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Ice sheets are an active component of Earth's climate system,
influencing the atmospheric and ocean circulations, in the past and
today. Because they are projected to lose a significant amount of their
mass in the upcoming centuries, this input of freshwater to the global
oceans will have serious consequences regarding sea-level rise, affecting
a significant share of the World's population. Ice sheet models can
predict sea-level rise, but need to be evaluated against empirical data of
past changes to be sure that they represent ice sheet processes
accurately. This thesis uses large-scale, idealised, and regional-scale
model setups to understand the main climate drivers behind changes in
Dronning Maud Land (East Antarctica) for periods that were both
warmer (Pliocene, MIS11c) and colder (Last Glacial Maximum) than
present. When evaluating high-resolution model results against
empirical data, it becomes clear that just as numerical models use
empirical data to validate their results, the interpretation of empirical
datasets can be improved with the aid of numerical models. In short,
the results of this thesis are a push towards closer collaboration
between numerical modellers and field scientists, who should work in
tandem at all stages, from experimental design and sampling planning
to interpretation of results.
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Abstract
Ice sheets are an active component of Earth's climate system. Their topography influences atmospheric circulation and 
changes in their volume alters freshwater fluxes to the oceans, affecting ocean water masses, atmospheric carbon uptake, 
and global sea level. Sea-level rise has a marked societal impact, and thus ice sheet models are indispensable tools to 
predict it. To increase confidence on sea-level rise projections, it is necessary that ice sheet models accurately represent 
the relevant processes governing ice sheet dynamics. Given the fact that ice sheets respond to geological-scale changes in 
Earth's system, it is necessary that their performance is compared with in-situ data of past geological periods, which are 
discrete in space and time. One useful constraint used for validating model results is past ice surface elevation, which is 
reconstructed based on rock samples taken from nunataks (mountain summits that pierce through the ice sheet surface). 
However, two main problems prevent reliable comparisons of past ice surface elevations between model and empirical 
results. First, data-model comparisons are hindered by the fact that most large-scale ice sheet models capture neither the 
timing nor the magnitude of ice thinning reconstructed for the last deglaciation. Second, the complex 
subglacial topography of regions where nunataks are present is also reflected on the ice sheet surface, through 
pronounced elevation gradients. As a result, the choice of a reference point on the present-day ice sheet, which 
can be subjective, is a significant source of uncertainty when computing thickness-change estimates.              

In this thesis, I aim to reconstruct changes in ice sheet geometry over Dronning Maud Land (DML, East Antarctica) 
during periods that were warmer and colder than present, and the climate drivers behind such changes. I assess whether 
the comparison between empirical and model results can be improved by resolving local features in ice sheet models, and 
by using data and models in an iterative way (using data to constrain the model, and models to interpret the data). The 
results of this thesis demonstrate that ice flow in areas of complex topography is poorly resolved in continental-scale ice 
sheet models and requires modelling in high resolution to match results from empirical constraints. High-resolution ice-
sheet models, in turn, show that accurate ice sheet surface elevation reconstructions from empirical data 
require systematic sampling and definition of reference points over the modern ice sheet surface. Moreover, a 
consistent reconstruction of regional ice-thickness changes needs both empirical and ice sheet model results. Based on 
constrained models and empirical datasets, the ice sheet in DML responds to an interplay between sea level, ocean 
warming, surface mass balance, and subglacial topography. Samples from nunataks mainly reflect local ice surface 
elevation changes, potentially missing catchment-scale (regional) changes. Accurately determining regional changes 
using high-resolution modelling plays a significant role when interpreting the evolution of ice streams. Hence, the 
work presented here highlights that accurately reconstructing past ice sheet geometry is an effort that can only be 
truly successful if field scientists and ice sheet modellers work in tandem, at experiment-design, sampling, and result-
interpretation stages.
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Abstract

Ice sheets are an active component of Earth’s climate system. Their topography influences atmo-
spheric circulation and changes in their volume alters freshwater fluxes to the oceans, affecting
ocean water masses, atmospheric carbon uptake, and global sea level. Sea-level rise has a marked
societal impact, and thus ice sheet models are indispensable tools to predict it. To increase con-
fidence on sea-level rise projections, it is necessary that ice sheet models accurately represent
the relevant processes governing ice sheet dynamics. Given the fact that ice sheets respond to
geological-scale changes in Earth’s system, it is necessary that their performance is compared
with in-situ data of past geological periods, which are discrete in space and time. One useful
constraint used for validating model results is past ice surface elevation, which is reconstructed
based on rock samples taken from nunataks (mountain summits that pierce through the ice sheet
surface). However, two main problems prevent reliable comparisons of past ice surface elevations
between model and empirical results. First, data-model comparisons are hindered by the fact that
most large-scale ice sheet models capture neither the timing nor the magnitude of ice thinning
reconstructed for the last deglaciation. Second, the complex subglacial topography of regions
where nunataks are present is also reflected on the ice sheet surface, through pronounced eleva-
tion gradients. As a result, the choice of a reference point on the present-day ice sheet, which can
be subjective, is a significant source of uncertainty when computing thickness-change estimates.

In this thesis, I aim to reconstruct changes in ice sheet geometry over Dronning Maud Land
(DML, East Antarctica) during periods that were warmer and colder than present, and the climate
drivers behind such changes. I assess whether the comparison between empirical and model re-
sults can be improved by resolving local features in ice sheet models, and by using data and models
in an iterative way (using data to constrain the model, and models to interpret the data). The re-
sults of this thesis demonstrate that ice flow in areas of complex topography is poorly resolved
in continental-scale ice sheet models and requires modelling in high resolution to match results
from empirical constraints. High-resolution ice-sheet models, in turn, show that accurate ice sheet
surface elevation reconstructions from empirical data require systematic sampling and definition
of reference points over the modern ice sheet surface. Moreover, a consistent reconstruction
of regional ice-thickness changes needs both empirical and ice sheet model results. Based on
constrained models and empirical datasets, the ice sheet in DML responds to an interplay be-
tween sea level, ocean warming, surface mass balance, and subglacial topography. Samples from
nunataks mainly reflect local ice surface elevation changes, potentially missing catchment-scale
(regional) changes. Accurately determining regional changes using high-resolution modelling
plays a significant role when interpreting the evolution of ice streams. Hence, the work presented
here highlights that accurately reconstructing past ice sheet geometry is an effort that can only be
truly successful if field scientists and ice sheet modellers work in tandem, at experiment-design,
sampling, and result-interpretation stages.



Sammanfattning

Inlandsisar påverkar hela Jordens klimatsystem. Deras topografi påverkar atmosfärens cirkula-
tion och förändringar i deras volym påverkar sötvattenflödet till haven, vilket i sin tur påverkar
havscirkulationen, kol-cyckeln och den globala havsnivån. Modeller av inlandsisars känslighet
för klimatförändringar är därför viktiga redskap för att kunna prognostisera framtida höjningar
av havsnivån, något som är av stor samhällsmässig betydelse. För att öka säkerheten i projek-
tionerna av framtida havsnivåhöjningar är det viktig att inlandsismodeller beskriver de relevanta
processerna som styr isens inre dynamik på ett korrekt sätt. För att utvärdera tillförlitligheten
i sådana modeller jämförs beräkningar av inlandsisens volym och utbredning mot empiriska in
situ data, som på geologiska tidsskalor utgörs av enskilda punkter i tid och rum. En användbar
parameter för att utvärdera tillförlitligheten är information om isytans höjdläge. Inlandsisytans
höjdläge vid en bestämd tid kan rekonstrueras med hjälp av yt-exponeringsdatering av flyttblock
eller berggrundsprov på nunataker (bergstoppar som är synliga ovanför inlandsisens yta). Det
finns dock två problem som gör det svårt att göra jämförelser av den forna isytans läge med mod-
ellberäkningar och fältresultat. Det ena problemet utgörs av storskaliga inlandsismodellers (d.v.s.
modeller med gles rumslig upplösning) oförmåga att korrekt representera tidpunkt och storlek av
förändringar i isytan under den senaste deglaciationen (isavsmältningen). Det andra problemet
är den komplexa subglaciala topografin som ofta förekommer i nunatakområden, och som bidrar
till stor variation i isytans lutning. Detta leder till att det subjektiva valet av referenspunkt på
dagens isyta blir en stor osäkerhetskälla vid beräkning av förändringar av isytan med hjälp av
provtagningspunkter på nunataker.

Syftet med denna avhandling är att rekonstruera förändringar i inlandsisens geometri över
Dronning Maud Land (DML, Östantarktis) för perioder med varmare och kallare klimat jämfört
med i dag, samt att identifiera klimatstyrningen bakom dessa förändringar. Jag undersöker om
jämförelsen mellan empiriska och modellresultat kan förbättras genom förbättrade simuleringar
av lokala förhållanden och genom att använda data och modeller iterativt (att använda data för
att förbättra modellen, och modeller för att tolka data). Resultaten visar att is-flödet i områ-
den med komplex topografi är otillräckligt återgivet i storskaliga inlandsismodeller och att högre
rumslig upplösning krävs för att motsvara resultaten från empiriska studier. Resultaten från så-
dana högupplösta inlandsismodeller visar i sin tur att tillförlitliga rekonstruktioner av isytans läge
baserat på empiriska data kräver systematisk provtagning och definition av referenspunkter på
dagens isyta. Både fältresultat och modellresultat behövs för att få fram en konsekvent rekon-
struktion av regionala is-tjockleksförändringar. Med hjälp av förbättrade modeller och empiriska
data dras slutsatsen att inlandsisen i DML påverkas av ett samspel mellan havsnivån, havsup-
pvärmning, landisens massbalans, och subglacial topografi. Prover insamlade från nunataker
visar framför allt lokala variationer i isytans höjdläge medan regionala förändringar inte registr-
eras. Att noggrant fastställa regionala förändringar med hjälp av högupplösta inlandsismodeller
spelar en viktig roll för bedömningen av isströmmars utveckling och känslighet för klimatförän-
dringar. Denna avhandling visar att en tillförlitlig rekonstruktion av forna inlandsisars geometri
bara kan fås fram genom ett tätt samarbete mellan fältforskare och datormodellerare - i allt från
design av experiment, provinsamlingsstrategi, och tolkning av resultat.
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1 Introduction

Why should we study ice sheets? Why is it important that we understand these gigantic,
continental masses of ice whose extent and volume are larger than anything our minds
can fathom, and that move so slowly our eyes cannot notice? Why should we reconstruct
changes that are supposed to happen at geological time scales, much longer than our own
lifetime? Why should we care about how they respond to climate? Ice sheets, like those
in present-day Antarctica and Greenland, take several thousand years to grow to such
massive extents (Kageyama et al., 2004; Garbe et al., 2020). They grow in regions of the
planet where snowfall has accumulated for long enough to become compacted into ice,
which in turn has grown to become up to a few kilometres thick. In such conditions, ice
is thick enough to flow by pure deformation under its own weight, even if at very slow
speeds (Cuffey and Paterson, 2010). Changes in their extent and topography, especially
at geological time scales, have the ability to steer the atmospheric circulation, altering
weather systems and their links to other circulation patterns across the globe (Löfverström
et al., 2014; Jones et al., 2018). Together, the present-day ice sheets have accumulated
freshwater equivalent to a rise of ∼65 m in global mean sea level (GMSL; i.e. how much
sea level would rise on average around the globe if all the water was distributed uniformly
over all ocean basins). From this total, ∼7.4 m is stored in Greenland, ∼5.3 m in West
Antarctica, and ∼52.2 m in East Antarctica (Morlighem et al., 2017, 2020). Changes in
freshwater fluxes from ice sheets to the oceans due to variations in their volume are able
to impact oceanic circulation patterns and the ocean’s ability to draw down atmospheric
carbon (e.g., Qin et al., 2022), playing a pivotal role in CO2 variations that ultimately
shape climate, at present and in the past (Denton et al., 2010). Among their various
ways to impact climate, perhaps the most immediate and obvious consequence of melting
ice sheets to human eyes is sea-level rise. A higher GMSL directly affects most of the
present-day coastline (Nicholls and Cazenave, 2010), and, given the current rates of mass
loss (Fox-Kemper et al., 2021), is a direct threat to a considerable share of the World’s
population (Clark et al., 2016), to certain animal habitats (Oppenheimer et al., 2019), and
even to entire island-nations (McGranahan et al., 2007; Nicholls and Cazenave, 2010;
Oppenheimer et al., 2019).

At present, sea-level rise is caused mainly by the thermal expansion of the oceans,
and regional changes are strongly affected by the isostatic response to the loading and
unloading of the solid Earth since the Last Glacial Maximum (LGM; Peltier, 2001; Fox-
Kemper et al., 2021). However, projections show that the sea-level rise contribution by
ice-sheet mass loss will dominate in the near future (Oppenheimer et al., 2019; Fox-
Kemper et al., 2021). The degree of mass loss, however, remains uncertain (Pattyn and
Morlighem, 2020). Refining sea-level rise estimates from ice sheet models largely relies
on (i) more accurate projections of possible climate scenarios, since these are the main
forcings used as input to ice sheet models, (ii) on accurately representing ice-flow physics,
and (iii) on constraining uncertain model parameters. Different research groups have
developed their own numerical models, which use different strategies in representing
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the real world physics and in parameterising less known processes. Unsurprisingly, they
obtain different responses to the same forcings. This has led to the development of model
intercomparison projects (MIPs), which compare how similar models perform against
each other, and offer an uncertainty interval to future projections (e.g., Goelzer et al.,
2020; Seroussi et al., 2020). Currently, estimates from the most recent (6th) Ice Sheet
MIP (ISMIP6) point to a spread of -7.8 to 30.0 cm in the Antarctic Ice Sheet (AIS)
contribution to sea-level rise under the warmest projected scenarios by 2100 (Seroussi
et al., 2020). The projected range comes from uncertainties in the climate forcing, in the
representation of ice-ocean interactions, and how they impact the resulting changes in ice
dynamics upstream of the grounding lines (i.e. the line along which grounded ice below
sea level becomes thin enough to start floating at that depth). These studies also highlight
that the predictive capability of ice sheet models is limited by how well they capture
key processes that control ice retreat and advance (Aschwanden et al., 2021). These
include the numerical treatment of grounding lines, the solid Earth response to changes
in ice load, variations in sea level, and the representation of subglacial bed topography,
including how it controls ice dynamics through drag at the ice base (Noble et al., 2020).

The best way to assess improvements in the representation of these processes, vali-
date models, and increase our confidence in their predictions, is by looking at a reference
period for which independent observations are available. Given the scale of ice sheets
and the pace of their changes, focusing on periods of the geological past that had a similar
climate to present day is one of the best approaches. By evaluating changes over geolog-
ical time scales, it is also possible to determine to which extent ice sheets can respond
to natural climate variability, and what can be attributed to anthropogenic changes. Sev-
eral proxies exist that allow us to reconstruct past ice sheet volume, extent, and geometry
based on geomorphology, sedimentology, geochemistry, and fossil records (e.g., Kleman
and Borgström, 1996; Stroeven et al., 2016; Jennings et al., 2017; Wilson et al., 2018;
Rosenblume and Powell, 2019). Through these proxies, the information obtained about
ice-sheet behaviour during previous warm periods (e.g., Pleistocene interglacials or the
Pliocene) are often considered as possible analogues for our future. Combined with past
cold periods, such as the LGM, they are useful benchmarks to assess the performance
of numerical models. In other words, if they can do a good job at reproducing the past
responses recorded by geological proxies, we can be more confident that they will do a
good job in projecting the response to future changes climate. Thus, it is clear that recon-
structing the behaviour of past ice sheets is essential to understand what possibly awaits
us in the upcoming centuries and millennia.

2



2 Reconstructing past ice sheets

While at present only two ice sheets exist, landscapes over North America, Europe, Eura-
sia, and Patagonia show signs of the existence of former large ice masses over these
regions (Denton and Hughes, 1981). As water precipitates on land, but remains frozen
instead of eventually running off to the oceans, seawater becomes enriched in heavier oxy-
gen isotopes. This effect happens because heavier isotopes are harder to become vapour
during water’s natural hydrological cycle. Thus, the δ18O signal observed in foraminifera
shells found in deep-ocean sediment cores can only be explained by considering varia-
tions in both ocean temperature (which controls the fraction of the heavier isotope they
assimilate) and global ice volume (which controls the available oxygen isotopes in the
environment; Emiliani, 1966; Shackleton, 1967; Lisiecki and Raymo, 2005). Below I
discuss how the extent and volume of former ice sheets can be reconstructed from the
geological record, and how the same methodologies can be applied to the modern ice
sheets to infer how they behaved in the past.

Reconstructions of GMSL based on relative sea-level changes provide support to the
idea that global sea-level changes at palaeo timescales are primarily caused by the growth
and decay of ice sheets (e.g., Fairbanks, 1989; Waelbroeck et al., 2002). Geophysical and
sedimentary records offshore of present-day coastlines show signs of fluvial processes
that could only have occurred if those areas were formerly situated above sea level (e.g.,
Twichell et al., 1977; Dalrymple et al., 1994; Burger et al., 2001). This means that a
significant volume of Earth’s modern ocean had to be stored on land as ice, which could
happen under periods when the climate was significantly colder than at present. More-
over, far-field sea-level reconstructions point to GMSL highstands above present day that
match periods thought to have been warmer than present (e.g., Rovere et al., 2014), imply-
ing that our current ice sheets had a smaller volume then. While GMSL reconstructions
indirectly point to general changes in global ice volume, using the geological record to
determine how ice volume was partitioned among different ice sheets can be done in two
ways. One alternative is sea-level fingerprinting (Clark et al., 2002), which relies heavily
on the availability and global distribution of sea-level records for a target period. Such
records might be scarce depending on the period of interest, and thus fingerprinting needs
to be combined with more refined techniques, such as statistical and physical models, to
accurately trace sources of sea-level contribution (e.g., Lin et al., 2021). Another alter-
native is by reconstructing ice sheet past extent and elevation through their imprint on the
landscape. Given how the latter is able to offer constraints on the ice sheet geometry, it
has a higher potential to be compared with (and validate) ice sheet models (e.g., Napier-
alski et al., 2007; Patton et al., 2017; Ely et al., 2021), and is therefore what I focus on
next.

Comprehensive ice sheet-wide reconstructions have been achieved in the past by in-
terpreting the geological record over former and presently glaciated regions (e.g., Clark
et al., 2012; Bentley et al., 2014; Stroeven et al., 2016; Dalton et al., 2020). The wider
the spatial coverage of proxy data, the more refined an ice sheet’s reconstructed geometry
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can be, and thus reconstructions continue to be updated as new evidence is discovered
(e.g., Wilson et al., 2018; Blackburn et al., 2020; Clark et al., 2021). Evidence for ad-
vances and retreats of ice sheets can be found in sedimentary sections or sediment cores
(McKay et al., 2012; Stolldorf et al., 2012; Wilson et al., 2018), while the presence of
glacial landforms is an indicator of ice coverage at some point in time. Landforms in-
dicative of margin extent and ice flow can be identified both below sea level (Lowe and
Anderson, 2002; Heroy and Anderson, 2005; Stolldorf et al., 2012) and above (Kleman
and Borgström, 1996; Greenwood et al., 2007). Moraines, for example, are indicative of
former ice fronts. They are ridges of poorly sorted sediment, which form by the accu-
mulation of glacially transported material at the ice sheet margin. Thus, they are linked
to former stillstands or advances in ice sheet extent, and subsequent margin retreat (Kle-
man and Borgström, 1996). Ice flow direction, in turn, can be inferred from striations on
bedrock and glacial lineations (i.e., elongated landforms formed by glacial processes).
Striations are caused by scouring from subglacially transported rocks frozen to the ice
base as it moves. Larger-scale elongated features, such as drumlins, are also used to in-
fer past ice flow direction. These features are formed mainly by subglacial deposition or
remobilisation of easily deformable sediments on the lee side of less-deformable sedi-
ments or a hard-rock core, which in turn can be eroded by ice as it flows (Kleman and
Borgström, 1996). These different landforms, however, form at different rates. While
striae can form almost instantaneously (i.e., days to months), moraines take significantly
longer (1–1000 years), and drumlins take around 10 times longer than the latter (Stroeven
et al., 2021). Knowing the location of an ice sheet margin and former ice flow direction
is only part of the problem. It is also necessary to know when the ice margin was at that
location, so that different landforms can be matched in time and thus the ice sheet extent
and geometry can be reconstructed, including at different stages. The time at which an
ice margin was at a particular location can be determined, for example, by dating the ex-
posure duration of subglacially transported erratic boulders, i.e., those sourced far from
the geological setting where they were deposited when the ice margin retreated (Fig. 2.1;
Fabel et al., 2002; Stroeven et al., 2002, 2010; Harbor et al., 2006; Margold et al., 2014).

Surface-exposure dating is typically done by analysing the concentration of cosmo-
genic radioactive isotopes (also referred to as cosmogenic nuclides), such as 10Be, 26Al,
36Cl, or 14C, or stable isotopes such as 21Ne. These specific nuclides are produced in rock
minerals by nuclear reactions in the upper layers of the rock surface, caused by cosmic
rays that penetrate the Earth’s atmosphere and bombard the rock surface with subatomic
particles (Gosse and Phillips, 2001). A longer exposure results in higher nuclide accumu-
lation, which is why their concentration can be related to a period of exposure, and hence
how long ago a sampled surface became uncovered. When the rock surface is covered
by ice (referred to as burial), their nuclide concentration is decreased both by radioactive
decay (very slow), or by subglacial erosion of the isotope-enriched rock surface (much
more efficient when it occurs; Gosse and Phillips, 2001; Ivy-Ochs and Briner, 2014).
The latter, however is not an exclusively glacial process, and in the absence of burial, nu-
clide concentration can also be used to estimate erosion rates (e.g, Heimsath et al., 2001;
Dunai, 2010; Andersen et al., 2020a). When erosion or duration of ice cover are not suffi-
cient to remove/decay the accumulated nuclides from previous exposure, a sample is said
to contain inheritance. This can be assessed by measuring different nuclides, since they
have different half-lives and thus would yield different apparent exposure ages after being
buried for a significant time. When this happens, the sample is considered to have a com-
plex exposure history. Conversely, when a rock sample has had its cosmogenic-nuclide
concentration reset, it is considered to have a simple exposure history. In the case of
erratics, they were likely never exposed to cosmic rays, as they are sourced from bedrock
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Figure 2.1. Example of an erratic boulder sitting on top of the summit of Brennhåmmåren (Elgå, Norway,
approx. 920 m a.s.l.). A boulder of this size could only have been transported to a mountain top if carried
by an overriding ice sheet and deposited there during deglaciation. Photo: Karlijn Ploeg.

below the ice sheet, under continuous erosion by the ice base. Cosmogenic nuclides with
long half-lives, whose concentration decay at much longer time scales than 14C (e.g.,
10Be and 26Al), are useful for dating long periods of exposure. Using a short-lived nu-
clide like 14C often avoids problems with inheritance, but a sample becomes saturated
with 14C after ca. 25 kyr (Lifton et al., 2008). In other words, different nuclides can be
applied to study changes in ice cover over different time periods, and are therefore used
to target different research questions. Surface exposure dating, however, is not only used
to constrain past ice extent. Next, I discuss how it can be applied to reconstruct changes
in ice sheet surface elevation, and the inherent challenges of this approach.

In the ice sheet interior, some mountain summits are high enough to pierce through
the present-day ice surface and stand above it, uncovered (Fig. 2.2). These are called
nunataks. In periods when the ice sheet was thicker, its surface elevation was high enough
to cover a larger area of these nunataks, possibly even the peaks. In ideal cases for ice
sheet reconstructions, the ice was able to subglacially transport boulders to these moun-
tains, and deposit them there as the ice sheet retreated (Fig. 2.1). When inferring the time
of ice surface retreat from a certain elevation using cosmogenic-nuclide exposure age of
a sample (usually from erratics), what we obtain is the time at which the ice surface was
at that elevation (e.g., Yamane et al., 2015). This approach is especially useful if several
samples are taken at different elevations along a nunatak slope (Fig. 2.3), because the
variation in elevation and time of exposure can be used to compute thinning rates of the
ice sheet at that location (e.g., Stone et al., 2003; Jones et al., 2017; Spector et al., 2019;
Johnson et al., 2019, Paper III).

In practice, a sample taken from a nunatak only provides information about a single
point in space. However, resulting ice surface reconstructions are considered to have re-
gional significance, and are thus used to infer changes over a wider region (Yamane et al.,
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Figure 2.2. Example of a nunatak piercing the ice sheet surface (Vardeklettane, Dronning Maud Land, East
Antarctica). Most of the mountain, whose peak is at 1680 m above sea level, is at present covered by the ice
sheet. (a) Satellite imagery (Panchromatic mosaic from WorldView), triangle shows approximate location
and viewing direction of the photographer (panel c); (b) overview of Dronning Maud Land, with the drainage
basins (Zwally et al., 2012) outlined (blue colour denotes ice shelves), and the nunatak location as a black
triangle; (c) Photograph of the nunatak (Credit: Ola Eriksson)

2015; Andersen et al., 2020b). To estimate changes in ice surface elevation/thickness
based on surface-exposure ages, either by comparing a sample elevation with the present-
day ice surface elevation, or from thinning rates from a suite of samples along a profile,
certain assumptions need to be made. First, the ice surface elevation related to a sample
is generally assumed to have been uniform over a larger region. Second, the elevation of a
sample needs to be compared against the elevation of other samples, and/or a present-day
reference ice surface elevation. Consequently, when inferring ice thinning histories, sam-
ples from different nunataks that cover the study region are often aggregated (i.e., treated
as having behaved similarly and interpreted as a single profile), also under the assump-
tion that the ice sheet surface has behaved relatively uniformly over all sampled nunataks
(e.g., Suganuma et al., 2014; Spector et al., 2019). These are not trivial assumptions
for most regions where nunataks are present. The pronounced and variable subglacial
topographic relief, often referred to as complex topography, causes steep topographic
gradients in the ice surface. For example, the ice surface topography in Dronning Maud
Land (DML), East Antarctica, declines by 2.5 km, from about 2900 m above sea level (m
a.s.l.) at the ice divide, to about 400 m a.s.l. at the margin. Most of this change in eleva-
tion occurs over a relatively short distance, as the ice flows across a subglacial mountain
range (see Section 4.2). Thus, in regions where such steep topographic gradients exist,
it is neither clear which point on the present-day ice surface should be used as reference,
nor whether the topographic gradients currently observed were similar in the past. This
forms the basis for an in-depth analysis of ice surface gradients around nunataks, which
is the problem tackled in Paper II. We show that the ice surface elevation is not uniform
around nunataks, and their impact on ice-flow dynamics creates gradients between the
upstream and downstream surfaces even in the absence of other topographic features.

Assumptions regarding past ice dynamics also need to be made, and are based ei-
ther on the present-day ice sheet geometry and flow patterns, or on geomorphological
evidence of past ice-flow direction (e.g., Andersen et al., 2020b). To achieve a more
accurate interpretation of changes in ice sheet geometry, it is necessary to have a consis-
tent overview of the region that allows for spatial variability, which can be best achieved
when ice sheet models are constrained by empirical evidence, and in turn offer a spatial
pattern of changes over the entire region. The representativeness of cosmogenic nuclide
sample sites for determining regional changes was explored using a high-resolution re-
gional ice sheet model setup (Papers III and IV). Owing to its high resolution around
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steep topographic relief, the model was able to capture the ice dynamics over the com-
plex topography. To better understand how numerical models can aid in providing a more
complete picture of the ice sheet configuration around obstructions such as nunataks (the
most common sample sites), in the next chapter I review the basics of ice dynamics that
form the basis for ice sheet models.

Figure 2.3. Schematic illustration showing a sample profile along a nunatak slope. Ice surface elevations
at different times (t0–t4) are shown, and compared with sample sites (circles) that have increased exposure
ages with elevation (depicted as a colour intensity gradient). Note that t4 represents the present ice surface
profile.
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3 Ice sheet dynamics and numeri-
cal modelling

When reconstructing past ice sheets, numerical models are useful tools because they of-
fer a dynamically consistent picture of the targeted ice sheet for a given time. Palaeo ice
sheet simulations are primarily used to evaluate long-term changes of ice sheets, often
simulating from hundreds of thousands to millions of years (e.g., de Boer et al., 2013;
Albrecht et al., 2020a,b; Pollard and DeConto, 2009, 2020). For this reason, certain sim-
plifications need to be made regarding physics and interactions of the ice sheet with other
climate components. Because the analytical equations describing reality are continuous,
and numerical solutions need discrete intervals, the spatial resolution is an important
factor. Given the long time periods involved in palaeo ice sheet modelling, a compro-
mise between accuracy and spatial resolution needs to be achieved, so that computation
times remain realistic. Naturally, such simplifications result in increased uncertainty, be-
cause a model is not fully accounting for all processes that occur in the real world. In
this section, I present a review of the principles of ice-sheet dynamics without too much
focus on the derivations, followed by an overview of the strategies used in the papers
that compose this thesis when reconstructing climate forcings. Figure 3.1 illustrates the
main processes discussed in this chapter, including the variables associated with them.
Because the two models used in the thesis differ in some important aspects (see Section
3.4), including how ice dynamics is treated, more general forms of the equations that deal
with the physics and processes discussed below are used when discussing them.

Figure 3.1. Idealised representation of an ice sheet summarising the main processes and components dis-
cussed in this chapter (related variables are given in parentheses). Red always denotes processes related to
ice loss (heat influx, basal melting, surface ablation, sublimation), light blue represents ice (accumulation
at the ice surface or base, icebergs), and dark blue denotes processes related to liquid water (ocean cooling,
subglacial hydrology, lubricated bed).
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3.1 Governing equations and their approximations

Ice can essentially be regarded as a viscoelastic material that, when thick enough, de-
forms due to stresses that arise from its own weight, resulting in ice flow. This process
is usually referred to as creep deformation (Benn and Evans, 2014). The forcing behind
this movement is often called driving stress (τd), and is defined as:

τd = ρigH tanα (3.1)

where ρi is the density of ice, g the acceleration of gravity, H the ice thickness, and α
the ice surface slope. The amount by which a body of ice deforms due to the experienced
stress is called strain. This is the main driver of glacier motion, including the slow-
moving areas of an ice sheet (Cuffey and Paterson, 2010). The relationship between
strain (ε) and stress (τ ) is given by Glen’s Flow Law (Glen and Perutz, 1955), which in
its simplest form is:

ε̇ = Aτn (3.2)

The parametern, known as the flow-law exponent, is usually defined as 3, but studies have
shown that significant variations exist within the ice (e.g., Behn et al., 2021), and there
is a growing body of evidence that argues for higher values (see Millstein et al., 2022 for
a more thorough discussion). Nevertheless, an important implication of n > 1 is that ice
is a non-linear viscous material, which means that strain rates (ε̇) do not increase linearly
with the applied stress (τ ). In Eq. (3.2), A is known as the ice rheology parameter, often
described as an Arrhenius-type law. A classic definition of A is that it is exponentially
proportional to ice temperature (Benn and Evans, 2014):

A(Ti) = A0exp(−
Q

RgTi
) (3.3)

where A0 = 9.302 · 10−2 Pa−3 yr−1, Q is the activation energy for creep (7.88 · 104
J mol−1), Rg is the gas constant (8.314 J K−1 mol−1), and Ti is the ice temperature in
Kelvin (K). The dependency of A on temperature means that ice deforms more easily
(i.e., becomes softer) the warmer it becomes. However, in non-idealised/laboratory set-
tings, factors other than temperature also play a role in ice rheology. For example, the
orientation of ice crystals at microscopic scale, the amount of liquid water within ice
pores, and the presence of impurities change how soft ice becomes (Hubbard and Sharp,
1989; Hooke, 2005). In fact, ice rheology studies have pointed out that glacial ice might
be softer despite being colder due to accumulated impurities in its layers (Jacka et al.,
2003; Marshall, 2005). Some models account for deviations from the idealised case by
multiplying A in Eq. (3.2) by an enhancement factor E, which is fitted to best match ob-
servations (e.g., Ma et al., 2010). While the use of E in conjunction with the temperature
dependence is widely accepted, especially in simulations over longer timescales, some
models opt to obtain a spatial distribution of A through inversions based on other known
variables, such as ice surface velocities and subglacial topography (e.g., Gudmundsson
et al., 2019). The experiments performed in Papers III and IV make use of the latter (see
Section 3.4).

In order to understand how the driving stresses and consequent strain are related to
ice flow, we need to look at the set of equations that describe the momentum and stress
balances in a body of ice. Assuming conservation of mass, the momentum balance can
be described by the following formulation of the Cauchy momentum equation:
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Dv⃗

Dt
= −∇⃗p+∇ · τ + ρg⃗ (3.4)

where Dv⃗
Dt = ∂v⃗

∂t + v⃗ · ∇v⃗ represents the changes in ice flow with time, −∇⃗p is the
hydrostatic pressure gradient, ∇·τ is the divergence of the stress tensor, and ρg⃗ represents
the gravitational acceleration. In an ice sheet, we can assume that the stresses due to ice
deformation are close to being in balance with the friction at the ice-bed interface, and
that ice flow is laminar, highly viscous, and slow. This allows us to neglect the terms
representing acceleration (∂v⃗∂t = 0) and advection (v⃗ · ∇v⃗ = 0), resulting in Dv⃗

Dt = 0.
Also, ice is assumed to be incompressible, which means that conservation of mass implies
conservation of volume (and thus ∇ · v⃗ = 0). The resulting equation describes what is
called "Stokes flow", and is the main equation to describe the flow of ice (also known as
the full-Stokes equation):

∇ · τ⃗ − ∇⃗p+ ρg⃗ = 0 (3.5)

When simulating the flow of ice sheets over geological time scales, solving for the full
Stokes equation is computationally prohibitive. Few successful examples exist, and are
limited to a small region and few experiments due to the massive computational resources
used and time taken to run such simulations (e.g., Schannwell et al., 2020). In order to
simulate an ice sheet with a good degree of realism, but in a more efficient manner,
certain characteristics of the general geometry of an ice sheet can be invoked to argue for
approximating the Stokes equation, greatly simplifying the computations needed.

3.1.1 The Shallow Ice Approximation

One of these approximations considers that (i) the friction between the ice base and the
bed (resistive stress) is high enough to prevent basal sliding (i.e., ice is frozen to the
bed), (ii) the vertical motion of ice is negligible compared to the horizontal movement
(i.e. away from ice divides), and (iii) flow occurs over a horizontal length scale that
is orders of magnitude larger than the ice thickness (a hundred to a thousand times).
Under these three assumptions, vertical shear (τ(x,y)z) dominates over the other stress
components, and it essentially means that we treat the ice sheet as a thin, shallow cap.
For this reason, it was given the name Shallow Ice Approximation (SIA). Under the very
reasonable assumption that the pressure exerted by the ice is much larger than that of the
overlying atmosphere, the vertical component of Eq. (3.5) can be integrated vertically to
yield:

p = ρg(s− z) (3.6)

where p is the ice overburden pressure, s is the ice surface elevation, and z the vertical
coordinate. Repeating the same procedure for the horizontal components of Eq. (3.5),
and plugging Eq. (3.6), we derive the following relationship:

τxz = −ρg(s− z)
∂s

∂x
(3.7a)

τyz = −ρg(s− z)
∂s

∂y
(3.7b)

Combining Eqs. (3.7) and (3.2), we can derive a formula for the vertical profile of the SIA
velocities ( ⃗vSIA), which shows that the SIA velocity distribution can be computed solely
based on the surface elevation gradients (Eq. 3.8). Also, its vertical profile behaves as an
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exponential decay, where vertically uniform velocities close to the surface decay to zero
as the vertical coordinate approaches the ice base (see velocity profiles in Fig. 3.1).

∂ ⃗vSIA
∂z

= −2A(ρg)n(s− z)n|∇⃗s|n−1∇⃗s (3.8)

3.1.2 The Shallow Shelf Approximation

A key assumption in the SIA is that there is no movement at the ice base, which is valid
only for regions where ice is cold based (i.e., frozen to the bed). On the opposite end of
the spectrum, there are situations where the friction at the ice base is negligible, such as
when ice becomes afloat to form ice shelves. Sufficiently far from the grounding line and
the calving front, variations at horizontal scales still dominate, and the resistance exerted
by the ocean on the ice base is too small to have any effect. Under these conditions,
the dominant forces are the longitudinal tensile stresses (i.e., the lateral pressure in the
horizontal direction), and no vertical shear occurs, as if the ice was spreading over its
own weight. Resistance is only found in case the ice shelf is laterally confined by the
topography, or if topographic highs below the ice shelf are present to anchor the ice base
(known as pinning points). In these settings, this spreading movement causes the ice
shelf to apply force against the grounded ice upstream that feeds it, thus buttressing the
ice flow (Gudmundsson, 2013). In such circumstances, Eq. (3.5) can be approximated to
(Morland, 1987):

∂τxx
∂x

+
∂τxy
∂y

+
∂τxz
∂z

=
∂p

∂x
(3.9a)

∂τyx
∂x

+
∂τyy
∂y

+
∂τyz
∂z

=
∂p

∂y
(3.9b)

∂τzz
∂z

=
∂p

∂z
− ρg (3.9c)

Again, the vertical component (Eq. 3.9c) can be vertically integrated, and the atmospheric
pressure neglected, which yields

p = ρg(s− z) + τzz (3.10)

and considering that the sum of the normal components of the stress tensor equals zero
(i.e., tr(τ) = 0), we have:

p = ρg(s− z)− (τxx + τyy) (3.11)

By plugging Eq. (3.11) into the right-hand side of Eqs. (3.9a) and (3.9b), we obtain:

2
∂τxx
∂x

+
∂τyy
∂x

+
∂τxy
∂y

+
∂τxz
∂z

= ρg
∂s

∂x
(3.12a)

∂τyx
∂x

+ 2
∂τyy
∂x

+
∂τxx
∂y

+
∂τyz
∂z

= ρg
∂s

∂y
(3.12b)

By rewriting Eq. (3.2) as its inverse, i.e., τ = Bε̇
1
n , where B = A

−1
n (not to be mistaken

with B defined in Fig. 3.1), we can define a vertically-integrated viscosity as:

η =
1

H

∫ s

b

B

2
ε̇

1
n
−1dz (3.13)
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where b and s refer to the ice base and surface, respectively, and H is the ice thickness.
Plugging Eq. (3.13) into the vertically integrated form of Eq. (3.12) then yields

∂

∂x
[2ηH(2

∂u

∂x
+

∂v

∂y
)] +

∂

∂y
[ηH(

∂v

∂x
+

∂u

∂y
)] + τbx = ρgH

∂s

∂x
(3.14a)

∂

∂y
[2ηH(

∂u

∂x
+ 2

∂v

∂y
)] +

∂

∂x
[ηH(

∂u

∂y
+

∂v

∂x
)] + τby = ρgH

∂s

∂y
(3.14b)

where τbx and τby represent the resistive stresses at the ice base (often neglected for float-
ing ice). By comparing Eq. (3.14) with Eq. (3.8), it becomes clear that a solution for the
SSA velocities ⃗vSSA is not trivial, as it depends on many more variables than just the ice
surface elevation gradients. In fact, solving Eq. (3.14) composes a significant share of the
computational time during ice sheet model simulations. Different methods and numer-
ical packages exist that can solve this system of equations (e.g. PETSc, LIS), and their
details are beyond the scope of this thesis. In "transitional regions", where ice is warm
based (i.e., not frozen to the bed) and not yet afloat, such as in ice streams, both approx-
imations can be combined to compute the final velocity field. While the most common
method is simply adding both SSA and SIA velocities (e.g., Winkelmann et al., 2011;
Pollard and DeConto, 2012; Berends et al., 2021), in Paper I they are combined through
Eq. (3.15) following Bernales et al. (2017), which ensures a smooth transition between
both regimes:

v⃗ = (1− w) · ⃗vSIA + ⃗vSSA, (3.15)

where w is a weight based on a reference velocity (vref ) of 30 ma−1 (Paper I and Bernales
et al., 2017), and is computed as

w(| ⃗vSSA|) =
2

π
arctan

(
| ⃗vSSA|2

v2ref

)
, (3.16)

3.1.3 Basal sliding

As mentioned above, the stress terms τbx and τby become important in regions where the
ice is grounded and basal sliding occurs (i.e., the ice base is not frozen to the bed). The
term τb is usually referred to as basal drag, but commonly represented as its opposite,
basal sliding, which is one of the main controllers of ice flow (Benn and Evans, 2014).
Over regions where the ice is at pressure-melting point, variations in resistive stress arise
from a combination of uneven topography (at micro and macro scales), bed composition
(i.e., soft sediments or hard bedrock), and water pressure between the bed and the ice
base. For example, the bed can be composed of unconsolidated sediments, which could
deform and thus offer less resistance to flow than hard bedrock (Alley et al., 1986; Boul-
ton and Hindmarsh, 1987). The latter, however, might be rougher or smoother depending
on how "bumpy" it is, thus affecting the flow of ice and water pressure at the glacier base.
Naturally, a higher water content or higher basal-water pressure (i.e., more lubrication)
will facilitate sliding, while the opposite will cause the ice to slide less. A thorough yet
easy-to-follow discussion on subglacial processes that lead to different ice-bedrock inter-
actions can be found in Benn and Evans (2014, Sections 4.4 and 4.5). For our purposes,
it suffices to know that different laws have been used to describe basal sliding in ice sheet
models. Each sliding law incorporates sliding processes at different degrees of complex-
ity, and has its particular caveats (e.g., Weertman, 1964; Budd et al., 1979; Gagliardini
et al., 2007). The choice of sliding law is also important for accurately capturing the
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transition in basal drag between grounded and floating ice, because different sliding laws
represent this transition in the stress balance differently (Gladstone et al., 2017). Sliding
laws that represent a smooth transition between the basal drag under grounded ice and
the zero-drag conditions at the base of floating ice do not require spatial resolutions of
the ice sheet model to be as high as those who show an abrupt step in the stress balance.
In this thesis, the modelling experiments use some formulation of Weertman’s sliding
law (Weertman, 1964). This sliding law does not capture a smooth transition between
these two stress regimes, which is the reason why spatial resolution is increased around
the grounding line in one of the models used (Papers II to IV), and a sensitivity test to
spatial resolution was carried out for the other (Paper I). Weertman’s sliding law can be
described as in Eq. (3.17):

τb =
1

Cm
||vb||

1
m−1 vb (3.17)

where vb is the velocity at the ice base, m is the stress exponent (usually 3), and C the
basal sliding coefficient. Despite their different approaches (see Section 3.4), both models
adopted in this thesis use the present-day ice sheet geometry and subglacial topography
to obtain an estimate of the spatial distribution of C (cf. Pollard and DeConto, 2012;
De Rydt et al., 2021).

3.1.4 Ice thermodynamics

As discussed before, ice temperature affects ice flow both through ice deformation and,
when the basal ice reaches its pressure melting point, by lubricating the bed promoting
basal sliding. To incorporate these effects, models generally compute the ice sheet’s
internal thermal structure by including an ice thermodynamics module. Others, however,
implicitly account for this effect when inverting for A in Glen’s Flow Law, as is the case
in the model used in Papers II to IV. When computing the thermal structure of the ice
sheet, the evolution of temperature with time (DT

Dt ) is described by the energy equation
(Eq. (3.18); Greve and Blatter, 2009), where c is the specific heat, k the heat conductivity,
and de the effective strain rate of ice (de =

√
1
2tr(ε

2)).

ρc
DT

Dt
= k∇2T + 4ηd2e (3.18)

As with other partial differential equations, Eq. (3.18) requires boundary conditions
for temperature at the ice surface and base. In the next section, the strategies used to
compute such conditions for evolving both the dynamical and thermal components are
presented.

3.2 Climate forcings and boundary conditions

The momentum equations presented above started from the consideration that stresses
were in balance with each other, which allowed us to ignore the time-dependent term
from the momentum conservation equation (Eq. 3.4). As a result, all approximations
yielded diagnostic equations, with no evolution in time. So how is it possible to evolve
the ice sheet geometry in a model? Recalling the conservation of mass (∇ · v⃗ = 0), its
vertically-integrated form (i.e., from the ice base b to the surface s) can be written as:

ρ
∂H

∂t
+

∂uH

∂x
+

∂vH

∂y
= ρ(ab + as) (3.19)
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where H is the ice thickness, ab the basal mass balance (BMB), and as the surface mass
balance (SMB). When solving for ice dynamics and changes in ice thickness, the model
needs to know the conditions at its interfaces with the bed, the atmosphere, and the ocean
(Fig. 3.1). At the ice-bedrock interface, BMB is a result of ice melt or refreezing due to
strain heating, refreezing of water at the ice base, and geothermal heat flux from the
underlying lithosphere. At the ice-ocean interface, BMB is the result of heat exchanges
between the ocean and the ice-shelf base. At the ice-atmosphere interface, SMB is the
result of ablation and accumulation at the surface (based on atmospheric temperatures and
precipitation), as well as redistribution of accumulated snow due to wind scour/transport.
These are complex processes that can be incorporated by coupling an ice sheet model to
solid-Earth, ocean, and atmosphere models (e.g., Ganopolski et al., 2010; Choudhury
et al., 2020; Halberstadt et al., 2021). As expected, running fully coupled model setups
for geological time scales is tremendously expensive in terms of computing resources,
and thus can only be done at low resolution. For this reason, ice sheet models employ
simplified parameterisations that account for the most relevant physics at each interface,
which vary in their degree of complexity (e.g., Greve, 2005; Pollard and DeConto, 2009;
Clason et al., 2014; Jenkins, 2016; Berends et al., 2018; Lazeroms et al., 2018; Reese
et al., 2018b; Favier et al., 2019; Gomez et al., 2020).

Over grounded-ice areas, where melting of basal ice acts to lubricate the bed, melt-
water can be distributed either inefficiently, through distributed systems, or efficiently
through channelised systems (Benn and Evans, 2014). Whereas the former increases
sliding due to a higher overburden water pressure, the latter reduces sliding because it is
a more efficient way to drain the water out of the basal hydrological system (Greenwood
et al., 2016; Davison et al., 2019). Basal hydrology, however, requires specific models
(e.g., Bueler and van Pelt, 2015; Dow et al., 2020) or other types of parameterisations
(e.g., Fowler, 1987; Flowers, 2015) that are not included in the models used in this thesis.
Paper I uses a map of geothermal heat flux to help determine whether regions of the ice
sheet are frozen to the bed or sliding, which is generally assumed to be constant even in
simulations that cover one or more glacial cycles (e.g., Golledge et al., 2014; Berends
et al., 2018; Albrecht et al., 2020a,b; Golledge et al., 2021). In Papers III and IV, this
effect is indirectly accounted for by the inversion procedure, when computing the distri-
bution of basal sliding. As for Paper II, basal sliding is constant and uniform over the
entire domain, due to the idealised nature of its experiments.

Ice loss to the ocean is more dynamical, and occurs either in the form of ice-shelf
basal melting or calving of icebergs at the ice front. It is one of the most important
processes regulating geometrical and dynamical changes in the modern ice sheets, espe-
cially in Antarctica, both over short and geological time scales (e.g., De Rydt et al., 2014;
De Rydt and Gudmundsson, 2016; Holland et al., 2020; Johnson et al., 2021; Jones et al.,
2021). Ice-shelf basal melting is linked to the difference between the ocean temperature
in contact with the ice shelf and the ice freezing-point temperature, which depends on
pressure (i.e., depth) and salinity. This temperature difference may result in either melt-
ing, if positive (i.e., a relatively warm ocean), or refreezing, if negative (i.e., a relatively
cold ocean). Such ice-ocean processes are discussed at length elsewhere (Jenkins, 2011;
Rignot et al., 2013; Reese et al., 2018b; Favier et al., 2019). Calving is also an impor-
tant mechanism of ice loss, mainly caused by stress imbalances at the ice front (Benn and
Evans, 2014), often aided by ocean melting (e.g., Mosbeux et al., 2020; van Dongen et al.,
2021). For this reason, several different calving laws exist (Benn and Evans, 2014), but
in Papers I through IV we adopt a simple "thickness-threshold calving" criterion, where
ice thinner than a threshold is instantly calved off.

At the ice sheet surface, SMB is an interplay between how much precipitation ac-
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cumulates in the form of snow, eventually being compacted into glacier ice, and how
much of snow and/or ice is lost due to surface ablation and sublimation. Other processes
also affect SMB, such as cloud cover, surface albedo, and snow drift (Lenaerts et al.,
2019). However, their implementation in ice sheet models is still challenging, especially
for longer time scales (Vizcaino, 2014). The most common approach when computing
SMB in palaeo ice sheet models is to use modelled surface atmospheric temperatures and
precipitation obtained from a General Circulation Model (GCM). Papers I, III, and IV
compute SMB by using GCM data as input, while Paper II uses synthetically prescribed
SMB values. For this reason, the description below applies to the model setups used in
the former three studies. Since most GCMs use a constant ice surface topography, the
temperature and precipitation fields need to be corrected for the mismatch in elevations
between the GCM ice sheet surface and the modelled ice sheet ice surface. This is usually
accounted for through lapse-rate corrections:

Tcorr = T0 − Γlr · (smodelled − sGCM ) (3.20)

Pcorr = P0 · eΓcc·Tcorr (3.21)

where Tcorr and Pcorr are the corrected temperature and precipitation, respectively, T0

andP0 are the GCM surface atmospheric temperature and precipitation, respectively, and
Γlr (−8◦C km−1) and Γcc (0.07 ◦C−1) are lapse-rate factors for temperature and precip-
itation, respectively. The terms smodelled and sGCM refer to the ice surface elevation
from the ice sheet model and the GCM, respectively. As for mass loss due to ablation, it
is computed via a Positive Degree-Day (PDD) model. This model essentially determines
the energy that is available to melt the ice. Although different PDD implementations
exist, the semi-analytical solution of Calov and Greve (2005) was used in both models:

ET =

∫ A

0
dt[
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exp(− T 2
ac

2σ2
) +

Tac

2
erfc(− Tac√

2σ
)] (3.22a)

Tac(t) = Tma + (Tmj − Tma)cos
2σt

A
(3.22b)

where ET is the excess temperature, erfc(x) is the complementary error function (avail-
able in most programming languages, e.g., FORTRAN, Python, and MATLAB), A = 1
year, Tma is the mean annual temperature, Tmj is the mean January (July) temperature
for the Southern (Northern) Hemisphere, and σ is the standard deviation of temperature
from the annual cycle. The excess temperature is then converted into ice melting through
a degree-day factor of 3 and 8 mm w.e. day−1◦C−1 (millimetres water equivalent per day
per degree Celsius) for snow and ice, respectively.

The equations above describe how temperature and precipitation are able to induce
thickness changes on the ice sheet, but do not detail how they evolve through time. At
palaeo time scales, temperature and precipitation vary drastically, and thus need to be up-
dated during simulation time. Several different strategies exist to prescribe this transient
(i.e., time-varying) signal, such as: (i) applying temperature and precipitation anomalies
on top of their respective modern fields, either uniformly (e.g., Albrecht et al., 2020a)
or from climate models (e.g., Golledge et al., 2021), (ii) applying step-wise changes to
these variables (e.g., Turney et al., 2020), and (iii) by scaling two (or more) fields based
on the transient signal from ice or sediment cores (e.g., Greve, 2005; Clason et al., 2014;
Berends et al., 2018). In Paper I we use a combination of (i) and (iii), scaling temperature
and precipitation fields from climate models through a Glacial Index (GI), defined as:
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GI(t) =
δX(t)− δX PI

δX LGM − δX PI
(3.23)

where t is time, X is an isotope (usually Deuterium in ice cores and 18O in sediment
cores), and PI and LGM refer to the pre-industrial and LGM references, respectively.

Finally, the bed on which an ice sheet rests is not a static component. The lithosphere
beneath an ice sheet responds to changes in ice load, an effect referred to as Glacial
Isostatic Adjustment (GIA; Whitehouse et al., 2019). In short, ice thickening (and thus
increasing weight load) promotes isostatic subsidence (i.e., the underlying lithosphere
sinks), whereas ice thinning promotes isostatic uplift (i.e., a rebound). Changes due to
GIA are neither immediate nor exclusively local, but depend on the lithosphere’s lagged
response and its rigidity (Konrad et al., 2014). Not only does it affect the stability of
an ice sheet by provoking subsidence of the interior subglacial topography (where the
ice sheet is thickest), but also promotes relative changes in local sea level at its margins,
which might help stabilise or destabilise the grounding line (e.g., Paper III; Gomez et al.,
2010; Barletta et al., 2018; Colleoni et al., 2018). Complex solid-Earth models exist to
simulate the lithosphere evolution due to different ice and sea-level loads (e.g., de Boer
et al., 2014; Konrad et al., 2014; Gomez et al., 2020), but the most common approach in
palaeo ice sheet models is to use a simpler Elastic Lithosphere Relaxing Asthenosphere
(ELRA) model (see Konrad et al., 2014 for details). The model setup of Paper I includes
an ELRA model to compute bed deformation, while in Paper III a prescribed bedrock
adjustment is applied, based on a solid-Earth model (Peltier et al., 2015). The idealised
setup of Paper II does not consider GIA because of the small distances involved, and
Paper IV does not include an adjustment of the lithosphere. Instead, sensitivity tests to
different subglacial topographies showed that the main results were valid despite the lack
of active lithosphere variations.

3.3 Uncertainties in ice sheet models

Many of the constants presented in the equations above are typical values used when
providing an ice sheet model with boundary conditions, but they are neither valid ev-
erywhere, nor in all situations. Instead, a full range of values might be plausible for a
specific boundary condition, creating an uncertainty range around it. Similarly, signif-
icant sources of uncertainty remain in certain components of ice sheet models, despite
continuous improvements in recent years. Among these components, a handful of key
aspects have received special attention from the scientific community, including (i) the
treatment of grounding lines (Gladstone et al., 2017; Seroussi and Morlighem, 2018),
(ii) the coupling between ice sheet, solid Earth, and sea-level models (e.g., Gomez et al.,
2020), and (iii) improved representation of ice-ocean interactions, which impact calving
processes and rates, as well as BMB of ice shelves (e.g., Jenkins, 2016; Reese et al.,
2018a; Kreuzer et al., 2021).

Together with SMB, these processes largely control variations in ice sheet retreat and
advance. Ice flotation is dependent on a relationship between ice thickness and depth of
the water column, which is determined by sea level and bed topography. Increased ice-
shelf thinning due to basal melt is thus able to force grounding line retreat towards the
ice sheet interior where the ice is usually thicker, which generally leads to a subglacial
topography that deepens inland (e.g., Reese et al., 2018b). When a portion of an ice shelf
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that is anchored either laterally or through pinning points is lost through calving, but-
tressing of ice flowing across the grounding line is reduced (e.g., Mitcham et al., 2022).
As a result of both calving and thinning, ice flow accelerates, further increasing the dis-
charge across the grounding line towards the ocean, consequently increasing a basin’s
mass loss (a process referred to as dynamic thinning; Dupont and Alley, 2005). Con-
versely, if floating ice becomes grounded, it is able to reduce flow (and thus mass loss
through ice discharge) due to the higher friction offered by the bed compared with wa-
ter, enabling ice advance (Kingslake et al., 2018). Although grounding-line movement
is largely dictated by the interaction between ice shelves and the ocean, a good repre-
sentation of the ice-ocean interface depends directly on how accurately the subglacial
bed topography and basal stresses at the grounding line are captured by ice sheet models.
The importance of subglacial topography and its link to model spatial resolution has been
acknowledged previously (Durand et al., 2011; Cuzzone et al., 2019; Morlighem et al.,
2020). Not only does bed topography influence whether the ice is grounded or afloat, but
the resulting basal and lateral stresses exerted on the ice are able to slow down and/or
stabilise grounding-line retreat (Jamieson et al., 2012, 2014; Åkesson et al., 2018; Jones
et al., 2021; Robel et al., 2022; Sergienko and Wingham, 2022). This effect is even more
evident in regions near the ice sheet margin, where pronounced subglacial topographic
relief exists, as pointed out by Cuzzone et al. (2019) for Greenland, and discussed in
Paper IV for DML.

Apart from the numerical representation of processes at the interfaces between ocean,
atmosphere, and the bed on which the ice sheet rests, different strategies also exist when
reconstructing the climate signal that will be used as forcing for an ice sheet model.
Records of past climate change and variability can be obtained from ice- and sediment-
core isotopes, records of past sea level are available from different reconstructions (which
can differ significantly in magnitude and pacing), and ice sheet conditions at the start of
an experiment can also be prescribed in different ways. These all add to the uncertainty
in model results, but their impact can be assessed through sensitivity studies. This was
the main purpose of Paper I, where the AIS sensitivity to these sources of uncertainty
was evaluated for marine isotope substage 11c (MIS11c), an interglacial period when
temperatures were slightly warmer than present, but the duration of its peak warming
lasted for much longer than in other warmer periods. It is important to remind that for this
type of study, without empirical data to compare with model experiments, it is impossible
to properly assess model performance and constrain uncertain parameters.

I previously highlighted that empirical proxy data needs model results to be properly
interpreted, but it is also evident (and more widely established) that model simulations
need empirical data so that its results can be constrained, and the choices of uncertain
parametres, model physics, and experimental strategies can be improved upon. Useful
records for this purpose include reconstructions of far-field sea-level changes, past ice
sheet extent, past ice surface elevation changes, and estimates of ice sheet thinning rates.
Thus, it becomes clear that, just as the in-situ data needs insights from ice sheet models
to be better interpreted, model results need to be compared with empirical data to reduce
their uncertainty. The timing and magnitude of ice-sheet thinning from empirical data,
however, are not captured in the current generation of palaeo ice sheet models (Stutz
et al., 2021). This problem forms the main motivation for Papers II and III, and is further
explored in the discussion part of this thesis (Chapter 7).
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3.4 Models used in this thesis and their differences

Two models were used in this thesis, which have marked differences. Hence, a brief
description of the most important aspects in which they differ is presented here. The
model used in Paper I is designed for modelling ice sheets at larger spatial and temporal
scales, while the model used for Papers II to IV is designed in a more flexible way that
allows it to be employed both for an entire ice sheet or for custom domains. In Paper I, the
aim was to explore the effect of different strategies when reconstructing climate forcings
and initial conditions, while Papers II to IV focused on the role of bed topography on ice
dynamics and ice surface elevation changes. For this reason, the spatial resolution of each
model setup differs widely and, as consequently, so does the size of the modelled domain.
Nevertheless, both models compute the mass balance at their upper and lower boundaries
(i.e., SMB and BMB) using the same parameterisations, except for a parameterisation of
increased melt at flux gates that was used in Paper I and described therein.

In Paper I, we used the ice sheet model SICOPOLIS (Greve, 1997; Sato and Greve,
2012), a 3D thermomechanical polythermal-ice model that solves for both SSA and SIA
approximations. The final velocity is computed by scaling the contribution of each ap-
proximation based on the computed ice-flow velocity (Eq. 3.15, based on Bernales et al.,
2017). For the thermal structure of polythermal ice, the model uses a one-layer enthalpy
scheme (Greve and Blatter, 2016) that can track the transition between cold and temperate
ice within a polythermal-ice body. The basal sliding coefficient distribution is obtained by
iteratively adjusting C so that the ice thickness matches the present-day values as closely
as possible, following the approach in Pollard and DeConto (2012). SICOPOLIS uses
a regular grid under the EPSG3031 projection (i.e. polar stereographic, centred at 0 ◦E
with a reference latitude of 71 ◦S), and most simulations adopted a horizontal resolution
of 20 km and 41 vertical layers.

In Papers II to IV, we use the ice-flow model Úa (Gudmundsson, 2020), only solving
for the SSA, and without a thermal module. Instead of using Eq. (3.3), the effects of
ice temperature and rheology are implicitly accounted for in the strain-rate factor A of
Glen’s Flow Law (Eq. 3.2), providing a vertically integrated spatial distribution of the ice
rheology. The horizontal fields of A and C are obtained through an inversion procedure
that uses present-day ice surface velocities and subglacial topography as inputs, which is
also a common practice in other ice-flow models (e.g., ISSM and Elmer/Ice; Larour et al.,
2012; Gagliardini et al., 2013). The main advantage of Úa compared to SICOPOLIS is
that it employs the finite-element method, which enables the model domain to be divided
into triangles of varying sizes. This means that regions of interest (typically, but not
restricted to, the margin) can be simulated at a finer resolution (using smaller triangles, or
elements), while regions of homogeneous ice flow (typically over the ice sheet interior),
that are less critical to the questions at hand, can be simulated at a coarser resolution
(using larger elements), thus increasing computational efficiency. Although the finite-
element method is also employed by other models (Larour et al., 2012; Gagliardini et al.,
2013; Berends et al., 2021), the ability for a model to update its mesh during simulation
time, so that the refinement criteria are maintained as the ice geometry evolves (often
called dynamic adaptive mesh refinement), is not yet the standard for most models. In
Papers III and IV, the mesh element size varied from 10 km to 400–500 m in locations
where ice dynamics were most important to be accurately represented.

In Paper II, the element size was as small as 200 m, which is close to the limit
where shallow approximations can be considered applicable. Nevertheless, employing
full-Stokes models for simulations that span the long time periods in question for palaeo
ice sheets and for studies that require many ensemble members is still computationally
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challenging (e.g., Schannwell et al., 2020). This computational limitation justifies the
use of SSA, and partly why we did not increase the resolution further.

Finally, Úa does not require any specific geographical projection for the model do-
main. In Paper II, we use an idealised rectangular domain, while in Papers III and IV the
same projection as in SICOPOLIS is used. Since one of the advantages of Úa is the abil-
ity to carry regional simulations, we focused on the region defined by the Jutulstraumen
catchment (i.e. drainage system #5 in Zwally et al., 2012, see Sect. 4.2).
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4 Glacial history of Antarctica

4.1 Continent-wide glaciation history

Antarctica has a long glaciation history. Reconstructions using δ18O from sediment cores
indicate that the continent has been continuously glaciated since the Eocene-Oligocene
Transition (∼34 million years ago, Ma; Zachos et al., 1996; Lear et al., 2000; Zachos
et al., 2001). The substantial build up of ice, which had its inception over the mountainous
regions of East Antarctica, was enabled by a reduction of atmospheric CO2 concentra-
tions and opening of the Tasmanian and Drake passages. This separation of Antarctica
from Australia and South America allowed the Antarctic Circumpolar Current (ACC)
to form, an ocean current that provided (and still does) a significant dynamical barrier
against poleward heat transport from the lower latitudes (Kennett, 1977; DeConto and
Pollard, 2003; Pfuhl and McCave, 2005). Throughout the Oligocene and until the mid
Miocene (∼15 Ma), sedimentary records show that Antarctica had been covered by ice
sheets smaller than at present, and likely temperate (Zachos et al., 1993). Extensive and
permanent glaciation of East Antarctica was only achieved at around 10 Ma, after a cool-
ing of Earth’s climate since ∼15 Ma (Zachos et al., 2001). Hypotheses for this cooling
event diverge between a tectonic reorganisation that drove changes in oceanic and atmo-
spheric circulation, affecting poleward heat and moisture transport, and by a reduction in
CO2 concentration (Shevenell et al., 2004). The chemical composition and isotope ratios
of foraminifera in Southern Ocean sedimentary records support the first hypothesis, and
further point to a strengthening of the ACC causing increased cooling of the Southern
Ocean between 15 and 13 Ma, likely paced by orbital forcing (Shevenell et al., 2004).
Gradual cooling continued leading up to the Pliocene and the inception of the WAIS
(5.3–2.6 Ma; Zachos et al., 2001). Since then, ice volume and extent of both EAIS and
WAIS have varied periodically, becoming more sensitive to orbital forcing and its ability
to drive cyclical periods of colder and warmer climate (de Boer et al., 2013; DeConto and
Pollard, 2003), especially since the inception of northern hemisphere ice sheets (Clark
et al., 1999).

Within the Pliocene, the mid Pliocene (3.3–3.0 Ma; also referred to as mid-Piacenzian
warm period; Dowsett et al., 2016) is a good example to illustrate that the two Antarc-
tic ice sheets responded differently to changes in climate, and that their responses were
not uniform (Anderson et al., 2002; Golledge et al., 2012; Pollard et al., 2016; Buizert
et al., 2021). This is because the WAIS is largely grounded below sea level (Fig. 4.1;
Morlighem et al., 2020), making it prone to unstable, catastrophic retreat (e.g., Pollard
and DeConto, 2009). Conversely, most of the EAIS is grounded above sea level and
thus more stable, with only a portion of its drainage basins having a similar setting to the
WAIS (e.g. Wilkes and Aurora basins in Wilkes Land, and George V Land, respectively).
Because of their radically different basal topography, the WAIS collapsed during the late
Pliocene, while the EAIS only suffered limited retreat, mainly restricted to its margin
and its marine-based subglacial basins (de Boer et al., 2015). However, it attained higher
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Figure 4.1. Topographic overview of present-day Antarctica. (a) Subglacial topography (in m a.s.l.), and (b)
ice surface speed (colours, ma−1 ) and topography (500 m grey contours). Solid black lines outline drainage
basins grouped per region, and dashed line shows the grounding line. Names denote locations of interest,
including those mentioned in the text.

elevations over certain inland regions (Patterson et al., 2014; de Boer et al., 2015) due to
increased accumulation. Higher oceanic and atmospheric temperatures relative to mod-
ern conditions resulted in increased ice-shelf melting and surface ablation at the margins,
but also in increased precipitation inland due to the higher moisture content available in
the atmosphere (the so called "snow-gun hypothesis"; Prentice and Matthews, 1991).
Such configuration is supported by cosmogenic-nuclide ages, including ice thinning over
the interior starting during the transition out of the Pliocene (Yamane et al., 2015; Rhee
et al., 2022). Paper IV sheds new light on this interpretation, raising the issue that, at least
regionally, ice surface elevation changes at the DML margin were not uniform during the
Pliocene. While model experiments agree with previous reconstructions of ice thickening
over the interior, and thinning over most ice streams, they show Jutulstraumen’s margin
to be thicker despite a collapse of its ice shelf and unstable subglacial topography (more
details in Chapter 6).

Throughout the Pleistocene (∼2.6 Ma–11.7 thousand years ago; ka), variations in
global climate were substantially larger than in the Pliocene, cycling between conditions
that were colder and as warm or warmer than present. On the one hand, warm conditions
(referred to as interglacials) are thought to have produced AIS geometries qualitatively
similar to today (without a WAIS collapse) or the Pliocene (in the case of WAIS collapse;
e.g., Pollard and DeConto, 2009; Wilson et al., 2018). On the other hand, colder condi-
tions (referred to as glacials) allowed ice sheets to grow over other continents, causing
substantial drops in GMSL (e.g., ca. 130 m during the LGM; Pollard and DeConto, 2009;
McKay et al., 2012; Bentley et al., 2014; Gomez et al., 2020). As discussed before, vari-
ations in sea level combined with changes in ice mass control grounding line migration
(Schoof, 2007; Gomez et al., 2010; de Boer et al., 2017). Thus, a GMSL drop of such
magnitude would facilitate AIS expansion, which is supported by the geological record
(Bentley et al., 2014). Surface elevation reconstructions of the EAIS interior during the
last glaciation, however, show that the surface was at a lower elevation inland than at
present (Buizert et al., 2021). This implies that the EAIS was overall more extensive but
less steep, resulting in a gentler ice surface profile than at present.

Apart from the contrasting behaviour between the WAIS and EAIS, regional dif-
ferences are also expected around the EAIS. There is a wide variety of topographical
settings along its margins (Fig. 4.1a), which affects how different basins modulate its re-
sponse to the forcing climate. Assessments of the AIS mass balance during the satellite
era also point to a wide range of responses to present-day forcings (Shepherd et al., 2018;
Velicogna et al., 2020), highlighting the importance of better understanding ice sheet
responses at regional scales to improve our future projections.
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4.2 Dronning Maud Land, East Antarctica

Dronning Maud Land (DML) is located between 20◦W and 45◦E (SCAR, 1992, updated
2014), with its coastline extending to parts of the Atlantic and Pacific sectors of the South-
ern Ocean – from the Weddell Sea to Lützow-Holm Bay (Fig. 4.1b). Up until recently,
it contained the widest gap in empirical data availability for reconstructing past EAIS
changes (cf. Fig. 8 in Mackintosh et al., 2014 and Fig. 2 in Johnson et al., 2022). This has
motivated the creation of the Mapping, Measuring and Modeling Antarctic Geomorphol-
ogy and Ice Change in Dronning Maud Land (MAGIC-DML) project, which supported
the work done in this thesis and other parallel efforts (e.g., Andersen et al., 2020b; Newall
et al., 2020).

The main gap area identified in Mackintosh et al. (2014) comprises the Jutulstraumen
catchment basin, the study region of Papers III and IV. While Jutulstraumen is the largest
ice stream in DML (Rignot et al., 2011), its basin also includes Penck Trough, an ice
stream that joins Jutulstraumen from the west, ∼100 km before reaching the grounding
line, Schyttbreen directly to the west, and other minor ice streams (Fig. 4.2a;). The ice
shelves in this catchment, from west to east, are called Ekström, Jelbart, and Fimbul. This
area is characterised by an extensive mountain range parallel to the coastline that forms
an escarpment separating the coastal regions from the polar plateau (i.e., the ice sheet
inland area). As a result, the subglacial topography is substantially complex, allowing the
formation of several steep glaciers that drain between nunataks, and ice streams whose
main trunks are grounded below present-day sea level (Fig. 4.2). It is worth mentioning
that Jutulstraumen is the only of those ice streams that significantly drains ice from the
polar plateau, while the others have their onset regions downstream of the escarpment,
closer to the ice sheet margin.

The complex topography of DML also influences the local climate. The coastal re-
gion of DML is located at < 500 m a.s.l. and is highly exposed to weather systems (Alt-
nau et al., 2015), while the escarpment acts as an orographic barrier creating much drier
and more stable conditions over the polar plateau (> 2000 m a.s.l.). At present, DML
is gaining mass due to increasing precipitation, despite losses by ice-shelf basal melt-
ing and calving, partially offsetting mass losses that occur in other areas of the ice sheet
(Velicogna et al., 2020). Surface-exposure ages from cosmogenic nuclides provide fur-
ther support that the polar plateau gained mass during past warm periods, as indicated
by an inland thickening of at least 400 m over the Sør Rondane Mountains (east of Jutul-
straumen) during the Pliocene (Suganuma et al., 2014; Yamane et al., 2015).

Geophysical studies have provided indication that during the LGM the ice margin
advanced up to the continental shelf break (Eisermann et al., 2020), which would require
a substantial coastal thickening. Indeed, cosmogenic-nuclide 14C and 10Be ages suggest
that coastal DML had a thicker ice cover, but the magnitude of thickening was uneven
(Andersen et al., 2020b; Paper III, Koester et al., in prep.). For example, Paper III shows
that ice over Jutulstraumen was much thicker than over less dynamic regions east of it.
The difficulty in estimating thickness changes over regions of complex topography was
highlighted in Andersen et al. (2020b), who estimated a thinning of 35–120 m over Ju-
tulstraumen between 11 and 2 ka using 10Be, 26Al, and 36Cl. In complex-topography
terrain, it is not always clear to which modern ice surface a sample should be referenced.
This is because such inferences require assumptions regarding whether the present gra-
dients in ice surface elevation between the plateau, the margin, and the ice stream trunk
have remained the same, or evolved through time. This problem is analysed in Paper II
and its findings taken into account in Paper III, as will be shown in the next chapters.
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Figure 4.2. Topographic overview of present-day western Dronning Maud Land. (a) Surface elevation (in m
a.s.l.), including shading to highlight the steep topographic gradients. Brown areas denote ice-free bedrock
(i.e., nunataks), and ice surface speed contours of 20, 50, and 100 ma−1 are shown in grey; dotted line shows
the model domain used in papers III and IV. Names mentioned in the text are included for reference (Penck
Trough is omitted to avoid cluttering). (b) Subglacial topography as in Fig. 4.1, but zoomed in the region.
In both panels, dashed line shows the present-day grounding line.
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5 Objectives and research questions

Given the data gap in empirical reconstructions (Sect. 4.2) in DML, the objective of
MAGIC-DML as a whole was to reconstruct the glacial history of this area of the EAIS,
through mapping, measuring, and modelling changes over the region. Within the scope
of my thesis, which focuses on the numerical modelling part of the project, its main re-
search question was "How has the ice sheet geometry in DML responded to periods that
were warmer and colder than present?". Considering the inability of ice sheet models
to adequately capture changes over nunataks as recorded by cosmogenic-nuclide surface-
exposure ages (Stutz et al., 2021), this can only be answered if we focus on three more
specific questions:

1. Should local features (e.g., the interaction of ice flow with nunataks) be consid-
ered/resolved when comparing data with models?

2. Can we improve our interpretation of model results or empirical data by using them
in a combined/iterative way?

3. What were the main climate drivers behind geometry changes in DML during the
Pliocene and from the LGM to present?

In the next chapter, I summarise the individual results of each paper that composes
this thesis. In Chapter 7 I discuss how these results have helped answer the questions
above, but also what new insights have been learned during the process. These "by-
products" have aided in the interpretation of our results, and are of relevance to advancing
these two subareas of palaeoglaciology, showing that modellers and field scientists need
to collaborate more closely to truly achieve their goals.
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6 Results summary

Paper I - Mas e Braga, M., Bernales, J., Prange, M., Stroeven, A. P., and Rogozhina,
I.: Sensitivity of the Antarctic ice sheets to the warming of marine isotope substage 11c,
The Cryosphere, 15, 459–478, https://doi.org/10.5194/tc-15-459-2021, 2021.

Marine isotope substage 11c (MIS11c) was an interglacial that was not substantially
warmer than present, but that lasted much longer than other Quaternary interglacials.
Therefore, it provided an interesting study case to assess the sensitivity of a continent-
wide ice sheet model to different approaches when reconstructing a transient climate
signal, focusing on the peak-warming period within MIS11c. We evaluated to which
choices of external parameters the ice sheet model (SICOPOLIS) was most sensitive.
Different ensemble members aimed to test the modelled AIS sensitivity to the choice of
(a) isotope curve (from three different ice cores and one sediment-core stack) for scaling
the climate signal (atmospheric and oceanic temperatures, and precipitation), (b) higher
frequency variability in ice-core (compared with sediment) records, (c) the choice of
sea-level reconstruction, and (d) the choice of initial conditions of the AIS.

Overall, the most dominant parameter regarding the spread in our results was the
choice of isotope curve for scaling the climate signal. The four records tested were the
δD signal from the Vostok, Dome Fuji, and Dome C ice cores, and the δ18O signal from
the LR04 stack of deep-sea sediment cores. One important result is that the LR04 record
misses the polar amplification effect over the Southern Ocean, and thus a clear expression
of the warming period. A simple explanation for this difference from the ice cores is that
LR04 is largely based on Northern Hemisphere sediment cores, with its southernmost
core being located at the Agulhas region. In contrast, filtering the higher frequency signal
of the ice cores had a small effect on the results.

Among the ice cores, reconstructed AIS configurations based on Dome Fuji and
Dome C yielded a WAIS collapse. This was attributed to the duration of warming dur-
ing MIS11c, even though the reconstructed climate was not much warmer than present.
To test this result, a modified forcing based on Vostok that reproduced the same warm-
ing duration at its peak than in the other two ice cores was also able to cause a WAIS
collapse. By performing an additional series of sensitivity experiments, we showed that
increased ocean temperatures in contact with the ice shelves as little as 0.4◦C higher than
pre-industrial values were able to collapse the WAIS, provided this peak warming lasted
long enough (4 kyr) to trigger unstable retreat.

This low threshold for WAIS collapse has important implications for the long-term
future of the AIS, as its potential contribution to GMSL rise from our main experiments
was 4.0–8.2 m s.l.e. (metres seal-level equivalent). Contrary to expectations, the ensem-
ble of simulations using different sea-level reconstructions yielded small changes among
its members. This insensitivity could be attributed to the model’s relatively coarse reso-
lution, which prevented it from accurately simulating grounding-line retreat. The lower
resolution also prevented making reliable comparisons with empirical constraints of ice
sheet surface elevation, such as those inferred from cosmogenic-nuclide surface exposure
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dating. This caveat steered the focus of my research, towards the specific questions in this
thesis, which were tackled in Papers II to IV.

Paper II - Mas e Braga, M., Jones, R. S., Newall, J. C. H., Rogozhina, I., Andersen, J.
L., Lifton, N. A., and Stroeven, A. P.: Nunataks as barriers to ice flow: implications for
palaeo ice sheet reconstructions, The Cryosphere, 15, 4929–4947, https://doi.org/
10.5194/tc-15-4929-2021, 2021.

This paper was a first step towards bridging the gap between reconstructions based on
cosmogenic-nuclide surface-exposure dating and ice-flow modelling experiments. Within
the overarching goal of this thesis, the main goal of this study was to determine whether
the inability of coarse-resolution ice sheet models to match empirical constraints of ice
surface elevation arises due to their inability to capture local processes (e.g., the inter-
action between ice flow and complex topography). The aim here was to assess to which
extent, and by how much, a nunatak is able to influence the ice surface elevation (and
ice flow) in its surroundings. Such effect also has important implications to interpreta-
tions based on cosmogenic-nuclide exposure dating. An obstacle to ice flow (such as
a nunatak) creates a gradient in ice surface elevation, meaning that recorded exposure
ages upstream and downstream of a nunatak at the same elevation yield different results.
Knowing to which extent the up- and downstream sides differ from each other further aids
in choosing a reference present-day ice surface when inferring ice thickness changes. For
such inferences, studying how well this ice-flow–nunatak interaction is represented in ice
sheet models helps determine their usefulness for field-model comparison studies.

To tackle this problem, I used the ice-flow model Úa due to its dynamic adaptive
mesh capabilities. This means that the ice flow around a nunatak was represented at
the highest resolution (as high as 200 m element size), and thus could be resolved much
more accurately than by large-scale ice sheet models. By using idealised experiments,
where an obstacle was added at the centre of a rectangular domain, we confirmed the
hypothesis that the interaction between ice flow and a nunatak increases the ice surface
elevation upstream, and lowers it downstream.

The resulting steeper ice surface gradient was shown to be proportional to the ability
of nunataks to constrict ice flow from upstream, acting as a barrier. A wider nunatak,
or a series of three nunataks with narrow outlets between them, were able to increase
the elevation gradient, whereas wider glaciers that were efficient enough to drain ice
from upstream yielded results closer to the single-nunatak case. When repeating the
same series of experiments using spatial resolutions commonly employed by ice sheet
models, it was demonstrated that such interaction was not captured, resulting in different
thickness-change estimates and displaced surface elevation gradients.

The implications of this study were two-fold. First, when sampling a nunatak and
when choosing a reference present-day ice surface, one should prioritise locations trans-
verse to the local ice flow direction. We noted, based on all available data for Antarctica,
that this is not a common practice. Deviations from a systematic sampling approach as
proposed here should be taken into account when collecting and reporting data. Second,
we recommended that in order to reliably compare empirical surface-exposure data and
model simulations, models need a higher resolution over complex topography. This can
be achieved either by using regional or nested models, irregular-mesh setups, or a combi-
nation of those. In summary, this paper demonstrates the need for a closer collaboration
between ice sheet modellers and field scientists at experiment-design and data-analysis
stages.
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Knowing that properly resolving local features matters when comparing empirical
constraints with ice sheet models, the goal in Papers III and IV was to apply this new
knowledge to the largest ice stream in DML, Jutulstraumen. By resolving local features
and capturing the complex topography over DML, the aim was to assess the differences in
ice surface elevation changes between nunataks and ice streams, both for periods when the
ice sheet surface profile was believed to be gentler (colder climate) and steeper (warmer
climate) than at present. Furthermore, these papers demonstrated how the iterative use of
ice sheet models and empirical datasets (that are discrete in space) can be used to improve
regional reconstructions of changes in ice sheet geometry.

Paper III - Suganuma, Y., Kaneda, H., Mas e Braga, M., Ishiwa, T., Koyama, T., Newall,
J.C., Okuno, J., Obase, T., Saito, F., Rogozhina, I., Andersen, J.L., Kawamata, M.,
Hirabayashi, M., Lifton, N.A., Fredin, O., Harbor, J.M., Stroeven, A.P., Abe-Ouchi,
A.: Regional sea-level highstand triggered Holocene ice sheet thinning across coastal
Dronning Maud Land, East Antarctica. Communications Earth & Environment, 3, 273,
https://doi.org/10.1038/s43247-022-00599-z, 2022.

This study was developed through a cooperation between the MAGIC-DML project
and Japanese colleagues. Based on the conclusions of Paper II, my role was to pro-
vide limits on ice surface elevation changes from a data-constrained ensemble of high-
resolution regional simulations for the Jutulstraumen basin. With this model ensemble,
we assessed how the ice surface elevation changes inferred from surface-exposure dating
fit into the regional scale as simulated by the model experiments. Exposure-age eleva-
tion profiles were taken from three different nunataks within the easternmost sector of the
Jutulstraumen catchment (Rabben, Grjotfjellet, and Terningskarvet). The two nunataks
situated closest to the ice sheet margin (Rabben and Grjotfjellet) recorded a Holocene
thinning of ∼ 50–120 m between 9 and 5 ka. Terningskarvet, conversely, was inferred to
have been ice free during the LGM.

From an ensemble of 75 model simulations under different climate forcings and a
range of possible (yet uncertain) model parameters, 53 simulations represented plausi-
ble LGM ice geometries. This subset was used to produce frequency distributions of
estimated ice surface elevation changes between the LGM and modern ice sheet configu-
rations. The best performing simulation within this subset was used to illustrate that the
three sampled nunataks capture the "hinge zone" between ice thickening downstream of
the escarpment at the coastal sector, and inland LGM ice sheet thinning over the polar
plateau. Thus, the Holocene thinning inferred by the surface-exposure ages from Gr-
jotfjellet and Rabben were deemed representative of changes over the ice sheet margins
along DML, downstream of the escarpment. Furthermore, model results point that the
magnitude of elevation changes was not uniform. All ice streams in general were thicker
than the less dynamic regions, including where samples were collected.

Finally, based on results from larger-scale ice sheet, atmosphere-ocean circulation,
and GIA models, we demonstrated that the timing of the Holocene thinning event could
be explained by a local sea-level highstand. This highstand enabled warm Circumpolar
Deep Water to be transported to the continental shelf and into the ice shelf cavity, driving
grounding-line retreat and triggering dynamic thinning of the ice sheet margins through
enhanced ice-shelf basal melting.
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Paper IV (manuscript) - Mas e Braga, M., Jones, R.S., Bernales, J., Andersen, J.L.,
Koester, A.J., Fredin, O., Morlighem, M., Lifton, N.A., Suganuma, Y., Harbor, J.M.,
Glasser, N.F., Rogozhina, I., Stroeven, A.P.: Antarctic ice stream thickening under Pliocene
warmth, preprint, https://doi.org/10.21203/rs.3.rs-2151216/v1.

In the last manuscript of my thesis, I used the same model setup as in Paper III, but
applied to the Pliocene. These experiments were originally envisioned as a complement
to the simulations of Paper III. While Paper III focused on the LGM and its termination,
the main goal in this study was to determine spatial differences in ice surface response
between ice stream and nunatak settings (the typical cosmogenic nuclide sampling lo-
cation) for a period when the topographic gradients of the ice surface were supposedly
steeper than present.

A series of Pliocene ice sheet geometries were obtained using climate-model forcings
from the first Pliocene Model Intercomparison Project (PlioMIP), including the control
forcing employed in the Pliocene Ice Sheet Model Intercomparison Project for Antarctica
(PLISMIP-ANT), and using the most recent Pliocene subglacial topography reconstruc-
tion for Antarctica. In all experiments, ice streams thinned at the margins and became
steeper. The one exception was Jutulstraumen, which thickened substantially, especially
over the modern grounding line position. Given the nearly identical climate forcing ap-
plied to the different ice streams (i.e., only corrected for their different surface eleva-
tions), we attributed Jutulstraumen’s counter-intuitive behaviour to its subglacial topog-
raphy, where a narrow flux gate was present, resulting in higher lateral stresses across the
grounding line and ice flow-constricting conditions. These stresses were high enough to
prevent unstable retreat, even over a retrograde bed slope.

Far from the ice streams, i.e., over the mountain ranges, ice sheet surface eleva-
tions increased, in line with changes inferred from surface-exposure ages and with the
hypothesis of an enhanced hydrological cycle due to global oceanic and atmospheric
warming. From the empirical-reconstruction perspective, we argue that changes over ice-
stream trunks might not necessarily be captured when sampling nunataks beyond the ice
stream trunk. From the modelling perspective, these results again highlighted the need
for higher-resolution modelling that captures local features, as the smoothing of bed to-
pography in coarse-resolution simulations renders the model unable to capture important
regional variations.

Given the dominant role of bedrock topography, and the significant landscape evolu-
tion between the Pliocene and present day, we tested whether the response of the AIS to
Pliocene warming can truly be used as an analogue for the AIS response to a warmer fu-
ture. Through sensitivity tests, in which we considered different degrees of "catastrophic"
sea-level rise (10.4, 12.7, and 25 m above present), with extensive or greatly reduced ice
shelves, we found that the AIS resting on the modern topography is much more unsta-
ble. Without significant ice-shelf buttressing, the lateral stresses were not high enough
to stabilise the grounding line over the much deeper inland-sloping bed. Finally, we
identified other EAIS ice streams under similar topographic settings and projected in-
crease in snowfall, which might display a similar response to Jutulstraumen. Since these
ice streams account for 27% of the EAIS both in terms of area and drainage, we posed
that the interplay between ice-shelf buttressing, lateral stresses, and ocean forcing (both
through melting and rising sea levels) should be further assessed at the regional scale,
specifically for these particular ice streams. This improved assessment will help refine
our estimates of sea-level rise in the upcoming centuries.
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7 Discussion

7.1 Challenges in reconstructing palaeo climate forcings

Reconstructing a transient signal over geological timescales to force ice sheet models is
not trivial. The first efforts to reconstruct this type of forcing were based on proxies for
ocean temperature from sediment cores, due to the longer geological period that they can
cover when compared to ice cores (Pollard and DeConto, 2009). However, because the
climate variability recorded in a sediment core might be substantially different than that
recorded in an ice core (as shown in Paper I), some climate fluctuations might be under- or
overestimated, and further add to the uncertainty of ice sheet simulations. From Paper I, it
is also clear that different areas of the ice sheet experience a different climate evolution,
and thus the changes recorded in ice cores from different sectors will also differ (e.g.,
WAIS Divide Project Members, 2013). In other words, there is no "one size fits all"
strategy when it comes to choosing a transient signal, and the best approach or proxy for
signal scaling, might depend on the region of interest.

Instead of a proxy-based approach, recent studies have started to develop more re-
fined attempts to reconstruct palaeo climate forcings. One example is using coupled
setups, where climate and ice sheet models feed their results back into each other, relying
on a combination of model nesting and downscaling to act as the interface between them
(Halberstadt et al., 2021). This is definitely a step forward, even if the spatial resolu-
tion of the main climate model can be seen as a limiting factor. An interesting middle
ground, also in terms of complexity, is the "climate matrix method" (Berends et al., 2018).
This approach takes into consideration an arbitrary number of climate model experiments
for each forcing variable, which are usually equilibrium snapshots representing different
times, and interpolates/scales those fields for the periods in-between through a transient
signal (e.g., CO2 concentration in ice cores). The main advantage is that the snapshot
climate model outputs can be of a much higher resolution than if they were computed
transiently. One caveat is that climate model output for periods predating the LGM suf-
fer from a much higher uncertainty due to the decreasing availability of constraints with
increasing geological time. Similarly to what we point out in Paper I, the climate transient
signal will unavoidably be affected by the regional bias of the chosen proxy. Contrary to
our approach, however, it can have more than two time slices to account for potentially
missed events, offering a more reliable and constrained climate evolution.

Given the many different strategies available and employed by recent studies (e.g.,
Berends et al., 2018; Albrecht et al., 2020a; Golledge et al., 2021), being able to properly
constrain the simulated ice sheet geometries remains paramount. As shown in Papers II
to IV, using an appropriate spatial resolution to capture local features over sites for which
we have available empirical data is critical to properly compare models and in-situ data,
and to reduce the mismatches between both.
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7.2 Improving comparisons between in-situ data and model
results

From the modelling perspective, increased spatial resolution over complex-topography
regions allows for a more realistic representation of ice dynamics, brings model results
closer to the "real world", and increases confidence when comparing them with geologi-
cal constraints. Whereas relatively low resolutions are most commonly used in ice sheet
models to keep computational times reasonable during long simulations (e.g., Pollard
and DeConto, 2009; Whitehouse et al., 2012; Albrecht et al., 2020b), we demonstrated
in papers II to IV that a proper interpretation of changes in ice thickness and dynamics
over sampled regions can only be achieved by using regional setups of a higher resolu-
tion. While sub-kilometre scale element sizes performed best in Paper II, glaciers be-
tween nunataks were somewhat resolved at a resolution of 5 km. Implementing this level
of resolution refinement can be done efficiently by employing nested grids or adaptive
meshes, since they do not demand as much computational time as regular grids with a
high resolution over the entire ice sheet.

From the empirical perspective, improved representations of ice flow around nunataks
can yield important insights to the representativeness of recorded changes at sample sites
for the wider region. For example, given the differential elevation changes shown in Pa-
per II, ice surface gradients in the vicinity of nunataks in central DML (Suganuma et al.,
2014) should have changed in magnitude and direction during the deglaciation. Sug-
anuma et al. (2014) found indications that ice-flow directions were different during the
LGM than at present, which implies that elevation gradients should have evolved accord-
ingly. In Paper III, we show that the coastal sector of DML, downstream of the escarp-
ment, behaves in an opposite way to the ice sheet interior. This is in line with previous
evidence that the EAIS in DML during the LGM was thicker at the margins and thinner at
the interior relative to today (e.g., Andersen et al., 2020b; Buizert et al., 2021). However,
the location of a "hinge" over the nunatak ranges that form the escarpment had only been
hypothesised. Both field evidence and model results in Paper III were able to capture this
hinge east of Jutulstraumen. By properly capturing the complex subglacial topography,
high-resolution simulations can also show whether local ice surface elevation changes
inferred from field evidence are similar to those modelled over the wider area being eval-
uated, and/or the ice stream. In this thesis it is shown that not only can changes over the
nunataks and an adjacent ice stream differ by over a factor of three (Paper III, LGM), but
they can also have opposite responses (Paper IV, Pliocene).

7.2.1 Choosing the best reference ice surface for exposure dating

With the aid of high-resolution experiments, it is possible to assess how the choice of
reference point on the modern ice sheet impacts our estimates of ice surface elevation
changes. Figure 7.1 shows the ice surface elevation for the modern ice sheet (Morlighem
et al., 2020) and the best LGM-constrained simulation in Paper III (MRI-CGCM3_fc10A2).
The white dashed line loosely follows the 2000 m a.s.l. contour, and is used to outline
the escarpment (i.e., where the inland ice plateau transitions to the lower elevations of
the coastal sector). Based on these two ice geometries, a comparison between elevation-
change estimates using different criteria is compiled in Figure 7.2. Solid lines show
the difference between the ice surface elevations along the profiles in Figure 7.1, while
dashed lines show the 5th and 95th percentiles of the ensemble of 53 simulations from
Paper III. White triangles show the "local" difference in ice surface elevation, i.e., the
difference between the LGM elevation at the sample coordinate and the present-day ice
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Figure 7.1. Surface elevation (in m a.s.l.) over Jutulstraumen (J), Penck Trough (PT), and Schyttbreen
(S) for (a) the present-day reference, and (b) the best LGM-constrained simulation in Paper III (MRI-
CGCM3_fc10A2). White triangles show the sampled locations from Andersen et al. (2020b) and from
Paper III, and the coloured lines are digitised centre flowlines of the three ice streams discussed in Papers III
and IV. The AA′ transect is the same as the upstream limit for the swath in Andersen et al. (2020b). Gray
dashed lines mark the 50 ma−1 surface speed contour. The white dashed line marks the escarpment, through
which ice flux was computed. The grounding line is marked as a solid grey line (only visible in panel a)

sheet surface elevation at a reference point. The reference point was chosen based on
the criteria suggested in Paper II (and also used in Paper III), i.e., it was taken on the ice
surface perpendicular to the ice flow direction, closest to the ice margin on that nunatak.
Squares show the difference between the LGM ice surface elevation at the sample site and
the modern ice-stream centreline elevation, and circles show the difference between the
elevations of a sample and the modern ice stream centreline. The colour in both squares
and circles denotes to which ice stream they were referenced. All distances along the pro-
file were computed from the AA′ transect, and the reference point along each ice stream
centreline was taken as the one which had the closest distance from the AA′ transect to
the sample’s distance from the transect. This approach should yield a similar reference
point to taking the closest point along the profile following a line parallel to AA′ that
crosses the sample in question (as done in Andersen et al., 2020b).

Comparing the LGM ice surface elevation at the sample site to the modern ice stream
elevation yielded the largest difference in most cases (squares in Fig. 7.2). The cases
where this difference was larger than that over the ice stream trunk itself (solid lines in
Fig. 7.2) indicate that, although the elevation gradients were smoother during the LGM
(e.g., Fig. 7.1b), the ice surface was still higher over the sampled sites than over the ice
stream, i.e., ice flow was still towards the ice stream trunk. Similarly, the cases where this
difference is lower than the change estimates over the ice streams indicate that these sites
were at a lower elevation than the referenced ice stream trunk during the LGM. There
are three possible explanations for this counter-intuitive result: (i) the sampled site on
the nunatak was located downstream of the local ice flow, and thus located on a local
depression (as studied in Paper II), (ii) the sampled site lies in a region that had lower
ice surface elevations during the LGM (as shown in Paper III for Terningskarvet), or
(iii) because the sample was referenced to the wrong ice stream. Choosing the correct
ice stream as reference is essential to derive reliable estimates of changes in ice surface
elevation. For example, several locations sampled along Penck Trough (between 40 and
100 km; Fig. 7.2) can be perceived as indicating thinner ice at the LGM (i.e., a negative
difference) in case they are referenced to Jutulstraumen instead of Penck Trough. Based
on these alternatives, it is possible to conclude that, when referenced to the correct ice
stream, this approach yields a maximum estimate of ice thickening during the targeted
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Figure 7.2. Different estimates of elevation change since the LGM based on the best LGM-constrained
simulation in Paper III (MRI-GCM3_fc10A2). Solid lines indicate elevation change along each ice stream
(cf. Fig. 7.1) for the best constrained run in Paper III (dashed lines show the 5th and 95th percentiles of the
ensemble of 53 simulations). Triangles and squares use the LGM elevation from the best constrained run
in Paper III, while circles use the elevation at the sampled site. Triangles show the elevation range relative
to a local reference point on the modern ice surface, while squares and circles use the nearest point over
the respective ice stream as the reference. Colours in squares and circles denote to which ice stream each
sample is referenced. Distance downstream is computed relative to the AA′ transect in Fig. 7.1.

glacial period (here, the LGM), or thinning since then. Elevation changes derived from
the samples that were neither the furthest upstream nor the furthest downstream yielded
the closest results to modelled changes over Penck Trough. This confirms that they were
referenced to the correct ice stream, and that the ice surface was fairly smooth and uniform
between the sampled sites and the Penck Trough.

Elevation-change estimates are smaller when deriving them from the sampled site
using a local reference ice surface (triangles in Fig. 7.2). This approach has been used
before by Andersen et al. (2020b), and was considered as a "minimum estimate" of thick-
ening. The reasoning behind such approach is that local changes would reflect thickening
during the LGM caused by locally sourced ice, while changes over the ice stream (which
here we define as "regional"), would be more indicative of large-scale changes connected
to the ice sheet interior. While it is true that using a local reference ice surface yields
lower estimates of thickening/thinning than using the ice stream surface as the reference,
the results of Papers III and IV indicate that local estimates often do not reflect the gen-
eral regional response, and indeed can even oppose it. Regional-scale changes should be
of more importance from the perspective of assessing ice sheet evolution and associated
sea-level change, and should be prioritised over local changes.

As expected, different approaches in estimating elevation changes yield different re-
sults. Using a "local point" to define the reference elevation (minimum estimate; Ander-
sen et al., 2020b) indeed yields lower estimates than using a point along the ice stream
centreline (cf. circles and solid lines in Fig. 7.2). The latter is considered in Andersen
et al. (2020b) to be the "maximum estimate" of ice thickening, and, from our results, is
more representative of a larger region. From the brief analysis presented in Figure 7.2,
estimating elevation changes over the ice stream by taking a point along its centreline as
the reference surface yields the best estimate when compared to modelled changes over
the ice stream, provided the ice surface at the time of sample exposure had a uniform
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elevation, and that the sample was referenced to the correct ice stream.
Unless an exposure age of LGM or older is obtained, and in the absence of samples

from a higher elevation on the same site, there is always the possibility that even the
maximum estimate does not fully capture the total amount of ice thickening during the
LGM. It is also worth reminding that given the spatial pattern of ice thickening/thinning
shown in Paper III, the ice stream most likely thinned at a faster pace than recorded
over the nunataks, and the regional estimate indeed becomes a "maximum estimate" for
samples younger than the LGM. This assumption seems to work best for samples that
were sampled up to 160 km along the ice streams (Fig. 7.2), since those sampled fur-
ther downstream yielded large departures from the change estimates over the ice streams
themselves. These downstream samples seem to have been part of a different drainage
basin that formed during the LGM, as a ridge can be seen between the group of samples
most downstream and Jutulstraumen’s western margin (i.e., between the triangles and the
dashed line in Fig. 7.1b). Finally, using a "local" reference ice surface yielded estimates
that appear to underestimate rather than to provide minimum estimates. In the cases when
less dynamic areas behaved differently than the ice streams, sampling nunataks in these
regions cannot help identifying dynamic and volume changes over the most sensitive
areas of the ice sheet margin.

The reasoning behind providing "local" or "minimum" estimates as opposed to "re-
gional" stems from the hypothesis that the responses of the polar plateau and coastal
sectors of the ice sheet to climate change could have been decoupled. If this was true,
locally sourced ice could have covered the sample without significant changes in ice dis-
charge through the escarpment. Table 7.1 summarises the ice gains at the coastal sector
of the Jutulstraumen catchment as flux through the escarpment (defined by the white
dashed line in Fig. 7.1) and by SMB over the grounded coastal sector (i.e., between the
escarpment and the grounding line), using the ensemble of 53 simulations from Paper
III (LGM) and the 5 main simulations from Paper IV (Pliocene). The ratio between ice
gains at the margin through SMB and through ice influx from the plateau varies from
1:1 to 1:2 at most. Such comparable quantities, combined with the fact that ice streams
showed elevation changes between the LGM and present day of ∼800 m while changes
over the nunataks were no more than 200–300 m, strengthens the argument that ice gains
from "local" and "regional" sources are equally important. The model results show that
it is unlikely that the ice sheet in the nunatak areas thickened during the LGM without
an equivalent (or additional) thickening of the ice streams (Paper III). This comparison
shows that influx of ice through the escarpment remained important for the behaviour of
the coastal sector in widely different geological regimes, which further strengthens the
argument that "maximum" estimates most likely reflect the overall changes in ice sheet
volume and sea-level contribution from western DML.

Table 7.1. Calculations of ice gains across the coastal sector of the Jutulstraumen catchment, in km3a−1

of ice equivalent. Escarpment influx denotes ice flux into the coastal sector through the escarpment, as
identified by the white dashed line in Figure 7.1. SMB gain denotes accumulation by SMB over the grounded
portion of the coastal sector (between escarpment and grounding line). Values given as mean and standard
deviation for the LGM ensemble from paper III (53 experiments) and Pliocene ensemble from Paper IV (5
experiments).

Period Escarpment influx (km3a−1) SMB gain (km3a−1)
Present 23.7 23.1
LGM 14.7± 3.9 19.8± 7.1

Pliocene 21.1± 4.9 19.7± 2.8
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7.2.2 Interpreting opposing ice surface elevation changes

As mentioned in the summary of Paper III (Chapter 6), high-resolution modelling was
able to confirm the hypothesis that the escarpment acts as a "hinge". It marks the transi-
tion between the opposing behaviours of ice sheet margins (thinner during interglacials,
thicker during glacials) and the polar plateau (thicker during interglacials, thinner during
glacials). This opposing behaviour was suggested to be caused by a decoupling between
the polar plateau and the ice sheet margin (Newall et al., 2019) based on the different
surface-exposure histories recorded by samples from nunataks flanking ice streams at the
coastal sector and on the upstream side of the escarpment (Andersen et al., 2020b). The
experiments from Papers III and IV support the notion that the two regions have behaved
differently. However, as discussed in the previous section, they do not support a decou-
pling of both regions. This is because the amount of ice drained from the plateau into the
coastal sector is comparable to the SMB over the grounded portion of the coastal sector
(Table 7.1). If the two regions were indeed decoupled, there would be a much smaller
flux of ice from the interior towards the margins. Fluxes are smaller during the LGM than
at present due to the smoother elevation profile, increased friction downstream compared
to present (i.e., grounded ice vs. a free-floating ice shelf; Kingslake et al., 2018), and
lower accumulation over the plateau. Indeed, the lower accumulation over the plateau
was low enough that thinning happened despite the reduced flow towards the coastal sec-
tor. The larger uncertainty in the SMB estimate of the LGM is essentially due to regional
differences in ice thickness and their impact on lapse-rate corrections. The smaller fluxes
during the Pliocene despite a steeper ice sheet profile can be explained by the shallower
subglacial topography and thus smaller cross-section through which ice flows. Ideally,
a larger number of Pliocene simulations would be needed for a fair comparison. How-
ever, Pliocene simulations were much more computationally expensive (around 6 times
slower than an LGM simulation to reach a steady state), and running a large ensemble
was impossible with the available resources.

Based on the questions addressed in Papers II to IV, it is clear that results from high-
resolution numerical models can be more reliably compared with in-situ data, and also
provide a clearer picture of the mechanisms at play. The improved representation of local
ice dynamics allows us to better understand local processes, and interpret local empirical
reconstructions of ice change in terms of regional significance. In summary, the results
presented in this thesis answer research questions 1 and 2, confirming that by resolving
local features of the ice sheet, and using data and models in an iterative way, we can more
confidently interpret changes at regional scales, bridging the gap between empirical data
and model results. Naturally, a better constrained and more accurate model is expected
to provide more refined estimates of ice sheet geometry, mass loss, and its consequent
contribution to sea-level rise.

7.3 Drivers of ice sheet response in Dronning Maud Land

With the new insights gained from answering the first two research questions, our final
question, as well as overarching question of this thesis, can finally be answered. The
strategy for achieving realistic LGM ice sheet geometries in the steady-state experiments
of Paper III suggest that an LGM configuration was achieved based on a sequence of
events: (i) a global sea-level drop forced by the inception of ice sheets elsewhere, which
allowed the grounding line to advance (Gomez et al., 2020); (ii) reduced ocean melt and
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increased accumulation over the newly-grounded ice margin, as the oceanic and atmo-
spheric features that isolate Antarctica were displaced towards the equator (Toggweiler
et al., 2006; Denton et al., 2010), and (iii) the resulting decrease in accumulation over
the polar plateau, inducing ice thinning over the ice sheet interior. Preliminary tests for
the model setup used in Paper III, where all climate components varied simultaneously,
produced equilibrium geometries that were too thin. By comparing these two strategies,
and by assessing the constrained set of simulations in Paper III, it is evident that accu-
mulation at the coastal sector had an important role for ice thickening at the margins of
the ice sheet, and the decrease in inland accumulation resulted in a thinner polar plateau.

Complementing the high-resolution regional experiments of Paper III, the combined
use of empirical constraints, GIA models, an ocean model, and a coarse-resolution ice
sheet model were used to tackle the main goal of that study: understand the drivers of
rapid thinning observed in the coastal sector of the eastern boundary of Jutulstraumen’s
basin. Based on a GIA model tuned to reproduce the timing recorded by the exposure
ages and results from an ocean model, an overshoot of relative sea level of up to 30
m compared with present-day values triggered grounding-line retreat and facilitated the
intrusion of warm Circumpolar Deep Water from the continental shelf into the ice shelf
cavity. As a result, increased basal melting of the region’s floating ice caused unstable
rapid retreat and dynamic thinning of the coastal sector, as recorded by the empirical
constraints.

Results from Paper IV confirm the hypothesis that during the Pliocene, increased
ocean forcing triggered marine ice sheet instability over most marine-based ice streams,
causing the respective areas of the coastal sector to thin and retreat. The warmer ocean
and atmosphere were also the cause of ice thickening over the less dynamical regions,
including the polar plateau. Because a warmer ocean results in increased evaporation,
and a warmer atmosphere can hold more moisture, the hydrological cycle was enhanced,
and higher snowfall occurred over the ice sheet (Prentice and Matthews, 1991). Jutul-
straumen, due to the strong ice-flow constriction at its flux gate, was able to retain more
ice than its neighbouring ice streams, and therefore did not thin or retreat as the other
areas of the DML coastal sector. Such effect was not captured by ice sheet models that
were too coarse to resolve local features (Dolan et al., 2018).

7.4 Model spatial resolution: how high, how many, and for
how long?

While high resolution numerical modelling is necessary for studying certain processes
and resolving data-model mismatches, lower resolution models are by no means out-
dated, and neither should be completely replaced. Since running a large number of simu-
lations is significantly less computationally demanding under low-resolution setups, they
are more suitable to thoroughly explore uncertain parameter spaces (e.g., Edwards et al.,
2021; Hill et al., 2021), making them the most suitable tool for uncertainty quantifica-
tion. However, as pointed out by Aschwanden et al. (2021), more accurate estimates, no
matter how refined the uncertainty interval is, can only be obtained once modern (and ar-
guably palaeo) observations are reproduced by ice sheet models within the observational
uncertainty intervals.

Continent-wide models are useful to identify the most critical regions to be simu-
lated at high resolution. Given the relatively short time scales involved in near-future
projections, using a higher resolution than the usual 5–10 km (for Antarctica) should
be feasible, especially when focusing on specific regions. Historically, high-resolution
modelling has primarily targeted the dynamics of grounding lines and calving fronts (e.g.,
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Gladstone et al., 2010; Berends et al., 2021), given how sliding laws and approximated
stress balances are formulated. However, the studies that compose this thesis further
stress the need for paying special attention to how well complex subglacial topography
is resolved. Some of the most modern numerical ice sheet models already use the finite-
element method, which allows increasing spatial resolution over critical regions in an
efficient way (e.g., Elmer/Ice, ISSM, Úa, and UFEMISM; Zwinger et al., 2007; Larour
et al., 2012; Gudmundsson, 2020; Berends et al., 2021), and thus could cater to those
needs in continent-wide simulations more easily. Because ice sheet geometries vary on
geological time scales, it is more critical for palaeo ice sheet modelling than for shorter
centennial-timescale experiments to have the ability to dynamically adapt the mesh dur-
ing simulation time. This feature is already either available or under development in the
four ice sheet models listed above.

On top of spatial resolution, long simulations that span geological timescales have
other challenges due to large changes in ice sheet geometry. Changes that accompany
an evolving ice sheet over geological timescales, such as its thermal structure, subglacial
bedrock deformation, or landscape evolution become too large to be ignored. For exam-
ple, a limitation of Úa is that it lacks a thermal module. Thus, long transient runs become
less reliable, since changes to the thermal structure of the ice sheet are not accounted for.
This limitation needs to be circumvented by, for example, providing some uncertainty
estimates to the assumption of a static rheology distribution that is based on the modern
ice sheet. Similarly, Úa has no interactive lithosphere, meaning that bedrock deformation
needs to be prescribed (Paper III), or other uncertainty/end-member estimates need to be
explored (Paper IV). Overall, even with the aid of adaptive mesh refinement and the abil-
ity to change the mesh during simulation time, palaeo model simulations will never be as
fast, or run at a resolution as high as those tailored to modern time scales. Nevertheless,
as results from Paper II indicate, using a resolution of 4–5 km over complex topography
would be the minimum to start capturing interactions between ice flow and the com-
plex topography, but would be too coarse to adequately solve them. Unsurprisingly, this
means that ice sheet models might soon become as computationally demanding as ocean
or atmosphere models.

The interaction between ice sheets and other climate components is also an important
aspect that has recently received increased attention. Their topography and freshwater
discharge affects circulation patterns in both the ocean and atmosphere, as well as their
carbon budgets (Denton et al., 2010; Löfverström et al., 2014; Jones et al., 2018; Qin
et al., 2022). Despite their interplay, two-way coupled setups between ice sheet models
and other climate components are still rare and, understandably, mainly focused on the
ice-ocean interface (e.g., Le clec’h et al., 2019; Gladstone et al., 2021; Naughten et al.,
2021; Zhao et al., 2022). Palaeo models still make frequent use of ocean parameterisa-
tions, but efforts to provide a middle ground between a fully-coupled setup and a simple
parameterisation are ongoing (e.g., Kreuzer et al., 2021). Understanding how feedbacks
between the evolving ice sheet geometry and the other climate components (i.e., oceans
and the atmosphere) can impact Earth as a whole (and regionally) is definitely necessary
for further improving models of geophysical fluids, ice sheets included.
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8 Conclusions and future outline

In agreement with what is known for the EAIS in general, DML had an inland-to-coast
elevation profile that was gentler in the LGM, and steeper in the Pliocene. However, this
thesis has showed that deviations existed from this paradigm in sites of marked topo-
graphic control on ice drainage. The importance of local features in regions of complex
topography in modulating ice geometry changes has been the centre factor in the ques-
tions addressed in this thesis. Not only in controlling the region’s response to climate
drivers, but also in affecting the ice sheet history recorded in-situ.

Nunatak ranges and ice streams can respond differently to changes in climate, both
under colder and warmer conditions than present. This means that changes recorded
over nunataks might not necessarily reflect changes over the most dynamical parts of the
ice stream, which contribute the most to variations in their volume and extent. The cur-
rent way of sampling and interpreting exposure ages, including estimating ice thickness
changes from them, is affected by regional sampling biases and subjective criteria for es-
tablishing reference points. Therefore, a more consistent and systematic approach should
be taken, considering the ice flow direction at present and during the target geological pe-
riod.

The study case for the LGM showed that high-resolution modelling over complex to-
pography effectively reduces mismatches in ice surface elevation changes. While this was
shown only for comparisons between equilibrium geometries and the modern ice sheet,
the idealised transient experiments suggest that differences in timing and magnitude of
thickness changes between empirical and transient model results should also be reduced.
Verifying that this also applies in non-idealised settings is a natural next step. Transient
ice sheet model runs that use dynamic adaptive mesh refinement have so far focused on
the movement of the grounding line or calving fronts, and not on resolving steep topo-
graphic relief. I see this as an unexplored way forward, which could be combined with,
for example, models of cosmogenic-nuclide production. Such novel online-coupled mod-
elling would enable an even closer comparison between both fields of palaeoglaciology,
as processes like inheritance could be better accounted for.

From the studies that compose this thesis, it is clear that numerical modelling exper-
iments that focus on a smaller domain at a higher resolution should be more frequently
used. They are the best tool to reduce data-model mismatches, and to identify key pro-
cesses otherwise ignored or unresolved in large-scale ice sheet models. Thus, in order
to accurately estimate ice surface changes over regions of complex topography, a closer
collaboration between numerical modellers and field scientists is needed. Regions where
numerical models show the highest degree of uncertainty should be prioritised when ob-
taining in-situ data (as was the goal of MAGIC-DML), but the interpretation of the latter
should also make use of high-resolution numerical modelling.

Developments in glaciology towards this direction not only should help reduce the
uncertainties in past simulations, but also offer insights in key model components to be
improved for palaeo simulations. Ultimately, both palaeo and modern ice sheet simu-
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lations that can capture the most important processes governing their evolution should
contribute towards more accurate projections of sea-level rise, which is the main contri-
bution from ice sheet modelling of societal relevance.
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