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Abstract

Quaternary Antarctic Ice Sheet Dynamics

The Antarctic Ice Sheet (AIS) plays a major role in the evolution of Quaternary glacial-interglacial cycles
and in the global climate system in general. By a variety of ice-ocean and ice-atmosphere feedback
processes, changes in the dynamics of the southern ice giant are felt throughout the globe. Ice cores
drilled down to the bedrock of the East Antarctic Ice Sheet provide a glimpse into the climate history of
the past one million years via water stable isotopes and trapped gasses conserved in the slow flowing ice
(climate proxies). Dramatic changes in ice volume and extent characterize the evolution of the AIS during
the last 130.000 years, affecting both Southern Hemisphere and global climate. A central protagonist
in this history of the AIS is the West Antarctic Ice Sheet (WAIS), due to its unique setting extending
into several ocean basins and thus being prone to destabilization triggered by warming of the Southern

Ocean.

The objective of this thesis is to shed light on the glacial-interglacial dynamics of the AIS by means of
3D ice sheet modeling. The dynamic evolution of the WAIS during the Last Interglacial (LIG) and in the
future is investigated and potential climate thresholds for an marine ice sheet collapse identified. Special
attention is given to the role of basal melting underneath the ice shelves in the growth and decay of the
WAIS. An ocean warming range of 2 —3°C is found to be sufficient to trigger an irreversible retreat of the
marine ice sheet culminating in its complete collapse and a global Antarctic sea level contribution of up to
5m during the last interglacial as well as within the next millennia. It is found that the collapse depends
on a complex interplay of precipitation patterns, bedrock topography, ocean bathymetry and ultimately
Southern Ocean warming. Intrinsic timescales defined by the topographic features of the WAIS are found
leading to a characteristic two phase collapse of the ice sheet. This thesis, for the first time, provides
an estimate of LIG climate conditions required for a WAIS collapse within the range of proxy data for
LIG Southern Ocean temperatures on the basis of 3D ice sheet modeling. Peak LIG sea levels of 7 — 9m
are corroborated and the Antarctic contribution to the latter identified. Future Southern Hemisphere
warming as projected by the IPCC would set the WAIS on a path of long term retreat culminating in
several meter sea level rise during the next millennia. Rapid warming however, triggering a fast collapse
of the Antarctic ice shelves within centuries, would set the stage for a multi-centennial collapse of the

WAIS with grave consequences for low lying coastal settlements.

The full last glacial cycle is simulated with a transient climate forcing incorporating proxy data as well as
results from a global circulation model. The processes behind the timing and extent of the last glaciation
in Antarctica are investigated in sensitivity studies, illuminating the role of ice shelf-ocean dynamics en
route to the Last Glacial Maximum. Flat grounded ice sheets are found to have covered the Weddell
and Ross Sea at least partially, while grounding lines advanced considerably in the Bellinghausen- and
Amundsen-Sea as well as around the Antarctic Peninsula. Strong sensitivities of this ice sheet advance
with respect to small changes in basal shelf melting are found, as well as teleconnections between dynamics
in geographically separated ocean basins. Further, the ultimate retreat leading to the Holocene AIS, is
simulated focussing specifically on marine ice sheet dynamics as well. A passive tracer advection scheme
is utilized to simulate ice cores which are then compared to the deep Antarctic ice cores (e.g. Dome C,
EDML, Vostok), providing valuable insights and constraints into ice evolution and the hydrological cycle

during the last interglacial. Finally, ice sheet modeling excursions into the Pliocene and Miocene provide




a broader context of the AIS behavior in the deeper past. This thesis extends the current knowledge
of Antarctic Ice Sheet dynamics during the last glacial cycle and beyond as well as shedding light on

potential future contributions to global sea level.




Zusammenfassung
Dynamik des Antarktischen Eisschilds im Quartar

Das Antarktische Eisschild spielt eine zentrale Rolle im Kommen und Gehen von Glazialen und Inter-
glazialen wiahrend des Quartérs sowie fiir das globale Klimasystem. Durch eine Vielzahl von Wech-
selwirkungen zwischen Eis, Ozean und Atmosphére, haben Verdnderungen des Eisgiganten weltweite
Auswirkungen. Eiskerne, die bis zur Basis des Ostantarktischen Eischildes gebohrt wurden, geben durch
die in ihnen konservierten Wasserstoff- und Sauerstoff-Isotopen und eingeschlossenen Gase einen einma-
ligen Einblick in die Klimageschichte unseres Planeten wéhrend der letzen eine Million Jahre. Drama-
tische Fluktuationen der Ausdehnung und der Masse des Antarktischen Eisschildes charakterisieren die
Entwicklung desselben wahrend der letzten 130.000 Jahre, was Konsequenzen sowohl fiir das Klima der
Siidhalbkugel als auch nordlich des Aquators hat. Durch die einmalige Konstellation an der Grenze
zwischen Luft, Eis und Wasser, stand das Westantarktische Fisschild im Zentrum der vergangenen En-
twicklungen. Warme Ozeanstromungen, welche die Eisschelfe der Westantarktis unterspiilen, kénnen
das gesamte Westantarktische Eisschild destabilisieren und dadurch zu einem Meeresspiegelanstieg von

mehreren Metern fiihren.

Das primére Ziel dieser Dissertation ist die Untersuchung der Entwicklung des Antarktischen Eisschildes
wahrend des letzten Glazial-Interglazialen Zyklus. Die Dynamik des Westantarktischen Eisschildes im let-
zten Interglazial (Eem) und in der Zukunft wird beleuchtet und potentielle Klimakipppunkte, welche einen
Kollaps des Westantarktischen Eisschildes bewirken, identifiziert. Besonderes Augenmerk liegt auf den
Effekten des Schmelzens unter den Antarktischen Eisschelfen und deren Auswirkungen auf die Stabilitét
des marinen Eisschildes. Die Ergebnisse zeigen eine Temperaturleitplanke von 2°C, deren Uberschreitung
einen irreversiblen Riickgang der Griindungslinie des Westantarktischen Eisschildes nach sich zieht. Dies
fithrt zu einem Meeresspiegelanstieg von bis zu 5 Metern wihrend der nichsten Jahrtausende. Der Kollaps
des Westantarktischen Eisschildes wird mithin beeinflusst von mehreren Faktoren, darunter die Bathyme-
trie der Ozeanbecken, die Eisschildtopographie, Niederschlagsmuster und insbesondere die Erwdrmung
des siidlichen Ozeans. Weiterhin fiihrt die Topographie der Westantarktis zu einem charakteristischen
zweiphasigen Riickzug des Eisschildes, welcher eine Rolle im kolportierten zweigeteilten Meeresspiegel-
maximum im Eem gespielt haben kénnte. Diese Dissertation zeigt, dass ein Kollaps des Westantarktischen
Eisschildes im Eem durch die von Proxydaten suggerierte Ozeanerwdhrmung durchaus im Bereich des
Moglichen liegt. Dadurch werden die Hinweise auf einen Meeresspiegelanstieg von 7 — 9 Metern im Eem
bestérkt und die Rolle der Antarktis ausdifferenziert. Die Modellergebnisse zeigen, dass die durch einige
Szenarien des Intergovernmental Panel on Climate Change (IPCC) prognostizierte zukiinftige Erwiirmung
der Stidhemisphere zu einem irreversiblen Riickzug der Westantarktis fiihren kénnte, verbunden mit einem
Meeresspiegelanstieg von mehreren Metern wahrend der néchsten Jahrtausende. Sollten die Antarktis-
chen Eisschelfe im Laufe weniger Jahrzente kollabieren (getrieben von Schmelzen und Kalben), kénnte
dies sogar zu einem Kollaps binnen weniger Jahrhunderte fithren. Dies hétte drastische Konsequenzen

fiir die Bevolkerung von niedrig liegenden Kiistengebieten.

Weiterhin wird der letzte glaziale Zyklus simuliert. Ein aus Proxydaten und Klimamodellen gespeister
transienter Klimaantrieb wird genutzt, um die Treiber und Prozesse, welche der Dynamik des Antarktis-
chen Eisschildes im letzten Glazial zugrundeliegen, zu identifizieren. Die Ergebnisse zeigen eine, zumind-

est partielle, Bedeckung des Ross und Weddellmeeres mit flachen Eisschilden. Die Eisgriindungslinie in der




Amundsen, der Bellinghausen See und der Antarktischen Halbinsel war weit vorangeschritten, teilweise
bis an den Rand des Kontinentalschelfs. Die Modellergebnisse zeigen eine hohe Sensitivitdt der Aus-
breitung der marinen Eisschilde gegeniiber kleinen Verdnderungen im basalen Schmelzen der Schelfeise.
Wechselwirkungen zwischen Eisschelfdynamiken in geographisch getrennten marinen Becken werden in
den Simulationen gezeigt. Weiterhin wird der postglaziale Riickzug des Antarktischen Eisschildes in Sen-
sitivitatsstudien mit Fokus auf die Massenbilanz antarktischer Eisschelfe untersucht. Abschliessend wird
die Entwicklung eines Tracermoduls dokumentiert, welches die Berechnung der Stratigraphie des Antark-
tischen Eisschildes erméglicht. Erste Ergebnisse zur Altersverteilung in tiefen antarktischen Eiskernen
(z.b. die Kerne Dome C, EDML und Vostok) werden vorgestellt. Abschliessend wird die Dynamik
des Antarktischen Eisschildes in der tieferen Vergangenheit, spezifisch des Pliozédns und des Miozéns,

untersucht.

Die vorliegende Dissertation erweitert das aktuellen Wissensstand der Forschung beziiglich vergangener
Dynamiken des Antarktischen Eisschildes und bietet einen Ausblick auf mogliche zukiinftige Beitrége der

Antarktis zum globalen Meeresspiegelanstieg.
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Preface

Ever tried. Ever failed. No matter. Try again. Fail again. Fail better.
Samuel Beckett

The human civilization has reached such an unprecedented state of influence on the planet Earth that
the time we live in is fittingly coined Anthropocene (anthropos - human, kainos - new). A carbon
based economy and the everlasting human pursuit of wealth and happiness intensify the pressure on the
environment and the global climate system. Men is en route to break through several planetary boundaries
leaving the safe operating space of a sustainable civilization. Already now, the climate impacts of our
resource mongering lifestyles can be observed in many places, but especially in the polar regions where
climate feedback processes aggravate global warming, melt sea ice and glaciers and thin the gigantic ice
sheets of Greenland and Antarctica. These formerly remote barren landscapes, only admired and feared
by a handful adventurers, whalers and explorers, are now at the centre of interest for climate scientists

and policy makers alike.
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Chapter 1

Introduction

Everybody talks about the weather, but nobody does anything about it.

Unknown

The climate system will undergo unprecedented changes in this and the coming centuries. Before the
industrial revolution and the large scale combustion of fossil fuels, the oscillatory changes of global climate
where paced by the sun’s irradiation, the atmospheric composition of greenhouse gases, such as carbon
dioxide and methane, tectonic changes and the odd volcanic eruption covering the globe in a cooling
blanket. However, humans capacity to transform fossilized organic matter into energy and blowing their
remains into the atmosphere in the form of climate active gasses, has pushed the climate into an alternate
future trajectory [Stocker et al., 2013]. Human society has stumbled into the role of an actor, shaping the
future climate for millennia to come. Consequently public interest in Earth’s climate has been growing in
the late 20th century and has been greatly heightened in recent decades. This is due to the realization of
the potentially devastating consequences which human-caused climate change implies for the well being
of future generations. A major focus of this interest concerns the polar Ice Sheets of Greenland and
Antarctica due to their potential impact on global sea level and their general role in the climate system?.
As of yet many aspects of ice sheet dynamics and their interactions with the climate system are still
poorly understood?. To improve predictions of future climate and ice sheet changes it is invaluable to
take a close up look into the past. This thesis investigates the dramatic evolution of the Antarctic Ice
Sheet (AIS) during the last 130.000 years and beyond, in order to shed light on the stability of the West
Antarctic Ice Sheet (WAIS) in warm climates, Antarctica’s contribution to sea level variations in the past
and in the future, and to improve the understanding of the climate archive conserved in Antarctic ice

cores.

The Ongoing Ice Age

In relation to the larger periods of Earth’s existence we live in an ongoing ice age only interrupted

by short bursts of warm periods, so called interglacials, the present one called Holocene [Jouzel et al.,

ce sheets affect the climate in multiple ways, most prominent is their cooling influence on the atmosphere via the highly
reflective properties of ice and snow compared to e.g. liquid water, stoney surfaces or forests.

2See for example the review of Hannah et. al 2013 [Hanna et al., 2013] or the news report in Nature 2015 "gains in antarctic
ice might offset losses”.
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2007]. This may appear surprising since the majority of Earth’s surface is ice free, but on geological
time scales we live in relatively cold times. Earth underwent a series of monumental transitions - being
ice free (e.g. in the Cretaceous®), and possibly almost fully covered by ice and snow (Snowball Earth
hypothesis?). The present Ice Age began ca. 40 million years ago (the late Cenozoic glaciation) with the
glaciation of Antarctica. Global atmospheric CO5 concentrations and temperatures have been generally
decreasing since then (see Figure 1.1). At about 1.2 million years ago, the beginning of the Quaternary,
a rhythmical cycle of glaciations (ca. 90.000 years) and shorter interglacials (ca 10.000 years) dominated
Earth’s climate and the Cryosphere®. The Serbian Astronomer Milutin Milankovitch proposed that
variations in the Earth’s orbit around the Sun®, influencing the amount of solar radiation received on
the planets surface, where the cause for the glacial-interglacial cycles. However, a comprehensive theory
for the succession and timing of cold and warm times is still to be put forth - its formulation one of the

central motives of paleoclimate research.

The Past as a Key to the Future

The investigation of the paleoclimate, in particular with respect to the alternation of cold and warm
periods in Earth’s history, provides a fascinating framework for approaching an understanding of the
multifactorial interconnected processes which have and will alter the face of the planet. The examination
of the planet’s history is a pivotal key”, particularly with respect to understanding the dynamics of the
Antarctic Ice Shield (AIS) with changing climate.

The evolution of the AIS throughout Earth’s climate, its paleoclimate dynamics, includes the enigmas
of a drastically reduced ice sheet (e.g in the Miocene and Pliocene see chapters 9 & 5) as well as ice
sheets extending to the continental shelf during the large glaciations®. Hence the present day AIS is but
a snapshot in its transient evolution. Variations in the Earth’s orbit influencing the energy balance on
its surface appear to be the major driver behind the glacial interglacial cycles in the Quaternary (from
about 2.6 ml years ago until to date). About 1.2 Million years ago a shift from the obliquity signal 40kyr
cycles to an eccentricity signal of 100kyr cycles occurred [Raymo and Ruddiman, 1992]. This shift’s cause
has remained one of the big unanswered questions in paleoclimate science. The Milankovitch cycles are
conserved within water stable isotopes® precipitated with snow on the polar ice sheets; thereby leaving
an echo of past climatic conditions [Jouzel et al., 1997]. The analyses of ice cores thus opens the gate to
a rich climate archive containing invaluable information for the reconstruction of Earth’s climate history

(see chapters 2 and 8).

3Ca. 145-60 million years ago being the final geological period closing with the extinction of the Dinosaurs. It was
characterized by CO2 levels about six times higher than today, warm polar regions and temperature gradients between
the pole and the equator of less than 30°C (compared to 100°C today for the Southern Hemisphere).

4Proponents of this theory claim that glacial sedimentary deposits found in tropical latitudes support the Snowball Earth
Hypothesis.

5The term Cryosphere summarized all regions covered by snow, permafrost and ice.

6Earth’s orbit around the Sun changes with ca. 100.000 years periodicity, the axial tilt with ca. 41.000 years and the axis
of rotation with ca. 23.000 years.

7Of course the reverse also holds and is an important insight for science in general, expressed in the words by the 19th
century geologist Charles Lyell The present is the key to the past.

8E.g. the last glacial maximum (LGM) ca 21.000 yr ago, see chapter 6 and [Bentley et al., 2014].

9Heavy water, Deuterium, and the oxygen isotope 8O are used to reconstruct past temperature variations, see chapters 2
and 8.
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Figure 1.1: Compilation of paleo data spanning the last 60 million years (from [Stocker et al., 2013].)
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Why Antarctica

0 200 400 600 800 1000
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Figure 1.2: Antarctica and its regions. While the West Antarctic Ice Sheet is mostly based below sea level,
and fringed by large (Filchner Ronne & Ross) and smaller ice shelfs (e.g. Getz Ice Shelf), most of
the ice is stored in the ice domes of East Antarctica. Map from United States Geological Survey
(see lima.usgs.gov).

Antarctica is a continent of superlatives; the highest, coldest and windiest place on Earth. It conserves
enough frozen water to raise global sea level by about 58 m [Fretwell et al., 2013]. Covering the South
Pole its icy realms extend to a staggering 63° S (the northernmost region of the Antarctic peninsula).
The enormous size of the AIS makes it a truly global player in the climate system. It feeds the global
ocean conveyor belt with meltwater from its ice shelves and its enormous seasonal sea ice cycle. It cools

the atmosphere by its high albedo and elevations'C.

For human civilization the undoubtedly largest impact of the Antarctic continent is its potential influence
on global sea level. In the 1970’s, scientific revelations uncovered a weak spot in the south polar ice
blanket [Mercer, 1978], previously thought eternal, which was famously coined the "weak underbelly"
[Hughes, 1981] of the AIS. Mainly based below sea level, the WAIS (see Figure 1.2) extends its reach
out into the ocean where it forms floating ice shelves. Only a few regions are resting on bedrock above
sea level. These structural conditions pertain a significant susceptability to warming of Southern Ocean
temperatures [Rignot et al., 2014, Joughin et al., 2014]. It has been proposed that climate change, as a
consequence of unabated greenhouse gas emissions [Stocker et al., 2013] could heat up the polar regions
enough to trigger a catastrophic collapse of the WAIS [Mercer, 1978|, raising sea levels by more than
3m [Bamber et al., 2009] and threatening coastal populations, infrastructure, agriculture and vulnerable
ecosystems [Field et al., 2014, Nicholls and Cazenave, 2010, Neumann et al., 2015]. To predict the future
behavior of the AIS as accurately as possible is vital for policymakers and the public alike, considering

the consequences of unabated greenhouse gas emissions for the slowly awakening ice giant.

10For a graphical depiction of ice sheet climate interactions, see Figure 11.1 in chapter 11.



http://lima.usgs.gov/documents/LIMA_overview_map.pdf
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Future and Past Antarctic Ice Sheet Dynamics

Many facets of the intricate dynamics governing the waxing and waning of the AIS are still elusive,
but large strides in glaciological observations and ice sheet modeling in the last decades have uncovered
many previously unknown mechanisms controlling ice flow patterns, ice sheet-shelf advance, retreat and
collapse. Facing considerable warming during this century, the stability of the WAIS is under increased
scrutiny. Recent observations and ice sheet modeling studies suggest that the WAIS might be en route
to a widespread retreat, potentially unlocking rapid sea level rise in the next centuries and beyond
[Rignot et al., 2014, Joughin et al., 2014, Pollard et al., 2015, Winkelmann et al., 2015, Feldmann and
Levermann, 2015, Sutter et al., 2015a]. However, since many aspects of ice sheet dynamics are still
poorly understood, "medium confidence" - results of ice sheet modeling (as termed by the most recent
Intergovenmental Panel on Climate Change [Stocker et al., 2013] 1) have to be conceded. For example,
a recent study has claimed, that the Antarctic Ice Sheet is actually growing [Zwally et al., 2015], which is
contradictory to previous publications stating a slightly negative mass balance through the last decades
[Ivins et al., 2013, Zammit-Mangion et al., 2015, Harig and Simons, 2015]. A growing body of glaciologists
and ice sheet modelers are bent on improving observations and the physical representation of ice sheet
dynamics in complex models. High resolution, complex ice sheet models are investigating grounding line
dynamics [Favier et al., 2014, Cornford et al., 2015] and ocean models are being developed to simulate
the complex ocean circulation patterns and heat transport underneath the Antarctic ice shelves [Hellmer
et al., 2012, Hattermann et al., 2014, Nakayama et al., 2014, Stewart and Thompson, 2015]. However,
computational constraints and technical difficulties (e.g. re-gridding the land-sea mask online during a
simulation) still prevent the application of sophisticated modeling schemes in long term paleo-ice sheet
model simulations. It is thus necessary at present to fall back to simple parameterizations of ice physics

in modeling paleoclimate ice sheet dynamics [Stocker et al., 2013]'? and chapter 2).

Currently, the past stability of the WAIS in a warming world and the grand evolution of the AIS is

13 and ice sheet models

poorly constraint, since observational data from proxy reconstructions are sparse
only begin to produce more reliable fore- and hindcasts. Central research foci presently address the
future mass balance of the AIS and its impact on sea level in the centuries and millennia to come [Ritz
et al., 2015, Golledge et al., 2015, Mengel et al., 2015, Winkelmann et al., 2015, Sutter et al., 2015a],
the advance and retreat of the ice sheets’ grounding line [Favier et al., 2014, Cornford et al., 2015, the
ice-ocean interactions underneath the vast Antarctic ice shelves [Hellmer et al., 2012, Pritchard et al.,
2012, Depoorter et al., 2013], as well as the past influence of the large paleo ice sheets on timing and
extent of glacial-interglacial cycles [Abe-Ouchi et al., 2013] and the effects of a warming or cooling climate
on the long term ice sheet dynamics [Wilson et al., 2013, Knorr and Lohmann, 2014]. All these topics are
intertwined and mutually dependent, illustrating both the difficulties and the fascination of the complex

science covering AIS dynamics.

In the following chapters these topics are addressed, with the goal of improving the understanding of

11See chapter 13 of the WG1: "There is high confidence in projections of thermal expansion and Greenland surface mass
balance, and medium confidence in projections of glacier mass loss and Antarctic surface mass balance".

12See chapter 3 of the WG1: "continental-scale ice sheet models currently rely on improved parameterisations (Alley et al.,
2008; Pollard and DeConto, 2009; Levermann et al., 2012)".

13Both in space and time, see for example the review of the AIS evolution following the last glacial maximum [Bentley
et al., 2014].
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Figure 1.3: A graphical depiction of Antarctic Ice Sheet evolution through the past. Each chapter of this thesis
is highlighted with an illustration of the Antarctic Ice Sheet and the climate time slice discussed
in the respective chapter. The vertical graph on the right shows the evolution of the Antarctic Ice
Sheet in the last glacial cycle (the range of volumes is derived from sensitivity studies presented in
this thesis).
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both past and future AIS evolution. Figure 1.3 illustrates the framework of this thesis.

In this thesis the dynamic evolution of the AIS during the last glacial-interglacial cycle (chapters 3, 6,
7) is investigated, under consideration of the role of ocean warming or cooling and surface mass balance
on the coupled ice sheet-shelf and grounding line dynamics. Special focus lies on an ice sheet modeling
assessment of Antarctica’s potential contribution to global sea level rise during the LIG (chapter 3). In
simulating the glacial-interglacial cycle, water stable isotopes are advected through the ice to create an
artificial ice core archive which can be compared to the isotopic composition and depth-age relationship
in the AIS. In a first step this procedure serves to validate the model’s performance and in a second
step it supports the interpretation of ice cores from an ice dynamics perspective (see chapters 2.5 and 8).
Further, a range of modeling efforts are presented, simulating the future evolution of the AIS in simplified,
unabated greenhouse gas emission scenarios (see chapter 4), which assesses the potential Antarctic sea
level contribution in the next centuries and millennia. Finally, two additional paleo-environments, the
Pliocene (chapter 5) and the Miocene (chapter 9), are illuminated from an AIS perspective. The Pliocene
AIS, as an example of a warm climate south polar ice sheet, and the Mid Miocene Climate Transition
(MMCT), in which an AIS with present day dimensions formed [Wilson et al., 2013].

Specific questions addressed in this thesis are:

1. Antarctic Ice Sheet dynamics and sea level contribution in the Last Interglacial. The
climate in the LIG around 125 kyr BP is considered to be 1 — 2°C warmer than most of the Holocene
[Otto-Bliesner et al., 2013, Lunt et al., 2013, Bakker et al., 2014]. Despite this moderate warming, it
was a time with considerably smaller ice sheets than today, and a surprisingly high sea level (ca. 7 —9m
above the present day sea level e.g. [Dutton and Lambeck, 2012, Kopp et al., 2013, Dutton et al., 2015]).
Therefore the question after whereabouts of such water masses poses itself. In chapter 3 the dynamic
evolution of the AIS in the LIG is investigated with a 3D ice sheet model (ISM [Thoma et al., 2014])
and a fully coupled atmosphere-ocean general circulation model (COSMOS [Stepanek and Lohmann,
2012, Pfeiffer and Lohmann, 2015]).

Climate models [Lunt et al., 2013, Pfeiffer and Lohmann, 2015] and proxy data [Capron et al., 2014]
still exhibit large discrepancies in sea surface temperatures (SST) and surface air temperatures (SAT)
especially in the high northern and southern latitudes. While the sea level contribution of Greenland (ca.
2m [Dahl-Jensen et al., 2013]), ocean thermal expansion [McKay et al., 2011] and land based glaciers
[Marzeion et al., 2012] (both 0.5m) seems to be well constrained. Here, for the first time, the role
of the remaining protagonist, the Antarctic Ice Sheet, is investigated in an ice sheet modeling effort
incorporating both AOGCM forcings as well as proxy data (e.g. [Sutter et al., 2015a]). A destabilization
of the WAIS by means of the Marine Ice Sheet Instability (MISI [Mercer, 1978, Schoof, 2007]) in the
LIG would have contributed over 3m sea level rise [Bamber et al., 2009], thereby filling the sea level gap

which the other main contributors leave.

In chapter 3 the potential mechanisms triggering the MISI are discussed, and the transient evolution
of the AIS in the LIG is examined. The crucial role of Southern Ocean temperature and the ice-ocean
interaction underneath the Antarctic ice shelves is identified as the main driver behind a collapse of

the WAIS, while a precipitation or surface temperature driven retreat is found to be implausible. It
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is shown that the climate forcing delivered by the general circulation model applied (COSMOS [Lunt
et al., 2013, Pfeiffer and Lohmann, 2015] does not suffice to destabilize the WAIS. A Southern Ocean
temperature anomaly threshold of 2 — 3° is required to tip the WAIS into an unstable configuration,

triggering runaway retreat and leading to a AIS sea level contribution during the LIG of ca. 3 — 4m.

These results support the hypothesis that the WAIS played a substantial role in LIG sea level evolution.
Further, an underestimation of Southern Ocean temperatures in COSMOS is identified which seems to be
a common misrepresentation in general circulation models. Thus the results call for a better representation
of polar ocean circulation processes and especially the inclusion of ice ocean interaction and feedbacks

into coupled climate models in order to realistically simulate high latitude interglacial climate dynamics.

2. The stability of the WAIS in the next centuries and millennia. Future climate evolution
and AIS dynamics could unfold in similar patterns as in past interglacials such as the Eemian. However,
large uncertainties still exist in predictions of both future climate and sea level changes, which are mainly
rooted in the limited understanding of ice sheet dynamics and the regional manifestation of global climate
change in the Southern Hemisphere. Recently, a range of studies dedicated to estimating future Antarctic
contributions to sea level change have been published [Golledge et al., 2015, Winkelmann et al., 2015, Ritz
et al., 2015, Sutter et al., 2015a], applying different modeling approaches and time horizons. The main
question driving these investigations is wether the marine ice sheets in Antarctica might eventually turn
into a rapid retreat mode, a process which has been suggested to have already started for the glaciers in
the Ammundsen Sea embayment [Rignot et al., 2014, Joughin et al., 2014].

In chapter 4 simulations of future AIS evolution over the next centuries and millennia are discussed, with
the aim of identifying critical thresholds beyond which the WAIS becomes unstable. The main difference
between future and LIG climate change is the pace and maybe the amplitude of warming (which strongly
depends on the behavior of societies worldwide, and is therefore a major source of uncertainty). To
discuss a range of scenarios, several warming trajectories are applied as a climate forcing in the 3D ISM
for the next 5000 years. The results show that the future evolution of the AIS strongly depends on the
emission of greenhouse gasses over the next decades. Depending on the scenario, effects range from small
increases in ice volume, to a lock-in of irreversible collapse of the WAIS unfolding gradually over the next

millennia and raising sea level by ca. 3m.

A more extreme forcing which would lead to the large scale disintegration of the major Antarctic ice
shelves within this century'4, would lead to the collapse of the WAIS within a few centuries. Under
such conditions, the AIS contributes ~ 0.5m to sea level rise until the end of this century. These
extreme estimates of future Antarctic contributions to sea level rise highlight the urgency of improving

the understanding of the physical processes underpinning WAIS collapse.

3. Constraining the size of the AIS in the late Pliocene warm period. The late Pliocene
warm period (also known as the PRISM interval 3.264 to 3.025 million years before present), is another
potential analogue to future climate change [de Boer et al., 2015]) which serves as an example of a

relatively warm climate!®. The sensitivity of the AIS to such a warm climate can serve as an indicator of

14Due to melting and calving events.
5 Exceeding the warming in the LIG [Lunt et al., 2013, Pfeiffer and Lohmann, 2015].
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potential future dynamics on the continent. However, the available ice core record from Antarctica only
covers the last eight glacial cycles (ca. 740.000 years [Jouzel et al., 2007]) and circumantarctic marine
sediment cores, providing hints of past ice sheet extent, only exhibit ice sheet growth and retreat during
the last glacial cycle. Further a comprehensive ice sheet modeling study constraining the AIS evolution in
the Pliocene is still missing, thus limiting the knowledge of Pliocene AIS size, shape and evolution. The
Pliocene Antarctic Ice Sheet volume and extent remains unknown. In chapter 5 the efforts of the first
ice sheet modeling intercomparison project staged in the Pliocene [de Boer et al., 2015] are presented.
While the different ice sheet models applied in the study show consistent results in simulations of the
present day AIS, model spread for the Pliocene is substantial and prohibits a meaningful conclusion on
Antarctic Ice Sheet extent and volume in the PRISM interval. This calls for more homogenized ISM
parameterizations and further ice sheet model intercomparison efforts, not only limited to the Pliocene,
but also for the better understood periods like the LIG, LGM or PD.

4. Glacial advance of the AIS into the LGM and pacing of post-glacial retreat. Knowledge
about the AIS’ evolution during the last glacial cycle is largely constrained to the post-LGM retreat
[Bentley et al., 2014]. Marine paleoproxy information previous to that period is largely overridden by the
retreat of the grounded LGM ice sheets, thus pre-LGM information is mostly limited to the interpretation
of cosmic radio-isotopes (Berylium) in rocky outcrops (Nunataks) protruding the ice sheet. So far only
a handful modeling studies are available on the timing and the underlying dynamics of the AIS’ glacial
advance after the LIG. Some discuss the advance only in scope of a long-term multi-glacial cycle analysis
with coarse parameterizations of both atmospheric and ocean forcing [Huybrechts, 2002, Pollard and
DeConto, 2009|, others implement more sophisticated approaches, comparable to those used in this thesis,
but specifically address the sensitivity to changing basal conditions and less so to oceanic forcing [Maris
et al., 2014]). A third kind of modeling approach applies extensive tuning and high spatial resolutions
in multi-ensemble simulations to approach a realistic LGM AIS [Golledge et al., 2013] compared to
proxy reconstructions [Bentley et al., 2014]. After all, there are large differences between model studies
and scope. Consequently, estimations of LGM extent and volume changes vary widely from ca 5-18m
[Huybrechts, 2002, Bentley, 1999, Golledge et al., 2013] sea level equivalent. Further the pace and
variability of the AIS’ growth following the LIG is largely unknown, since variations of global sea level
where mostly dominated by the waxing and waning of the large northern hemisphere ice sheets. All
studies seem to focus mostly on bedrock properties by varying sliding parameterizations, mostly ignoring

the impact of different ice shelf melt scenarios.

In chapters 6-7 the full glaciation and deglaciation after the LGM is simulated with a 3D ISM, forced
by the climate output from COSMOS [Stepanek and Lohmann, 2012]). Results indicate that either the
Antarctic circumpolar current and deep water is simulated slightly too warm in COSMOS or that surface
accumulation is too low to allow for substantial grounding line advance into the LGM. Nevertheless,
tuning of the basal shelf melt rates show that a wide range of LGM AIS configurations can be simulated
(4 — 12m sea level equivalent) within a reasonable parameter space. The ISM results in concert with
paleo proxy constraints show that the AIS glacial advance was probably a slow process culminating in
an LGM ice sheet, lowering global sea level by about 3 — 7m compared to the present day. The LGM
ice sheet mostly extended to the continental shelf break in the Weddell Sea while the simulations show

multiple potential LGM grounding line positions in the Ross Sea. The interior AIS was slightly thinner
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than present day due to a general weakening of the hydrological cycle during the glacial. The WAIS
appears to have been slightly thinner than present day as well, with a vast flat ice sheet covering the
present ice shelves in both the Ross and the Weddell Sea. The results strongly depend on the distribution
and strength of basal melting underneath the ice shelves, especially the Filchner-Ronne Ice Shelf (FRIS)
and Ross Shelf (RS). Small variations in ocean temperatures underneath the FRIS and RS can tip the

scale in favor of glaciation or against.

The post-LGM deglaciation dynamics depend heavily on the maximal extent and volume of the LGM
ice sheet, and the applied ocean forcing. The results show that only strong melt pulses during the first
millennia of deglaciation could have destabilized the marine LGM ice sheets which extended into the
Weddell and Ross Sea. A bifurcation in the post-LGM ice volume evolution depending on the basal shelf
melt rate indicates a tipping point upon which the marine ice sheet instability is triggered in these ocean
sectors. Continuos high shelf melt rates (~ 20 — 30%}) lead to a collapse of the Weddell Sea ice sheet
within 1.000 years. Since deglacial AIS retreat occurred in several stages [Bentley et al., 2014, Weber
et al., 2014] recurring cold spells [Vazquez Riveiros et al., 2010] presumably prolonged the lifetime of the
Weddell and Ross Sea ice sheets.

The results uncover several systematic characteristics of AIS LGM extent and volume as well as for de-
glacial dynamics which call for the inclusion of more observational proxy data, and improved detailed
climate simulations from GCMs for the Southern Hemisphere, to better constrain the parameter space
and the climate forcing during the last glacial cycle. Further higher spatial model resolutions and a better
understanding of the basal properties specifically of the marine bedrock are needed to further pin down

regional patterns of pre- and post-LGM AIS evolution.

5. Unlocking the Antarctic climate archive. Antarctic ice cores serve as invaluable climate
archives which are encrypted by the complex formation and origin of past precipitation over the ice sheet
[Dansgaard, 1964, Jouzel et al., 1997]. Deciphering these archives requires in depth knowledge of the
present isotope temperature relation at the respective sites, as well as information of past changes in
ice sheet elevation, seasonality of precipitation and moisture source. Paleoclimate proxies conserved in
geologic formations such as ice cores and marine sediment cores are scarce (in both time and spatial
dimension). Thus, the interpretation of past climate evolution derived from observational evidence must
go hand in hand with a careful interpretation of model simulations. Ice sheet chronologies, and to a limited
extent isotopic distributions are a valuable constraint on ice sheet model simulations. Despite efforts of
simulating Greenland [Clarke and Marshall, 2002, Lhomme et al., 2005] and Antarctic [Huybrechts et al.,
2007] ice cores and isotope distributions, such an ISM benchmark test against ice core data has not been
attempted yet. As both GCMs and ISMs improve their depiction of past, present and future climate
evolution, ice core simulations can be used to improve the interpretation of proxy data conserved in the
Antarctic and Greenland ice sheets. In chapter 8 first attempts to simulate the isotopic composition and
age depth relationship of the AIS in a holistic model environment, including an AOGCM and a 3D ISM,
are presented. This work combines the results from the previous chapters (6-7) with a passive tracer
advection algorithm (chapter 2) to simulate the isotopic information stored in the AIS during the full
last glacial cycle (ca. 130.000 years) and strives for a comparison between simulated and real Antarctic

ice cores (chapter 8).
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6. The mid-Miocene AIS. Identifying the main driving forces of ice sheet growth and
extent in the Miocene cold reversal. The topic of the mid-Miocene climate transition (MMCT
[Shevenell et al., 2004, Knorr and Lohmann, 2014] concludes this thesis. It marks the first formation of
a modern AIS extension [Zachos et al., 2001, Billups and Schrag, 2002, Shevenell et al., 2004] during a
transition to a colder Miocene climate. This cooling was probably caused by a combination of a decrease
of atmospheric pCOs [Zachos et al., 2001, Foster et al., 2012, Badger et al., 2013] and changes in oceanic
circulation triggered by tectonic events [Hamon et al., 2013]. This cooling allowed for an expansion of the
ATS to a size comparable to the magnitude of today’s ice sheet. Nevertheless, the actual configuration
of the mid-Miocene AIS is still an open question. In chapter 9 the processes and drivers behind the
mid-Miocene AIS advance are discussed by means of equilibrium ice sheet simulations under a variety of
climate and bedrock boundary conditions. The results suggest that not the south polar climate conditions,
but the available land area above sea level at the time, holds major control on final equilibrium ice sheet
extent. Though different climate forcing derived from COSMOS lead to significantly different ice volumes,
the effects of changes in the initial bedrock configurations on ice volume dwarf the climatic drivers. A
large dynamic range of mid-Miocene AIS size, given different climate forcings and bedrock initializations,
is simulated corresponding to an ice volume spread of ~ 35m sea level equivalent. These results highlight
the importance of well constrained initial boundary conditions for ice sheet models, especially in deeper

geological history.
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Chapter 2

Methods

2.1 The Ice Sheet Model

Ice Sheet 4‘Nunufuk

Tracer

Figure 2.1: Physical components of RIMBAY. The 3D ice sheet model RIMBAY, used in this study, represents
all major physical components of Antarctica, such as ice shelves, subglacial hydrology, ice streams
as well as including external forcings such as sea level and ocean temperatures. Topographic and
hydrologic features like nunataks and subglacial lakes are also accounted for.

!The 3D ISM RIMBAY [Thoma et al., 2014], the work horse of this thesis is a "multi physics" higher
order ice sheet model [Pattyn, 2003, Thoma et al., 2014]. The model includes all major features of the
polar ice sheets (ice shelves, nunataks, fast flowing glaciers, basal hydrology etc. (see Figure 2.1)). All
simulations presented in this thesis are carried out on a 40x40 kilometer regular grid with 41 vertical
sigma layers, covering the whole Antarctic Ice Sheet. The coarse resolution was chosen to allow for
extensive exploration of the parameter space spanned by the basal friction and shelf melt rate coefficient
(see equations 2.1 & 2.3) and other parameters. The model complexity was reduced to the shallow-ice and
shallow-shelf approximation of the Navier-Stokes equation, with no higher order terms included, due to
the long computation time of the paleo-simulations. The shallow-ice approximation neglects all stresses
except for the vertical stress term. Ice flow is governed by the overburden pressure of the ice as well as
the surface and bedrock slope. Equation (2.2) highlights the equation for the lateral velocity according
to the STA.

1This chapter mainly consists of the publication “Integration of passive tracers in a three-dimensional ice sheet model”
[Sutter et al., 2015b].
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wn = B%u (2.1)

(z) —2(pg)"|V|" Vs /bz A(0%) (s — 2)"dz + 1y (2.2)

Where 7, is the basal shear stress, 3 the basal friction coefficient and u the velocity?, n is the exponent
found in the Glen flow law [Cuffey and Paterson, 2010] set to the empirical value of 3%, A(#*) is a tem-
perature dependent flow rate factor and i, the basal velocity, p and g are density of ice (910kgm~3) and
gravitational force constant (9.81ms~2). The integral is evaluated from the bedrock (b) underneath the
ice to ice surface (s). This approximation is valid for ice sheets with a small depth-to-width relationship,
which applies to the interior of Greenland and Antarctica but not to the margins, where ice dynamics are
governed by ice shelves and fast flowing ice streams. In the shallow-shelf approximation basal friction is
omitted while lateral velocities are assumed to be constant throughout the depth of the shelf (g—;‘, % =0).

Figure 2.2 illustrates the different stress field domains within the model domain.
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Figure 2.2: Transition between the shallow shelf (SSH) and shallow ice (SIA) approximations. Where ice is
grounded the SIA applies and ice flow is governed by the overburden pressure, surface slope and
bedrock topography. The floating shelf ice is governed by the SSH. There, basal friction is set
to zero and ice flow is governed by longitudinal stress. The area close to the grounding line is
represented by a combined SSH+SIA term (depicted by the shaded coloring). Inlet a) illustrates
the transect through the present day topography/bathymetry starting from Larssen-Shelf through
Filchner-Ronne and Ross-Shelf (A-B-C). b) Velocities along the transect (A-B-C).

Since RIMBAY does not yet resolve subgrid grounding line positions explicitly*, model sensitivity to the
applied climate forcing was validated by testing RIMBAY in a model setting adapting the methodology
applied in Pollard & DeConto (2009) [Pollard and DeConto, 2009] and simulating comparable grounding
line migration. This gives confidence that sheet-shelf dynamics are sufficiently resolved on long time

scales, coarse resolution and lack of explicit grounding line treatment notwithstanding.

2Here for simplicity the one dimensional case is chosen.

3Some ice sheet models use n as a variable parameter for tuning purposes. For the sake of simplicity, here the empirical
value is chosen.

4A simple linear interpolation of basal friction is applied to guarantee a smooth transition between grounded and floating
ice.
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Figure 2.3: Thickness change rates of Antarctic ice shelves (from [Pritchard et al., 2012].)

The mass balance of the AIS is mainly controlled by snowfall and sub-shelf melting plus calving under
and along the fringes of the circum-antarctic ice shelves. While the surface accumulation is simply derived
from the external climate forcing, things get complicated if it comes to the mass balance of the Antarctic
ice shelves (see Figure 2.3 for an overview of present day Antarctic shelf thickness change rates). Melting
underneath the ice shelves is controlled by the heat transport into the ice cavities driven by ocean currents
(see Figure 2.4). The salinity of the water masses and the depth of the ice-ocean boundary layer ultimately
controls the freezing temperature of the ocean water. If the water is above this freezing temperature, the
surplus energy can be used to melt the ice shelf. At present day the combined ice shelf mass loss due to
calving and basal melting amounts to ca. 2.766 Gt [Depoorter et al., 2013] or ca. 2.414 [Rignot et al.,
2013] (see Figure 11.2 in chapter 11), of which a little over half is due to melting (the other half being

lost via calving).

It proves difficult to accurately represent ice shelf melting in climate models [Nakayama et al., 2014], and
so far only high resolution ocean models resolve the sub ice shelf circulation patterns in a more detailed
manner [Hellmer et al., 2012]. The necessary high resolution required to resolve transport processes®
and a realistic bathymetry, poses large challenges for paleoclimate modeling due to the associated long
simulation times. Moreover, the dynamic evolution of the shelf cavity geometry would require a regridding
of the land sea mask in simulations on long time scales. So far, there is no high resolution, adaptive grid
ice-ocean model available which could simulate basal melt rates over the course of glacial interglacial

cycles. For the purpose of this thesis, a simple basal melt rate parametrization scheme is adapted based

530 called eddy allowing or eddy resolving ocean models [Thompson, 2008, Thompson et al., 2014, Langlais et al., 2015].
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Figure 2.4: A simplified schematic of ice ocean interactions underneath the Antarctic ice shelves. Warm water
(e.g. modified circumpolar deep water, mCDW) intrudes an ice shelf cavity and causes melting
close to the grounding line. The melt rate mainly depends on water temperatures and the depth
of the cavity (pressure melting point). As heat is exchanged between water and ice, driving the
melt process, the water cools down and exits the cavity, while potentially refreezing along the way.
If melt rates at the grounding line exceed the mass flow coming from the interior of the ice sheet,
the ice thins and eventually begins to float. This causes a retreat of the grounding line until a new
equilibrium is reached.

on the approach by Beckmann & Goosse [Beckmann and Goosse, 2003]. The equation for the basal shelf

melting is constituted by the following terms

“ Pw * Cpw To —T¢(z
iLsg

7.64e=4°C
Ty = 0.0939°C — 0.057°C"- So + eT 2 (2.4)

where T is the freezing point temperature, Tp the ocean temperature at the ice ocean boundary, p.
the ocean water density, ¢, ocean heat capacity, yr heat transfer coefficient, So the salinity, and z the
depth of the ice ocean boundary. By, is the only tunable parameter in equation 2.3 and is chosen to
represent the best fit compared to present day observed melt rates (Figure 11.2). Further details about
melt rate tuning and their effect on ice dynamics are given in the Appendix. For calculation of the melt
rates, the melt parametrization requires an ocean temperature at any given point underneath the shelves.
Since observations inside Antarctic ice shelf cavities are sparse and COSMOS only simulates the ocean
temperatures up to the ice shelf edge (or the sea ice edge, whichever constitutes the demarcation line
between land and ocean) the temperature field is extrapolated from the shelf edge into the cavity. Such
an approach does not capture the actual circulation patterns. Nevertheless, it yields acceptable results
compared to present day melt rates for the purpose of paleoclimate simulations. If the ice sheet retreats,

new ocean nodes are formed into which the ocean temperature from the adjacent points is extrapolated.
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Relatively fast dynamic ice sheet changes such as in glacial-interglacial transitions call for the simulation
of more sophisticated, fully coupled ice-ocean interactions. This is not feasible yet, due to computational
limitations. For this reason, a second best implementation of shelf melt rates is chosen here. Additional
uncertainties are introduced by the ocean forcing fields used to drive the ISM. A simple comparison
between the mean ocean temperatures from the World Ocean Atlas (WOA) for the years (2005-2012)
([Locarnini et al., 2013]) and the WOA 2009 [Locarnini et al., 2010]%, illustrates that the choice of the

present day forcing will greatly affect the ice sheet simulations.

Ocean temperature (°C)

a) L g e ) R —— c)

Figure 2.5: Sea surface temperatures from the World Ocean Atlas 2013 [Locarnini et al., 2013] (a) and 2009
[Locarnini et al., 2010] (a) and their difference WOA09 - WOA13 (c).

Ocean temperature (°C)

Figure 2.6: Ocean temperatures underneath the ice shelves after linear extrapolation from the ice edge. (a)
WOA13 [Locarnini et al., 2013], (b) WOAO09 [Locarnini et al., 2010], (¢) WOA09 - WOA13.

6Which is a compilation of mean fields averaged over the years 1955-2006.
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2.3 Present Day Control Run

Due to its long characteristic time scales, flow velocity ranges

over several orders of magnitude (from <* to ) unknown
basal properties and ice temperature regime, it is notoriously
difficult to create a model spinup which provides a reason-
able representation of the transient state of the present day
Antarctic Ice Sheet. While the surface velocities [Rignot
et al., 2011] and the geometry [Fretwell et al., 2013] of the
PD AIS are well known, proxy constraints for past ice sheet
configuration are sparse and observations of basal proper-
ties and topography [Sun et al., 2014b, Gasson et al., 2015]
still suffer from large uncertainties. To find a reasonable set
of parameters for the simulations presented within this the-
sis, ensemble simulations are carried out with present day
climate forcing (see chapter 11), aiming at an optimized rep-
resentation of PD Antarctic geometry and surface velocities.
The AIS, as observed per remote sensing and measurements
on the ground, is in a transient state. Provided with only
a rough idea of this initial transient state, it is impossible
to create a control run for ice sheet modeling studies which

recreates the present day ice sheet convincingly.

The general approach in the ISM community is to simulate an
AITS with a fixed surface geometry only allowing temperatures
and velocities to equilibrate. Taking this as a "pivot" ice
sheet, the control simulation then freely evolves the latter
under the applied climate conditions. Here, the reference
simulation forced by present day climate (see Figure 11.4) is
presented. It constitutes the PD control simulation for all
experiments carried out in the scope of this thesis. After
equilibrating temperature and velocities for 50000 years, the
model evolves freely for 15000 years. The equilibrated ice
sheet with a fixed present day topography is used as the
initial ice sheet for the simulations presented in chapters 3,
4 and 5. Figure 2.7 shows the results from the PD control

simulation.

1000

500

-1000

Thickness difference (m) -1500

PD vs 15kyr

-50

-100

Bedrock adjustment (m)

-150

Figure 2.7: Results of the present day con-
trol run. a) surface contours
BEDMAPI, b) after 15kyrs of sim-
ulation, ¢) thickness missmatch, d)
bedrock adjustment.

It is evident, that the AIS after 15kyrs of simulation does not resemble the PD ice sheet perfectly.

However, the general geometry of the ice sheet with ice shelves and grounded ice fits reasonably well

(Figure 2.7 B). All ice shelves are resolved except for small ice tongues fringing Wilkes Land in East

Antarctica. This is due to the coarse resolution which does not capture small scale features (smaller
than 40 km that is). The shapes of the FRIS and the RS are well captured, as well as the ice shelves of
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the Amundsen and Bellinghausen Sea. The Amery Shelf is somewhat deformed, this is again rooted in
the coarse resolution which does not resolve the tributary glaciers feeding into the shelves in fine enough
detail. In this thesis a revised form of the somewhat older BEDMAPI1 topography is implemented which
is known to be problematic in some regions. However the overall representation of geometry, ice flow

pattern and ice volume fits the present day AIS reasonably well.

2.4 COSMOS

The climate forcings utilized in this thesis mainly derive from
the AOGCM COSMOS (see Figure 2.8). It consists of the
atmospheric model ECHAMS5 [Roeckner et al., 2003], which
is employed at a resolution of T31 (1.5x1.5 degrees) and 19
vertical levels, the ocean model MPIOM [Marsland et al.,
2003], which includes a sea ice component, as well as the
land surface model JSBACH [Brovkin et al., 2009]. MPIOM

is run with a resolution of GR30, consisting of 40 unevenly

Atmosphere =
ECHAM5

Land
Proxy modules

for §'3C, 8'80

- rovoces |
spaced vertical layers, with an approximate lateral resolution Marine Biogeochemisiry

of 1.5x3 degrees, with significantly higher resolution at the Figure 2.8: Conceptual illustration of the COS-
MOS |[Stepanek and Lohmann,

, . .
model’s poles, situated over Greenland and Antarctica. At 2012] components and their cou-

the poles, resolutions can reach ~ 20 — 40km. COSMOS is pling scheme. In this thesis, the

. . . fully coupled atmosphere-ocean ver-

tested in benchmark experiments such as for the Pliocene and sion is utilized. Ice sheets are pre-

LIG [Stepanck and Lohmann, 2012, Lunt et al., 2013, Pfeiffer i?rlbed and do not change over
ime.

and Lohmann, 2015] yielding results in the range of a suite

of models. In this thesis, COSMOS simulations staged in the LIG [Pfeiffer and Lohmann, 2015], LGM
and Miocene [Knorr et al., 2011, Knorr and Lohmann, 2014] are utilized. The COSMOS climates used
in the different applications presented in this thesis are highlighted at the beginning of each chapter and
in the Appendix.

2.5 Passive Tracer Modeling

Components of the climate system, such as ice sheets and marine sediments serve as invaluable archives,
which can be tapped into, to reconstruct paleoclimate conditions. The relative abundance of hydrogen
and oxygen isotopes in ice cores is a proxy for past local temperature evolution. However the translation
of these proxies into temperature is not straightforward. Complex interdependencies in the climate
system can hide or override the local climate signal at which the ice core was drilled. Using 3D ice sheet
modeling in concert with passive tracer advection, one can simulate the isotopic distribution in ice sheets
and compare them to ice core data. Combining this method with a coupled climate model environment,
containing atmosphere and ocean components, one can theoretically simulate the isotopic cycle from the
source to the actual ice record. Such an approach would greatly support the interpretation of proxy data

whilst constraining the output of 3D ice sheet models (ISMs). Here, the implementation of passive tracer
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advection in the 3D ISM RIMBAY [Thoma et al., 2014] is presented and the potential of the method to

reproduce chronologies of the polar ice sheets assessed.

2.5.1 A Paleothermometer

The polar ice sheets contain information on past climate conditions conserved in the form of relative
abundances of hydrogen and oxygen isotopes. This information can be tapped by drilling ice cores. Snow
precipitating on the surface of an ice sheet contains a distinct isotopic signature which depends on the
respective temperature during condensation [Dansgaard, 1964]. The present day temperature-isotope
relationship can be estimated, by measuring the isotope content in snow and fitting it to the observed
temperatures at site [Dansgaard, 1964], [Jouzel et al., 1997]. This relationship can then be used to
reconstruct past temperature variations. To put this reconstruction into perspective, it is necessary to
establish a timeline for the ice core’s isotope variations, which can be derived from annual layer counting
in the upper part of the ice core or via mass spectrometry of the deep parts of the latter. Close to the
bedrock it is often impossible to decipher a meaningful chronology due to complicated flow patterns of the
ice which fold and heavily compress the local stratigraphy. Many processes apart from the condensation
at site can influence the relative isotope concentration of precipitation. Temperature variations at the
source or even a change in the source area might significantly change isotope concentrations [Jouzel et al.,
1997|. Circulation pathways might undergo dynamic changes as well, which complicates the relationship

between temperature and isotope concentrations.

3D ice sheet modeling combined with tracer advection can provide a modeled stratigraphy for Antarctica
and Greenland, which can then be compared to the available proxy data [Goelles et al., 2014, Clarke and
Marshall, 2002, Lhomme et al., 2005]. In this thesis, a passive tracer module for the 3D ISM RIMBAY
(RIMTRACE) was developed to reproduce the stratigraphy and isotope distribution of Greenland and
Antarctica. RIMTRACE was first tested in simplified model environments based on the EISMINT
geometry [Huybrechts and Payne, 1996] and further validated against the analytical Nye-Haefeli age-
depth relation [Nye, 1963, Haefeli, 1963].

2.5.2 Passive Tracer Advection

There are two widely used methods of transporting passive tracers in numerical simulations both imple-
mented in the tracer advection model discussed below. The Lagrangian advection assumes the particle-
perspective, which means that the particle is followed along its trajectory through the model grid. In

contrast to the Lagrangian approach the Eulerian tracer advection solves the advection equation
ViA = 0 A +u0z A+ v0yA+ wd.A=0 (2.5)

at every grid point covering the whole model domain. This has the advantage of producing information
at every grid point. A is the advected property with absolute and partial derivatives with respect to time

and space (Vy, Ozy-). The drawback of the Euler approach lies within the numerical diffusion arising
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from solving the advection equation in a finite differences environment. Furthermore, it is impossible to
trace back trajectories of single tracers from their origin. This is a valuable feature of the Lagrangian
transport, allowing detailed transport studies of any passive tracer object. The disadvantage of the
Lagrangian transport lies in the sparse coverage of the model domain, which might be even more reduced

by dispersive flow, as is the case in the lower parts of an ice sheet.

Validation of Tracer Modules
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Figure 2.9: Ice sheet equilibrium topography of the EISMINT Fixed Margin experiment compared to the
analytical description of the Nye-Vialov ice sheet. The shaded areas illustrate the combined effect
of compression and layer thinning (not to scale). The box depicts constant horizontal velocities
along the vertical axis and constant vertical velocities along the horizontal axis close to the ice
divide.

Tracer tests are carried out in controlled model environments in order to ensure the capability of the
tracer modules of reproducing realistic transport processes. The EISMINT project provides the perfect
testing ground for this purpose. Both Lagrangian and Euler transport schemes are applied to simulations
of spherical ice domes with radial accumulation pattern on flat bedrock. The ice sheet is run into
equilibrium and subsequently the transport module is activated. The simulated age-depth relationship at
the ice divide of both transport schemes is compared. Additionally both transport schemes are compared
to the analytical age-depth distribution for a Nye-Vialov ice sheet, which is characterized as a radially

symmetric ice dome with relatively steep flanks (see Figure 2.9).

Analytical Comparison to the Nye-Vialov Solution

The Nye-Vialov solution [Rybak and Huybrechts, 2003] for an idealized ice sheet (eq. 2.6) was used to
compare the performance of the Lagrangian and Eulerian tracer advection approach (see Figure 2.10).
Utilizing the analytical age-depth relationship for an ice sheet without basal melting, no horizontal
advection, and constant vertical strain rate we can directly compare both advection methods to a pre-

defined age-depth relationship (eq. 2.7):
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Figure 2.10: Sensitivity of the age depth relationship in an idealized Nye-Vialov ice sheet environment. Ice
ages where calculated at the ice divide where an analytical solution to the age-depth problem
exists. The figure compares two model runs with 31 and 101 sigma levels. Especially the Eulerian
tracer method is highly sensitive to the number of sigma levels. The large error of both methods
at the ice sheet surface, where the ice age should be zero is due to the very coarse resolution
of the surface layers. This leads to an erroneous representation of velocities and thus to large
discrepancies between the Eulerian and Nye-Vialov solution. Furthermore, Eulerian advection is
a diffusive scheme leading to an age spread in the deep layers of the ice sheet.
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where Hy is the ice sheet thickness at the divide, M the mass balance (7}), A is the time (in years) it

(2.6)

would take to get from the surface (divide position) to the location z within the ice sheet, g is gravitational
force (9.81ms~2) and p ice density (910kgm—3), L denotes the characteristic length of the ice sheet, G is
surface accumulation and z the depth inside the ice sheet. The basic assumption behind the Nye-Vialov
solution is that ice inside glaciers or ice caps undergoes compression by overburden pressure (compaction)
and, increasing with depth, layer thinning due to lateral extension. The horizontal velocity is assumed to
be constant trough any vertical transect through the ice sheet while the vertical velocity is constant along
any horizontal line (strip shaped ice sheet). In the standard configuration of 50km lateral resolution and
41 vertical sigma layers (terrain following coordinates) the difference between both advection methods to
the analytical solution is negligible in the upper domain of the ice divide. However, the solutions diverge
in the lower part of the ice sheet close to the bedrock. This is due to the interpolation error accumulated
along the trajectory in case of the Lagrangian approach and due to the increasing impact of numerical
diffusion in the Eulerian solution. Low vertical resolutions result in considerable deviations of the Eulerian
age-depth relation from the analytical solution, whilst the Lagrangian advection is less affected. Increasing
the amount of sigma levels (finer vertical resolution), the performance of both advection methods can be
instantly improved, reducing the discrepancy close to bedrock significantly. This approach is applicable
in an idealized resource-friendly model-setup (such as the EISMINT environment, without ice shelves or
complicated geometries as opposed to full scale simulations of the AIS), however full scale simulations of

large ice sheets limit the computationally feasible degree of resolution to around 50-100 sigma levels.

2.6 Feasability of Tracer Studies

The aim of this study was to asses the capability of the 3D ISM RIMBAY to reproduce ice sheet chronolo-
gies. To this end model validations against an analytical age-depth scale where carried out to test the
accuracy of the implemented advective transport schemes. Both schemes exhibit excellent accuracy down
to &~ 85% depth of the ice sheet. Below this depth high vertical resolutions are required to maintain
a chronology deviating by less than 5% from the analytical solution. Computational cost is the main
concern limiting the available number of vertical layers (n < 100). Taking into account the various un-
knowns in climate forcings when it comes to transient simulations of the Antarctic or Greenland ice sheet,
a tracer age accuracy of 95% relative to the analytical solution throughout the ice sheet in an idealized
setup should be more than sufficient. To compare simulated chronologies to ice core data, transient

simulations of ice sheet dynamics are necessary to reproduce realistic ice flow patterns.

In a first step, tracers are tested in sensitivity studies of the AIS in which crucial flow parameters

and boundary conditions are tuned to yield an equilibrium ice sheet comparable to the present day
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configuration. First results (see chapter 8) show a strong dependance of ice ages on basal shelf dynamics,
sea level and surface mass balance. Following the validation of the tracer routine RIMTRACE, the
next steps include the transient simulation of ice core chronologies in glacial-interglacial model runs.
Comparing the results acquired in this fashion to ice core data, will provide an important constraint to
the ISM model results. Fitting the ISM output to match the observed ice core chronologies will hopefully
help in assessing past ice sheet geometries. The results from test runs of the Eulerian and Lagrangian
advection methods, show that the Lagrangian scheme yields more accurate results and includes the
advantage of backtracking tracers to their point of origin. However both schemes will be further improved.
An additional implementation and comparison to the Semi-Lagrangian tracer scheme, as discussed in
[Goelles et al., 2014] would complement the efforts to shed light on the polar climate archives. The last
step in the puzzle will be the implementation of the RIMBAY-TRACE ISM into the coupled climate
model COSMOS [Stepanek and Lohmann, 2012] including a complete isotope cycle which would provide
the first fully coupled model assessment of the isotope and age distribution of the polar ice sheets (see

discussion in chapter 8).




Chapter 3

Last Interglacial Antarctic Ice Sheet

Dynamics

3.1 Last Interglacial West Antarctic Ice Sheet Collapse

!The WAIS is considered the major contributor to global sea level rise in the LIG. Proxy data from exposed
fossil reef terraces suggest sea levels in excess of 7m in the last warm era, of which not much more than
2m are considered to originate from melting of the Greenland Ice Sheet. The results presented here
mark the first time a comprehensive data-driven modeling study has reproduced a sea level contribution
required to fill this gap. The evolution of the AIS is simulated during the LIG with a continental scale
3D thermomechanical ice sheet model forced by COSMOS (see chapter 2 and 11). The results show that
high LIG sea levels, as derived from proxy data, cannot be reproduced with the atmosphere-ocean forcing
delivered by COSMOS. Sensitivity studies show that a Southern Ocean temperature anomaly threshold
for total WAIS collapse of 2 —3°C is found, accounting for a sea level rise of 3 —4m during the LIG, while
the EAIS remains mostly stable. A nonlinear two-stage WAIS retreat imprinted in two distinctive peaks
of sea level rise during the interglacial is evident in the simulations. Furthermore, the findings indicate
that spatial variations in surface mass balance anomalies strongly modulate AIS dynamics and can both

accelerate or prevent WAIS collapse.

3.1.1 Setting the Stage

The LIG climate at about 125kyrs BP is considered to be warmer than most of the Holocene and a
time with considerably smaller ice sheets than today. Proxy evidence suggests global sea levels about
7m higher than present day [Kopp et al., 2013, Dutton et al., 2015] of which only ca. 3m are covered
by contributions from ocean thermal expansion [McKay et al., 2011], land-based glaciers (both 0.5m)
[Marzeion et al., 2012] and melting of the Greenland Ice Sheet (2m) [Dahl-Jensen et al., 2013]. The
remaining 4m missing in the sea level rise budget must therefore derive from a mass loss from the AIS.
Observations and modeling studies of the EAIS present a mixed picture of potential growth [Harig and

Simons, 2015] or partial collapse unfolding over several millennia [Mengel and Levermann, 2014]. The

IThis chapter is partly based on the Publication Ocean temperature thresholds for Last Interglacial West Antarctic Ice
Sheet collapse [Sutter et al., 2015a] by Sutter, J., Gierz P., Grosfeld, K., Thoma, M., and Lohmann, G..

43
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marine sections of the WAIS have the potential to raise global sea level by more than 3m [Bamber et al.,
2009] and are the likely suspects for LIG sea level contribution. They are prone to the MISI [Schoof,
2007] potentially triggered by warming of surface [Mercer, 1978] and ocean temperatures [Joughin and
Alley, 2011]. It has been pointed out that WAIS collapse could be initiated by increased melting at the
base of the ice shelves, which buttress their tributary glaciers and exert a backpressure force on the ice
streams and outlet glaciers of the hinterland [Scambos et al., 2004]. A reduction of this buttressing effect
caused by ice shelf retreat would lead to an acceleration of the glaciers, draining more and more ice into
the ocean. Further a grounding line situated on inland downward sloping bedrock is inherently unstable
[Schoof, 2007|, thus an initial grounding line retreat, caused by increased basal melting underneath
the ice shelves, could push the WAIS into a configuration where a runaway retreat due to the MISI is
triggered. Recent observations indicate that such processes are already underway in the Amundsen Sea
sector [Rignot et al., 2014, Joughin et al., 2014]. Observations and modeling studies show melt rates
in excess of several tens of meters per year underneath the ice shelves in this region during the last
decades [Jacobs et al., 2011]. In addition, analyses of boreholes drilled through Whillans Ice Stream (Ice
Stream B) at the Siple Coast (see chapter 11 Figure 11.8) have found marine diatoms indicative of an
open marine environment in the Ross embayment in the late Pleistocene [Scherer et al., 1998| (probably
during marine isotope stage 11 (MIS11)). Warming of Southern Ocean temperatures could have lead to a
complete or partial WAIS collapse during the LIG as well, which would explain the high sea levels found

in reconstructions.

3.2 Experimental Setup

In this study, the dynamic behavior of the AIS is simulated in transient model simulations, spanning the
LIG utilizing a continental scale 3-Dimensional ISM (RIMBAY [Thoma et al., 2014]). All simulations are
carried out on a 40x40km regular grid with 41 vertical sigma layers, covering the whole AIS. The coarse
resolution was chosen to allow for extensive exploration of the parameter space spanned by the basal
friction and shelf melt rate coefficient. Since subgrid grounding line positions are resolved with a simple
interpolation scheme, sufficient model sensitivity to the applied climate forcing is validated by a "control"
simulation. This is done, adopting the basal melt rate parameterization applied in Pollard & DeConto
(2009) [Pollard and DeConto, 2009]. In this test comparable grounding line migration in an "extreme
interglacial" setting are simulated (see chapter 11 Figure 11.9). This gives confidence that sheet-shelf
dynamics are comparably resolved on long time scales, coarse resolution and lack of a more sophisticated
grounding line treatment notwithstanding. Basal melt rates underneath the shelf are simulated based
on the method described by Beckmann & Goosse [Beckmann and Goosse, 2003] and match the total
Antarctic shelf melt rate for present day conditions [Depoorter et al., 2013]. To capture the complex
interactions and nonlinearities in the climate system the ISM is forced with climate time slice output of
an AOGCM (COSMOS [Lunt et al., 2013, Pfeiffer and Lohmann, 2015] for the LIG (for a more detailed
overview of the methods see chapters 2 & 11). Transient forcing is realized by interpolating between the
LIG climate time slice and present day climate with the glacial index method where the glacial index
is derived from Dome C deuterium depletion [Jouzel et al., 2007, Stenni et al., 2010] (Figure 3.1 and

chapter 11 Figure 11.7). Deuterium depletion measured in ice cores is widely used as a proxy for local
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past temperature changes [Jouzel et al., 1997]. The temperature variations recorded in an ice core can
be used to reconstruct the long-term climate variations in the region. The climate forcing at any given

time during the simulations is calculated (here shown with surface temperature) as

T390 = Tk (L16) - =08 gy (ppy 1220 (31)
where T%7 denotes the temperature at node 1, j;
0(t) the normalized Deuterium value at time ¢;
and d(pp) the normalized present day mean Deu- ° o
terium value. Experiments E and Eg (see Ap- 0 e
pendix) depict the two different LIG climatologies ~20 - 380
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rine ice sheets and the volume changes of the ice
sheets grounded above sea level via the formula Figure 3.1: Dome C Deuterium depletion and sea level re-

constructions for the LIG. The sea level forcing

used in this thesis is based on [Waelbroeck et al.,

2002].

Vaof b Vaffb

Jafb ~ Yafb _ SLE (m) (3.2)
Ao

where Vaofb is the initial and Vaffb is the final volume above floatation, while Ao is the global ocean area.

The effect of bedrock relaxation due to reduced ice loads is accounted for.

3.3 Stable West Antarctic Ice Sheet under COSMOS Forcing

In the associated transient experiments (denoted as EO and Eg0), the ice dynamics and mass balance
are not significantly affected compared to the control run (Figure 3.2, blue and green lines). While
the subsurface Southern Ocean warming is considerable in Eg, which might be caused by a weakened
Atlantic Meridional Overturning Circulation (AMOC) due to freshwater perturbations from Greenland
meltwater [Gierz et al., 2015] and a subsequent warming of the Southern Ocean by means of the bipolar
seesaw effect [Barker et al., 2011], it is not sufficient to trigger any destabilization of WAIS. An increased
surface mass balance in Eg even leads to an overall increase of Antarctic ice volume and a sea level
drop by about 0.5m at mid-interglacial (Figure 3.2 b). Comparison to proxy data [Capron et al., 2014,
Rosenthal et al., 2013] of LIG ocean temperature anomalies indicates that the AOGCM underestimates

Southern Ocean temperature anomalies by several degrees. Proxy and climate modeling evidence suggests
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Figure 3.2: a) Shows Deuterium depletion from Dome C ice core [Jouzel et al., 2007]. The inlay shows the
complete record (with the highlighted section marking the LIG, time axis in kyr). The present day
mean deuterium depletion at the ice core site [Stenni et al., 2010] is depicted by the red bar next
to the graph. Please note that the time axis runs from right (past) to left (present). b) Simulated
Antarctic contribution to sea level rise. Simulations with 2 and 3 °C Southern Ocean temperature
anomalies are shown (results for 1°C not shown here, see chapter 11, Figure 11.10 and 11.13).
The stars indicate the points in time at which partial (open) or complete (filled) WAIS collapse is
reached. c) shows the corresponding sea level rise rates in mm/yr (500 year running mean). The
two bars next to the graph depict observed present day Antarctic sea level contributions. Complete
collapse is modelled in E3 and Eg3. Partial collapse is already reached at 2 °C ocean warming for
scenario Eg2.
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an intensification of the hydrological cycle accompanying climate warming, carrying more humidity to
the AIS [Frieler et al., 2015], hence increasing the snowfall over the continent. Such an intensification
(resembled in experiment Eg) would increase the ice volume and lower the sea level. The moderate
increases in surface temperatures preclude a major effect of surface melting or fabric softening of the ice
matrix which would lead to faster ice flow and discharge into the ocean. This line of reasoning leaves

only Southern Ocean warming as the most probable candidate for triggering the MISI in the LIG.

3.4 Ocean Temperature Thresholds for West Antarctic Ice Sheet
Collapse

In order to analyze the full sensitivity range of the WAIS during the LIG, uniform ocean temperature
anomalies of 1 — 3°C (compared to present day observations) are applied, combined with the surface
climate of E and Eg. The corresponding transient experiments are denoted as E1, E2, E3, Egl, Eg2, Eg3
and are shown in Figure 3.2b, c¢. The results suggest a temperature threshold for a complete decay of the
WAIS between 2 — 3°C, which is within a conceivable range of estimated Southern Ocean temperature
anomalies derived from proxy data [Capron et al., 2014, Rosenthal et al., 2013]. WAIS collapse manifests
in a nonlinear fashion, initialized by a complete melt of the major ice shelves in the Ross and Weddell
Seas (taking about 500 years, see e.g. Figures 11.11—11.15 in chapter 11). Due to the loss of buttressing
and sustained melting close to the grounding line, the ice shelves tributary glaciers draining central West
Antarctica accelerate and discharge increasing amounts of grounded ice into the sea. Thinning of the

coastal ice sheet leads to floatation and subsequent grounding line retreat (Figure 3.3a). This results

1lmm

in rates of sea level rise in excess of averaged over 100 years (Figure 3.2c), a multifold increase
compared with present day contributions of the AIS [Zammit-Mangion et al., 2015, Ivins et al., 2013].
This high sea level rise is sustained until ca. 129kyrs BP (E3 and Eg3) (Figure 3.2¢) and is followed by
a slowdown of ice loss-rate, owing to the large remaining ice dome centerd at the WAIS divide. At this
point, an open sea passage between the Weddell Sea and Amundsen Sea has been established (Figure 3.3a
and 11.12-11.15). Driven by large surface topography gradients, surface velocities of the remaining ice
dome increase, leading to thinning and the conversion of grounded ice into ice shelves. As the grounding
line retreats towards the steep reverse bedrock slopes of the Byrd subglacial basin (Figure 3.3a and 11.8),
the ice sheet approaches yet another unstable configuration. Warm waters entering from the Amundsen
Sea intrude into the opening ocean gateway, melting the newly formed ice shelf, thereby accelerating the

1mm

second phase of ice loss and grounding line retreat which again culminates in sea level rise of up to =%
in E3 and Eg3 around 126.5 and 125.5kyrs BP respectively (Figure 3.2¢).

3.4.1 Twin Peak Sea Level Rise

The characteristic evolution of WAIS surface elevation in the LIG, controlled by a combination of the
MISI, warm sub-surface ocean temperatures and variations in surface accumulation, leads to a distinctive
double peak in sea level rise contribution of the WAIS (Figure 3.2c). A potential subsurface ocean-

temperature-cooling episode flanked by increases in the surface mass balance, might lead to some recovery
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Figure 3.3: Transect across the West Antarctic Ice Sheet (WAIS) showing the transient evolution of the surface
topography during the simulation E3. Each transect line illustrates a snapshot during the LIG (one
snapshot every 100 years). Several semi-stable grounding line positions are visible around inland
ascending bedrock slopes. Thick transect lines depict the time at which partial or complete collapse
of WALIS is reached, defined by the opening of ocean gateways between the Weddell and Amundsen
Sea and subsequently the Ross Sea (identied as in Figure 3.2 b) by stars). Inlay shows transect
location from the Weddell Sea (a) to the Ross Sea (b). b) Surface topographies at the end of each
simulation (PD observations, E2 ocean anomaly, E3, PD ctrl, Eg2, Eg3). Dark blue areas depict
ice shelves. The transect from a) is again depicted by the red dashed line in the first and third
surface topography box (PD observations and E3).
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in ice volume between the two stages of collapse shown in the simulations. This process could have played
a role in the previously suggested double peak in LIG sea level high stand [Kopp et al., 2013| (Northern
Hemisphere ice sheet evolution might exacerbate this effect).

3.4.2 Further Climatological Driving Forces

Driven by ocean temperature warming, the collapse of WAIS is strongly modulated by the surface mass
balance. This is reflected in differences of sea level rise of more than 1m between simulations E3 and
Eg3 (Figure 3.2b). The higher surface mass balance in Eg3 leads to a reduction of sea level rise. On
the other hand, the increased accumulation in Eg can lead to higher surface gradients, favoring faster ice
discharge [Winkelmann et al., 2012]. In the case of Eg2, this leads to a partial collapse of the WAIS and
0.5m higher sea level compared with E2. A retreat of the WAIS as simulated in this study, leads to the
opening of large open areas of water which would increase ocean surface temperatures due to absorption
of solar radiation. Atmospheric cooling due to changes in the cyclonic circulation [Steig et al., 2015] could
dampen this warming. Additionally, the seasonal cycle of sea ice in the newly formed West Antarctic
ocean ranges would influence ocean circulation. However, such atmospheric and ocean feedback effects
induced by dramatic changes in the ice geometry cannot be captured as yet. Fully coupled Atmosphere-

Ice-Ocean GCMs are not available at this stage.

3.5 Reconciling LIG Sea Level Highstand

In summary, our simulations show that in the LIG as well as in the future, strong sub-surface Southern
Ocean warming is the critical parameter leading to destabilization of the WAIS. Melting at the base of
Antarctic ice shelves is largely driven by intrusion of modified circumpolar deep water, which enters the
shelf cavity along deep bathymetric channels [Schmidtko et al., 2014]: a process just recently simulated
in high-resolution ocean models [Hellmer et al., 2012]. Our results call for the representation of these
bathymetric warm water pathways in future large-scale AGCM climate models coupled to ice sheet
dynamics. This study shows, that a Southern Ocean temperature regime corresponding to the extreme
end of paleo-reconstructions in the LIG could have pushed the WAIS into a configuration, where the
MISI instability and runaway retreat is triggered, reconciling a LIG sea-level highstand of around 7m, in

consequence of the melting of ice masses in Greenland and Antarctica.




50

Chapter 3 Last Interglacial Antarctic Ice Sheet Dynamics




Chapter 4

Future Antarctic Dynamics

'A prominent difference between the climate in the LIG and projected future warming is the faster
projected warming rate of the ocean and atmosphere. To assess the future evolution of the AIS the
methodology applied in the LIG case is now employed in idealized future scenarios based on the warming
projections of the TPCC ([Stocker et al., 2013], similar to [Golledge et al., 2015]. A simple warm-
ing ramp peaking at a uniform 2 or 3°C warming of the Southern Ocean within 200 years is as-
sumed. This is accompanied by an atmospheric surface temperature warming of 6°C, together with
an increase in accumulation between 10 and 40%. This corresponds to the range covering estimates
of future precipitation changes shown in Figure 4.1 [Frieler et al., 2015]) relative to the present day.
A rapid warming on this scale triggers an accelerated retreat

of the WAIS, gradually raising eustatic sea level up to 1 and 40

2m within 3000 years and up to 4m within the next 5000 CACHOZ 5% : iy
years (Figure 4.3). This sea level rise surpasses the potential w
contribution of WAIS, and implicates an increased discharge
from central Antarctica. In the first couple of centuries, the
Antarctic ice shelves would disintegrate, paving the way for
a large scale retreat of the WAIS, which would gain momen-

—40 -

Relative change in accumulation rates (%)

tum by ca. 2400 CE. The initial acceleration of sea level rise

stabilizes at a constant contribution of ca. 1 — 1.5mm/yr

(10 — 15 cm/century) over the next millennia (Figure 4.3). ~60 | . .
-10 -5 0 5

To investigate the stability of the WAIS in a hypothetical Regional temperature change (K)

extreme warming scenario in which the Antarctic ice shelves
Figure 4.1: Projected future precipitation

collapse within a century, the FRIS and RS are subjected to changes with temperature derived
a strong negative mass balance (prescribed by a melting rate from regional climate simulations

s nes (p y & (CCSM3 and RACMO2).  The
underneath the shelves of ca. 40%%), thereby mimicking the precipitation-temperature rela-

tionship derived from ice cores is
slightly larger (from [Frieler et al.,
treme forcings prescribed in [Winkelmann et al., 2015]. This 2015]).

modeling set-up applied by [Pollard et al., 2015] or the ex-

setting culminates in ice shelf disintegration within several
decades and leads to the total collapse of the WAIS within this millennium. In consequence, a sea level
rise in excess of 0,5m per century leading to a long-term rise of sea level of larger than 6m accompanies

the antarctic contribution in such scenario (Figure 4.3).

IThis chapter is partly based on the Publication Ocean temperature thresholds for Last Interglacial West Antarctic Ice
Sheet collapse [Sutter et al., 2015a] by Sutter, J., Gierz P., Grosfeld, K., Thoma, M., and Lohmann, G..
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a) Rapid collapse 2000-2100
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PD ctrl 2400 Rapid collapse 2400 RCP 8.5 2400

PD ctrl 2800 Rapid collapse 2800 RCP 8.5 2800

Figure 4.2: Surface elevation of the Antarctic Ice sheet in different scenarios in the year 2400 and 2800. a)
Disintegration of the Antarctic ice shelves within this century in an extreme scenario. b) snapshots
of the Antarctic surface elevation in the years 2400 and 2800 for the extreme warming and "RCP-
8.5-like" 3°_10% scenarios. The PD control run is included for comparison.
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WAIS evolution in our idealized future warming scenarios. All simulations follow a 200 years
warming ramp initiated in the year 2000 (a). Peak warming is reached in the year 2200 (e.g. +2°
ocean warming, +6°C SAT and 10 % precipitation increase (denoted by 2°  10%). In the simulation
F_collapse high melt rates are prescribed, in order to disintegrate all ice shelves within the next
century (the stars identify the timing of partial and complete WAIS collapse. b) Corresponding
sea level rise per year for above simulations. The upper horizontal row depicts the evolution of
the surface topography for the rapid ice shelf collapse scenario. The vertical row maps the ice
sheet topography after 1kyr for Experiments 2° 10% and 3°_10%. The black line in the surface
elevation maps approximates the present day extent of the AIS.
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The coarse resolution applied in our modeling setup prevents an adequate representation of the Marine
Ice Sheet in Wilkes Land (East Antarctica)?, which has been shown to be prone to the MISI triggered
by sustained ice shelf melting in previous studies [Fogwill et al., 2014, Mengel and Levermann, 2014]
and would raise global sea level by an additional 3 — 4m if completely collapsed. The vision of a rapid
WALIS collapse within this millennium is at the far end of conceivable future WAIS dynamics, being only
triggered in drastic warming scenarios, e.g. a mean 10°C surface warming would be required to lift mean
annual surface temperatures at the FRIS and RS above the viability limit for ice shelves [Vaughan and
Doake, 1996]). The relatively slow retreat of the AIS shown in the "IPCC"-based simulations presented
here (2° 10% to 3° _40%) shows a gradual grounding line retreat in West Antarctica rather than a rapid
collapse as also proposed by the study of[Ritz et al., 2015] (see Figure 4.4).
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Figure 4.4: Probabilistic estimates of future Antarctic Ice Sheet sea level contribution until the year 2200 (from
[Ritz et al., 2015].

Nonetheless, [Golledge et al., 2015] show a much faster collapse of the WAIS, potentially unfolding
during the next centuries (upper limit in Figure 4.5), using higher spatial resolutions of 10 — 20km versus
40km in this study. This allows for better resolved small outlet glaciers and marine-based ice sheets, such
as in the Wilkes Basin (EAIS), which explains the overall higher sea levels. Unfortunately, melt rates
are not given in their publication, thus, a straight comparison of the shelf mass balances is not possible.
Further, the ISM used by [Golledge et al., 2015] is known to have a shelf melt parameterization which
is more sensitive to ocean temperature changes [de Boer et al., 2015]. Figure 4.5 shows the estimates of

future Antarctic sea level contribution from [Golledge et al., 2015].
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Figure 4.5: Projections of future Antarctic Ice Sheet sea level contribution depending on "ICPP-like" scenarios
(from [Golledge et al., 2015]).

2The ice shelf cavities fringing the Wilkes Land are to small to be accurately resolved with a 40km spatial resolution.
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The suite of recent ISM studies [Ritz et al., 2015, Golledge et al., 2015, Winkelmann et al., 2015, Sutter
et al., 2015a, Feldmann and Levermann, 2015] and current observational evidence [Rignot et al., 2014,
Joughin et al., 2014] provide ample evidence that the WAIS will be, or already is destabilized by the
prevailing warming trend affecting Antarctica. However, both, observational data and modeling studies
still contain considerable uncertainties. Mass balance observations for the AIS partly contradict each
other depending on the applied methodology [Zwally et al., 2015]. Further, bedrock properties are
largely unknown and ice shelf processes poorly resolved in ISMs, limiting the accuracy of AIS dynamics
in ISM projections. The future evolution of the AIS hinges on both, the amplitude and the rate of ocean
and surface warming, thereby leaving a large event horizon between rapid collapse and moderate retreat
[Ritz et al., 2015, Winkelmann et al., 2015, Golledge et al., 2015, Sutter et al., 2015a].
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Chapter 5

Constraining Antarctic Ice Sheet

Volume in the Late-Pliocene

!The Pliocene warm period approximately 3 million year ago is yet another potential analogue for future
global climate evolution. In this chapter the main findings of the Pliocene Ice Sheet Modeling Intercom-
parison Project, or short PLISMIP, are summarized. As laid out in chapter 3 (WAIS collapse in the LIG)
the future evolution and potential instability of the AIS might have analogues in the past. There, the im-
plications from ice sheet modeling results centered in the LIG as well as in the future are discussed. Here,
the main findings of an international ice sheet model intercomparison project [de Boer et al., 2015] are
presented. A suite of modeling efforts and proxy based climate reconstructions estimates a mean global
temperature increase in the Mid-Pliocene at around 2 — 4°C ([Haywood et al., 2011, Dowsett et al.,
2011, Dowsett et al., 2013, Haywood et al., 2013, Salzmann et al., 2013]), similar to the warming which
is expected untill the end of the 21st century. Sea level was about 10 — 30m above PD levels ([Raymo
et al., 2011, Rohling et al., 2014|) with a maximum Greenland Ice Sheet contribution of around 7m. This
puts the AIS contribution at 3 — 23m, a staggering range. Assuming the lower limit, the sea level could
have solely originated from the Antarctic soft spot, the WAIS (see chapter 3). A larger contribution
to sea level is only possible if the EAIS significantly retreated from its present day configuration. The
collection of sea level proxy reconstructions (if conclusive) point to a definite collapse of the WAIS and
probably a considerable retreat of parts of the EAIS, e.g. the marine ice sheets of Wilkes Land ([Mengel

and Levermann, 2014]).

5.1 Experimental Boundary Conditions and Participating Ice Sheet
Models

The PlioMIP model results ([Haywood et al., 2013], see middle column in Figure 5.1) differ substantially
but all seem to largely agree that a significant polar amplification occurred over the Antarctic region
in the Pliocene ([de Boer et al., 2015]). For the setup used in this study the AOGCM climate forcing

IThis chapter is based on the Publication Simulating the Antarctic ice sheet in the late-Pliocene warm period: PLISMIP-
ANT, an ice-sheet model intercomparison project|de Boer et al., 2015] by de Boer, B., Dolan, A. M., Bernales, J., Gasson,
E., Goelzer, H., Golledge, N. R., Sutter, J., Huybrechts, P., Lohmann, G., Rogozhina, 1., Abe-Ouchi, A., Saito, F., van
de Wal, R. S. W..
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Table 5.1: Overview of the PLISMIP-ANT experiments following [Dolan et al., 2012|. The simulations are
structured in two phases, phase one consisting of the present day control experiments using the
climatology from HadCM3 and ERA-40. The Pliocene experiments are derived from HadCM3 with
PRISM3 boundary conditions (from [de Boer et al., 2015]).

Phase Climate input Initial ice sheet
Atmosphere Ocean

ControlHadcM3 PI HadCM3 PI HadCM3 Bedmapl or 2

Controlops ERA-40 WOD-09 Bedmapl or 2

Pliocenelce_pD Plioc. HadCM3 Plioc. HadCM3  Bedmapl or 2

Pliocener. ppismz  Plioc. HadCM3 Plioc. HadCM3 PRISM3

Pliocenepp_ant Plioc. HadAM3 Plioc HadCM3  Controly,gcms
with modern Ant.

from PlioMIP (HadCM3) was employed. It has been used extensively within Pliocene climate modeling
[Haywood and Valdes, 2004] and shows average climate conditions which range in the mean of a large
model ensemble. For comparison the AOGCM used in the other studies presented within this thesis

exhibits comparable, but slightly warmer late Pliocene climate conditions [Stepanek and Lohmann, 2012].

As in the PD control simulations presented in chapter 2 the applied PD ocean forcing is derived from the
World Ocean Database 2009 ([Locarnini et al., 2010]). The atmospheric forcing for the control simulations
(observational vs AOGCM forcing) is derived from the mean climatology in ERA-40 [Uppala et al., 2005]
and HadCM3 [de Boer et al., 2015, Bragg et al., 2012]. The ERA-40 forcing is warmer (around 4°) over
the continent and a bit wetter (0.2-0.5 m yr—!) over coastal areas. The largest differences occur over the
interior of East Antarctica (where ERA-40 shows accumulation up to a factor 5 lower) which is the largest
catchment for surface accumulation and therefore has a significant impact on the ISM reconstructions of
the AIS.

The Pliocene (HadCM3) simulations utilize the PRISM3 boundary conditions for AIS elevation and a
pCO2 of 405ppm. Figure 5.2 illustrates the climate forcings of the two PD ctrl simulations (HadCM3
and ERA-40) and the Pliocene climate (HadCM3). Primarily due to the lower ice sheet elevation over
Antarctica the surface temperature over the continent is about 7°C warmer compared to pre-industrial
climate. The region of the Wilkes and Aurora basins are influenced by considerable higher precipitation
rates of 0.4 — 06-*. Subsurface ocean temperatures show a large ocean temperature warming of about
~ 2.6°C underneath the ice shelves which is in the temperature range triggering a collapse of the WAIS
in the LIG for the ice sheet model used in this thesis (see chapter 3). The influence of a reduced AIS
in the Pliocene (PRISM3) is investigated by carrying out an additional Pliocene control simulation with
present day AIS boundary conditions (Pliocener..—pp). The general ice sheet model settings (bedrock,
geothermal heat flux, resolution) are the same as discussed in chapter 2, equilibrium simulations are run
for 100.000 years (Figure 5.7).

Table 5.2 provides an overview of the technical details of the ISMs applied in this intercomparison project.
All ISMs use a combination of the shallow-ice and shallow-shelf approximation. The general features of the

ice sheet models are very similar except for the treatment of grounding line dynamics and the calculation
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Figure 5.1: Ensemble results from PlioMIP [Haywood et al., 2013| (multi-model means, zonal means and model
20 from Experiment 2). a) mean annual surface temperature anomaly, b) mean annual precipitation
rate, ¢) mean annual sea surface temperature anomaly (versus pre-industrial). The shading around
the zonal mean (middle column) is the model 20 (from [Haywood et al., 2013]).
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Figure 5.2: Yearly mean climatology of the three different climate forcings used in this study. The top panel
shows the results of the pre-industrial Had-CM3 simulation, the middle panel represents the ERA-
40 reanalysis data [Uppala et al., 2005] and Southern Ocean temperatures from the WOD-09
|[Locarnini et al., 2010]. The bottom panel highlights the Pliocene Had-CM3 simulation with full
PRISM-3 boundary conditions [Haywood et al., 2011]. From left to right, surface-air temperature
in °C, precipitation in % water equivalent, sea surface temperatures at the bottom of ice shelves
in °C and surface topography in the climate model in m. The black line in all panels represents
the Bedmpal outline of the grounding line (from [de Boer et al., 2015]).
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Table 5.2: Overview of the ISMs applied in this study (from [de Boer et al., 2015]).

haracteristics Model name
AISM-VUB ANICE FISM PSU-ISM RIMBAY SICOPOLIS

Numerical 3-D thermo-mechanic, fd 3-D thermo-mechanic, fd 3-D thermo-mechanic, fd 3-D thermo-mechanic, fd 3-D thermo-mechanic, fd 3-D thermo-mechanic, fd

methods SIA, SSA SIA + 55A for floating ice SIA + 55A for floating ice SIA,S55A SIA, SSA. SIA,SSA.

and sliding velocity. and sliding velociry.

Treatmentof the  no additional no additional subgnd interpolation and grounding line fiux boundary smoothing pradient no additional

grounding line parameterisation. parameterisation one-sided surface gradients. condition of Schoof (2007) over two grid boxes parameterisation.

Enh_factors Esia =2, Essa =08 Esia=35, Essa=1 Esia =285, Essa =07 Esia=1, Essa =03 Esia=1, Essa—=1 Esga — 1 for interplacial ice and

5 for glacial ice, Fysa =1

Time step 1 year for SMB and Hi Adaptive, about 0 5-2 years for SIA. ~ Adaptive, about 1-20 years for ~ Adaptive, 2-5 yearsfor Hiand 3 years for Hi, velocities 1 year for SIA, SSA and Hi,
20 years for Ti and Hb and Hi. 1 month for SMB, Hi. SIA and temperature calving, 50 years for Tiand Hb  and temperature 5 years for water content, age

5 vears for SSA and temperature 50-100 years for SMB and temperature.

SMB PDD + refreezing, PDD factors: ITM model + refreezing. FDD FDD FDD PDD + refreezing, PDD factors:
8mm (C°day)~! foricemelt  GCM precipitation field is 8mm (C°day) ! foricemelt  Bmm(C°day)!foricemelt  Smm(C°day)~’ foricemelt 8 mm (C° day)~} for ice melt
3mm (C° day) ™~ for snow melt  adjusied as function of temp. 3mm (C° day)~ for snowmeli 3 mm (C”day)~! for snow melt  3mm (C° day)~ for snow melt 3 mm (C° day)! for snow melt

Shelf melting BGO3 heat flux as function of BGO3 heat fiux as function of Quadratic relationship from BGO3 heat flux with quadratic BGO3 hear flux as function of BGO3 heat flux as function of
To vertically interpolated Ty vertically interpolated Holland et al_ (2008) function of Toc, Toc, vertically interpolated To, verically interpolated
0 ice-shelf botiom 1o ice-shelf bottom with Tor at 600m depth. wvertically interpolaied 1o ice-shelf bottom. 0 ice-shelf botiom.

Foalt =52 %1073 ms™" for Faet=2% 10 ms™", plus Pl =5 % 10 ms ™! Fng=11x10ms™L. Fuogl =5 3 10 ms ™" for protected,
protected and 218 x 10~ 3ms~!  exposed shelf melt of 3myr—! and with additional factor K =3 5% 102m s~ for exposed and
for exposed shelves open ocean melt rate of Smyr—L. 5 % 10~ ms~ for open ocean shelves.
Basal sliding Weertman sliding Mohr—Coulomb plastic law with Mohr—Coulomb plastic law with ~ Weertman sliding Weeriman sliding ‘Weertman sliding with
basal stress included in 55A. basal stress included in SSA. sliding coefficient muned. sub-melt shiding.
References Huybrechts (1990, 2002) de Boer et al. (2013) Golledge et al. (2012) Pollard and DeConto (2012a) Thoma et al. (2014) Sato and Greve (2012)
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of melt rates underneath the ice shelves. It has to be pointed out, that these ultimately are the main
drivers of ocean induced changes in the ice sheet evolution specifically in a warming climate. This is

probably the main reason for the model spread in the simulations, especially in the Pliocene simulations.

5.2 The Present Day Control Simulations

Surface elevation (m)

0 500 1000 1500 2000 2500 3000 3500 4000
7
10
3.0 1 ; ;
— Bedmap1 Volume
— Bedmap1 grounded Volume
2.8 |- — HadCM3
— ERA-40
E
<
o
E
2
S
8
2.2
2.0 |

1.8 L L L L
0 10 20 30 40 50

Time (kyr)

Figure 5.3: Equilibrium surface elevation in the RIMBAY Controlggqcas (a) and Controlpss (b) simulations.
The central plot shows the volume evolution, the dashed horizontal lines depict the present day
total and grounded ice volume according to Bedmapl.

Comparing the different ice sheet models, a wide spread of equilibrium ice sheet volumes is evident from
the results of the present day control simulations. This is largely due to the differing initial temperature
regimes and treatment of basal boundary conditions underneath the ice shelves and the grounded ice.
RIMBAY, the model used in this thesis, shows the best match with the present day ice sheet volume
(Figures 5.3 & 5.7). The thickness anomalies of all ice sheet models share misrepresentations compared to

observations, which are common in all shallow-shelf-shallow-ice models. The EAIS is simulated slightly
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lower than present day surface elevation. This is due to the coarse resolution, insufficient representation

of the bedrock topography

PISM behavior seems to be its specific tuning of basal friction. Figure 5.4 shows the equilibrium ice sheet

elevations for the HadCMS3 forced present day control run and Figure 5.5 the comparison to the reference

and the shallow ice approximation. The lower accumulation in Era-40 over
the EAIS [Uppala et al., 2005] is imprinted in a shallower ice divide throughout East Antarctica and
consequently a slightly smaller overall ice volume. Further, the different parameterizations of the basal
friction are evident from the extent of surface lowering in the models. All models except for PISM exhibit

an initial increase in ice volume gradually leveling of into a steady state. The origin of the different

volume derived from present day observations.
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Figure 5.4: Results of the present day equilibrium control simulations for the different ISMs (from [de Boer

et al., 2015]).
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5.3 Pliocene Antarctic Ice Sheet Equilibrium Simulations
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Figure 5.6: Equilibrium surface elevation in the RIMBAY Pliocener..—pp (a) and Pliocenerce—prrsas (b)
simulations. The central plot shows the volume evolution, the dashed horizontal lines depict the
present day total and grounded ice volume according to Bedmapl.

As expected from the PD control simulations all ISMs show significant variations in equilibrium ice
volume for the Pliocene simulations as well. For the Pliocene control simulation (Pliocene climate with
an initial present day ice cover) only RIMBAY and PSU-ISM show an increase in ice volume while the
other models show a partly or complete collapse of the WAIS in the Pliocene if initializing the simulation
with a present day ice sheet?. A collapse could be delayed or prevented by the considerable increase in
Pliocene precipitation over the AIS. Figure 5.7 shows the equilibrium surface elevations attained by the

different ice sheet models in the Pliocene control simulation.
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Figure 5.7: Results of the Pliocene control simulations, initialized from the present day AIS (from [de Boer
et al., 2015]).

Also, for the Pliocene simulations forced with the AOGCM climate including the PRISM3 AIS recon-

struction there is considerable model spread. Nonetheless, no ice sheet model simulates an advance of

2A collapse of WAIS for the updated version of RIMBAY used in the other chapters of this thesis might be triggered, since
the southern ocean temperature anomalies applied in the Pliocene control run fall into the range which triggers a collapse
of WAIS in the LIG simulations (for details please refer to chapter 3).
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the WAIS into the marine bedrock sectors due to the warm ocean temperatures surrounding the land
based small ice caps. It is remarkable, that only the ice sheet modeled by ANICE is largely confined to
the PRISM3 ice boundaries (except for some regions such as the Wilkes and Aurora basins) which is due
to its use of a insulation temperature melt model (ITM), while all other models use the positive degree
day method (PDD) . All other ice models are quite similar in their results considering the extent of ice
caps in the WAIS sector. This extent is ultimately constraint by the limited bedrock area above sea level

and the warm ocean temperatures preventing large scale ice shelf formation.
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Figure 5.8: Results for the Pliocene equilibrium simulations driven by Had-CM3 Pliocene climate and the full
PRISM-3 boundary condtions (from [de Boer et al., 2015]).

5.4 Contribution to Late-Pliocene Sea Level

Just as in the control experiments the different ice sheet models simulate a wide range of equilibrium
Pliocene ice sheets. These differences are aggravated by the more extreme warming scenario, forcing the
ice sheet into a new equilibrium surface elevation compared to the present day topography. The sea level
equivalent ice sheet elevation changes in the PD control experiments showed that RIMBAY achieved the
best match compared to the present day ice sheet configuration for the BEDMAP 1 boundary conditions
(for which it is tuned) and ranges amongst the best performing models for the newer BEDMAP 2
topography. It is worth mentioning that the comparison of an equilibrium ice sheet simulation to the
present day AIS is not necessarily proving a good model performance since the present day AIS is not in
equilibrium with the climate forcing. Nevertheless, it is the best benchmark available for evaluation of

large scale 3D ice sheet models at this stage.

The full sea level spread for the PD control experiments is —3.23 &= 2.93m s.l.e. (meter sea level equiva-
lent) for the Controlp.qcms simulations with the Bedmapl topography. Model spread for the Bedmap?2
environment is 1.11 + 3.02m s.l.e. resembling a shift to smaller ice sheets. Looking at the simulated ice
sheet volumes, it is evident that current ice sheet models still require improvements and constraints on
key parameters. The spread of simulated sea level rise or fall for the Pliocene control experiments is a

staggering 20m in between models (for both BEDMAP 1 and 2). In the Pliocenejce.prisms simulation
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Table 5.3: Summary of the Antarctic contributions to sea level in the different simulations and for each ISM.
The RIMBAY results are highlighted with a box (adopted from [de Boer et al., 2015]).

ISM Cirlgagemz  Cirlops Pliocene]ee PD Pliocene]ee PRISM3 Pliocenepp_Ant
AISM (B1) —491 —1.06 345 (147) 025 (5.16) —5.17 (025
ANICE (B1) —2.85 1.79 054 (339) 6.05 (8.89) —878 (=594
PISM (B1) —-5.12 2.38 3.00 (812) 8.02 (13.14) NA

PSU-ISM (B1) —7.26 —0.46 —7.97 (-0.71) 0.35 (762) —1236 (=5.10)
|[RIMBAY (B1) —0.80 208 1261 (-1182) 6.06 (6.86) —6.13 (-5.34)]
SICOPOLIS (B1) 1.54 6.08 082 (-0.72) 529 (3.75) —039 (=193
AISM (B2) —-0.73 4.19 —245 (-1.72) 7.69 (842) 115 (-042)
ANICE (B2) 3.86 9.00 6.01 (215 1151 (7.66) 054 (-3.32)
PISM (B2) 5.66 9.96 855 (290) 1537 (9.71) NA

PSU-ISM (B2) 344 2.04 —6.85 (-341) 4.52 (7.96) —595 (=2.5])
|RIM:BAY (B2) 1.62 381 —10.18 (-11.80) 12.67 (11.05) NA |
SICOPOLIS (B2) —0.30 3.84 022 (052) 1348 (13.79) 0.05 (035)

model spread is ca. 0 — 16m s.l.e., clearly a range to large to draw detailed conclusions about Pliocene
ATS volume. This is mainly attributable to the different parameterizations of ice shelf mass balance and
bedrock condition (specifically the basal shelf melt and refreeze, as well as the representation of grounding

line migration).

5.5 PLISMIP Inconclusive

The results of the PLISMIP efforts captured in this chapter clearly show, that there is still room for
considerable improvements regarding parameterizations and implementation of ice physics in the ice sheet
modeling domain. While the control simulations yield reasonable results for the present day ice sheet (for
which they are explicitly tuned) the model spread is still considerable (ca. 5m s.l.e. which corresponds
to a WAIS collapsed and more). Switching from the Bedmapl to the Bedmap2 topography results in
considerably smaller ice sheets (ca. 4m s.l.e.), however the model spread stays the same. Ultimately, most
of the differences between models can be ascribed to the different approaches in the parameterization
of basal shelf melt and ice flux over the grounding line which where the main free parameterizations
distinguishing the ice sheet models. Ice shelf mass balance and grounding line migration exert the largest
influence on ice sheet dynamics on the coastal area of the AIS. Simulated equilibrium ice sheet volume
differences in the Pliocene simulations are thus large. This prevents a model based reconstruction and
constraint on Late-Pliocene AIS volume, and calls for a homogenization of spin up procedures and a
limited parameter space in which 3D ISMs are initialized and can operate. Unless such a standardization
of boundary conditions for ISMs for certain applications is not realized, interpretability of isolated ISM
simulations will remain limited. It has been shown, that ice sheet dynamics in the Pliocene are highly

sensitive to different climate forcings [Dolan et al., 2015]. Further improvements of proxy and model
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based understanding of late-Pliocene climate conditions are needed to constrain the applied forcing in
ice sheet modeling studies. Unfortunately, at this stage both the spread in climate forcings derived from
AOGCMs, as well as the differing ice sheet dynamics derived from ISMs prohibit a conclusive model

based statement on late-Pliocene AIS volume and extent.




Chapter 6

Glaciation and the Last Glacial

Maximum

Large ice sheets blanketed the high latitudes of the Northern and
Southern Hemisphere in the LGM (ca. 21kyrs BP!. Northern Eu-
rope and the northern territories of America where engulfed by
gigantic ice masses (the Laurentide, Fennoscandian and Green-
land Ice Sheets) and the AIS extended its reach up to the conti-
nental shelf breaks. The expansion of the global cryosphere low-
ered the sea level by about 120m [Waelbroeck et al., 2002, Imbrie
et al., 1989]. Clues about the spatial extension of the various
ice sheets are recorded in proxy archives from numerous sources
such as glacial lineations for land-based ice sheets and glaciers, or
grounding line wedges in circumpolar marine sediments. Despite
all proxy reconstruction efforts (see e.g. the Review of [Bentley
et al., 2014] or [Hillenbrand et al., 2012]) of LGM ice sheet spatial
extent and volumes, glacial and deglacial Antarctic history re-
main poorly constrained. Early modeling efforts estimate a LGM
Antarctic ice volume increase of 14 — 18m [Huybrechts, 2002| sea
level equivalent (SLE). Later proxy compilations combined with
glacial modeling constrain this ice budget to 6—13m SLE [Bentley,

1999]. Recent modeling and reconstruction efforts however esti-
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Figure 6.1: Dome C Deuterium deple-
tion [Jouzel et al., 2007] and
sea level [Waelbroeck et al.,
2002, Imbrie et al., 1989] re-
constructions during the last
glaciation.

mate an AIS expansion corresponding to ~ 6m SLE [Golledge et al., 2013]. LGM proxy reconstructions

indicate that glacial advance did not unfold uniformly but affected the sectors of the AIS in different
ways ([Bentley et al., 2014] and Figure 6.12). The large cold water ice shelves FRIS and RS are as-
sumed to have been covered with grounded ice by a flat ice sheet [Bentley et al., 2014, Bentley et al.,
2010, Golledge et al., 2013] (see Figure 6.12). While there was substantial thickening of ice at the fringes
of the EAIS, central East Antarctica surface elevation might have been slightly lower (-100m) due to a

reduced hydrological cycle carrying less humidity to the continent. The Antarctic Peninsula ice sheet

probably thickened substantially while large parts of WAIS might have thinned a little. The Amundsen

Sea sector witnessed considerable grounding line advances resulting in a raised ice sheet surface elevation

IThe peak glacial in the Southern Hemisphere was somewhat delayed compared to the northern glaciation. The AIS might
have conserved its maximum extent in some regions as late as 15kyrs BP [Bentley et al., 2014].

67
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Figure 6.2: LGM grounding line reconstruction from ice sheet modeling (from |[Golledge et al., 2013]) and
proxies (from [Bentley et al., 2014]).

along the coastline. Despite the recent intensification in modeling and reconstruction efforts the glaciation
and shape of the AIS in the LGM remains nebulous. In this chapter, simulations of the advance pat-
terns of the AIS beginning at the onset of the last deglaciation and ending at the LGM ca. 21kyr BP are
presented, discussing the role of Southern Ocean cooling, precipitation changes and surface temperatures.

6.1 Antarctic Ice Sheet Advance Following the Last Interglacial

In the final stages of the LIG the WAIS was presumably largely collapsed (see chapter 3), leaving large
swathes of open ocean with plenty of heat storage at the front of the outlet glaciers draining the ice sheet.
Initial re-advance of the ice sheet was thus most likely a slow process, due to relatively high melt rates
close to the grounding line and the slow growth of thick ice shelves which buttress their tributary glaciers,

thereby slowing down ice discharge into the ocean. The main climatological drivers of the re-advance of

(0.) @imesedwa) uesdo

Figure 6.3: Surface elevation and Southern Ocean temperatures of the AIS in the final stages of the LIG
(corresponding to simulation LIG3 in chapter 3). Southern Ocean temperatures, SST, 400m and
1000m are shown.

the AIS were cooling surface and ocean temperatures, whilst the hydrological cycle generally weakened

transporting less moisture and thus less precipitation to the continent. Ocean cooling allowed for a re-




6.2 Glacial COSMOS Forcing 69

advance of the large ice shelves especially the FRIS and RS which buttressed their tributary glaciers
leading to increasing surface elevations and subsequent grounding of ice, hence advancing the grounding
line. The newly formed shelves and ice sheets would thereby compensate for the weakening precipitation

such that the overall ice volume increased despite of reduced surface accumulation during the glacial.

6.2 Glacial COSMOS Forcing

As a LGM boundary condition for the glacial-interglacial cycle simulations, a COSMOS time slice at
21.000 years BP is applied (see chapters 2 and 11 for details about the COSMOS model setup). While the
circumpolar sea surface temperature is similar to present day, the Southern Ocean cooled considerably
in depths of 400m (ca. 1.13°C) to 1000m (ca. 1.95°C) (Figure 6.4). This generally favored ice shelf

growth, and subsequently the advance of the grounding line. However, cooling at the front of the ice

(D,) ainesadwa) uesdo

Figure 6.4: LGM forcing from the AOGCM COSMOS. Southern Ocean temperatures sea surface, 400m and
1000m depth overlain by the present day ice sheet topography for reference are shown.

shelves (or respectively the sea ice edge) is moderate, resulting in a small cooling signal underneath the
ice shelves, since the ocean temperatures are extrapolated into the ice shelves’ cavities. This suggests
that the simulated Southern Ocean temperature changes in the LGM are only a moderate driver in the
simulations, as basal melt rates are only slightly lower than present day. The main driver of grounding
line advance is ultimately the fall of sea level forced by the build up of Northern Hemisphere ice sheets,
promoting a grounding of ice shelves. This effect, in concert with low surface air temperatures slowing
down the ice flow by stiffening the ice fabric, overcompensates the reduced surface accumulation (which
is ca. —45% lower than at PD).

While the transient forcing on the road to the LGM increases the Antarctic ice volume in a reasonable
manner, it is crucial to review the simulated final LGM ice sheet configuration on the basis of proxy
reconstructions. If the WAIS accumulates too much ice, it is impossible to simulate a realistic deglacial
retreat into the holocene without massively increasing ice shelf melt rates. If the basal friction in East
Antarctica is too high, the ice sheet grows to thick; if it is too low the ice sheet "smears out". In the
following, the effects of different scalings of shelf melting and basal friction on ice volume and LGM ice

sheet configuration are presented and discussed.
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Figure 6.5: LGM forcing from the AOGCM COSMOS. Surface air temperature anomalies globally and for the
Antarctic Ice Sheet.
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Figure 6.6: LGM forcing from the AOGCM COSMOS. Precipitation anomalies globally and for the Antarctic
Ice Sheet.
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6.3 The Role of Parametrizations and their Implication on Sea

Level Evolution

From a modeling perspective two parameters, the basal friction and the ice shelf basal melting coefficient,
are influencing the ice flow regime and mass balance decisively. The ice shelf melting parameter scales
the temperature dependent melt rates underneath the floating ice, whilst the basal properties, controlled
by the basal friction coefficient, control the flow speed over the bed. Figure 6.7 and 6.8 illustrate the
effect of the ice shelve melt parameter on the Antarctic ice volume. The basal melt rate parameter in
the sensitivity experiments is scaled from the PD value (0.011) to 10% of the PD value (0.0011). Figure
6.8 depicts simulations where the shelf melt rate parameter for the Ross Sea is reduced to 10%. This is
motivated by the warm ocean temperatures transported from the Amundsen Sea into the Ross cavity by
the extrapolation routine, resulting in unrealistically warm waters in the Ross sea. Figure 6.7 shows the

volume effect for a uniform shelf melt rate parameter.
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Figure 6.7: Antarctica’s last glaciation depending on melt rates. The scaling factor in the shelf melt parame-
terization [Beckmann and Goosse, 2003| is varied between 10% of the present day value to 100%.
The numbers on the right side of the figure denote the scaling of the melt parameter, e.g 91 — 91%
of present day parameter.

The corresponding AIS LGM configurations are shown in Figure 6.7b) and 6.8b). It is evident that the
choice of parameters has a large impact on the final LGM ice sheet, the Antarctic sea level contribution
and the subsequent deglaciation. Changes in the ice shelf melt rate are the main driver of the AIS advance
during the last glaciation next to the fall of global sea level caused by the growth of northern hemisphere
ice sheets. Reducing the melt rate scaling parameter in the ice sheet model by only 10 % can lead to
differences in sea level at the LGM of several meters (see Figure 6.7), emphasizing the strong sensitivity
of the AIS to the shelf mass balance in glacials as well as interglacials. Transient simulations with the
PD control parametrization (as carried out for the LIG), result in an only slightly larger AIS compared

to recent modeling efforts (e.g. [Golledge et al., 2013]). However, the results are within the overall range
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Figure 6.9: Antarctica’s last glaciation depending on melt rates underneath the Filchner-Ronne and Ross shelf.
a) Filchner-Ronne melt coefficient at 85.85% of the present day value, b) at 85.45%. The numbers
in the legends show the melt coefficient for the Ross-Sea in percent of the present day value.
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Surface elevation (m)
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Figure 6.10: Last Glacial Maximum Antarctic surface elevations with a parameter set, reconstructing an
Antarctic Ice Sheet close to proxy reconstructions. Numbers denote the scaling of the basal
shelf melting parameter for the Filchner-Ronne and the Ross Shelf (e.g 85.45% of present day
parameter).

of estimated ice volumes [Bentley, 1999, Bentley et al., 2014, Golledge et al., 2013, Maris et al., 2014]
and well below the ICE5/6G reconstruction which seems to generally overestimate AIS volume. While
the lower limit for LGM ice shelf melting is zero melt, the ice sheet model prohibits a higher shelf melt
rate coefficient than used in the PD control simulations (see chapter 2). In such cases thick ice shelves

cannot form, and the grounding line only advances marginally during the glaciation.

6.4 A Wide Range of Potential Last Glacial Maximum Ice Sheet

Configurations

Limitation to only one COSMOS climate time slice for the last glacial has the disadvantage of overly
simplifying the Southern Hemisphere paleoclimate dynamics. This pertains specifically to the Southern
Ocean heat budget and circulation changes. The simulated melting underneath the ice shelves can only
be validated against observations in the present-day control-run since there are simply no proxy data
for this variable. To be methodologically consistent, the PD parametrization should be kept fixed for
the full transient simulation of the last glacial cycle. Neither is this approach feasible due to the limited
accuracy of the applied boundary conditions (e.g. the initial configuration of the ice sheet and bedrock
topography or the transient climate forcing) nor has it been done in any contemporary work in the
field. Nevertheless, by observing the behavior of the ISM through the glacial and comparing it with
proxy constraints, valuable conclusions can be drawn about possible misrepresentations of mass balance,
dynamics and applied climate forcing. This is evident in figure 6.7 which depicts the sensitivity of the
AIS dynamics in different cooling scenarios during the glaciation period, expressed in total ice volume of

grounded and floating ice.
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As already discussed in chapter 3, the applied COSMOS climate forcing does not reproduce an evolution
of the AIS which corresponds with proxy reconstructions of sea level evolution (which is so far the only
main constraint on AIS volume in the LIG). The same holds for the advance of the AIS into the glacial.
Applying the PD parametrization, the transient climate forcing derived from the glacial index method
and the COSMOS time slices does not result in ice sheet advance since basal melt rates close to the
grounding line are not low enough to overcompensate the reduced accumulation. Only reducing the basal
shelf melt parameter and thus the melting further by 10 — 20% results in whole-scale advance and a
LGM AIS volume and extent in the range of proxy reconstructions. This might be either due to too
high AOGCM ocean temperatures in the LGM or a misrepresentation of basal melting in the ice sheet
model. Additionally, the extrapolation routine creates an "inflow” of warm water from the Amundsen Sea
into the Ross and Weddell Sea which is not realistic as soon as the respective ocean basins are covered
by ice again, thus blocking the ocean circulation. As an additional factor, the bedrock topography and
slipperiness is not specifically investigated here, but is shown to have an important effect on ice dynamics
(e.g. [Golledge et al., 2013, Maris et al., 2014]).

6.5 Drivers of Antarctic Ice Sheet Glaciation

Surface elevation (m)
500 1000 1500 2000 2500 3000 3500

0

Figure 6.11: Antarctic surface elevation at 21 kyrs BP for different melt rate scaling factors. Uniform scaling
of the melt rate coefficient. 1 : a) 9.00 b) 18.18 ¢) 36.36 d) 45.45. 2 : a) 54.54 b) 63.63, c) 72.72
d) 90,9. The black squares highlight the transition from a glaciated ocean basin to a basin free of
grounded ice.

The results show that the extent of glaciation and grounded ice thickness in the Ross and Filchner-Ronne
sector of the WAIS are the determining factors of the maximum ice sheet volume in the LGM. The
results presented above show a clear clustering between two LGM ice sheet configurations depending on
the glaciation dynamics in the Ross and Weddell Sea sector. If basal melt rates in the Ross Sea are low,
melting in the Weddell Sea sector does not play a big role as long as it allows for the formation of thick ice
shelves and subsequent grounding line advance. If low melt rates in the Ross Sea allow for a fast glaciation
within the first ca. 20.000 years of glaciation, there is no basal melting scenario with melt rates below or
at present day level in the Weddell Sea which does result in a smaller ice sheet than ca. 33 millions km?
(or ca. 10 — 11m sea level depression). The reverse case, an early glaciation of the Weddell Sea seeding

a subsequent glaciation of the Ross Sea, has not been tested here. Ice shelf melt processes in one ocean
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basin, allowing, delaying or preventing ice advance dynamics in another, seemingly detached basin, have
not been discussed in the literature yet, but might be an important factor in large scale glaciations of
Antarctica in the past. When applying an uniform basal shelf melt scaling, a scaling above ca. 97% of
the PD value (0.011 see Methods) in the Filchner-Ronne Sector prevents the formation of a grounded ice
sheet in the Weddell Sea. A scaling above ca. 73% of the PD value prevents the formation of a Ross Sea
grounded ice sheet. Both the Ross and Weddell Sea sectors where at least partly glaciated in the LGM
according to proxy records (one has to bear in mind, that the extent of glaciation is poorly constrained).
Figure 6.11 shows the final LGM ice sheets for different basal shelf melt scenarios. A melt rate tuning for
the Weddell and Ross Sea sectors allowing for a full glaciation of the two ocean basins while keeping the
newly formed grounded ice sheet as flat as possible was achieved with scaling factors for the Ross Sea of
bgrs ~ 0.0075 (PD value being 0.011) and for the Weddell Sea bgy s ~ 0.0095. Such a parametrization
leads to an AIS LGM volume corresponding to a sea level lowering of ca. 6 — 8m compared to today

representing a volume of about ~ 30-107 km?.

6.6 Proxy and Modeling Constraints on the Last Glacial Maxi-

mum Antarctic Ice Sheet

The final extent of the AIS, and more importantly the thickness of the WAIS [Larter et al., 2014] is crucial
for the deglaciation behavior and timing?. The AIS during the LMG must have been in a configuration,
in which the WAIS divide was not much thicker - or even slightly thinner than at present (see discussion

in previous section).

Evidence from marine sediments suggest that both Weddell and Ross Sea where at least partly glaciated
[Hillenbrand et al., 2012, Hillenbrand et al., 2014, Bentley et al., 2014]. The ice sheet covering the area
occupied by todays FRIS was probably flat and shallow [Golledge et al., 2012] with a surface elevation
of around 1000m, otherwise a complete retreat of the grounding line towards the 21th century location
would have been highly unlikely from an ISM perspective. This puts a constraint on both thickness
and extent of the Weddell Sea ice sheet during the LGM. While the Weddell Sea completely glaciates as
soon as ocean temperatures are low enough, it seems that there are multiple potential LGM grounding
line positions in the Ross Sea ranging from a semi-glaciated state up to complete glaciation towards
the shelf edge. Both minimum and maximum glaciations can be achieved within a reasonable set of
parameters given the AOGCM climate forcing used in this study. However, an advance of the grounding
line to the shelf edge only occurs, when basal melting underneath the Ross Shelf is significantly reduced.
Otherwise there is a continuum of grounding line configurations, partly covering the Ross Sea with a
grounded ice sheet (see Figure 6.12 and 11.16 in chapter 11). This suggests that the Ross Sea may not
have been completely glaciated in the LGM, at least not up to the continental shelf break. While the
coarse resolution prevents in depth studies of LGM grounding lines in the smaller ocean basins such as in
the Amundsen- and Bellinghausen-Sea there are significant differences depending on the applied forcings.
Comparing the modeled LGM grounding lines in the smaller as well as larger ocean basins to marine

proxy data (e.g. grounding line wedges) would provide further insight into the AIS’ LGM advance. The

2As well as for the Antarctic contribution to sea level changes in the LGM.
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Figure 6.12: Antarctic LGM grounding line positions in the year 19.500 BP simulated in experiments LGM1,
LGM2 & LGM3. a) Amundsen Sea, b) Weddell Sea, c) Ross Sea. Only one color is given where
grounding lines overlap.

results of this study show a relatively wide range of sea level changes depending on the climate forcing.
Reducing the degree of uncertainty in the LGM and transient climate forcing would put the ISM based

interpretation of LGM AIS advance on a more solid fundament.




Chapter 7

Post-Glacial Retreat of the Antarctic
Ice Sheet

The post-glacial and Holocene retreat of the AIS was an
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proxy reconstructions, using the ice shelf mass balance Figure 7.1: Dome C Deuterium depletion and sea level
reconstructions for the deglaciation. The

and parameterizations of bedrock properties to repro- sea level forcing used in this thesis is based

duce proxy horizons as accurately as possible. Here a on [Waelbroeck et al., 2002].
different approach is chosen. Similar to the previous
chapter, ensemble simulations are run to explore the range of potential Antarctic deglacial ice sheet

evolution.

Three vantage points of initial LGM AIS configuration are chosen from which the AIS is freely evolved
until the present day. Relatively low volume AISs, which reproduce a range of proxy reconstructions
for LGM [Bentley et al., 2014], are chosen for this purpose. Transient forcing is achieved in the same
manner as in chapters 3 and 6. It is evident from Figure 7.2, that a straightforward application of the
COSMOS and present day forcing does not reproduce a realistic deglacial retreat of the AIS, but actually
leads to further ice sheet growth, spurred by the intensifying hydrological cycle. The Southern Ocean
warming assumed in the standard experimental setting is too weak to destabilize the ice shelves fringing

the grounded ice sheets of the Weddell and Ross Sea. However, such an ocean forced destabilization is the

7
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Table 7.1: LGM experiments

Table 7.2: Overview of the three LGM configurations chosen for the deglaciation simulations. The third column
shows the Antarctic contribution to sea level depression, and the third column the mean shelf melt
rate. Column four and five denote the scaling parameter in the basal shelf melt equation for the
Filchner-Ronne and Ross shelves.

Exp | Volume (10" km®) [ sle (m) | M2 | FRIS | Ross
LGM 1 2.79 -1.145 1.522 | 0.0095 | 0.0055
LGM 2 2.92 -3.58 1.515 | 0.0095 | 0.0058
LGM 3 3.155 -7.74 1.475 | 0.0095 | 0.0053

only viable mechanism of ice sheet retreat, as the accumulation increases in a warming climate [Frieler
et al., 2015]. Sea level rise (Figure 7.1), fueled by the waning of Northern Hemisphere ice sheets, is not

sufficient to push the grounded LGM ice sheets into large scale retreat (Figure 7.2).
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Figure 7.2: Antarctic Ice Sheet volume during the deglaciation, forced in the standard setting with the original
COSMOS forcing fields. LGM1-3 denote the three initial Last Glacial Maximum Antarctic Ice
Sheet configuration. Three different ice shelf melt scaling values are chosen for every simulation
(e.g. LGM 3.1-3.3).

Figure 7.3 shows the final surface elevation after deglaciation for experiments LGM 1.1, 1.3 and 3.1, 3.3
(x.1 being the present day melt coefficient, x.3 present day melt coefficient multiplied by 3). While the
Ross Sea LGM ice sheet fully retreats in scenario LGM 1.3, only partial retreat is achieved in LGM 3.3
(due to the larger initial ice volume). The Weddell Sea stays glaciated with almost identical grounding
line advances in both scenarios.The position of the WAIS divide in the LGM (at 19.500 years BP) is
comparable to its present day location. In the course of the deglacial simulations however, the divide
migrates northwards, due to the large Weddell Sea ice sheet affecting the ice flow. The present day
location of the ice divide in the EAIS is surprisingly well reproduced. This is indicative of a strong

bedrock and precipitation influence on EAIS flow patterns and partial decoupling from WAIS dynamics.
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Melt rates in both scenarios are rather low, around one 1% in the Weddell and Ross Sea and 3% in the
Amundsen Sea. Such low melt rates are not sufficient to destabilize the ice shelves fringing the large
grounded ice sheets resting on marine basins. The ice shelf buttressing stays intact, while the shallow
marine ice sheets accommodate the additional accumulation, leading to an overall growth of the AIS. A
large scale destabilization of the LGM ice shelves must have been triggered in the first millennia after
the LGM via large increases in ice shelf melting and - or big calving events. As RIMBAY does not
include a calving parameterization, intensified melting and calving is investigated via scaling up the melt
rate coefficient. This does not resemble calving processes physically and prevents a separation of calving
effects from shelf melt. However, it allows a quantification of necessary shelf mass balances to destabilize

the marine LGM ice sheets.

7.1 Ice Shelf Dynamics Key to Antarctic Ice Sheet Retreat

In the following, thresholds in the ice shelf mass balance leading to a destabilization of the LGM marine
ice sheets of the Weddell and Ross Sea are investigated. In a first approach a Southern Ocean warming
pulse of 2°C at the beginning of the deglaciation is applied uniformly throughout the water column. The
warming pulse starts at 19.500 years BP and is maintained up to 5.000 years, in 500 year steps. The
timing of the pulse is chosen to coincide with main retreat events as suggested by [Weber et al., 2014] and
[Bentley et al., 2014]. Figure 7.4 shows the effect of such a warming pulse on the AIS deglacial evolution.
While an initial retreat driven by thinning ice shelves is clearly visible, it is reversed even before the end
of the melt pulse. This means that the increasing precipitation over the ice sheets overcompensates the
shelf loss.

Triggering the melt pulse later (at 17.5000 years BP) leads to an overall larger ice sheet. Interestingly,
applying the melt pulse for 3000 years between 17.5000 and 14.5000 years BP results in the same ice
sheet volume as when starting it 2000 years earlier. This might be interpreted as an ice shelf dynamics
memory effect on the grounded ice sheet. The same observation holds for 2000 and 1000 years melt pulses
shifted in their initial year. Figure 7.5 shows the present day AIS surface elevation for a 4.000 (b) and
500 (c) years melt pulse starting at 19.500 years BP. The initial topography at the LGM is depicted in
Figure 7.5 a).

While a short melt pulse is sufficient to create a Ross Sea free of an ice sheet, the Weddell Sea stays
glaciated even for the 5000 year pulse. As in the experiments shown in the previous section, the ice
divide in West Antarctica is shifted northwards due to the remaining Weddell ice sheet. The shape and
position of the ice divide in East Antarctica is surprisingly well reconstructed, indicative of a distinctive
separation of ice dynamics in the WAIS and EAIS. A 2°C melt pulse results in shelf melt rates up to
10, which is still not sufficient to destabilize the marine ice sheet covering the Weddell Sea. In the next

section the effect of still higher melt rates at the onset of deglaciation is investigated.
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Figure 7.3: Antarctic Ice Sheet volume after the deglaciation, forced in the standard setting with the original
COSMOS forcing fields. a) initial surface topography at the LGM (19.500 years BP) for experiment
LGM 3.1 (-7.74m sea level equivalent), b) final surface topography at present day, c)-d) same for
LGM 3.3; e)-f) same as a)-b) but for LGM1.1 (-1.15m sea level equivalent), g)-h) same as c)-d) but
for LGM 1.3.
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Figure 7.4: Antarctic Ice Sheet volume evolution during the last deglaciation, forced in the standard setting
with COSMOS forcing fields and additional 2°C Southern Ocean warming pulse for a limited
duration (e.g. from 19.500 years until 15.500 years BP).
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Figure 7.5: Antarctic Ice Sheet volume after the deglaciation, forced in the standard setting with the original
COSMOS forcing fields, but with a melt 2°C melt pulse of 500 to 5000 years duration. a.l)
initial surface topography at the LGM (19.500 years BP) for experiment LGM 2 (-3.35m sea level
equivalent), b) and c¢) show the final ice sheet at present day for a 500 and 5000 year melt pulse.
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7.2 The Effects of Fast Ice Shelf Collapse and Bathymetry

In the following the effect of fast collapsing ice shelves are discussed. For this purpose the shelf mass
balance is strongly tuned by means of the melt rate scaling coefficient (see chapter 2). Melt rates are
multiplied up to a yearly melting of 20 — 30%. Comparable melt rates are found presently close to the
grounding line in the Amundsen Sea sector. Such negative mass balances could have been caused either
by an increase in heat supply underneath the ice shelves, e.g. due to a shift in the circumantarctic
Southern Ocean circulation, or due to increased calving or a combination of the two. In any case such
high ice shelf melt rates cannot be excluded and could be the decisive factor tipping the WAIS into large
scale retreat.

Figure 7.6 shows the ice volume during the last deglaciation for drastically increased melt rates applied
from 19.500 years BP onwards (again in 500 year steps). The MISI is triggered in the Weddell Sea
eventually between 17.000 and 15.000 years BP depending on melt rates. The violent collapse of the
marine ice sheet unfolds within little more than one millennium raising sea level by almost 3m. In
this scenario, a complete retreat of the Weddell Sea ice sheet by the year 15.000 BP has taken place,
preceeding the reconstructed retreat in [Bentley et al., 2014] (Weddell Scenario A) by a few millennia.
This however is not surprising, as extreme melt rates sustained over a long time interval are assumed
in the scenario presented here. Different ISM tuning choices can lead to a "better" reproduction of the
retreat patterns suggested by geologic reconstructions (see [Golledge et al., 2014]). The modeling results
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Figure 7.6: Antarctic Ice Sheet volume evolution during the last deglaciation, forced in the standard setting
with COSMOS forcing fields and additional scaling of the basal shelf melting.

suggest that there is an intrinsic time scale (ca. 1.000 years) for the collapse of the Weddell Sea ice sheet
assuming prevailing high shelf melt rates. In reality, high shelf melt rates over several thousand years

are improbable, as natural variabilities characteristic for shelf-ocean-sea ice feedbacks' would prohibit

1E.g. the modification of deep water formation via brine rejection.
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a constant forcing as assumed for this scenario. Re-occurring cold spells (e.g. as suggested by South
Atlantic proxy data [Vazquez Riveiros et al., 2010]), and centennial changes of the ocean circulation
[Chen et al., 2015] could slow down the retreat of the marine LGM ice sheets.

Nevertheless, idealized scenarios (like the present one) inform about intrinsic dynamics underpinning ice
sheet retreat or advance. The crucial threshold for the collapse of the Weddell Sea ice sheet is the bedrock
topography. Two deep topographic throughs act as facilitators of the MISI. The Thiel-Through [Hein
et al., 2011] in the eastern Weddell Sea seems to play the key role for the post-LGM MISI. A Shallow
bathymetry of ca. 500m depth is situated northwards of the deep Weddell Sea valleys, stabilizing the ice
sheet as long as these regions are covered by grounded ice (see Figure 7.8). These dynamics illustrate the

importance of bedrock topography and LGM ice sheet advance for AIS deglaciation and timing.

Ice sheet surface (m)
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Figure 7.7: Antarctic Ice Sheet surface elevation at present day after deglaciation. The Antarctic Ice Sheet
topographies relate to the volume plotted in Figure 7.6, numbers above the individual ice sheet
depictions show the scaling factor used in the basal shelf melt equation.
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Figure 7.8: b) Ross Sea bathymetry overlain by the Last Glacial Maximum surface contour (simulation LGM3).
a) Surface elevation of the Last Glacial Maximum Antarctic Ice Sheet is given as a reference. Boxed
region is shown magnified in b).

7.3 The Deglaciation Puzzle

In this chapter, exemplary deglaciation scenarios focussing on the effects of ice shelf mass balance are
discussed. A bifurcation in the ice volume evolution depending on ice shelf melting is found. This
bifurcation is caused by the thresholds determining whether the MISI in the Weddell Sea is triggered or
not. The determining factors behind these thresholds are the initial LGM AIS configuration, ice shelf
dynamics and bedrock properties (the latter not being discussed here). Sustained high shelf melt rates in
the Weddell Sea unravel an intrinsic timescale of ~ 1000 years for complete collapse of the Weddell Sea
ice sheet. Proxy reconstructions suggest that deglaciation in this sector took place over several millennia.
This is indicative of recurring cold spells in the Weddell Sea, slowing down the collapse. The ice dynamics
in the Weddell Sea are but one piece in the post LGM deglaciation puzzle of the AIS. Processes occuring in
the Amundsen Sea and the EAIS are beyond the scope of this discussion. An extended cross-examination
of the influence of different climate forcings and bedrock properties should be carried out to further

explore the processes underpinning post-glacial AIS retreat.

Three main conclusions can be drawn from the results of the deglaciation climate sensitivity simulations

presented in the previous chapter.

Firstly, the final shape and flow regime of the AIS in the LGM (ca. 19.500 years BP) predefines the
initial dynamics of deglaciation to a large degree. Sizable marine ice sheets in the Weddell and Ross Sea
slow down ice retreat and influence the marine bathymetry via the inundation of Earth’ s mantle. Such
variations in Antarctic bathymetry in turn influence the timing of ice sheet retreat and the necessary
ocean forcing for triggering the MISI.

Secondly, the magnitude and timing of sub-ice shelf melting events and widespread calving crucially

depends on the choice of ocean forcing which is poorly constrained by proxy data.
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Thirdly, the basal properties underneath the marine ice sheets of the Weddell and Ross Sea determine

the speed of ice sheet collapse, as they influence the slipperiness of the bed, and hence the ice flow.
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Chapter 8

Unraveling the Past: a Model-Data

Intercomparison of Ice Cores
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Figure 8.1: Schematic illustration of fractionation pathways over Antarctica. Water evaporates in mid to high
latitudes (carrying a fingerprint of local temperature) and is advected toward the ice sheet where
further fractionation via condensation occurs (depletion of heavy oxygen and hydrogen isotopes).

The principles of the physical processes forming the isotopic archive in ice cores have been briefly sketched
in the Methods chapter as well, but shall be reviewed again here. The largest reservoir of water on Earth,
the ocean, feeds the AIS with a steady supply of snow, which then becomes part of the ice matrix
flowing back to its source, the ocean. In this cycle, the concentration of water stable isotopes changes
with every phase transition occurring during precipitation, evaporation or condensation. The present day
precipitation over Antarctica carries a distinctive climatic fingerprint which is related to the temperatures
at the source, i.e. the evaporation in the middle and high latitudes, the pathway (condensation), and its
final destination over the ice sheet. This mostly consistent relationship [Jouzel et al., 1997, Jouzel and
Masson-Delmotte, 2007] can be used to create a paleothermometer unraveling past variations in surface

temperatures and has been used to reconstruct the past eight glacial cycles from Antarctic and Greenland
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ice cores (e.g. [Jouzel et al., 2007, Dahl-Jensen et al., 2013]). If the accumulation above the ice core
location is high enough to form distinctive snow layers it is possible to count those layers up to a certain
depth. Thereby a chronology of past climate fluctuations is established and reconstructions from other ice
cores and marine or land based geologic recorder systems can be related to them. Numerous informations
can be drawn from the structure of an ice core. The thickness of the layers is an indication for the amount
of precipitation in the past, melt layers bare witness of past melt events, and the relative abundance of
hydrogen and oxygen isotopes is a measure of past temperatures. However, several factors influence the
ice cores isotopic distribution, such as changes in the source region or temperature, circulation or changes
in surface temperature! at the ice core’s location. Useful interpretation of ice core data therefore relies
on a meaningful differentiation of those effects which is a demanding task. Therefore, climate models
simulating the hydrological cycle in concert with ice sheet modeling are useful tools to decipher the

climatic events leading to the variations in the isotope composition in ice cores.

8.1 Caveats of Ice Core Modeling

Would climate models accurately simulate the past hydrological cycle and ice sheet models exactly repro-
duce the waxing and waning of ice sheets, simulated ice cores would be identical to observations. This
would make the interpretation of past climate evolution straightforward. However, as "all models are
wrong", mismatches in model-data intercomparisons are always abundant. This paragraph will focus on
the limitations of ice core simulations from an ice sheet modeling point of view. Contemporary ice sheet
models suffer from three major limitations. Firstly, the initial state of the ice sheet at the beginning of a
simulation will always be erroneous as long as information on bedrock topography, ice temperature and
ice flow in the real world is limited. This means that every simulation of an ice sheet will be initialized
from constraints which are disparate from the ones in reality in turn affecting the trajectory and final
state of the simulated ice sheet. Secondly, the external forcings, i.e. the surface mass balance, ocean
temperatures, geothermal heat flux, wind stress, sea level etc. will deviate somewhat from the actual
climate state, thus driving the ice sheet away from its real world counterpart as the simulation unfolds.
Thirdly the physical processes governing the flow of ice are only approximated in every ice sheet model.

All these factors limit the interpretability of ice core simulations and ice sheet modeling results in general.

That being said, it is still worthwile to carry out these simulations. Combined with an abundant proxy
archive, the results of climate simulations are the only way to reconstruct the dynamic changes Earth’s
climate underwent in the past. In recent years, several studies tackled the field of ice core reconstructions
via ice sheet modeling using 3D ice sheet models in concert with passive tracer advection routines.
However they were mostly limited to proof of concept studies (Figure 8.2, Figure 8.3 and [Goelles et al.,
2014, Rybak and Huybrechts, 2003|) or simple parameterizations of the climate forcing and ice dynamics
for the Greenland ice sheet (e.g. [Clarke and Marshall, 2002, Lhomme et al., 2005]). One study set out
to simulate an Antarctic ice core, the EPICA Dronning Maud Land (EDML) core, with sophisticated
assumptions of climatic drivers and a complex ice sheet model [Huybrechts et al., 2007] to support the

interpretation of the EDML ice core data. However, a more holistic approach aspired in this thesis

1E.g. caused by atmospheric or ice sheet elevation changes.
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including a general circulation model simulating the hydrological cycle and a 3D ice sheet model, aims
at the reconstruction of the Antarctic Ice Sheet’s isotopic distribution through the last glacial cycle. In

the following sections, first results from equilibrium Antarctic ice core simulations are presented.
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EDML ice core modelling restults (from [Huybrechts et al., 2007]). The ice core is traced back to
its origin in a multi-cycle ice sheet modeling approach. The left panel shows the relative depth at
Kohnen up to a depth of 89%. The right panel depicts the relative age (time of deposition) at the
ice core.
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Figure 8.3: Modeled isotope distributions along two transects crossing the a) GRIP core, Greenland and b)
Vostok core, Antarctica (from [Goelles et al., 2014]).

8.2 Experimental Setup

Both Lagrangian and Eulerian tracer advection have been implemented in the ISM in the scope of this

work (see chapter 2). The results have shown that the Lagrangian approach is more suitable for actual
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ice core simulations, due to its superior accuracy (no diffusion) and the possibility to backtrack individual
ice pockets to their origin at the surface (a valuable piece of information, especially if looking at ice cores
which have been drilled downslope of an ice divide). Figure 8.5 illustrates the general principle of tracer

2 are initialized at defined time steps® and density* at

simulations in the Lagrangian approach. Tracers
the surface where they become part of the ice matrix and are advected with the flowing ice (velocities
are calculated via trilinear interpolation). At the surface they are identified by their coordinates, the
surface temperature, isotopic concentration (if available) and surface elevation. Whenever a tracer hits
bedrock, it is deactivated and lost. Basal freeze on or advection via basal melt water is not accounted
for in the model. Along its trajectory the depositional properties (e.g. location, surface temperature,

isotopic composition) of each tracer can be retrieved at any given moment.
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Figure 8.4: Locations of deep ice cores simulated in this study.
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Figure 8.5: Schematic of Lagrangian forward modeling studies. Tracers are initialized at the surface (depicted
by the black boxes) with a pre-defined density (tracer grid) at defined time intervals and advected
through the ice sheet. The tracer area covers the ice cores of interest. Three transects are depicted
illustrating the shape of the Antarctic Ice Sheet along a flight path defined by the points (A-B-C)
at specific time slices (to,tn,t¢) in a transient simulation.

2Snow precipitating on the surface of the ice sheet.
3E.g. every 50 years.
4Tracers per grid cell.
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8.3 Present Day Equilibrium Results

To illustrate the feasibility of the tracer approach to simulate
Antarctic ice cores, Lagrangian tracers are advected through
the ice sheet in a present day equilibrium run (see chapter
2). For this purpose, every 1000 years tracers are initialized
at the surface (16 tracers per grid box, one tracer every 10
km) and advected through the model domain. Figure 8.6 &
8.9 show the results of a 300.000 years equilibrium simulation
along two transects crossing the present day coordinates of
the Vostok and Dome Fuji core. Figure 8.6 shows ice ages at
different sigma layers (15, 25, 35 of 41 layers) after 300.000
model years forced by present day climate. It is evident that
only the EAIS and specific areas of the WAIS harbor ice older
than 50.000 years. Regions of oldest Antarctic ice are char-
acterized by large ice thicknesses, cold conditions, slow ice
flow, low geothermal heat flux and bedrock conditions favor-
ing low ice velocities (see e.g. [Van Liefferinge and Pattyn,
2013]).

The coarse resolution of the model and the simplified cli-
mate forcing generate an AIS evolution and ultimately an
equilibrium ice sheet distinctively different from the PD ice
sheet configuration. The ice divides have shifted, the EAIS
is thinner and the coastal fringes of Antarctic thicker than
the present day ice sheet. It is evident that both at Vos-
tok and Dome Fuji simulated ice ages are much lower than
their real life counterparts (see Figure 8.9 b)). This is to be
expected by the design of the experiment. Present day equi-
librium simulations of the AIS, generally underestimate the
age of the ice as flow velocities are too fast and the ice fabric
too warm, due to the constantly applied present day climate
(no memory effect from the last glacial is imprinted in the
ice sheet). Further precipitation is generally high and rela-
tively fast outlet glacier drain the hinterland. Those glaciers
were either slower during the last glaciation or replaced by
low lying, slow flowing grounded ice sheets (see chapter 6).
Finally, gaps in the tracer coverage are visible especially in
the regions of the EAIS covered by thick ice. These "blind"

spots in the ice fabric are caused by the divergent nature of
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Figure 8.6: Ice ages in different depths of the
Antarctic Ice Sheet at the end of a
present day equilibrium simulation
along terrain following coordinates
(sigma layers). The contour lines
depict the surface topography for
the present day ice sheet in 500m
steps (maximum elevation 4000m.).
a) depth level 15, b) depth level 25,
c) depth level 35) of 41 levels.

the ice flow, which might advect tracers away from ice divides. A higher density of tracers initiated at

the surface can mitigate this divergence, but increases the computational costs, which might limit high

densities for long term paleo studies depending on the computation resources available (since the ISM in
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this study is not parallelized, this can become a serious limitation).

Seven deep ice cores are selected for analysis in the PD control simulation, one of them situated in the
WAIS. The WAIS divide core oldest age is surprisingly similar to the actual age measured in the real
core, despite the large changes WAIS underwent in the last glacial cycle. The reason for this agreement
is unclear, but might be accidental and rooted in a combination of misrepresentations in the model (e.g.
bedrock topography, accumulation, ice flow, ocean forcing etc.) generating the PD age-depth relationship.
The misrepresentations in the simulation crystalize dramatically in the Taylor Dome, Dome C and Vostok
cores. Taylor Dome is a core at the fringes of the ice sheet located in a complicated ice-bedrock topography,
which can not be resolved realistically in the present model setting. The Dome C and Vostok core have ice
ages too young throughout the ice core. In future studies, more realistic transient ice sheet simulations of
the full last glacial cycle and beyond will be the basis for ice core simulations of the main deep Antarctic
ice cores drilled so far. These studies will be expanded by advection of isotopes delivered by an AOGCM.
This will allow for a reconstruction of the AIS’ isotopic signature throughout the last glacial-interglacial
climate cycles, closing the water stable isotope budget and allowing for a more informed interpretation

of climate data derived from marine sediment cores (ice sheet elevation correction on §'80 values).
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Figure 8.7: Transect through the Antarctic Ice Sheet along the position of the Dome C and WAIS ice core
at the end of a 300.000 year equilibrium simulation forced by present day climate. Ice ages at
every grid node are depicted by color coded dots. The position of the transect with respect to the
Antarctic Ice Sheet is highlighted next to each transect. Vertical bars depict the coordinates of the

real ice cores.
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Figure 8.9: Age-depth relationship for the deep tracers simulated in the present day equilibrium simulation.
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Chapter 9

Antarctic Ice Sheet Evolution in the

Miocene

The middle Miocene climate transition (MMCT) ca. 14.2 to 13.8 million years ago [Shevenell et al., 2004]
marks a substantial cooling of Cenozoic climate and the growth of an Antarctic Ice Sheet (AIS) to present
day dimensions [Zachos et al., 2001, Billups and Schrag, 2002, Shevenell et al., 2004, Mudelsee et al.,
2014]. While the causes for the cooling and growth of the AIS are still under debate, a combination of
pCO4 drawdown [Zachos et al., 2001, Foster et al., 2012, Badger et al., 2013], insolation [Holbourn et al.,
2005, Holbourn et al., 2013, DeConto et al., 2007], and major changes in the global ocean circulation
are identified as key drivers. The systemic effects of mid-Miocene AIS growth, i.e. its feedbacks on
atmospheric and oceanic circulation, are investigated both for the MMCT [Knorr and Lohmann, 2014]
and the Eocene-Oligocene Transition (EOT ca. 33 ml. years BP) [Goldner et al., 2014] and show a
substantial influence of the AIS on Southern Hemisphere climate. Further processes affecting Southern
Hemisphere cooling could be tectonic changes in the Tethys [Hamon et al., 2013] and Drake gateways.
While the effects of different AIS configurations and south polar ice sheet advance have been studied with
fully coupled AOGCMs (e.g. [Knorr and Lohmann, 2014]), a dynamic coupled ice sheet element is still
missing in the analysis. In this chapter 3D ISM sensitivity experiments, investigating the role of different
Miocene climate boundary conditions and bedrock reconstructions on the dynamics of the mid-Miocene
ATS evolution, are presented. The results suggest that the main control on AIS advance is the available
bedrock surface above sea level and the moisture transport towards the continent, while temperature
changes play only a minor role. This relationship holds as long as temperatures are low enough to allow

for an initial ice sheet.

9.1 Experimental Design

The growth of the AIS under a suite of mid-Miocene boundary conditions is investigated. Three different
mid-Miocene climates simulated by COSMOS [Knorr and Lohmann, 2014, Knorr et al., 2011] are used as
climate forcing (in the following denoted as MI; MII, MIII Figures 9.1 and 9.2). To investigate the effect
of both Southern Hemisphere climate and the range of potential Antarctic topographic configurations,
the initial bedrock condition is varied for all climate scenarios (PD, PDr, Wmin, Wmax see Figure

9.3). The bedrock topographies used here are the present day topography (PD) [Brocq et al., 2010], a
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relaxed present day bedrock configuration after removing the ice load (PDr), and two Miocene bedrock
reconstructions (Wmin, Wmax) [Wilson et al., 2012]. This bedrock setup is identical to [Wilson et al.,
2013] but extended by the present day bedrock configuration. MI is forced with a pCOs of 450 ppm and
an AIS with a quarter of the mean present day ice sheet surface. MII uses a pCOs of 450 ppm as well,
but a present day AIS, while MIII uses the present day ice sheet with a pCO4 of 278 ppm.

Exp | AIS | pCO2 | Spin up (kyr) | Mean (yr)
MI | PD 1 450 2 100
MII | PD 450 2 100
MIIT | PD 278 2 100

Table 9.1: Overview over the three Miocene COSMOS simulations. The second column denotes the topographic
Antarctic boundary conditions, PD being the present day ice sheet, PD1 an Antarctic Ice Sheet

1
with a quarter of the present day ice sheet surface elevation. Third column denotes atmospheric
pCO2 concentration. Column four is the integration time for the simulation spin up, while column
five is the mean climatology used as forcing in the ISM simulations.

Southern Ocean temperatures (Figure 9.1), precipitation (Figure 9.2) and the number of days per year
with surface temperatures above zero (which are essential for the occurrence of surface melt events)
vary considerably between the climate scenarios. The reduced surface elevation in MI (25% of the
present day surface elevation) has drastic effects on sea surface temperatures, surface air temperatures
and precipitation. The increase in surface elevation in MII leads to a cooling of air temperatures in
central Antarctica, while circumantarctic temperatures generally increase. The cooling over the ice sheet
in MIT is reflected in lower precipitation above the AIS (Figure 9.2), while circumantarctic temperatures
increase in MII leading to a significantly warmer SST (see Figure 9.1 a)). The larger AIS in MII does not
effect sub-surface Southern Ocean temperatures, which are very similar both in MI and MII. However,
in MII the ocean temperature close to the FRIS and RS warms due to warmer surface temperatures.
As the water temperature in the West Antarctic ocean basins is the determinant for the formation of a
marine ice sheet-shelf in this region (see chapters 3 and 6), ice-ocean interactions in the MMCT could
be the decisive factor controlling WAIS dimensions. It will be shown later, that the concomitant high
pCOy concentration and AIS surface elevation in MII have a major influence on Weddell Sea ice shelf

formation.

MIII is the coldest of the three climate scenarios, which is expressed in Southern Ocean temperatures
generally 1 — 2°C cooler than MI and MII throughout the water column (Figure 9.1). Large scale
precipitation above Antarctica is greatly reduced in MIII compared to the MII and MI, but still generally
twice or triple the present day surface mass balance (resembling the precipitation-temperature relationship
for Antarctica [Frieler et al., 2015]). Both pCO4 and growth of the AIS have a large impact on the global
and Southern Hemisphere climate. The feedbacks of AIS changes on ocean and atmospheric circulation
are not fully represented in the COSMOS simulations, as only ice sheet surface but not extent (hence
albedo) have been changed between MI and MII. This means that the main effect influencing surface
temperatures is due to a more pronounced lapse rate cooling in MII and MIII. An initially ice-free
Weddell-Sea for example would intensify the differences between MI and MII. Further, dynamic changes
of ice sheet elevation, extend and especially ice-ocean feedbacks in the ice shelf cavities are not yet

accessible in global climate simulations and thus not included here.
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Figure 9.1: Miocene Southern Ocean temperatures simulated by COSMOS [Knorr and Lohmann, 2014| (SST,
400m, 1000m). MI (25% Antarctic surface thickness, pCOg2 450 ppm), MII (present day Antarctic
Ice Sheet thickness, pCOq 450 ppm), MIII (present day Antarctic Ice Sheet surface thickness, pCO2
278 ppm).
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Figure 9.2: a) Miocene precipitation anomalies. b) Miocene positive degree days. MI (25% Antarctic surface
height, pCO2 450 ppm), MII (present day Antarctic Ice Sheet volume, pCO2 450 ppm), MIII
(present day Antarctic Ice Sheet volume, pCO2 278 ppm).
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The second factor which affects mid-Miocene AIS growth considerably is the available bedrock area above
sea level. As temperatures in the MMCT cool down sufficiently to allow a large ice sheet on the Antarctic
continent, while ocean temperatures are still warm (i.e. more than 2°C above the present day temperature
distribution, the approximate viability limit for a West Antarctic Ice Sheet extending into the marine
bedrock regions (see chapter 3)), the available bedrock area above sea level is the decisive variable limiting
the AIS Miocene advance. Since high ocean temperatures confine the grounded ice sheet to land above
sea level the choice of initial bedrock conditions will greatly affect the final equilibrium mid Miocene ice

sheet size.

Bedrock topography (m)

- 5000 = 4000 = 3000 = 2000 = 1000

a) 100 %

€)77.8%

x 107
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Figure 9.3: This figure illustrates the effect of the choice of initial bedrock topography on Antarctic Ice Sheet
extent and volume in the mid-Miocene. Four different topographies are used, the bedrock recon-
structions of Wilson et.al [Wilson et al., 2012] (max and min), a relaxed present day bedrock (after
removal of the present day AIS), and the present day bedrock (ALBMAPv1 [Brocq et al., 2010]).
The numbers in the figures denote the available land above sea level area relative to the Wilson-
max reconstruction. e) shows the AIS volume evolution in the equilibrium simulations based on
the climate forcing from MII for the different bedrock reconstructions a)-d).

9.2 Bedrock vs. Climate

As soon as the summer surface temperature viability limit for an ice sheet is crossed, the advance of the
ATS in the Miocene ultimately depends on three factors : the Southern Ocean temperature, the humidity

transported onto the continent and finally the available land above sea level. The first factor, the ocean
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temperatures, function as a switch that either allow for grounding line migration into the marine basins
of West and East Antarctica or not, greatly affecting the lateral extent of the ice sheet. The COSMOS
climate used in this study yields ocean temperatures which confines the AIS to the available land above
sea level (see Figure 9.5). While large ice shelves develop!, a marine ice sheet in West- and East Antarctica
can not evolve. Therefore surface mass balance and bedrock configuration are the controlling factors of
AIS size (see Figure 9.5). Surface mass balance is dependent on the amount of water vapor transported
towards the continent, which increases with rising temperatures [Frieler et al., 2015], resulting in larger
ice sheets in warmer climates, which sounds counterintuitive at first glance, but makes sense as long as
the summer surface temperatures stay below a critical limit which prevents extensive surface melt events.
The available spread in climate conditions provided by the three COSMOS simulations used here, allows
for a range of Antarctic equilibrium ice sheet volumes lowering sea level by ~ 28 — 40m compared to
PD (in the Wilson max case). This already considerable spread of ca. 12m. is somewhat dwarfed by
the effect of the choice of initial bedrock conditions, which accounts for ca 50m difference in sea level
(see Figures 9.6, 9.4 and 9.7). These results clearly illustrate the importance of well constrained initial

boundary conditions for paleo ice sheet modeling in general and specifically for the MMCT and Antarctic

inception.
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Figure 9.4: This figure illustrates the effect of the choice of initial bedrock topography and climate forcing on
Antarctic Ice Sheet volume (expressed in meter sea level equivalent) in the mid Miocene. Four
different topographies are used, the bedrock reconstructions of Wilson et.al [Wilson et al., 2012]
(Wmax and Wmin) representing 100% land above sea level (the reference land area) and 97%, a
relaxed present day bedrock with 77.8% (after removal of the present day AIS), and the present day
bedrock [Brocq et al., 2010] with 52.2% i.e. roughly half of the land area above sea level compared
to Wmax. The numbers in graph a) denote the changes in sea level between the climate forcings
MI and MIII. Numbers in b) depict the changes in sea level under the same climate forcing but for
the different topographic boundary conditions.

n contrast to the simulations in [Wilson et al., 2013], which are focused on the EOT, resulting in higher ocean and surface
temperatures.
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Figure 9.5: Sensitivity of the equilibrium Antarctic Ice Sheet volume to different climate conditions
(MI,MII,MIII) for present day relaxed bedrock conditions.
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Figure 9.6: Sensitivity of the equilibrium Antarctic Ice Sheet volume to different bedrock reconstructions (PD,
PD relaxed, Wilson-min,Wilson-max) under MII climate conditions.
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Figure 9.7: Sensitivity of the equilibrium Antarctic Ice Sheet volume to different climate (a) and bedrock (b)
conditions. Present day bedrock in a), MII forcing in b).
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9.3 Mid-Miocene AIS Dynamics Driven by Bedrock Configura-

tion and Precipitation

The results of this study suggest that accelerated growth of the AIS in the MMCT was largely controlled
by the available land above sea level and the containment of the ice sheet to the latter due to a warm
Southern Ocean preventing the formation of a marine ice sheet in East and West Antarctica. Under those
conditions, the mid-Miocene AIS growth and final volume mainly depends on the accumulation pattern
and distribution. It is intuitive that the inception of the AIS in the EOT [Wilson et al., 2013, Goldner
et al., 2014] was triggered by a cooling atmosphere, reducing the summer melt to coastal areas and
allowing for the growth of a substantial ice sheet in the interior of the continent. A growing ice sheet
would then further cool the atmosphere via the albedo and lapse rate effect fueling its own growth and
further influence Southern Ocean circulation [Knorr and Lohmann, 2014, Goldner et al., 2014]. For the
MMCT discussed here, provided that surface temperatures were below zero for most of the year and
throughout the continent, the warmer the climate the higher the Antarctic surface mass balance?. This
leads to the largest ice sheets under the warmest AOGCM forcing. However, for the inception of an
AIS ultimately atmospheric cooling and subsequently the cessation of significant surface melting are the
determining factors. The experiments carried out in this study are forced by COSMOS climate using
present day AIS with smaller surface elevations. This means that surface temperatures and especially
summer surface temperatures might be underestimated, or rather correspond to a mid-Miocene climate,
where an ice sheet with an extent similar to todays ice sheet has already formed. In a next step the effects
of a continent bare of ice on the MMCT and EOT climate shall be investigated. The forcing attained in
this way will then be used to carry out the same sensitivity experiments as layed out above, investigating
the effects of bedrock topography and climate on the EOT Antarctic inception and MMCT AIS growth
with a more realistic pre-present day AIS mid-Miocene climate forcing. This study shows that within the
range of uncertainties considering bedrock reconstructions there is a wide realm of possible mid Miocene
Antarctic Ice Sheet configurations (corresponding to differences in sea level of about 50m). The difference
in sea level equivalent ice volume corresponding to the three climate forcings applied here are up to five
times lower (ca 10m). Compared to the EOT equilibrium ice sheets simulated in [Wilson et al., 2013],
the MMCT AIS is generally large in this study. This is due to the lower pCO2 values used here (278
& 450 compared to two times pre-industrial levels, ~ 520 — 560 in [Wilson et al., 2013]), the initial AIS

boundary conditions and the different representation of ocean dynamics in this study.

2Due to an intensification of the hydrological cycle.




Chapter 10

Conclusions

This thesis provides an in-depth ice sheet modeling perspective on Antarctic Ice Sheet (AIS) dynamics
under various climate conditions, ranging from glacials to extreme warm times. Recurring themes, char-
acteristic of the unique geography of Antarctica, dominate AIS dynamics throughout geologic time scales.
The marine setting of the West Antarctic Ice Sheet (WAIS) is a determining factor of AIS growth and
retreat. While surface temperatures and precipitation control the long term shape of the ice sheet, its
interactions with the Southern Ocean can cause dramatic changes within centuries. The paleo-climate
dynamics of the AIS bear witness of potential future developments in the high southern latitudes which

could affect the shape of the planet for millennia to come.

This thesis has shown, that the WAIS has undergone tremendous changes during the last glacial cycle,
lowering and raising sea level by up to ca. ~ 17m!, with growth and retreat rates far exceeding the ones
measured during the recent decades. The WAIS played and will play a key role in these dynamics, thus
it is crucial to promote both, the current model understanding of ice sheet dynamics, as well as the proxy

based understanding of past climate variations in the region.

Deeper in the past, in the Pliocene and Miocene, AIS dynamics are much less understood than in the
Quaternary. Moreover, a conclusive model based constraint on AIS volume during this period is not
possible at this stage. Of interest however, are results attained in this thesis which show a much stronger
influence of bedrock topography on AIS evolution during the Mid-Miocene Climate Transition (MMCT)
than in the Quaternary. Further ice sheet-climate interactions must be incorporated in the model based
analysis of such dramatic climate transitions to access the full range of feedback processes. The results for
the Pliocene AIS dynamics are inconclusive at this point and strongly depend on the initial conditions of
the ice sheet model (ISM). Here, more proxy based regional climate reconstructions are needed to further

constrain the ISM forcing.

The following sections summarize the main findings of the research questions outlined in the introduction.

1~ 3 — 5m Last Interglacial (LIG) sea level rise versus 1 — 12m neagtive contribution in the Last Glacial Maximum (LGM).
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10.1 Antarctic Ice Sheet Dynamics and Sea Level Contribution

in the Last Interglacial

The first question posed in this thesis, was addressed at the potential collapse of the WAIS in the LIG
and its underpinning processes and drivers [Sutter et al., 2015a]. While the LIG is a well studied climate
interval [Lunt et al., 2013, Otto-Bliesner et al., 2013, Bakker et al., 2014], the Antarctic contribution
to the high sea level at the time is still largely unknown. Global sea level was up to 7 — 9m above
present day levels [Kopp et al., 2013, Dutton et al., 2015|, though mean surface air temperatures only
increased by 1 — 2°C [Otto-Bliesner et al., 2013]. The combined contributions of the Greenland ice
sheet, ocean thermal expansion and land based glaciers probably did not exceed 4m [Dahl-Jensen et al.,
2013, McKay et al., 2011, Marzeion et al., 2012]. The disparity between these contributions and sea level
proxy reconstructions could have only been closed by substantial retreat of the AIS?. Understanding the
dynamic evolution of the AIS in the LIG is invaluable in for the outlook on future climate change, which
may far exceed the last warm time. So how did the AIS change during the LIG?

This question was addressed by a combination of 3D ice sheet modeling and a transient climate forcing
generated from COSMOS simulations ([Stepanek and Lohmann, 2012, Pfeiffer and Lohmann, 2015]),
extrapolated in time via an ice core based glacial index. Employing this method, current model based
understanding of LIG climate was used to force the ISM. The time frame chosen covers the onset of the
last interglacial® at 131.5 kyr before present (BP) and ends at the year 116.5 kyr BP. While two different
COSMOS outputs using different boundary conditions have been used, both did not force the WAIS into
a configuration in which the Marine Ice Sheet Instability [Schoof, 2007] (MISI) can be triggered. The
choice of the Greenland ice sheet surface elevation in COSMOS seems to affect the Southern Hemisphere
climate considerably, with significant increases in both ocean temperature (ca. 0.5°C throughout the
water column) and precipitation (ca. +20%). While surface temperatures are higher as well, they never
exceed or get close to zero degree for most of the continent. This excludes surface melting as one of the

reasons for WAIS collapse.

The processes behind the influence of the Greenland topography on the Southern Hemisphere climate are
not clear yet. The COSMOS simulations do not include an interactively coupled ice sheet component,
which would allow for changes in freshwater flux, albedo or lapse rate effects influencing e.g. the Atlantic
Meridional Overturning Circulation (AMOC) strength and therefore the Southern Hemisphere via the
bipolar seesaw [Barker et al., 2011]. In the model setting used in this thesis, only the initial surface tem-
perature via the lapse rate effect and wind patterns are dynamically affected due to the lower Greenland
elevation. It is further worth mentioning that the differences in Southern Ocean temperatures between
the two climate time slices are smaller than the differences between some Atmosphere-Ocean General
Circulation Models (AOGCMs) for the PD. This illustrates that there is still need for improvements of
AOGCMs.

It is evident that surface mass balance changes in the LIG could not have caused a collapse of WAIS. The

2A collapse of the WAIS can raise global sea level by more than 3m [Bamber et al., 2009].
3Defined as the time at which the Deuterium isotope concentrations at Dome C [Jouzel et al., 2007] reached present day
values after the pen-ultimate glacial.
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increased precipitation above the continent due to atmospheric warming [Frieler et al., 2015, Thomas
et al., 2015] actually would have had the opposite effect, namely stabilizing the WAIS. Increased ice
shelf melting due to a warming Southern Ocean is the remaining candidate for tipping WAIS into an
unstable configuration, leading to runaway grounding line retreat via the MISI. Indeed a Southern Ocean
warming threshold of 2 — 3°C was found to be sufficient to thin ice shelves sufficiently to trigger the MISI
in the catchment areas of the Filchner Ronne Ice Shelf and the Glaciers draining into the shelves of the
Ammundsen Embayment®. The resulting runaway retreat raises sea level by 3 — 4m, strengthening the

hypothesis that the AIS played a major role in LIG sea level rise.

Another interesting result from this study is the intrinsic dynamics of LIG WAIS collapse, which unfolds
in two distinctive decay phases. Southern Ocean warming, bedrock topography and ice sheet elevations
are the key factors, modulated by changes in precipitation, which lead to a double peak in Antarctic LIG
sea level contribution. A twin peak LIG sea level has been proposed in a recent proxy based study [Kopp
et al., 2013]. Such a sea level variation might have been at least partly caused by the WAIS collapse
dynamics found in this study. Here it is shown that LIG WAIS collapse could have been triggered
by Southern Ocean warming within the range of proxy reconstructions [Capron et al., 2014|. Future
Southern Ocean warming [Stocker et al., 2013] probably reaches the threshold warming for large scale

WALIS collapse during the next century.

The discrepancies between the LIG COSMOS simulations [Pfeiffer and Lohmann, 2015] and proxy data
[Otto-Bliesner et al., 2013, Capron et al., 2014] and the range of AIS evolution depending on the LIG
forcing applied in the ISM [Sutter et al., 2015a] illustrate the limitations of current proxy and model
understanding. While this study provides Southern Hemisphere warming thresholds for WAIS collapse in
the LIG, they need to be corroborated by further studies based on more accurate reconstructions of LIG
climate as well as an improved ISM framework. From a climate modeling perspective further refinement
of polar ocean circulation and its interactions with a dynamic ice sheet component are needed. This goes
beyond increasing the spatial resolution of AOGCMs. A coupled ice sheet component is a prerequisite
to accurately simulate high latitude climate change such as the LIG warming®. From an ISM point of
view, a more realistic process based representation of ice shelf-ocean interaction must be aspired. Ice
sheet models suffer from lack of sufficient data coverage of ocean temperatures and heat transport inside
the Antarctic ice shelf cavities. Simulated, parameterized or prescribed ice shelf melt rates vary by up to
one or two orders of magnitude, precluding a serious intercomparison between models. Standard climate
forcing fields for representative time slices, first and foremost for the present day climate, should be made
available, on which basis the fitness of ISMs shall be benchmarked. In such standardized simulations,
the simulated ice shelf mass balances and bedrock properties should be objected to special scrutiny and
compared to proxy or instrumental observations if possible. Such an approach would reveal shortcomings

as well as common interpretable features of state of the art ISMs.

4Recent studies suggest, that this region has already been destabilized by 20th century warming [Rignot et al., 2014, Joughin
et al., 2014].

5Coupling in this context goes beyond the inclusion of surface elevation changes, but must allow for large changes of the
marine ice sheets of West and East Antarctica.
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10.2 Future Antarctic Sea Level Contribution

The waxing and waning of the large polar ice sheets in past interglacials are often discussed as potential
analogues for future changes of the AIS and GIS. In the LIG, moderate global warming correlated with
relatively large changes in eustatic sea levels (7—9m [Kopp et al., 2013, Dutton et al., 2015]). Above, the
role of the AIS in the LIG sea level rise is discussed (see chapter 3). How will the AIS respond to future
warming? Will the current trend of accelerating glaciers and thinning ice sheets in the WAIS [Rignot
et al., 2014, Joughin et al., 2014] persist in future decades? Will the mass gain of the EAIS offset the
losses in West Antarctica [Zwally et al., 2015], or will the marine ice sheets in the Wilkes and Aurora
Basins be destabilized as well [Mengel and Levermann, 2014, Fogwill et al., 2014, Greenbaum et al.,
2015]? Can increases in precipitation in a warming world [Frieler et al., 2015] stabilize the WAIS?

In chapter 4 future AIS dynamics under a suite of warming scenarios based on the 5th Assessment Report
of the IPCC [Stocker et al., 2013] are investigated [Sutter et al., 2015a]. Simple linear warming ramps
of the Southern Ocean peaking at warming between 1 and 3°C, accompanied by uniform surface air
temperature warming of 6°C and increases in precipitation of 10 — 40% until the year 2200 are applied
(denoted by 2° 10% —3° _40%)). This range is similar to the upper limit of IPCC warming scenarios. An
additional scenario captures extreme warming going beyond the IPCC projections. In this scenario the
Antarctic ice shelves quickly collapse (e.g. driven by enhanced calving and surface-subsurface melting)

within the next decades.

The predictions of future AIS dynamics under the IPCC-like scenarios suggest a partial collapse of the

WALIS unfolding over several millennia, raising sea level by up to 2m (peak yearly Antarctic contributions

cm
century

precipitation show a negative Antarctic contribution to sea level during the next one or two centuries.

to sea level rise reach ~ 2mm-yr—! i.e. 20 ). However, the scenarios assuming strong increases in
Later, the increased coastal thinning of the ice sheet due to warm ocean currents overcomes the volume
increase caused by increases in precipitation. The initial sea level lowering is quite small and would not
offset the projected contributions from the Greenland Ice Sheet. These results suggest minor contributions
to sea level rise during the next centuries compared to the expected contribution by melting of the

Greenland ice sheet.

Should the Antarctic ice shelves indeed quickly melt and break off within decades®, the ISM results
indicate a dramatic collapse of the WAIS within a few centuries, with dire consequences for coastal
communities worldwide. AIS annual sea level contribution would catapult to several millimeter per year,
surpassing the combined annual contributions of Greenland, Glaciers, thermal expansion and Antarctica
during the last decade, culminating imeter sea level rise during the next millennia. The results of this
study mostly agree with predictions from similar ISMs [Winkelmann et al., 2015, Ritz et al., 2015]
for the extreme scenario and moderate scenario. However, lower AIS sensitivities to Southern Ocean
warming than in [Golledge et al., 2015| are calculated here, which is probably due to the more extensive
tuning of basal properties in the Parallel Ice Sheet Model (PISM e.g. [Golledge et al., 2013]), the higher

6Caused e.g. by a combination of hydrofracturing and subsequent calving and increased surface-subsurface shelf melt as
suggested in [Pollard et al., 2015].
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resolution (10km versus 40km used in this study) and differences in the treatment of the grounding line”.
Sub-shelf melt rates are often not shown in ISM studies predicting future AIS dynamics [Winkelmann
et al., 2015, Ritz et al., 2015, Golledge et al., 2015], impeding comparisons between studies. This is
bad practice as [de Boer et al., 2015] have shown that ISM intercomparison studies can unravel drastic
differences between ice sheet models (see the last section of this chapter for a more detailed discussion of
current ice sheet models). No conclusive ISM based statement about future behavior of the AIS under
global warming can be made at this point, as too many processes e.g. of ice-ocean interactions and

grounding line migration are not sufficiently incorporated in both ISMs and AOGCMs.

Yet, most models suggest a lock-in of a large scale WAIS collapse [Sutter et al., 2015a, Winkelmann
et al., 2015, Golledge et al., 2015, Ritz et al., 2015, Feldmann and Levermann, 2015] in case of failing
mitigation strategies reducing greenhouse gas emissions. The timing of this collapse differs widely in be-
tween scenarios and ISMs applied, ranging from a century to several millennia. Further improvements of
process based understanding, especially of ice-ocean interactions and grounding line dynamics, is needed
as well as homogenized scenario designs (with respect to the applied climate forcings) and parameteri-
zations. ISM development must remain unconstrained and in a state of constructive competition, while

standardized scenario designs should provide the basis for periodic reviews of ice sheet model fitness.

10.3 The Antarctic Ice Sheet in the Pliocene

Constraining the size of the AIS in the late Pliocene warm period is a difficult endeavor, as proxy data
on AIS extent is virtually non existent and only indirect conclusions can be drawn from marine sediment
data. However, the period between 3.264 to 3.025 million years BP, also known as the PRISM interval
[Dowsett et al., 2010], is well studied by both climate models [Dolan et al., 2011, Haywood et al., 2013]
and data [Salzmann et al., 2013, Dowsett et al., 2013], estimating global temperatures between 1.83 and
3.60°C warmer than pre-industrial levels. This makes the PRISM interval an excellent candidate for

studying a climate in the past with similar climatic conditions as those to be expected in the future.

Late Pliocene sea level is estimated at 10 — 30m above present day [Raymo et al., 2011, Rovere et al.,
2014, Rohling et al., 2014]. These estimates are uncertain, e.g. due to unknown tectonic processes and
glacial isostatic adjustment [Rowley et al., 2013]. Nevertheless, large contributions from the GIS and
AIS are required to reach the sea levels suggested by proxy data. The Pliocene Ice Sheet Modeling
Intercomparison Project (PLISMIP) sets out to constrain AIS dimensions in the late Pliocene to improve
the interpretation of Pliocene sea level data from an ice sheet modeling vantage point. Six numerical ice
sheet models where employed in this study. The experimental setup includes five different scenarios, two
of which are present day control runs (forced by HadCM3 and ERA40 re-analysis data), the other three
are staged in the Pliocene. While all ISM could reproduce an AIS similar to the present day shape in
the control runs, relatively large discrepancies are evident in the ice sheet volume. The spread results in

sea level contributions between the models for the present day climate forcings (HadCM3 and ERA40)

"Further Golledge et. al. employ a different basal shelf melting scheme [Holland and Jenkins, 1999], based on Southern
Ocean temperatures derived from a coarse resolution ocean model while not mentioning the method with which sub-shelf
ocean temperatures are retrieved (the ocean model only calculates ocean temperatures up to the fringes of the Antarctic
sea ice coverage).
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of 0.00 £ 6.1m s.e. for Bedmapl and —1.9 + 4.9m s.e for Bedmap?2.

The Pliocene equilibrium simulation with an initial present day ice sheet yields sea level equivalent vol-
ume changes of —3.7 £ 2.2 (Bedmapl) and —1.5 + 1.5 (Bedmap2). Here, the sensitivity of the shelf
melt parameterizations and grounding line migration schemes in the different ice sheet models becomes
apparent. The model spread under identical climate forcing is as large as ~ 18m. PISM and RIMBAY
are farthest apart, probably resembling the higher shelf melt rates, more slippery bedrock and different
grounding line treatment employed in PISM. Positive sea level contributions are simulated in all Pliocene
simulations with an initial Pliocene AIS (resembling a small ice dome in East Antarctica, PRISM3 recon-
struction [Dowsett et al., 2010]). However, the smaller ice sheets simulated for this Pliocene simulation
are largely caused by a warm Southern Ocean preventing expansion of the AIS into the Antarctic ocean
basins in the Weddell and Ross Sea. Thus the final equilibrium ice sheet volume strongly depends on the
initial configuration of the AIS.

Specific conclusions about Pliocene AIS extent and volume can not be drawn from PLISMIP as the spread
between the ISMs is simply too large. The PLISMIP study [de Boer et al., 2015| calls for further ice sheet
model intercomparisons, with refined experimental design which has to identify uncertainties deriving
from different AOGCM forcings and distinguish them from uncertainties deriving from parameterizations
of basal shelf melting and grounding line migration. Using the same sub shelf melting and surface mass
balance schemes in all ISMs (at least in intercomparison studies) would allow for identification of ice

sheet dynamic effects [de Boer et al., 2015].

10.4 The Antarctic Ice Sheet in the Last Glacial Maximum

The last glacial cycle (ca. 130.000 until ca. 10.000 years BP) is the best constrained climate interval, with
a relatively large coverage of well dated proxy data from ice cores [Jouzel et al., 2007|, marine sediment
data [Capron et al., 2014, Bentley et al., 2014], tree rings, speleothems and other. However there are
considerable knowledge gaps especially considering the timing and extent of the AIS’s glaciation and the
driving mechanisms behind the deglaciation [Bentley et al., 2014]. How fast did the AIS re-advance after
the LIG? What was the antarctic contribution to LGM sea level depression®?

This study investigates both glaciation and deglaciation based on ice sheet modeling using COSMOS
climate forcing [Stepanek and Lohmann, 2012, Pfeiffer and Lohmann, 2015] and ice core data [Jouzel
et al., 2007]. A special focus lies on marine ice sheet dynamics driven by Southern Ocean circulation
and temperature changes. Further effects of different sliding mechanisms on the glaciation of the marine

sectors of the AIS are analyzed.

It is found that glaciation of the AIS is largely controlled by the advance of grounded ice sheets into the
Weddell and Ross sea sectors. This advance is ultimately driven by the glacial cooling of the Southern

Ocean. Since glacial climate is generally dryer than during warm periods, less humidity is advected onto

8Global sea level has been ca. 120m lower than present day, mostly due to the build up of large northern hemisphere ice
sheets.
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the AIS, reducing precipitation. However the large fall of sea level, rooted in the formation of vast ice
sheets in the northern hemisphere, grounds previously floating ice shelves. Simultaneously the cooling of
the Southern Ocean favors the formation of thick ice shelves which buttress their tributary glaciers. This
ice shelf thickening slows down the ice flow in the hinterland, in turn leading to the growth of the grounded
ice sheet. While precipitation decreases as the climate cools, the ocean and sea level induced ice sheet
thickening leads to a slow advance of the AIS towards the continental shelf edge. Ocean temperatures
act as a lever controlling the advance of the ice sheet into the marine basins previously covered by ice
shelves. The dynamics of the different ice shelves are interlocked to a certain degree, as the grounding
line migration in the Weddell Sea influences the ice dynamics in the Ross Sea several hundred kilometers
away. A reduced glaciation of the Ross Sea can push the ocean temperature limit for ice sheet formation

in the Weddell Sea to lower temperatures.

A combined assessment of proxy reconstructions [Bentley et al., 2014], other model studies [Golledge
et al., 2013, Maris et al., 2014] and the simulations carried out in this study suggest a slow glaciation of
the AIS culminating in a slightly larger ice sheet covering the Weddell Sea sector, which at least partly
extends to the continental shelf break. The ISM results indicate a partial glaciation of the Ross Sea while
it is difficult to constrain the dynamics in the ocean sectors along the smaller ice shelves (e.g. in the
Ammundsen Sea sector) due to the coarse resolution of the ISM. Sea level depression due to AIS growth

is simulated to be between ~ 1 — 2m with a more probable range of 3 — 7m.

The results roughly agree with the findings of other model studies (e.g. [Golledge et al., 2013, Maris
et al., 2014]), however further ISM studies with higher spatial resolutions, improved climate forcing and
better representation of ice shelf and grounding line dynamics are needed to improve the interpretability

of these results.

10.5 Antarctic Deglaciation: Towards a Holocene Antarctic Ice
Sheet

How did the AIS retreat as the climate approached the current interglacial? Proxy reconstructions
identify major post-LGM retreats of the AIS between 19.000 years and 9.000 years BP [Bentley et al.,
2014, Weber et al., 2014]. However the processes underpinning these retreat events are unclear, as is the

exact timing.

During this thesis, sensitivity studies investigating the influence of ocean warming and ice shelf dynamics
on post-LGM AIS retreat were carried out. It is found that average shelf thinning rates of up to 20 —30%
are necessary to trigger the MISI in the Weddell and Ross Sea. Only a fast destabilization of the ice
shelves fringing the LGM West Antarctic marine ice sheets can trigger a retreat of the latter into the
present day configuration. The choice of the initial LGM AIS volume and shape considerably influences
the post-glacial ice sheet evolution in the ice sheet model simulations. The thickness of the LGM ice sheet
extending into the Weddell-Sea is a major control factor on timing and extent of deglaciation. Generally
the ice shelf melt rates calculated in the ISM do not suffice to destabilize the fringing Weddell Sea ice
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shelves, thus preventing large scale ice sheet retreat. Employing high shelf melt rates, maintained for
several millennia beginning at 19.000 year BP, eventually triggers a violent collapse of the Weddell-Sea
ice sheet within 1.000 years. Retreat to present day grounding line positions is finished ~ 15.000 years
BP, several millennia earlier than suggested by proxy reconstructions. This is indicative of re-occurring
cold spells (e.g. as suggested by South Atlantic proxy data [Vazquez Riveiros et al., 2010]) slowing down

the retreat of the marine LGM ice sheets.

Sensitivity studies employing higher spatial resolutions and an additional focus on basal properties (e.g.
the slipperiness of the marine bed) are required to further improve the model based understanding of

post-glacial AIS retreat.

10.6 Unlocking the Antarctic Climate Archive: Ice Core Simula-

tions

Deciphering climate proxies from the past has been a revolutionary step for the field of climate science.
The small changes in concentration of heavy hydrogen and oxygen isotopes measured in ice cores and
marine sediments bear witness of past temperature, sea level and ice sheet changes. Due to the complex
interactions, nonlinear processes and circulation patterns in the climate system continuosly changing
over time, holistic interpretation of the global proxy archives is a monumental task involving all kinds of
scientific disciplines. In Antarctica multiple deep ice cores, extending the accessible frozen climate archive
to almost 800.000 years into the past [Jouzel et al., 2007] have been drilled, expanding our knowledge
about glacial-interglacial cycles [Petit et al., 1997], rapid climate change [Buizert et al., 2015], as well as
the interhemispheric seesaw [Barbante et al., 2006]. Key uncertainties in the interpretation of ice core
data remain however. These derive from incomplete knowledge of the depth-age and isotope-temperature
relationships (the paleothermometer [Jouzel et al., 1997]) as well as topographic ice sheet changes and

the dynamic nature of the hydrological cylce.

Here, an ice sheet modeling based tool is presented, allowing for the simulation of artificial ice cores
[Sutter et al., 2015b]. The ice sheet model used in this study incorporates all major features of ice sheet
physics, thereby simulated ice cores implicitly include the effects of transient ice dynamics (e.g. the
position of the ice divide or elevation changes). When driven by variable climate forcing delivered by an
AOGCM the simulated ice cores contain information on circulation changes as well. The comparison of
the proxy archive attained in such simulations with real ice cores thus gives ample insights into previously
unidentified processes of ice core formation. The simulations carried out in this thesis are limited to proof
of concept studies, using present day equilibrium runs to establish the age-depth relationship of the AIS.
The results of these simulations show the potential of the method to improve understanding of ice core
records, but are not yet sufficient to draw any conclusions on the proxy data. More elaborate experimental
settings, including the major climate drivers during the last glacial-interglacial cycles are required for a
meaningful comparison between simulated and real ice cores. These simulations are the next step towards
a realistic simulation of Antarctic ice cores, but the larger computational resources required by tracer

simulations in multi-glacial cycle studies call for the employment of a parallel ISM (the ISM used in this
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study [Thoma et al., 2014] is not parallelized). Application of the methods and results attained in this
study on ice core simulations will improve both the benchmarking of the ISM as well as the interpretation

of the Antarctic ice core archive.

10.7 The Mid-Miocene Antarctic Ice Sheet

The mid-Miocene Climate Transition (MMCT) ca 14.2 to 13.8 million years ago [Shevenell et al., 2004]
spurred AIS growth, which in turn lead to additional cooling of the high southern latitudes [Knorr and
Lohmann, 2014]. A general cooling of global and especially Southern Hemisphere temperatures favored
the formation of a large ice sheet on the Antarctic continent. The reasons behind the MMCT Southern
Hemisphere cooling are debated, but a combination of pCOs drawdown [Zachos et al., 2001, Foster et al.,
2012, Badger et al., 2013], insolation [Holbourn et al., 2005, Holbourn et al., 2013, DeConto et al., 2007],
tectonic changes [Hamon et al., 2013] and ice-ocean interaction triggered by a growing ice sheet [Knorr
and Lohmann, 2014, Goldner et al., 2014], were the probable drivers of AIS growth [Wilson et al., 2013].
Similar processes are suggested for the Eocene-Oligocene Transition [Goldner et al., 2014]. The effects of
AIS growth on MMCT climate have been studied with COSMOS [Knorr et al., 2011, Knorr and Lohmann,
2014].

Here the main drivers of ice sheet growth and extent in the Miocene cold reversal are identified by forcing
an ISM with the MMCT climate conditions attained in those studies. The effect of different initial
bedrock conditions [Wilson et al., 2012] and different climate forcings are investigated in equilibrium runs.
This provides a quantitative measure of the climatic and topographic imprint on the mid-Miocene AIS
volume and extent. The study shows a dominating bedrock topography influence on AIS growth, while
the fingerprint of different climate forcings is evident but considerably smaller. Four different bedrock
topographies are applied varying in the land fraction above sea level. The largest initial topography
is taken from [Wilson et al., 2012|, with twice the land area above sea level compared to present day
conditions. Applying the same climate in these two scenarios results in a difference of almost 30 million
km? ice volume or a sea level equivalent of ~ 52m (ca. 22m sea level rise with present day bedrock
conditions, and ca 34m sea level drop for the maximum bedrock elevation from [Wilson et al., 2012]).
The variation for the different Miocene climate forcings employed is much smaller, amounting to maximal

15.28m which is still a substantial range.

As Southern Ocean temperatures in the mid-Miocene are still high compared to present day values, the
AIS is largely constrained to the land fraction above sea level, while extending its reach in the form of large
ice shelves. The warm Southern Ocean keeps the grounded ice sheet at bay, therefore the volume of the
terrestrial ice sheet is controlled by precipitation and evaporation, the latter being negligible due to sub-
zero temperatures almost all over the ice sheet (which is due to the choice of initial ice sheet conditions,
being identical to the present day ice sheet extent in the COSMOS simulations). The modeling results
highlight the importance of constraining boundary conditions in paleoclimate simulations in order to draw
meaningful conclusions on past ice sheet coverage. As in the Pliocene study, described in the previous
section, different climate forcings for the same time slice and different topographic boundary conditions

can alter equilibrium ice sheet volumes simulated by ISMs substantially. Also, large climatic changes
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such as in the EOT or MMCT, which drive enormous shifts in ice sheet volumes, call for a fully coupled
representation of the climate system, including a dynamic ice sheet component with sufficiently resolved

ice-ocean interactions.

In a forthcoming study the effect of reduced Antarctic ice cover and pCOy on mid- and early Miocene
climate and AIS dynamics are investigated. This will provide a more holistic view on the complex

interactions of ice, ocean and atmosphere in the Miocene.

10.8 Using Ice Sheet Models to Reconstruct Past and Predict

Future Ice Sheet Dynamics, a Cautionary Tale

While more and more physical processes and climate feedbacks are incorporated in state of the art
ISMs, all still suffer from limitations with respect to both applicability to different timescales and the
interpretability of the model results. The choice of an ISM depends on the application, as there is no
"one size fits all" ISM yet. The physical processes underpinning ice sheet dynamics never change. More
so the requirements on ISMs meant to simulate ice sheet changes on geological timescales which differ

from the ones applied to e.g. multi-decadal projections.

Current ISMs, suitable for paleoclimate simulations, must be computationally® efficient, while including as
many physical processes as possible. Generally, multi-ensemble simulations, e.g. in parameter sensitivity
studies are necessary to cover a wide spectrum of paleoclimate reconstructions, and ice sheet as well as
bedrock properties. Such an approach mandates parallelized ISMs even at coarse resolutions (~ 40km).
Higher spatial resolutions (5 — 10km) are needed to resolve dynamics on smaller scales, e.g. the ice flow
of narrow Greenland and Antarctic outlet glaciers. On the other end of the spectrum lie short term
predictions of future ice sheet behavior, e.g. during the next centuries. Here resolutions of 5km are too
coarse to realistically simulate ice dynamics at the ice-ocean boundary (e.g. grounding line migration or

marine terminating outlet glaciers).

A whole zoo of ISMs designed either to simulate long term or short term ice sheet evolution is available, yet
computational restrictions and limited understanding of marine ice and shelf dynamics still prohibit the
development of an "allrounder" ISM. In the following several ISMs'? and their applications are discussed

on the basis of the available literature and the experiences with the ISM used in this study.

Here, a model hierarchy based on spatial and temporal dimensions is used to discuss the models’ appli-
cability and fitness with respect to paleo ice sheet simulations. All models included here perform on two
levels within this hierarchy, while none has been successfully applied at all three levels so far. In the

following a list of selected publications is highlighted for each hierarchy level.

Level 1 Usually Short timescales (years to decades), sub-annual resolution, local to regional processes

(e.g. specific ice shelf-glacier systems). Full Stokes models or shallow-shelf-shallow ice (SSA-SIA)

91n principle all ISMs should be.
10This list provides an overview of the most frequently used and a selection of currently developed models.
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models. Ice Sheet System Model (ISSM) [Favier et al., 2012, Favier et al., 2014]; Elmer/Ice [Drews,
2015, Krug et al., 2015, Sun et al., 2014a]. On this level most currently known ice dynamics
are represented in the model based on physical processes. Major current developments include the
simulation of ice shelf-ocean interactions, sensitivity of small to large outlet glaciers, ice shelf calving
parameterizations, as well as grounding line migration and local mesh refinement. The focus lies

on projections of local to regional future ice dynamics [Favier et al., 2014].

Level 2 Intermediate timescales (decades to centuries), sub-annual to annual resolution, regional to
continental processes (e.g. whole ice sheet catchment areas). SSA-SIA models. Bisicles [Cornford
et al., 2015]; Parallel ice sheet model (PISM(-PIK)) [Mengel et al., 2015]. Projections of 21st and
22nd century ice dynamics are the major application of Level 2 ISMs, which utilize high spatial
resolutions (on the scale of a few hundred meters to several kilometers) and parameterizations of
ice ocean interactions such as basal shelf melting, grounding line migration and bedrock properties.
These models are usually forced by regional climate models and re-analysis data and use local mesh

refinement to resolve small scale processes close to the grounding line.

Level 3 Long time scales (centuries to geologic time scales); regional to continental processes (e.g.
glacial-interglacial ice sheet dynamics). PISM [Pattyn et al., 2013, Golledge et al., 2013, Golledge
et al., 2014, Mengel and Levermann, 2014, Golledge et al., 2015, Winkelmann et al., 2015, de Boer
et al., 2015]; RIMBAY [Pattyn et al., 2013, Sutter et al., 2015a, de Boer et al., 2015]; [Pollard and
DeConto, 2009, Pollard and DeConto, 2012, Pollard et al., 2015]. The models listed under Level 3 are
mid (~ 10km) to coarse resolution (~ 40km) SSA-SIA models which parameterize most processes
such as grounding line migration, ice-ocean interactions, bedrock conditions and ice properties.
They are well suited for multi-ensemble simulations due to their low computational requirements
and used for multi-millennial hind or forecasts of ice sheet dynamics. Since some physical processes
are not explicitly calculated in Level 3 ISMs they rely heavily on parameterizations, thus requiring
specific tuning. There are only few comparisons between such models for identical climate forcings
[Pattyn et al., 2013, de Boer et al., 2015], and they show considerable discrepancies owing to the
different tuning and parameterization approaches. However, at the current stage they are the
only ISMs which can simulate multi-glacial cycles and cope with a vast range of transient climate

scenarios.

At this stage, choosing an ISM for a specific application is always a compromise between computational
efficiency and the need for the representation of physical processes. Regarding paleoclimate applications,
high resolution ISMs have not yet been successfully applied. The suite of continental SSA-STA ISMs
available, does not differ to much at their core. However, parameterizations of grounding line migration,

ice shelf dynamics and basal properties etc. vary widely.

Further, limited communication of ISM specifics (e.g. calculation of basal shelf melt rates, parameteriza-
tions of bedrock conditions) in publications lead to misconceptions regarding the interpretability of the
model results'’. This hampers the exchange between the proxy and modeling community, and thus the
interdisciplinary potential of data driven ice sheet modeling studies. As long as there are no ice-ocean

models which can simulate the ice shelf mass balance, its feedbacks with the ocean circulation, the ground-

11 A mishap not unheard of in other disciplines as well.
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ing line migration and the flow regime of the tributary glaciers with sufficient detail, projections of future
ice sheet behavior, its effects on global sea level and influence on ocean circulation will remain crude,
at least on decadal to centennial timescales. These timescales however are the ones of major interest
for society. Thus it remains imperative to improve the applicability of complex high resolution ice sheet
models to paleo applications as well as their inclusion in sophisticated coupled climate system models.
Applying state of the art 3D ISMs to PD and future Antarctic scenarios continuos to be worthwhile and
interesting. However, without taking on the crucial, that is the paleoclimate model-data intercomparison,

these efforts will fall short of their premise to elucidate past and future ice and climate dynamics.
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Appendix

11.1 Ice Sheet Processes
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Figure 11.1: Graphical depiction of ice sheet climate interactions based on a generic ice sheet (from [Stocker
et al., 2013]).
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Figure 11.2: Present day mean shelf melt rates (from [Depoorter et al., 2013]).
11.2 Present Day Climate Forcing

Present day climate forcing is compiled from a combination of the ALBMAP [Brocq et al., 2010] data
set and the World Ocean Atlas 2009 (see Figures 11.4 and 11.3).

11.3 COSMOS Last Interglacial Climate

Transient coupled climate simulations are realized by utilizing the results from a coupled AOGCM (COS-
MOS ([Lunt et al., 2013],[Pfeiffer and Lohmann, 2015])) for the LIG and present conditions. The AOGCM
is forced by greenhouse gas concentration and orbital parameters for the LIG (125kyr BP) with two differ-
ent Greenland Ice Sheet configurations. E : present day Greenland topography Eg : modified Greenland
topography with a uniform reduction of the Greenland Ice Sheet topography by 1300m ([Pfeiffer and
Lohmann, 2015]). Experiments PD, E and Eg were run for 2.000 years where the mean of the last 200
years were taken as input for the transient experiments. COSMOS consists of the atmospheric model
ECHAMS5 ([Roeckner et al., 2003]), which we employ at a resolution of T31 (1.5x1.5 degrees) and 19
vertical levels, the ocean model MPIOM ([Marsland et al., 2003]), which includes a sea ice component, as
well as the land surface model JSBACH (|Brovkin et al., 2009]). MPIOM is employed with a resolution
of GR30, consisting of 40 unevenly spaced vertical layers, with an approximate lateral resolution of 1.5x3

degrees, with significantly higher resolution at the model’s poles, situated over Greenland and Antarctica.

Both COSMOS and ISM were tested in benchmark experiments for the Pliocene ([de Boer et al., 2015])
and LIG ([Lunt et al., 2013]) climates yielding results in the range of a suite of models for various

scenarios.
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Figure 11.3: Southern ocean temperatures from the World Ocean Atlas 2009 [Locarnini et al., 2010]. Upper
row, ocean temperatures at the surface (SST), 400 m depth and 1000 m depth. The lower panel
depicts the global temperature distribution.
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Figure 11.4: Climate forcing derived from ALBMAP vl [Brocq et al., 2010] data set for ice sheet modeling
. A) surface elevation (m) from BEDMAP 1, 40 by 40 km resolution. B) surface accumulation
(m/yr) [Arthern et al., 2006]. C) bedrock topography and bathymetry (m) from BEDMAP 1. D)
surface temperature (°C) [Comiso, 2000].
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Eg COSMOS climate anomalies last interglacial (125 kyrs BP) E

SAT anomaly (°C)
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SST anomaly (°C)

Figure 11.5: Climate anomalies of the two Last Interglacial COSMOS time slice experiments ([Pfeiffer and
Lohmann, 2015] and Gierz personal comm.). EmG (modified Greenland Ice Sheet elevation)
generally exhibits stronger anomaly amplitudes than EO while the overall pattern is comparable
(except for the P-E anomaly).
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Figure 11.6: Polar climate anomalies (Eg and E). Eg exhibits intermediate and circumpolar deep water warming
of about 0.5°C around Antarctica while E shows a slight overall cooling of the Southern Ocean.
SAT anomalies are most pronounced in the coastal areas of Antarctica (up to 7°C for Eg) with
moderate average warming of ca 0.75,1.45° over the continent (E/Eg). Accumulation is slightly
reduced by 107 Gigatonnes in E (ca. 8% reduction compared to the present day forcing used in
the ctrl simulation) and increased by 274 Gigatonnes (ca. 20%) in Eg.
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11.4 Glacial-Interglacial Simulations

Deuterium depletion measured in ice cores is widely used as a proxy for local past temperature changes.
The temperature variations recorded in an ice core can be used to derive the long term climate variations
in the region. Deuterium depletion data from the Dome C ice core record are used as a glacial index,
with which the COSMOS climate forcing is interpolated between present, and LIG climate conditions.

The climate forcing at any given time during the simulations is calculated (here shown with surface
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Figure 11.7: Dome C deuterium depletion record (data from [Jouzel et al., 2007]) over the last 800 kyrs in red.
The blue line depicts a sea level reconstruction over the last glacial cycle (data from [Waelbroeck
et al., 2002]). The dashed red line illustrates the present day deuterium depletion ([Stenni et al.,
2010]).
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where T%J denotes the temperature at node 4,3, d(¢t) the Deuterium value at time ¢ and §(PD) the
present day mean Deuterium value. The initial year of the LIG simulations is chosen, so that the
deuterium depletion value coincides with the mean deuterium depletion measured at Dome C at present
day. The final year (118 kyrs BP) marks the time when the deuterium depletion returns to present values
(see Figure 3.2). The ISM is started from the present day spin-up at 131.5 kyrs BP.

For the LIG simulations in chapter 3 different scenarios are run. In E and Eg full COSMOS forcing is
used, 3D ocean temperatures, surface air temperatures (SAT), precipitation - evaporation (P-E). For the
ocean temperature sensitivity runs the COSMOS ocean temperatures are replaced by present day ocean
temperatures, modified by constant anomalies of 1°, 2° and 3°C. These anomalies are (synchronously to
SAT and P-E) scaled with the Dome C glacial index. In an additional experiment, to benchmark the
model results against previous modeling efforts, the basal melt rates parameterization in (|[Pollard and
DeConto, 2009]) is adopted (see Figure 11.9 for results).
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11.5 West Antarctic Ice Sheet Bathymetry

Tllustration of the major features of the WAIS bathymetry.
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Figure 11.8: Subglacial topography underneath WAIS. The black line approximates the present day grounding
line position. PIG: Pine Island Glacier, TG: Thwaites Glacier, BSB: Byrd Subglacial Basin, Evans

Ice Stream and Ruttford Ice Stream.
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11.6 Model Behavior in the ”Pollard 2009” Setting

ISM test case for an extreme interglacial employing the parameterization of basal shelf melt rates by
[Pollard and DeConto, 2009].
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Figure 11.9: Evolution of Antarctic surface topography during the last interglacial with prescribed basal shelf
melt rates adapted from [Pollard and DeConto, 2009] for an extreme interglacial (Index ’pc’ stands
for Pollard and DeConto). Horizontal : surface elevations in experiment E, vertical: surface
elevation in experiment Eg. Note the steep increase in sea level in the pc simulations as opposed
to the warmest ocean forcing scenario E3 (shown as the dashed red line for comparison).
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Figure 11.10: Simulation Egl for a 1°C Southern Ocean temperature anomaly.

11.7 Transient Evolution of the AIS

In the following the AIS surface evolution in the respective LIG sensitivity simulations (E1, E2, E3, Egl,
Eg2, Eg3) is shown. Every 1.000 years one snapshot is taken.

11.8 LGM Grounding Line Positions

Final grounding line positions in the year 19.500 BP in Antarctic sensitivity studies.
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Figure 11.11: Simulation Eg2 (partial WAIS collapse) for a 2°C Southern Ocean temperature anomaly. In-
creased ice discharge triggered by increases in accumulation above Thwaites Glacier leads to a
collapse of the ice sheet into the Byrd Subglacial Basin. Eventually the combined grounding
line retreat from the Ronne-Filchner and the Pine Island/Thwaites sectors leads to an open
gateway connecting the Weddel and Amundsen Sea only covered by a newly formed ice shelf at
the end of the Eemian. Significant grounding line retreat also takes place along the Siple Coast
here most propably caused by a reduction in accumulation of up to 50% . The main difference
between experiment E2 and Eg2 (except for slightly warmer surface temperatures) is the overall
increase in accumulation which triggers additional ice discharge exceeding the positive surface
mass balance around Pine Island and Thwaites Glacier.
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Figure 11.12: Simulation Eg3 (total WAIS collapse) for a 3°C Southern Ocean temperature anomaly. In
contrast to E2 vs Eg2 for a 3°C ocean warming, increased accumulation leads to a slight com-
pensation of mass loss in the WAIS and hence to a decelerated retreat and collapse.
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Figure 11.13: Simulation E1 for a 1°C Southern Ocean temperature anomaly.
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Figure 11.14: Evaluation of surface elevation in simulation E2 (moderate grounding line retreat), for a peak 2°C
Southern Ocean temperature anomaly during the interglacial. Grounding line retreat around the
West Antarctic Ice Sheet proceeds slowly along the bathymetric valleys underneath the marine
ice sheet. Ice sheet retreat mainly proceeds into the basin underneath Thwaites Glacier while
Pine Island Glacier remains fairly stable with only moderate grounding line retreat. The other
major section along which grounding line retreat unfolds is the basin part of the drainage system
into the Ronne-Filchner shelf (underneath Evans and Rutford Ice Streams). For an overview of
the WAIS bathymetry see Figure 11.8.
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Figure 11.15: Simulation E3 (total WAIS collapse) for a 3°C Southern Ocean temperature anomaly.
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Figure 11.16: Antarctic LGM grounding line positions (19.500 years BP) depending on the shelf melt rate
coefficient. Grounding lines partly overlap for different shelf melt rate parameterizations, in
such cases the grounding line produced by the lowest shelf melt coefficient is shown.
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