
be used, of which at least one structure should have a mantle viscosity in the order of
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1 ·1018Pa · s to approximate the effect of a plausible weaker 3D rheology.
In conclusion, the findings emphasize the significant impact of mantle viscosity on

ice sheet dynamics. Studying the deglaciation phase of the last glacial cycle provides
understanding of the effect of mantle variations on the ice sheet evolution, which is es-
sential to project future ice sheet behavior and sea-level changes.

6.1.2. RESEARCH QUESTION 2
How does a 3D mantle structure affect the Antarctic Ice Sheet over the next centuries?

Previous research has demonstrated the importance of incorporating Glacial Isostatic
Adjustment (GIA) in ice sheet projections on centennial timescales. This has typically
been done using a 1D GIA model or in one case with an ELRA model with distinct re-
laxation times for East and West Antarctica (Adhikari et al., 2014; Coulon et al., 2021;
Gomez et al., 2012; Konrad et al., 2015; Larour et al., 2019). Alternatively, a 3D GIA mo-
del has been used with a prescribed ice sheet evolution (Geruo et al., 2013; Hay et al.,
2017; Kaufmann et al., 2005; Powell et al., 2021; van der Wal et al., 2015; Yousefi et al.,
2022). The ice sheet evolution is obtained using a standalone ice sheet model coupled
to the simple bedrock model ELRA or with no bedrock adjustment at all. However, in
Chapter 4, we show that by using a fully coupled 3D GIA-ice sheet model, the barystatic
sea level contribution from Antarctica is reduced by 9-23% by the year 2500 compared
to using a rigid Earth, depending on the projected greenhouse gas emissions and the cli-
mate and ocean conditions. Furthermore, the grounding line retreat between 2300 and
2500 is delayed by 50-130 years by including a 3D Earth structure. Thus, we show that
GIA affects the ice sheet evolution on shorter timescales than previously reported, pri-
marily because the lower mantle viscosity in West Antarctica, as represented in the 3D
Earth structure, allows for more rapid isostatic adjustment.

General circulation models (GCMs) provide the necessary forcing for the coupled
model, including atmospheric and ocean temperatures, precipitation rates, and salinity
concentrations. Different GCMs predict varying spatial patterns of warming. When war-
ming is concentrated in the Amundsen Sea, significant ice retreat occurs in the Amund-
sen Sea Embayment, where the mantle viscosity in the 3D model is relatively low. In
a low greenhouse gas emission scenario, using a GCM with warming in the Amundsen
Sea leads to 16% more sea level rise compared to using another GCM in which warming
mainly occurs in the Weddell Sea. In the same emission scenario, including 3D GIA re-
duced sea level rise by 23%. In the latter case, the effect of GIA is significantly larger than
the uncertainties arising from the choice of GCM.

The impact of GIA is relatively stronger over shorter timescales in a low-emission
scenario compared to a high-emission scenario. In the high-emission case, the rapid
ice sheet retreat makes the rate of bedrock uplift less significant, allowing GIA to slow
the retreat but not to prevent a fast collapse of the West Antarctic Ice Sheet. Conver-
sely, in the low-emission scenario, the slower ice retreat allows more response to the
faster bedrock uplift, enabling GIA to slow down the ice sheet retreat more in a relative
sense. Significant ice sheet retreat still occurs when including 3D Earth structures, but
the grounding line is more advanced towards the ocean by up to hundreds of kilometers
compared to excluding GIA. As a result, the influence of GIA is greater under the low-
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emission scenario than in the high-emission case around 2400. This advocates for im-
mediate and aggressive mitigation efforts to curb greenhouse gas emissions. This would
increase the stabilising effect of GIA relative to other sources of ice sheet mass loss and
reduce the extent of ice mass loss and the associated impacts on sea level rise. Conti-
nued high emissions will lead to irreversible changes and long-term consequences for
coastal infrastructure and ecosystems (IPCC, 2023).

Studying the ice sheet dynamics using a coupled 3D GIA - ice sheet model provided
new insights on how GIA exactly impacts ice dynamics. We found that the most impor-
tant feedback is the effect of GIA on grounding line dynamics. When bedrock rises, more
ice stays grounded. Therefore, there is less ice shelf area over which sub-shelf basal melt
can occur, causing the grounding line to retreat less. The coupled model is also used to
compute the change in regional sea level due to the decrease in gravitational attraction
of the ice on the sea level and the Earth’s deformation. We conducted a projection for
the high emission scenario where we included this change in regional sea level, which
leads to a sea level drop of 8 meters. This drop in regional sea level stabilises the ice sheet
and thereby reduces the Antarctic contribution to barystatic sea level rise by 5% in 2500.
The stabilising effect of the self-gravitation of the ice sheet is a stabilising effect that is
significantly smaller than the effect of bedrock deformation on the ice sheet dynamics,
which could lead to a reduction of the Antarctic contribution to barystatic sea level rise
by 23% in 2500. Taking ocean loading in ice-free regions into account in computing be-
drock deformation would further stabilise the ice sheet. Last, we also investigated the
effect of depth-dependent ocean temperature on the feedback. When GIA is included,
there is less grounding line retreat and therefore the ice shelves are somewhat thicker
compared to excluding GIA. The thicker ice shelves have a shelf base in warmer water,
leading to an increase in basal melt. However, we found that this effect is negligible.

6.1.3. RESEARCH QUESTION 3
How can the 3D bedrock response be approximated in ice sheet models?

The computational demands of a 3D GIA model are high, making it impractical for en-
semble studies that require thousands of ice sheet simulations (Coulon et al., 2024; Se-
roussi et al., 2020). There is therefore a need to use simpler and hence faster Earth mo-
dels to approximate the bedrock response of a 3D GIA model, such as the ELRA or 1D
GIA models.

The dislocation and diffusion parameters used to simulate mantle deformation in
the 3D GIA model depend on seismic velocity anomalies, as well as mantle grain size
and water content and other flow law parameters. We assumed uncertainty is represen-
ted by grain size and water content and adjusted these parameters to match viscosity
constraints for the Amundsen Sea Embayment (Barletta et al., 2018), the Weddel Sea
Embayment (Bradley et al., 2015) and Palmer Land (Wolstencroft et al., 2015). However,
no single set of parameters can satisfy the viscosity constraints for these three regions
simultaneously. To account for this, two Earth structures are used, of which one struc-
ture fits best to the Amundsen Sea Embayment constraint, and one structure fits best to
constraints of the other two regions.

Chapter 5 demonstrates that, until 2300, the average sea level contribution and ice
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sheet evolution resulting from the two 3D Earth structures can be reasonably approxi-
mated using an ELRA model with a uniform relaxation time of 300 years. Beyond this,
up to 2500, a more refined approach using a laterally varying relaxation time and a 1D
GIA model with an upper mantle viscosity of 1019Pa · s provides a good approximation.
For this conclusion, the 1D GIA and ELRA model results are compared to the average 3D
GIA results, but the spread in sea level contribution between the use of the two 3D Earth
structures is relatively large. The above mentioned relaxation time and 1D viscosity can
be used, but it is always recommended to vary the Earth parameters to approximate the
different 3D Earth structures instead of the average of the 3D GIA results, to account for
the uncertainty in 3D viscosity.

6.2. RECOMMENDATIONS

The above mentioned conclusions are drawn under the assumptions of prescribed chan-
ges in ocean and atmospheric temperature and sea level, and under the assumption of
the chosen model parameters. To increase the robustness of the conclusions, more ex-
periments should be done using an uncertainty range of these parameters. For example,
the climate forcing could be varied using different general circulation models. The at-
mospheric and oceanic present-day climatology could be varied by using, for example,
RACMO results from van Dalum et al. (2022)) and Jourdain et al. (2020). Furthermore, the
atmospheric lapse rate differs regionally and should be varied to include the uncertainty
range, and a different sub-shelf melt parameterisation could lead to significant different
grounding line retreat.

Besides the exploration of the uncertainties in the current model, several possible
extensions of the work done in this thesis are presented in this section. To study the ef-
fect of GIA on ice sheet dynamics in more detail, several approaches can be taken. First,
the developed coupled 3D GIA - ice sheet model could be further developed and exten-
ded in terms of spatial and temporal resolution, parameterisations and by applying the
sea level equation (section 6.2.1). Furthermore, the model could make use of more ob-
servations and estimates of bedrock surface deformation, ice thickness changes, surface
velocities and the geothermal heat flux (section 6.2.2). The model could be included
in an Earth system model to study the feedbacks between GIA, ocean and atmosphere
(section 6.2.3). Finally, the coupled model can be applied to other ice sheets such as the
Greenland, Fennoscandian and Laurentide ice sheets (section 6.2.3).

6.2.1. FURTHER MODEL DEVELOPMENT

Both the ice sheet and GIA models can be improved in several ways. An increased spatial
resolution, ideally in the order of a kilometer grid around the grounding line for the ice
sheet model and in the order of several kilometers for the elastic layer of the GIA model
(Wan et al., 2022), would more accurately simulate the complex interactions between ice
dynamics and Earth’s viscoelastic response. For the ice sheet model, enhancing spatial
resolution is critical for capturing pinning points, which are key to controlling ice flow
and grounding line stability. Also, the spatial variations in surface and bedrock elevation
is relatively high in the Antarctic Peninsula, which would reguire a high resolution to
solve accurately. Additionally, improving the lateral resolution of the elastic layer in the
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GIA model allows for more accurate modeling of localized deformation, which will lead
to a better comparison between model results and uplift observations (Wan et al., 2022).

In the GIA model used in this thesis, the Earth is modeled as a Maxwell viscoelas-
tic body including a nonlinear composite rheology. The Maxwell rheology assumes that
after an initial elastic response, deformation proceeds at a steady, viscous rate. In con-
trast, Burgers rheology introduces an additional Kelvin-Voigt component, which allows
for a time-dependent response, where the material behaves elastically and viscoelasti-
cally in response to varying timescales of applied stress. This transient component is
important to capture intermediate timescales. For instance, during events like Meltwa-
ter Pulse 1A (the observed rapid change in sea level rise about 15000 years ago), transient
deformation significantly affects GIA predictions because of the fast rate of ice melt and
corresponding sea-level changes (Lau, 2023). The Burgers model allows the Earth to
deform more rapidly in the short term and then return more slowly to its equilibrium
state compared to the Maxwell model, which only considers long-term steady-state vis-
cous behavior. This transient deformation is key in explaining the differences in crustal
responses, as the Earth’s response is not purely elastic or purely viscous but a complex
interaction of both and depends on the timescales involved.

Regional variations in sea level affect radial displacements computed by the GIA mo-
del due to the extra water load. The changes in ocean loading on ice-free regions are
small compared to the changes in ice loading and are therefore not taken into account in
this thesis. However, this effect could be taken into account in the GIA model by solving
the sea level equation (as done for the GIA model in Blank et al. (2021)). To do so, simul-
taneous simulations of global ice sheet and glacier variations are needed to solve the sea
level equation globally. An intermediate approximation for projections could involve
using standalone simulations of Greenland as input for solving the sea level equation,
thereby capturing the far-field sea level effect on ice dynamics.

Regional variations in sea level also affect grounding line migration computed by the
ice sheet model, which is dependent on the water depth and the ice thickness at groun-
ding zones. Including the effect of regional variations in sea level on ice sheet dynamics
leads to a sea level drop of about 8 meters in the year 2500 in the case of a high emis-
sion scenario with strong retreat in the Amundsen Sea Embayment. In this thesis, this
test is performed by computing the geoid change due to the Antarctic ice mass changes
using the GIA model. The geoid is the equipotential surface of the Earth’s gravity field
that best approximates regional sea level. The contributions from glaciers, Greenland,
steric effects and the decreased gravitational attraction of the Antarctic Ice Sheet on sea
level were assumed to be spatially uniform in Antarctica and were added to the geoid
change. Using the regional sea level computed with the sea level equation for global
contributions instead of only the geoid contributions from the Antarctic Ice Sheet would
provide insight on the main factors determining regional sea level and its effect on ice
sheet dynamics.

6.2.2. IMPROVEMENT THROUGH INCORPORATING ADDITIONAL OBSERVA-
TIONS

The models can be better constrained by including additional datasets. First we focus
on datasets on the solid Earth, then on the improvement in modeling the present-day
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state of the ice sheet by observations of bedrock uplift, ice thickness change, ice surface
velocities, and se level followed by observations of the geothermal heat flux to improve
basal hydrology of grounded ice.

SOLID EARTH

Deriving a 3D rheology is subject to uncertainty and could be improved in several ways.
For example, seismic stations are scarce in Antarctica, mainly around the East Antarctic
coastline and the peninsula, whereas these are interesting areas where the viscosity va-
ries laterally and radially on short spatial scales (Lloyd et al., 2019). Furthermore, most of
the stations are temporary and not permanent whereas long-term records are needed to
measure seismic wave velocities induced by earthquakes. Improving the spatial resolu-
tion of permanent seismic stations would reduce the uncertainty in the conversion from
seismic wave velocity to mantle temperature.

Furthermore, the conversion from seismic velocity anomalies to mantle temperature
could be better constrained by using another dataset such as gravity field observations
to derive the mantle temperature and composition (e.g. Fullea et al., 2021). The mantle
temperature determines the spatial pattern of the viscosity and using another dataset as
input in the seismic model could reveal new regions with a relatively low viscosity which
would lead to increased deformation, or change a currently indicated low-viscosity re-
gion to a higher viscosity region.

In the 3D GIA model, the lateral variations in the mantle viscosity are now only ap-
plied to the upper mantle, whereas data exists for the transition zone and the deeper
mantle, although interpretation in terms of rheology is subject to larger uncertainty. The
further the grounding line retreats, the larger the area of ice loss, and the deeper the de-
formation of the solid Earth occurs. Although lateral variability is smaller for the deeper
mantle, it might be important to include it in periods with ice retreat in large regions
such as the Laurentide and the Antarctic Ice Sheet retreat over glacial time scales.

The 3D GIA model uses a flow law to compute the strain rate of the material ba-
sed on material-dependent parameters such as the temperature (Hirth and Kohlstedt,
2003). Flow laws are often derived from laboratory experiments. In these experiments,
conditions such as temperature, pressure, and grain size are controlled to simulate the
environment within the Earth’s mantle. The results of these experiments are analyzed
to establish the dependence of strain rate on differential stress, temperature, grain size,
and other factors. These empirical data are then used to formulate constitutive equati-
ons, or flow laws, that describe how rocks will deform under specific conditions (Hansen
and Kohlstedt, 2015). Further lab experiments of rock behaviour, and including different
flow laws in the 3D GIA model used in this thesis, would improve the understanding of
the effect of the flow law on rock deformation.

THE PRESENT DAY STATE OF THE EARTH AND THE ICE SHEET

A critical step in improving the accuracy of future ice sheet projections is to identify a
3D Earth structure in combination with ice sheet model parameters that results in the
observed present-day state and dynamics. For this we can calculate present-day uplift
rates by simulating the last glacial cycle. Tuning the Earth model in the simulation of
the glacial cycle to match sea level observations, based on sea level indicators, satellite
altimetry and tide gauges, and current uplift observations better constrains variations in
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mantle viscosity, lithospheric thickness, and other geophysical properties, leading to a
more accurate representation of the bedrock response for the glacial cycle itself as well
as for projections. This has been done using prescribed ice sheet histories (e.g. Barletta
et al., 2018; Bradley et al., 2015; Nield et al., 2014; Wolstencroft et al., 2015; Zhao et al.,
2017), but not using a coupled GIA - ice sheet model. It might be necessary to increase
the spatial resolution of the models to fit bedrock deformation to Global Navigation Sa-
tellite System (GNSS) measurements and tide gauge data. The continuation of GNSS
measurements in Antarctica is crucial to constrain the models.

Furthermore, it has been shown that present-day mass loss rates can be used as con-
straints on the ice sheet initialisation when projecting the Antarctic Ice Sheet evolution
(van den Akker et al., 2025). The simulation of the last glacial cycle as described above
should therefore not only result in the observed present day uplift rates of the bedrock,
but also in the observed surface velocities, ice thickness (change) and surface mass ba-
lance. Current satellite measurements based on for example gravimetry and altimetry
offer detailed information on the rates and spatial patterns of ice loss (Rignot et al., 2019).
By adjusting the model’s parameters, such as initial ocean temperature, basal melt rates
and the friction coefficient, to match these observations, the simulation will more ac-
curately capture the interplay between ice dynamics and GIA, leading to more reliable
predictions of future ice mass loss and sea level rise. The residual stresses resulting from
past ice load fluctuations play a crucial role in controlling the ongoing deformation of
the bedrock for a mantle which partly responds non-linearly to stress changes (e.g. Blank
et al., 2021). By incorporating these stress fields in the mantle into future simulations,
the model will provide a more realistic present day stress field of the Earth. This can
be used as starting point to project how the ice sheet will evolve under different climate
scenarios.

THE GEOTHERMAL HEAT FLUX

In this thesis, the geothermal heat flux (GHF) is based on the model provided by Sha-
piro and Ritzwoller (2004). While this model has been widely used, it is now surpassed
by advances in geophysical research and technology. A straightforward improvement
to the current model would involve replacing the GHF data with a more recent and re-
fined GHF map. Modern geothermal heat flux models incorporate updated data from
various sources, such as improved seismic tomography and increased local heat flow
measurements (Fisher et al., 2015; Morin et al., 2010), combined with advanced techni-
ques, which provide a more accurate representation of geothermal gradients and varia-
tions, such as Lösing et al. (2020)). New GHF estimates are higher than previous models
due to inclusion of new data, improved models and by using a combination of geologi-
cal information and geophysical data analysis, which could lead to increased basal melt,
reduced friction at the base of the ice sheet and therefore, increased ice flow. Incorpo-
rating geological constraints improves GHF modeling, and future work should combine
sparse data with tectonic context to refine these estimates. Ideally, the geothermal heat
flux model should be consistent with the mantle temperature used in the GIA model to
ensure full consistency between the coupled ice sheet-GIA simulations.
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6.2.3. COUPLING TO AN EARTH SYSTEM MODEL

Earth System Models (ESMs) are advanced computational tools designed to simulate
and understand the complex interactions within the Earth’s climate system (Bonan and
Doney, 2018). These models integrate various components to provide a comprehensive
view of how these components interact and change over time. ESMs combine atmosp-
heric models, which simulate climate processes such as temperature and precipitation,
with ocean models that address ocean currents, sea surface temperatures, and their in-
teractions with the atmosphere. They can also include land surface models that focus
on processes like vegetation dynamics, soil moisture, and heat fluxes.

Recently, ESMs started to include ice sheet models to simulate the behavior of gla-
ciers and ice sheets, including their growth, melt, and interactions with the climate and
ocean (Siahaan et al., 2022). However, these ESMs currently do not include 3D GIA mo-
dels when calculating global sea level. As a result, when ice sheet models are included,
the ESMs overestimate grounding line retreat rates and, consequently, sea level rise. To
address this issue and improve the accuracy of sea level projections, it is recommended
that ESMs integrate 3D GIA models or different Earth parameters for simpler models as
suggested in Chapter 5. Furthermore, bathymetry of the continental shelf plays a cru-
cial role in modulating sub-shelf melt rates as they influence the access of Circumpolar
Deep Water to ice-shelf cavities (Goldberg et al., 2020). A change in bedrock deforma-
tion might affect this access of deep water to ice-shelf cavities (Kreuzer et al., 2023). This
effect could be quantified by coupling a 3D GIA model with an Earth system model. A
large uncertainty of this model is the bathymetry itself, which should be improved by
increased measurements.

6.2.4. OTHER REGIONS OF INTEREST

The coupled 3D GIA - ice sheet model is suitable for large scale ice sheets on different
time scales. The model could therefore also be applied to the Northern Hemisphere ice
sheets of the past (i.e. the Fennoscandian, Laurentide, and the Greenland ice sheet).
In these areas, ice sheets cover such a wide region that the mantle viscosity also varies
significantly laterally underneath or near the ice sheets. The assumptions made in this
thesis on the effect of self-gravitation of the ice sheet and the solid Earth might not be
valid for this regions and should thus be explored if the model were to be applied to new
regions.

The Laurentide ice sheet was partly marine-based after the inflow of water in the
Hudson Bay. GIA also allowed the formation of proglacial lakes due a depression in the
landscape formed in a glaciation phase which can fill up with meltwater in a deglaciation
phase (Scherrenberg et al., 2024). These proglacial lakes enhance ice mass loss. This
effect has not been studied using a coupled GIA - ice sheet model and doing so might
lead to new insights on the dynamics of the Laurentide ice sheet.

Greenland exhibits lateral variations in mantle viscosity and lithospheric thickness
(Steffen et al., 2018; Pourpoint et al., 2018; Darbyshire et al., 2018), though these diffe-
rences are less pronounced than those observed beneath Antarctica. In southern Green-
land, where the lithosphere is thinner and the mantle is hotter, the upper mantle visco-
sity is relatively low. Conversely, northern Greenland features a thicker, colder lithosp-
here with a higher mantle viscosity, differing by about two orders of magnitude.
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Contrary to Antarctica, the main effect of GIA on the Greenland ice sheet is not via
the grounding line but via the melt-elevation feedback. Using the coupled 3D GIA-ice
sheet model from Chapter 3, applied at high resolution over Greenland throughout a
glacial cycle, it is shown that the ice surface elevation at the Last Glacial Maximum can be
up to 900 meters higher in northern Greenland when a 3D Earth structure is employed
compared to a 1D model (Kempenaar, 2022). This elevation increase is attributed to
the higher viscosity in the 3D model. Consequently, this elevation delay shifts the onset
of ablation during the deglaciation phase, as the ice surface remains longer at higher
elevation in a cooler atmosphere.

The study from Kempenaar (2022) did not include ice shelves but including shelves
could lead to a different grounding line retreat and therefore also a different effect of
GIA on the grounding line. To further explore the sensitivity of the Greenland ice sheet
to GIA and the melt-elevation feedback, it is recommended to repeat the study using the
updated coupled model from Chapters 4 and 5. Compared to ANICE used in Kempenaar
(2022), the ice sheet model IMAU-ICE allows the Greenland ice sheet to grow and melt
shelves. Furthermore, it has an updated grounding line approximation and method to
compute ice velocities, and simulates refreezing more accurately.
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