
The evolution of the Antarctic Ice Sheet

from the Last Glacial Maximum to 2100

Malou Maris



ISBN 978-90-393-6245-7

Copyright © Malou Maris, The Netherlands

Institute for Marine and Atmospheric research Utrecht (IMAU)

Faculty of Science, Department of Physics and Astronomy

Utrecht University, The Netherlands

An online version of this thesis is available via

https://sites.google.com/site/mnamaris/

Cover: The nightly sky, as seen from the South Pole, with a timeline from 120 000

years ago until the year 2100. On the back is a picture of the Fram (’Forward’ in

Norwegian), the ship used by Roald Amundsen and his crew on their expedition to

the South Pole from 1910 to 1912.



The evolution of the Antarctic Ice Sheet

from the Last Glacial Maximum to 2100

De evolutie van de Antarctische ijskap

van de laatste ijstijd tot 2100

(met een samenvatting in het Nederlands)

proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht

op gezag van de rector magni�cus, prof.dr. G. J. van der Zwaan,

ingevolge het besluit van het college voor promoties

in het openbaar te verdedigen op

woensdag 26 november 2014 des ochtends te 10.30 uur

door

Malou Nikea Anthea Maris

geboren op 11 januari 1986 te Ommen



Promotor: Prof. dr. J. Oerlemans

Copromotor: Dr. B. de Boer



La science, mon garçon,

est faite d’erreurs,

mais d’erreurs qu’il est bon

de commettre,

car elles mènent

peu à peu

à la vérité

from ’Voyage au Centre de la Terre’

by Jules Verne, 1864

Science, my boy,

is made up of mistakes,

but they are mistakes which it is

useful

to make,

because they lead

little by little

to the truth.





Contents

Samenvatting ix

1 Introduction 1
1.1 History of the AIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 The initial state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 External forcing mechanisms . . . . . . . . . . . . . . . . . . . . . . 7

1.4 Ice dynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.5 Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

1.6 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2 Model description 19
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2 General background of the model . . . . . . . . . . . . . . . . . . . 19

2.3 Oceanic forcing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.4 The bedrock response to ice loading . . . . . . . . . . . . . . . . . . 23

2.5 SIA and SSA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.6 Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.7 Coupling of the model components . . . . . . . . . . . . . . . . . . 29

3 GCM intercomparison 31
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3 Present-day results . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.4 Mid-Holocene results . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.5 LGM results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

vii



Contents

4 Model sensitivity 49
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

4.2 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3 The reference simulation . . . . . . . . . . . . . . . . . . . . . . . . 61

4.4 Results of the sensitivity experiments . . . . . . . . . . . . . . . . . 64

4.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

5 The evolution of the AIS from the LGM to 2100 71
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

6 Conclusions and outlook 97
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

6.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

List of acronyms 103

Bibliography 105

Dankwoord 113

About the author 115

viii



Samenva�ing

De Antarctische ijskap is gelegen in het zuidpoolgebied en is de grootste ijskap op

aarde. In tegenstelling tot het ijs rondom de noordpool ligt het meeste ijs van Ant-

arctica op land. Wanneer ijs van het land in zee terecht komt draagt het bij aan de

stijging van het zeeniveau. Als al het ijs van Antarctica zou verdwijnen, zou het

mondiaal zeeniveau bijna 60 meter stijgen. Het grootste deel van de ijskap is onder

de huidige omstandigheden echter stabiel en zal op korte termijn niet verdwijnen

als de temperatuur een aantal graden stijgt. Grotere veranderingen in de ijskap

zijn wel zichtbaar over lange tijdschalen. Zo heeft de Antarctische ijskap vooral in

het westelijk deel (ten zuiden van Amerika en de Stille Oceaan) veel veranderingen

ondergaan sinds de laatste ijstijd, ongeveer 21 000 jaar geleden. De temperatuur

was toen ongeveer 10 graden lager dan nu, en het zeeniveau was bijna 120 meter

lager. Die 120 meter lag toen in de vorm van ijs opgeslagen op de landmassa’s van

Noord-Amerika, Eurazië en Antarctica, waarbij Antarctica een bijdrage leverde van

8 tot 25 meter. Sinds de laatste ijstijd is het volume van de ijskap afgenomen, en het

is nog steeds aan het afnemen. Om te bepalen hoeveel van de ontwikkelingen die

we zien, in het heden en in de toekomst, worden veroorzaakt door het natuurlijk

verloop en hoeveel door menselijk toedoen, is in dit proefschrift de evolutie van de

ijskap van de laatste ijstijd tot het jaar 2100 onderzocht. Voor dit onderzoek is het

ijskapmodel ANICE gebruikt.

De simulaties met ANICE zijn gedaan van 120 000 jaar geleden tot nu en van

21 000 jaar geleden tot het jaar 2100. Om de simulaties te kunnen uitvoeren is er een

initiële ijskap (beginsituatie van de ijskap) nodig in het model en een beschrijving

van de externe invloeden (de forcering). De initiële ijskap voor de simulaties van 21

000 jaar geleden tot 2100 wordt gegeven door de simulatie van 120 000 jaar geleden

tot nu die de ijskap het best modelleert in vergelijking met observaties (zie Hoofd-

stuk 4). Voor de simulatie van 120 000 jaar geleden tot nu hebben we aangenomen
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Samenva�ing

dat de initiële ijskap ongeveer gelijk is aan de huidige ijskap omdat het klimaat en

het zeeniveau ook ongeveer hetzelfde waren. De forcering bestaat uit onder andere

de temperatuur van het oceaanwater, het zeeniveau en het klimaat: de luchttempe-

ratuur en de oppervlaktemassabalans (de som van de neerslag, de smelt en andere

processen die de hoeveelheid ijs aan de oppervlakte van de ijskap beïnvloeden).

Om een zo realistisch mogelijke luchttemperatuur en oppervlaktemassabalans

te krijgen hebben we het regionaal klimaatmodel RACMO2/ANT gebruikt om het

huidige klimaat en het klimaat ten tijde van de laatste ijstijd te simuleren. De simu-

latie van het huidige klimaat is ook gebruikt als forcering voor 120 000 jaar geleden

omdat het volgens ijskerndata toen ongeveer even warm was op aarde. We interpo-

leren de temperatuur en de oppervlaktemassabalans tussen de drie tijdstippen van

120 000 jaar geleden, de laatste ijstijd en nu. De interpolatiemethode wordt in detail

beschreven in Hoofdstuk 4.

RACMO2/ANT heeft input nodig uit meteorologische observaties of uit een

mondiaal klimaatmodel. Voor het heden zijn er observaties beschikbaar, maar voor

de laatste ijstijd is een mondiaal klimaatmodel nodig. Om het klimaat ten tijde van

de laatste ijstijd zo realistisch mogelijk te kunnen simuleren met RACMO2/ANT

hebben we in Hoofdstuk 3 onderzocht welk mondiaal klimaatmodel de meest rea-

listische simulaties levert in het Antarctisch gebied, zowel in het heden als in het

verleden. Met dit doel zijn 18 klimaatmodellen vergeleken met referentiedata voor

het heden, het mid-Holoceen (6 000 jaar geleden) en de laatste ijstijd. Voor het heden

zijn de temperatuur en de neerslag zoals gesimuleerd door RACMO2/ANT als refe-

rentie genomen. Als referentie voor het verleden zijn ijskerndata gebruikt. Over het

algemeen wordt de huidige temperatuur goed gesimuleerd door de klimaatmodellen,

maar de neerslag wordt overschat. Uit dit onderzoek is verder gebleken dat de on-

zekerheid in de simulaties van klimaatmodellen vaak groter is dan het gemeten ver-

schil in temperatuur of neerslag tussen het verleden en het heden. Dit geldt vooral

voor het mid-Holoceen, waardoor de prestaties van de klimaatmodellen moeilijk

te meten zijn voor deze periode. Uit de vergelijking van de 18 klimaatmodellen is

gebleken dat HadCM3 het klimaat in het Antarctisch gebied het meest realistisch si-

muleert. In de rest van het onderzoek zijn resultaten uit HadCM3 dan ook gebruikt

als input voor RACMO2/ANT om zo een klimatologische forcering te krijgen voor

ANICE.

Om een gevoel te krijgen voor welke parameters in ANICE belangrijk zijn voor

het modelleren van de Antarctische ijskap en om een zo realistisch mogelijke initië-

le ijskap te krijgen om simulaties van 21 000 jaar geleden tot 2100 mee te starten,

zijn in Hoofdstuk 4 gevoeligheidsexperimenten gedaan van 120 000 jaar geleden tot

nu. Via deze experimenten zijn de e�ecten van het veranderen van vijf parameters

onderzocht. De eerste twee parameters betre�en het gemak waarmee het ijs over

het onderliggende land glijdt. Dit glijden gebeurt als de wrijving tussen de bodem

en het ijs klein wordt. De derde parameter bepaalt hoe makkelijk het ijs stroomt on-

der invloed van deformatie (vervormingen) van het ijs. De laatste twee parameters
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Samenva�ing

beschrijven hoe veel en hoe snel de aarde vervormt onder invloed van veranderin-

gen in ijsdikte en de diepte van de oceaan. Eerst hebben we een referentiesimulatie

gede�nieerd met optimale waarden voor deze vijf parameters. Deze simulatie is la-

ter ook gebruikt om de initiële ijskap voor de simulaties van 21 000 jaar geleden tot

2100 te leveren. De optimale waarden zijn bepaald door een zo realistisch mogelijke

simulatie te zoeken van de huidige ijskap en van de terugtrekking van het ijs sinds

de laatste ijstijd.

Een toename van het glijden van het ijs ten opzichte van deze referentiesimula-

tie lijdt tot een afname van het volume van de ijskap door de grotere ijssnelheden

op met name het westelijk deel van de ijskap. Als het ijs echter makkelijker stroomt

onder invloed van deformatie lijdt dit tot een afname van het ijsvolume op met name

het oostelijk deel van de ijskap. Dit komt doordat het westelijk deel op een veel la-

ger bed ligt en het ijs daar een hogere temperatuur heeft, waardoor het makkelijker

glijdt dan het ijs op het oostelijk deel, dat voornamelijk wordt gedreven door defor-

matie. De e�ecten van veranderingen in de laatste twee parameters zijn het sterkst

in West-Antarctica, waar de grootste veranderingen in ijsdikte hebben plaatsgevon-

den gedurende de afgelopen 120 000 jaar. Als de aarde meer en sneller vervormt bij

een zelfde verandering in ijsdikte leidt dit tot een groter huidig ijsvolume. De reden

hiervoor is dat de aardbodem in dit geval meer en sneller omhoog komt zodra het

ijs begint te verdwijnen na de laatste ijstijd, waardoor er minder ijs in contact is met

de zee en er dus ook minder ijs in zee verdwijnt.

De referentiesimulatie uit Hoofdstuk 4 levert een ijskap op ten tijde van de laat-

ste ijstijd, welke is gebruikt in Hoofdstuk 5 als beginsituatie voor 80 simulaties van

21 000 jaar geleden tot 2100. Deze simulaties zijn gedaan met verschillende klimaat-

reconstructies om te onderzoeken welke gevolgen de onzekerheden in klimaatre-

constructies hebben voor de onzekerheid in de evolutie van de ijskap. Ten eerste

is de verandering in het zeeniveau tussen de laatste ijstijd en het jaar 1850 geva-

rieerd. Hiervoor zijn twee verschillende reconstructies gebruikt. Ten tweede zijn

er vier verschillende ijskernen gebruikt om de temperatuur en de oppervlaktemas-

sabalans te interpoleren tussen de laatste ijstijd en 1850. Het jaar 1850 wordt hier

gebruikt om een scheiding te maken tussen het pre-industiële tijdperk van voor 1850

en het tijdperk waarin de opwarming van de aarde door menselijk toedoen een rol

gaat spelen. Ten derde zijn er twee verschillende ijskaptopogra�eën gebruikt in

RACMO2/ANT om het klimaat voor 21 000 jaar geleden te simuleren omdat die to-

pogra�e erg onzeker is. De eerste topogra�e komt uit een model dat gebruik maakt

van de snelheid en de grootte van de vervormingen van de aarde, waaruit de ijsdikte

in het verleden kan worden afgeleid. De tweede topogra�e komt uit de referentiesi-

mulatie in Hoofdstuk 4. Tenslotte zijn de simulaties doorgedraaid tot het jaar 2100

met vijf verschillende forceringen van het zeeniveau en het klimaat tussen 1850 en

2100. Deze forceringen volgen vier scenario’s uit het IPCC rapport van 2014 en als

vijfde forcering worden de zeespiegel en het klimaat op het niveau van 1850 gehou-

den (pre-industriële forcering). Dit doen we om het verschil te kunnen zien tussen
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de natuurlijke ontwikkeling van de ijskap en de ontwikkeling ten gevolge van de

opwarming van de aarde door menselijk handelen.

We hebben de resultaten van de simulaties van 21 000 jaar geleden tot nu verge-

leken met observaties om de prestaties van het model te kunnen beoordelen. Hieruit

blijkt dat ANICE zijn grenzen heeft, maar we wel de (kwalitatieve) conclusies kun-

nen trekken dat de zeeniveaustijging de belangrijkste factor was in het verdwijnen

van het ijs sinds de laatste ijstijd, terwijl temperatuurveranderingen en het natuur-

lijk verloop van de ijskap de voornaamste oorzaak zijn van de veranderingen in

ijsvolume in de toekomst. We schatten dat de bijdrage van de ijskap aan de mondi-

aal gemiddelde zeeniveaustijging tussen het maximale ijsvolume (ongeveer 16 000

jaar geleden) en nu 8.4 tot 12.5 meter is geweest en in 2100, ten opzichte van 2000,

-22 tot 63 mm zal zijn.

xii



CHAPTER 1

Introduction

The Antarctic Ice Sheet (AIS) is the largest ice sheet on Earth. It is situated on the southern

hemisphere, includes the South Pole (see Figure 1.1) and extends to the 60th latitude South, the

outer circle in Figure 1.1. Around the AIS is the Southern Ocean, incorporating a westward

�owing current, the Antarctic Circumpolar Current (ACC) (Hassold et al, 2009). In contrast to

the North Polar ice, most of the AIS rests on bedrock, i.e. the ice is grounded. Part of this bed,

particularly underneath the western side of the ice sheet, is below sea level. The rest of the

ice sheet �oats on the ocean water. These parts are called ice shelves, the biggest ice shelves

being the Filchner-Ronne ice shelf and the Ross ice shelf. Both of them are as big as 10 times

The Netherlands, see also Table 1.1. A big di�erence between �oating and grounded ice is

that �oating ice does not contribute to sea-level rise when melted, but grounded ice does.

If all ice on the AIS would melt, the global average sea level would rise by almost 60

metres (Vaughan et al, 2014). Fortunately, the largest part of the ice sheet is stable under

present-day (PD) conditions and will not melt even when temperatures rise several degrees

(Pollard and DeConto, 2009). However, changes in the ice cover of the Antarctic continent

are visible when longer time scales of thousands of years are considered. The Last Glacial

Maximum (LGM) was approximately 21 000 years (21 kyr) ago, at that time there was more

ice present on Earth. Over the ice sheet, temperatures were about 10 degrees lower than today

and the additional ice volume that was present at the time was equal to 120 metres sea-level

equivalent (m s.l.e.), of which 8-25 metres were on the AIS (Clark and Mix, 2002; Whitehouse

et al, 2012; Golledge et al, 2013). Other large ice bodies that contributed to the 120 m.s.l.e. are

the Fennoscandian ice sheet over northern Europe and Asia, the Laurentide ice sheet over

Northern America and the Greenland ice sheet, of which a large part still remains.

The AIS makes a regular appearance in the news nowadays, mostly connected to large

chunks of ice breaking o� and the question whether this is due to global warming (e.g. Amos,

2013). To be able to answer the question how global warming will a�ect the AIS we have to

gain insights in the processes that play a role in the accumulation, melting and movement

1



1. Introduction

Ice-sheet surface area
1

13.9·106
km

2

Ice-sheet volume
1

26.9·106
km

3
or 58 m sea-level equivalent

Mean ice-sheet thickness
1

1.9 km

Floating ice surface area
1

1.6·106
km

2

Floating ice-sheet volume
1

0.4·106
km

3

Ross ice-shelf surface area
2

0.42·106
km

2

Filchner-Ronne ice-shelf surface area
2

0.39·106
km

2

Mean annual precipitation
3

0.19 m ice equivalent yr
−1

Mean annual 2m-air temperature
3

-38
◦
C

Table 1.1: General facts on the Antarctic Ice Sheet with superscripts indicating the source:
1) Bedmap2 (Fretwell et al, 2013), 2) ALBMAP (Le Brocq et al, 2010), and 3) RACMO2/ANT
(Ligtenberg et al, 2013)

of the ice. In this thesis the AIS will therefore be studied with a numerical ice-dynamical

model that takes these processes into account. The studied period runs from the LGM to

the PD for two reasons. Firstly, parts of the AIS have experienced large changes during the

deglaciation (the retreat of the ice sheet since the LGM). We want to know what part of the

current changes on Antarctica are associated with the natural transition from a glacial into an

interglacial period and what part is a consequence of human activities. Secondly, the LGM-PD

period is the most constrained by observations, see Section 1.5.

Modelling the evolution of an ice sheet starts with constructing, or choosing, an ice-sheet

model. A model is a simpli�ed description, especially a mathematical one, of a system or

process, to assist calculations and predictions (Oxford Dictionaries, 2013). The ice-dynamical

model ANICE (e.g. De Boer et al, 2013; Helsen et al, 2012) meets this de�nition and is used

in this thesis to study the processes involved in the evolution of the AIS. ANICE has been

developed at the IMAU and will be described in more detail in Chapter 2. In this introductory

chapter a general introduction to the AIS and its history will be given �rst in Section 1.1.

Then follows a description of the three basic parts of which carrying out model simulations

exists: Preparation of the input, running the model itself, and analysing the output. The input

is described in Sections 1.2 and 1.3. Section 1.2 describes possible ways to initialise the model

and the method of initialisation that is used throughout this thesis. The evolution of an ice

sheet is driven by internal variability (e.g. di�erences in temperature, driving forces, etc.) and

external forcings (such as air temperature and basal melt). The external forcings prescribed

in ANICE are discussed in Section 1.3. This is followed by an introduction to the underlying

principles of ice dynamics (Section 1.4). In order to assess its range of validity, model output

should be compared to observations, which is done in Chapter 5. These observations concern

both the past and the PD state of the ice sheet and are described in Section 1.5.

2



1.1. History of the AIS

  Transantarctic Mountains

Antarctic Peninsula

Ross Sea

Weddell
Sea

Figure 1.1: The AIS with the South Pole (90◦S) indicated by the white dot. The dashed circle is
drawn at latitude 75◦S and the outer solid circle at 60◦S. The three largest ice shelves are shown
in di�erent colours and the locations of the ice cores, from which data are used throughout this
thesis, are indicated with asterisks. EDC and EDML stand for EPICA Dome C and EPICA Dron-
ning Maudland respectively, which are both ice cores of the EPICA project (European Project for
Ice Coring in Antarctica), and WDC stands for West Antarctic Ice Sheet (WAIS) Divide ice Core.
The Transantarctic Mountains separate the western part of the ice sheet, the WAIS from the
eastern part, the EAIS (East Antarctic Ice Sheet). The Antarctic Peninsula is part of the WAIS,
but often mentioned separately because of its relatively moderate climate.

1.1 History of the AIS

About 180 million years (Myr) ago the supercontinent Gondwana started break-

ing up and the Antarctic continent started drifting south. Temperatures over the

continent were much higher than they are today and it was populated by plants

and animals. Through continental drift the Antarctic continent subsequently sepa-

rated from the African continent (160 Myr ago), the Indian subcontinent (125 Myr

ago), Australia-New Guinea (40 Myr ago) and �nally the South-American continent

(23 Myr ago) (Stonehouse, 2002). CO2 levels in the atmosphere gradually lowered

3



1. Introduction

during this period, the Antarctic continent drifted towards the South Pole and due

to the separation from other continents the ACC established itself (Hassold et al,

2009). Consequently, the oceanic currents changed from mainly longitudinal (equa-

tor to pole), temperature-equalizing currents to mainly latitudinal currents which

intensi�ed the temperature di�erences between lower and higher latitudes. Since

about 34 Myr ago the decreased CO2-levels (see Figure 1.2) and the existence of

the ACC induced the decrease of temperatures over the Antarctic continent and the

eastern part (where the EAIS is now, see Figure 1.1) became mostly covered by ice

(DeConto and Pollard, 2003).

Figure 1.2: This �gure was taken from Royer (2006). It shows the CO2-record from 80 to 0 Myr
ago obtained with four di�erent measurement methods. Around 35 Myr ago the amount of
CO2 in the atmosphere has halved, after which it declined a bit further until about 15 Myr ago.
Presently the amount of CO2 in the atmosphere is about 390 ppm (Hartmann et al, 2014).

About 15 Myr ago the western part of Antarctica also glaciated and around 3 Myr

ago glacial periods came into being with extended ice sheets on both hemispheres,

approximately 40 kyr apart (De Boer et al, 2012). However, 0.8 to 1.2 Myr ago the

glacial cycle changed from a 40 kyr period to a 100 kyr period. Several explanations

have been o�ered for this change in period, predominantly pertaining to non-linear

interactions within the climate system (Bintanja and van de Wal, 2008). The last

interglacial, called the Eemian, began about 130 kyr ago and lasted at least until

118 kyr ago (Overpeck et al, 2006). Hereafter, temperatures decreased and reached

a minimum around the LGM, after which they increased again to their PD level.

During the past 15 million years the western ice sheet (WAIS, see Figure 1.1)

4



1.2. The initial state

has been strongly �uctuating. During glacial periods it would expand as far as the

continental edge, while during warm interglacial periods it collapsed, losing almost

all of its ice (Pollard and DeConto, 2009; De Boer et al, 2014a). These collapses are

probably caused by a large part of the WAIS being below sea level and the bed sloping

inwards (Hughes, 1975). This hypothesis is called the marine ice sheet instability

hypothesis and was �rst described by Weertman (1974). It asserts that ice discharge

over the grounding line (the boundary between grounded and �oating ice) should

increase when ice thickness increases. A retreat of the grounding-line position leads

to an increase in ice thickness and hence to an increase in ice discharge making the

ice sheet retreat even further. This feedback mechanisms continues until the ice

sheet has disintegrated or is stabilised on an upward sloping bed (Schoof, 2007).

Nowadays the Antarctic continent is covered by ice, although the ice volume is

signi�cantly less than it was at the LGM. Temperatures are well below zero year-

round over the largest part of the continent and winter temperatures reach below

-80
◦
C. The lowest natural temperature on Earth of -89.2

◦
C has been measured at

the Russian Vostok station on 21 July 1983 (Budretsky, 1984). Although this is still

the o�cial record low temperature, there are indications that temperatures regu-

larly drop below -90
◦
C on some places on the AIS (NASA, 2013). However, these

temperatures are skin temperatures measured with satellites as opposed to the 2m-

air temperature measured with an automatic weather station and therefore not di-

rectly comparable. These low temperatures are reached on the EAIS, which is colder

than the marine WAIS. Summer temperatures reach 5 to 15
◦
C near the coast of the

Antarctic Peninsula, where it is relatively warm due to its northern, marine loca-

tion. The western part of the peninsula receives quite a lot of precipitation (more

than 2000 mm per year locally) due to the persistent westerlies that strike the con-

tinent from the ocean (Van den Broeke et al, 2006). In contrast, east Antarctica is

very desert-like, with generally less than 100 mm of precipitation per year, see also

Figure 4.2.

1.2 The initial state

Part of the input of ANICE consists of the initial ice thickness and bed topography

with which a simulation starts. To �nd this initial state, a reconstruction of the ice

sheet is needed. An often used reconstruction of the AIS at the LGM is the ICE-5G

reconstruction from Peltier (2004), see Figure 1.3. This reconstruction is based on an

analysis of Glacial Isostatic Adjustment (GIA), which is the sinking and rebounding

of the bedrock due to changes in ice loading. GIA is further explained in Section 1.3.3.

With geodynamical models it can be predicted how much the bedrock would still

be moving in the present, assuming a certain ice loading history. So, by comparing

observations of bedrock movement with model output the ice loading history can

be derived.

When using a reconstruction, the ice sheet will not be in balance with the im-
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Figure 1.3: Smoothed surface elevation of the ICE-5G reconstruction.

posed climate. This is because there are uncertainties in both the ice sheet and the

climate reconstructions. The modelled ice sheet will initially evolve in a reaction

to the imbalance. As we are interested in the reaction of the ice sheet to a speci�c

forcing, the model run should start before the period of interest, long enough for the

ice sheet to overcome the initial imbalance. The part of the run before the period

of interest is called the spin-up, used by, for example, Huybrechts (2002); Nowicki

et al (2013). Another method is to calculate a so-called steady state and use this at

the start of the period of interest. This method has been used by, amongst others,

Golledge et al (2012) and Whitehouse et al (2012). A steady state is accomplished

by running the model forward with the initial forcing and reconstructed ice sheet

until an equilibrium state has been reached. This goal is met when, for instance, the

ice-sheet volume does not change signi�cantly anymore. The di�erence between

these two methods is that in the �rst method the forcing is changed with time, so

the ice sheet has a di�erent ’memory’ of its past when the period of interest starts

(e.g. the ice temperature is di�erent) then when the forcing was constant over time

(the steady-state method). It has been argued that the memory is more realistic for

the spin-up method (Nowicki et al, 2013). Furthermore, with the spin-up method it

is not necessary to assume that the ice sheet is in a steady state at any one point in

time, so this method is what we use in this study.

In this thesis, the PD AIS is used as a reconstruction of the ice sheet at the end of

the last interglacial, 120 kyr ago. The temperature and sea level were very close to

what they are now (Jouzel et al, 2007; Rohling et al, 2009). During the �rst 100 kyr,

the ice sheet can adapt to the initial imbalance, after which the period of interest

starts (LGM to PD).

120 kyr ago the temperature and sea level were very close to what they are to-
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1.3. External forcing mechanisms

day. Therefore, we assume in this study that the ice sheet was close to its PD state

and we use PD bed topography, ice thickness and climate as an initial state for the

spin-up runs starting at 120 kyr ago. PD observations of bed topography, ice thick-

ness and surface elevation from di�erent sources have been combined in a com-

prehensive dataset called BEDMAP (Lythe et al, 2001). In this study a re-analysis

of this dataset is used (ALBMAP), which is an update from BEDMAP and has been

especially adapted for ice-sheet modelling (Le Brocq et al, 2010). The climate (tem-

perature and surface mass balance) is provided by the regional atmospheric climate

model RACMO2/ANT (Lenaerts et al, 2012b), see Section 1.3.1.

1.3 External forcing mechanisms

The second part of the input of ANICE consists of the external forcing. The atmo-

sphere, the ocean and the bed all in�uence the ice sheet by being in contact with it

and thus exchanging energy and mass. The exchange of energy mostly comprised

in the thermodynamics of the ice sheet, while the exchange of mass is determined

by the mass balance. The mass balance is made up of three parts, the basal mass bal-

ance (BMB), the surface mass balance (SMB) and ice discharge. The BMB consists of

melt or freeze-on associated with the ocean water and geothermal heat. The SMB

comprises precipitation, surface melt and to a lesser extent sublimation (Ligtenberg

et al, 2013). On the AIS, the mass balance is dominated by accumulation (snow fall)

versus ice discharge and basal melt by the ocean, with both representing about 50%

of the ice loss (Depoorter et al, 2013). Ice discharge takes place through calving,

which is the breaking o� of chunks of ice at the edge of the ice sheet.

In Figure 1.4 the interactions between the ice sheet and its surrounding systems

are shown, of which the atmospheric forcing will be discussed in the next section.

This is followed by the oceanic forcing in Section 1.3.2 and the in�uence of the bed

on which the ice rests in Section 1.3.3.

1.3.1 Atmospheric forcing

The atmospheric forcing consists of two parts: the air temperature and the surface

mass balance (SMB). The SMB incorporates precipitation, be it liquid (rain) or solid

(snow), and surface melt, evaporation and sublimation. The temperature and SMB

are observed on the AIS by automatic weather stations that are placed on several

locations on the ice sheet (Reijmer et al, 2005). However, these observations do not

result in a spatially continuous �eld and they have only been conducted over the past

few decades. Therefore, to get spatially, and temporally continuous �elds of the tem-

perature and the SMB, we use the output of the regional atmospheric climate model

RACMO2/ANT (Van Meijgaard et al, 2008). This model includes a sophisticated

snow model (Ettema et al, 2009) and albedo scheme (Kuipers Munneke et al, 2011)

in order to realistically simulate snow-air interactions and liquid water processes

7
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Air temperature, 
SMB

Sea level
Basal melt/
freeze-on

Geothermal heat

Figure 1.4: A cross-section of the present-day WAIS along a �ow line, showing the topography
in grey, the ocean in dark blue and the ice sheet in light blue. The di�erent external forcing
mechanisms that play a role in ice-sheet modelling are indicated.

(melt, percolation, retention, refreezing and runo�). In combination with a bet-

ter horizontal grid resolution (55 km), RACMO2/ANT is therefore able to simulate a

more realistic Antarctic climate than a general circulation model (GCM) (Ligtenberg

et al, 2013). When forced with re-analysis data for the recent past, RACMO2/ANT

has yielded realistic results over Antarctica, compared to in-situ observations (Van

de Berg et al, 2006; Lenaerts et al, 2012b).

However, as RACMO2/ANT is a model as well, it requires the input of certain

�elds, such as temperature, wind components, surface pressure and speci�c humid-

ity. These �elds may be obtained from so-called re-analysis data or from a General

Circulation Model (GCM). Re-analysis data are observational data (from automatic

weather stations, satellites, etc) that have been analysed to derive spatially contin-

uous �elds of for instance temperature, radiation and wind. They have been re-

analysed to ensure the continuity of the data in time, as this is not automatically the

case because of changing observation techniques (Gibson et al, 1999). Re-analysis

data only exist since 1979 and therefore only represent the PD climate. A GCM

produces a climate state from combining input like insolation, greenhouse gas con-

centrations and Earth surface characteristics with a description of known physical

processes and feedback systems. To summarise, Figure 1.5 shows a scheme of the

di�erent models and their input and output.

The RACMO2/ANT-input �elds for the LGM need to be obtained from a GCM.

There are many di�erent GCMs, of which some are better suited for the Antarc-

tic region than others. A comparison between GCMs is made in Chapter 3, from

which we conclude that the HadCM3 model is best suited for the atmosphere in the

Antarctic region.

RACMO2/ANT is run for about 30 years to de�ne a climate state. The o�-
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GCM
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ANICE
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CO2
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Wind, pressure,
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T(x,y), SMB

T(t)

Ice sheet evolution

Figure 1.5: Scheme of the way di�erentmodels are connected with their input and output. Data
like the topography (topg) of the Earth and CO2-levels go into the GCM. Observations (obs) are
re-analysed, this input is only used for the PD run. Both feed �elds of e.g. wind, pressure and
humidity into RACMO2/ANT. RACMO2/ANT supplies spatial temperature (T(x,y)) and SMB
�elds to ANICE. The temporal evolution of the temperature and the SMB follows reconstructions
from ice cores (T(t)).

Figure 1.6: Temporal evolution of the temperature (in red) and the sea level (in blue) anomalies,
with respect to the PD, from 120 kyr ago until now. The temperature reconstruction comes from
the EDC ice core (Jouzel et al, 2007), the sea-level reconstruction is from the work by Bintanja
and van de Wal (2008).

cial WMO (World Meteorological Organisation) de�nition of climate is the state

of the climate system, averaged over 30 years, because 30 years is long enough

to capture inter-annual variability. Temperature and SMB are then averaged over

these 30 years. Running ANICE and a climate model in a synchronous mode is

not possible, because, it is computationally too expensive. Therefore, we only used

RACMO2/ANT for the LGM and PD temperature and SMB. To interpolate between

the two states we use the ice core record of Epica Dome C (EDC, Jouzel et al (2007)),

see Figure 1.6, to evolve both temperature and SMB in time. There are records ob-

tained from other ice cores, see Figure 1.1, but the EDC-record is the most recent

one. The method that we followed to achieve temporal evolution of the temperature

and the SMB is described in Section 4.2.2.

To get a temperature record, the isotopic composition of the ice from an ice core

is used as a proxy. Isotopes are atoms of the same chemical element with a di�erent

atomic mass. Oxygen (O) has 3 stable isotopes:
16

O,
17

O and
18

O, of which
16

O is the

most abundant. Hydrogen also has 3 isotopes:
1
H (H),

2
H (deuterium, or D) and

3
H
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(tritium), but tritium is unstable and can therefore not be used. The two isotopes that

are most often used are
18

O, because it is more abundant than
17

O and D (Helsen,

2006). To understand how temperature can be derived from the abundance of these

isotopes, one has to consider the water cycle.

Generally, water evaporates in the tropics and is transported to the north and

the south were it partly rains out and eventually reaches the polar regions where

the precipitation falls as snow.
18

O and D are heavier than their more common

counterparts
16

O and H, and therefore the associated heavier H2O molecules evap-

orate less. Furthermore, the saturation vapour pressure (the pressure exerted by

a vapour in thermodynamic equilibrium with its condensed phase, solid or liquid)

is less for heavy isotopes than for light ones at a given temperature, which means

that heavy H2O-isotopes condensate and rain out easier than light ones (Dansgaard,

1964). The saturation vapour pressure is also a function of temperature, in such a

way that heavy isotopes condensate relatively easier than light ones when the tem-

perature increases. In other words, the abundance of heavy isotopes is less in the

precipitation when temperatures are lower.

Consequently, precipitation that falls over Antarctica is depleted in heavy iso-

topes with respect to lower latitudes. The amount of depletion is given by the ra-

tio (R) between the heavy isotope and the common isotope:

R[18O] =
18O
16O

, R[D] =
D

H
. (1.1)

These ratios give very small numbers and are therefore presented in parts per thou-

sand (h). The ratio R is compared to a standard ratio (for water isotopes this is the

Vienna Standard Mean Ocean Water, VSMOW) to give the δ18
O and δD values (see

e.g. WAIS Divide Project Members, 2013):

δ18O =

(
R[18O]sample
R[18O]standard

− 1

)
·1000h , δD =

(
R[D]sample
R[D]standard

− 1

)
·1000h .

(1.2)

The spatial relation that can be found between δ18
O and temperature has in the past

been assumed to be constant over time (e.g. Jouzel et al, 1987). However, the relation

between δ18
O and temperature can be obscured by changes in the water vapour

source area, the seasonal distribution of precipitation and by changes in the strength

of the temperature inversion (Helsen, 2006). Like δ18
O, there is a similar relation

between δD and temperature. Therefore, a linear relationship exists between δ18
O

and δD. The deviation from that line has been found to be particularly sensitive to

changes in the moisture source conditions. This deviation is called the deuterium

excess and is given by (Dansgaard, 1964):

Dexcess = δD − 8δ18O . (1.3)
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1.3. External forcing mechanisms

For instance, the temperature reconstruction from the Vostok ice core was calculated

by (Petit et al, 1999):

∆TI = (∆δDice − 8∆δ18Osw)/9 , (1.4)

where ∆TI is the temperature anomaly above the inversion level (where precipita-

tion forms), which is related to the surface temperature through ∆TI = 0.67∆Ts,

∆δDice is the ice deuterium isotope ratio anomaly, and ∆δ18Osw is the globally

averaged sea water δ18O anomaly. The division by 9 comes from the spatial deu-

terium isotope/temperature gradient of 9h per
◦
C in the region where the ice core

was drilled (Petit et al, 1999).

We also use the EDC temperature record to interpolate between the LGM and

PD SMB in time, since the SMB is mainly dependent on temperature. Firstly, melt,

sublimation and other phase changes as well as the fraction of precipitation that falls

as snow are all determined by the temperature of the air. Moreover, even the amount

of precipitation, the most important part of the SMB, is dependent on temperature

through the Clausius-Clapeyron relation (Bintanja et al, 2002). This relation de-

scribes how the saturation vapour pressure increases when temperature increases.

As a result of this, air can hold more moisture at higher temperatures, and hence

more precipitation occurs. Both temperature and SMB are fed into ANICE as yearly

averages, since it requires more detailed modelling to incorporate seasonal cycles in

both the input �elds and the ice-sheet model itself. Furthermore, it does not in�u-

ence the output of the model signi�cantly when an ice sheet is modelled over tens

of thousands of years.

In Chapter 5 the possible future evolution (until 2100) of the AIS is studied by

using di�erent temperature and sea-level forcings from the �fth assessment report

of the IPCC Collins et al (2014); Church et al (2014). These forcings are produced

by GCMs that use four di�erent emission scenarios. These scenarios are called RCP

(Representative Concentration Pathway) 2.6, 4.5, 6.0 and 8.5. Each speci�es concen-

trations and corresponding emissions of greenhouse gases and aerosols. The num-

ber represents the radiative forcing (in W m
−2

) with respect to pre-industrial values

(i.e. before 1900). The higher the radiative forcing, the higher the global mean tem-

perature. As higher temperatures lead to more ice melt (especially on the Northern

Hemisphere), sea level will also rise more for the higher RCP-scenarios.

1.3.2 Oceanic forcing

The ocean exerts an in�uence on the AIS through the processes of basal melt and

freeze-on, sea-level change and facilitating ice to �oat and to calve. Changes in sea

level have a large e�ect on the amount of ice in West Antarctica because its bed

elevation is very low (mostly below PD sea level, see Le Brocq et al (2010)), see

Section 1.1. In light thereof, sea-level change is a key ingredient to the modelling of

the evolution of the AIS.
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Sea-level change can be inferred from deep-sea sediment cores. These cores are

taken from the bottom of the ocean and sea-level information is derived from the

(fossilised) shells of benthic foraminafera (e.g. Emiliani, 1955). Benthic foraminafera

are small animals that live on the ocean �oor (hence the name benthic) that build

their calcite shells from calcium carbonate (CaCO3). The oxygen isotope ratios in

these shells give information about the (deep ocean water) temperature, but also

about global sea level. This is because lower air temperatures lead to the build up

of ice sheets and hence there is less water in the oceans. Vaporisation favours light

isotopes so the left-over water is enriched in δ18
O when sea level is low, and ice

volume is high (De Boer, 2012). The sea-level record used in this research has been

constructed by using an ice-sheet model with an ocean-temperature model by Bin-

tanja and van de Wal (2008). The sea-level record from 120 kyr ago until now is

shown in Figure 1.6.

Next to sea-level change, basal melt also in�uences the advance and retreat of ice

sheets. Basal melt is simply the result of the ocean water being so much warmer than

the ice that it leads to melt. If the water is not warm enough when it comes in contact

with the cold ice, the temperature drops to the point that the water freezes onto the

base of the ice. The freezing temperature of water is dependent on its salinity and the

pressure it experiences (Knauss, 1997). Non-saline water at sea-level pressure freezes

at 0
◦
C, or 273.15 K. At the base of the major ice shelves, typically 200-500 metres

below sea level, the pressure is much higher, and therefore the freezing temperature

is 0.1 to 0.4 degrees higher. The salt in the ocean water causes it to freeze at about 2

degrees lower temperatures.

Another process in�uencing the extent of the ice sheet is ice discharge, which

is made possible by the presence of water at the edge of the ice sheet. The ice is

discharged through calving. Calving happens because the outer parts of the ice

shelf �ow more rapidly than the inner parts, inducing a strain on the �oating ice

(Benn et al, 2007). When this strain is large enough, crevasses form in the shelf.

When the strain increases these crevasses grow and eventually the ice is ripped and

a chunk of ice is broken o�. The calving front (the edge of the ice shelf) has a typical

ice thickness of about 200 m, and the large ice shelves regularly experience calving

events producing tabular icebergs of up to 5000 km
2

(Joughin and MacAyeal, 2005).

1.3.3 Influence of the bed

The AIS is, for the largest part, grounded on bedrock. The bedrock responds to

changes in ice thickness, but the ice sheet also responds to the bedrock. Firstly, the

altitude and the slope of the bed play an important role. Where the bed is higher,

the ice is less in�uenced by the ocean and the steeper the slope, the stronger the

gravitational pull on the ice. Especially the WAIS is vulnerable for changes in sea

level, because a major part of its bed is currently below sea level. Therefore, the

height of the bed has a signi�cant in�uence on this part of the ice sheet (Pollard and

DeConto, 2009). Furthermore, where the bed slopes downward inland an ice sheet
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Figure 1.7: Cutaway diagram of Earth’s internal structure (to scale), with an inset showing a
more detailed breakdown of the structure (not to scale). This �gure was taken from USGS (2013)

might be unstable as explained in Section 1.1.

The altitude and slope of the bed react, through GIA, to changes in the ice load-

ing. This happens because the density of the bedrock is only 3.4 times that of ice, so

every 100 metres of ice added to the ice sheet make the bedrock sink for more than

30 metres. When the ice is then removed, the bedrock will rebound to its original

state. GIA consists of two parts: isostatic adjustment due to elastic rebounding of

the lithosphere (see Figure 1.7) and viscous rebound because of the mantle material

�owing back. The elastic adjustment is instantaneous, but the viscous deformation

takes thousands of years. When modelling an ice sheet from the LGM or the Eemian

until the present, both components of the geodynamic adjustment have to be taken

into account. Many uncertainties remain as to how fast the bed responds to ice load-

ing because little is known about the thickness and rigidity of the Earth’s lithosphere

underneath the AIS, except the lithosphere being thinner and less rigid underneath

the WAIS than underneath the EAIS (Morelli and Danesi, 2004). The speed at which

the bed responds to ice loading depends on the thickness of the Earth’s crust and

the structure of the mantle, which may be modelled as well (Huerta and Harry,

2007). When the Earth underneath an ice sheet is modelled, the history of the ice

sheet serves as a boundary condition, but the bed serves as a boundary condition

for ice-sheet modelling. The ice-dynamical model is therefore coupled to a simple

geodynamical model to capture this feedback system. This model is described in

more detail in Section 2.4.

Secondly, in the interior of the Earth heat is generated by nuclear processes.

This leads to a geothermal heat �ux at the Earth’s surface which is typically enough
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to melt 5 mm of ice per year underneath the entire ice sheet. Although this order

of magnitude for the geothermal heat �ux is commonly accepted, there are large

uncertainties. The two mostly used datasets are those of Shapiro and Ritzwoller

(2004) and Fox Maule et al (2005). Although there are some substantial di�erences

between these datasets, they do agree that the heat �ux is higher underneath the

WAIS than underneath the EAIS because West Antarctica is a region with more

tectonic activity. However, Shapiro and Ritzwoller (2004) deduced peaks in the heat

�ux further north of the Transantarctic Mountains then Fox Maule et al (2005). We

chose to use the dataset by Shapiro and Ritzwoller (2004) because their method is

more elaborately described and validated.

1.4 Ice dynamics

The evolution and the ice dynamics of an ice sheet are determined by its mass bal-

ance, because it regulates where the ice accumulates and recedes. The mass balance

depends partly on the velocity of the ice. For instance, calving is largely determined

by stresses in the ice and therefore the ice velocity. There are two types of ice move-

ment, one is caused by deformation of the ice itself and the other is caused by basal

sliding of the total ice column (see Figure 1.8).

Accumulation

Deformation

Sliding

Weak till

Strong till

Weak till

Figure 1.8: A schematic cross-section of an ice sheet, showing the ice dynamics. Snow accu-
mulates on the ice sheet and transforms into ice through compaction. The ice moves slowly
through deformation following the long curved arrows or faster through sliding when the till
layer is weak. Ice velocities near the grounding line are generally lower than velocities further
outward on the ice shelf, which is why crevasses form and the ice calves.

In the case of sliding the material of which the bed consists plays a large role, as

does the amount of liquid water available at the bed. When the bed consists of hard

rock, ice may start sliding over it when a �lm of liquid water lubricates the interface.
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This way of sliding is limited to temperate basal conditions, as ice may be frozen to

the bedrock when temperatures are too low for liquid water to exist at the ice base.

When the bed is weak (consisting of sand or gravel), it is more easily deformed by

the ice �ow than hard rock, and the amount of sliding is not only determined by

the amount of water present at the ice base (the basal water pressure), but also by

the thickness and rheology of the weak layer. In ANICE, the sliding velocity of the

ice is dependent on temperature, water pressure, and bed characteristics (see also

Section 2.5 for a mathematical description). However, as the bed material beneath

the AIS is mostly unknown, the assumption is that the bed is weaker where it is

below sea level due to its marine origin. This is a very crude assumption and it

remains a source of debate how sliding should be parametrised in ice-dynamical

models.

On large parts of the EAIS, the conditions at the base are not suitable for sliding

and the ice will move due to deformation. Ice deformation arises from gravity acting

on the ice, pulling the ice towards the bed. On a sloping bed, the ice velocity will

have a component parallel to the bed (down slope), and a shear stress is invoked by

the friction between the bed and the ice, which is called basal drag. Two other stress

components play a role in ice dynamics. The �rst is side drag which only becomes

important when ice is moving past valley walls for instance. The second is normal

stress, in the direction of gravity, as a result of the ice’s own weight. Normal stress

is usually much smaller than shear stress, except when the ice is �oating freely in

water or sliding, as basal drag is almost zero then.

Stress gradients cause gradients in the ice velocity. For instance, stress gradients

may exist in the vertical direction when basal drag is present, but there is no surface

stress. As a result the ice velocity will be close to zero near the bed and at its maxi-

mum at the surface. This is accompanied by the deformation of the ice. Deformation

occurs in two ways: shearing and stretching, see Figure 1.9 and may be either elastic

or plastic. Elasticity means that application of a �nite force leads to a new steady

state and when the force is removed the material will return to its original state.

Plasticity means that the material under consideration continues to deform when

a constant force is applied and will not return to its original state one the force is

removed. Ice is subject to both kinds of deformation, for instance, a rapidly varying

force may cause elastic deformation, while a slower varying force may cause plastic

deformation.

The deformation of ice and the ice velocity depend on its rheology (hard-

ness/sti�ness) and therefore on its temperature. Warmer ice is softer and easier

to deform. The ice temperature depends on advection, di�usion, frictional heating

and heating due to refreezing. Advection is the transport of heat by movement of

the ice itself and di�usion is the exchange of kinetic energy between individual par-

ticles. Frictional heating is caused by basal drag and side drag, but also by velocity

gradients inside the ice (internal friction). A more detailed description of the ther-

modynamics in ANICE is given in Section 2.6.
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shearing

stretching

Figure 1.9: The e�ects of shearing and stretching on a block of ice, with the accompanying
velocity �eld drawn in the blocks on the left.

1.5 Validation

Comparing model output to observations is an essential part of this study. There are

di�erent kinds of geological observations that give information about the location

of the grounding line, about when a certain location was ice covered or even about

how thick the ice was. Furthermore, the PD ice sheet is well-mapped, and modelling

it correctly is crucial for the model to be trustworthy. The PD ice sheet is observed

through satellites, radar and seismic sounding. Data from these sources have been

combined in a comprehensive dataset called BEDMAP (Lythe et al, 2001). In this

thesis an update of the BEDMAP dataset is used, which has been presented as the

ALBMAP dataset (Le Brocq et al, 2010).

Geological observations have di�erent sources. Firstly, dating animal remains

(penguin guano or bones, seal skin or hairs, snow petrel nests and mollusc fossils,

see Figure 1.10a) gives information about where animals could have lived in the past.

For example, penguin and seal remains from old rookeries indicate that open ocean

water was not too far away at the time the rookeries were build and snow petrel

nest sites are ice-free. On the other side, molluscs, a type of shelled invertebrates,

need at least 1-2 m of water depth to survive. Thus animal remains give clues about

whether there was open water or ice in the past.

Secondly, marine sediment cores (Figure 1.10b) record transitions in the sedi-

ments that occur when the grounding line retreats or advances and with the onset

of open marine conditions. This is because sediments underneath grounded ice (sub-

glacial sediments) are di�erent from those underneath �oating ice (glacial-proximal

sediments). These sediments are both di�erent from sediments under open water.

Thus, stratigraphic analysis of the sediments and dating of the boundaries between

di�erent types of sediments give information on the timing of grounding-line retreat

and the onset of open marine conditions.

Finally, glacially transported boulders (Figure 1.10c) and glacially scoured

bedrock (Figure 1.10d) designate paleo-ice surface elevation relative to the PD ice

free surface. When an ice sheet retreats bedrock becomes exposed and rocks that

were entrained within the ice (called erratics) are left behind. The time of exposure

of the bedrock and the erratics can be determined because they have, since their
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a b

c d

Figure 1.10: Four ways of determining past ice extent: a) mollusc fossils (fromMoody, 2007), b)
marine sediment cores (number 1-6 are taken in Japanese and Chinese seas, number 7 is taken in
the Southern Ocean, from Center for Advanced Marine Core Research, Kochi University (2006)),
c) erratics (from Herrmann, 2012) and d) scoured bedrock (from Cox, 2012).

emergence, been exposed to cosmic radiation. When cosmic rays interact with the

surface of rock, radioactive nuclides are formed (e.g.
10

Be and
26

Al). The concen-

tration of the nuclides yields the length of time the rock has been exposed. The

di�erence between the elevation at which the bedrock is scoured or the erratic is

deposited and the PD bedrock elevation gives the paleo-ice thickness.

The observations used in this thesis to verify model output that is not from the

PD come from a database called AntICEdat (Briggs and Tarasov, 2013), which has

been speci�cally compiled to validate ice-dynamical model results.

1.6 Outline

This thesis starts with a detailed physical description of the ice-dynamical model

ANICE in Chapter 2. In Chapter 3 an intercomparison of GCMs is conducted to

�nd the GCM that models the Antarctic region best over the period LGM to PD,

with respect to temperature and precipitation. This GCM (HadCM3) has been se-

lected to provide the regional climate model RACMO/ANT with e.g. wind, pressure

and humidity �elds for the LGM. The re-analysis data from ERA-interim have been

used for the PD climate simulation of RACMO2/ANT. The temperature and SMB

output from RACMO2/ANT for the LGM and the PD have then been used to pro-

vide ANICE with a climatological forcing for sensitivity experiments of which the
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1. Introduction

results are presented in Chapter 4. In these sensitivity experiments the e�ect of �ve

di�erent parameters on the evolution of the AIS is tested. These �ve parameters are

related to the sliding parameterisations and the response of the bed to ice loading.

Furthermore, a reference run has been de�ned that simulates the LGM state of the

AIS best. This LGM state has then been used to investigate the in�uence of using

di�erent climate reconstructions on the evolution of the AIS, as described in Chap-

ter 5. The model results are validated in detail by using the AntICEdat-database.

Also, a short look into the future (until 2100) of the ice sheet is presented here by

investigating the e�ect of di�erent scenarios of temperature and sea-level rise.
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CHAPTER 2

Model description

2.1 Introduction

As stated in Chapter 1, the ice-dynamical model ANICE is able to evaluate the evolu-

tion of an ice sheet, based on physical principles. This chapter describes the physical

basis of several parts of the model that are relevant to this thesis. Section 2.2 starts

with the description of the computational grid of ANICE and a short history of its de-

velopment and how it has been used in other research projects. Section 2.3 deals with

the modelling of the ocean, i.e. the basal mass balance underneath ice shelves and

calving. The e�ect which the ice loading has on the underlying bedrock, which then

a�ects the ice sheet by a feedback system is described in Section 2.4. Section 2.5 de-

scribes how ice velocities are calculated by means of the Shallow Ice Approximation

(SIA) and the Shallow Shelf Approximation (SSA). Because the ice velocity depends

strongly on the temperature regime in the ice, Section 2.6 presents the thermody-

namics used in ANICE. The di�erent components of the model are linked together

in Section 2.7.

2.2 General background of the model

ANICE is based on the models of Huybrechts (1990) and Van de Wal (1999), after

which it has been further developed by Reerink (2013); De Boer et al (2013); Maris

et al (2014). The model has been used for a number of studies regarding the Northern

Hemisphere ice sheets, like the North American ice sheet (Bintanja and van de Wal,

2008), the Eurasian ice sheet (Van den Berg et al, 2008) and the Greenland ice sheet
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2. Model description

(Helsen et al, 2012). Additionally, in De Boer et al (2013) ANICE is used to simulate

global ice volume and in De Boer et al (2014a) to simulate Antarctic ice volume

variability over the past 5 million years. This thesis adds to the research already done

with ANICE by focussing on the last 20000 years of the evolution of the Antarctic

Ice Sheet (AIS).

ANICE is a 3D �nite di�erence model, with a horizontal grid spacing of 20 by

20 km. Horizontally, the grid consists of 281x281 points, which comprises the AIS

and a large part of the Southern Ocean, see Figure 1.3 for the model domain, which

runs from 90
◦
S until approximately 54

◦
S. The vertical levels in the model are split

between levels in the ice, in the bedrock and in the ocean. The ice thickness is divided

into 14 layers in the vertical, with a spacing of 10 % of the ice thickness at the top

and 1% of the ice thickness at the bottom to ensure a higher vertical resolution at the

base of the ice sheet. The bedrock is modelled until a depth of 1500 metres, divided

into �ve evenly spaced levels of 300 metres each. The ocean has a vertical resolution

of 100 metres, and is modelled till a depth of 3000 metres.

2.3 Oceanic forcing

2.3.1 Basal mass balance

The basal mass balance (BMB) of �oating ice is determined by the di�erence between

the water temperature (To) and the freezing temperature (Tf ) at ice shelf depth,

following Holland and Jenkins (1999):

BMB = Fmelt · ρo · cpo · γT · (To − Tf ) / (L · ρi) , (2.1)

where Fmelt = −5.0 · 10−3
m s
−1

is the melt parameter, ρo = 1028 kg m
−3

is

the ocean-water density, cpo = 3974 J kg
−1

K
−1

is the speci�c heat capacity of the

water, γT = 10−4
m s
−1

is the thermal exchange velocity, L = 3.335 · 105
J kg

−1

is the latent heat of fusion and ρi = 910 kg m
−3

is the ice density. The ocean

temperature (To) is given by:

To = (θo − 1.7) + 0.3 ·∆T − 0.12 · 10−3 ·Dshelf . (2.2)

Here, θo is the ocean potential temperature, ∆T is the air-temperature anomaly

with respect to the present-day and Dshelf is the depth of the bottom of the ice

shelf. The ocean potential temperature is provided by ECHAM53, from the PMIP2

project (Braconnot et al, 2007). A cross section of θo at 300 m depth is shown in

Figure 2.1. ECHAM53 was chosen because both the vertical and horizontal patterns

match observations from the WOCE-atlas (Orsi and Whitworth III, 2004). However,

the mean value of θo is too high by about 1.7 degrees, and the coarse resolution

(which is already higher than for most other GCMs) disables the output of θo be-

neath the innermost ice shelves. Therefore, the data have been interpolated for
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2.3. Oceanic forcing

Figure 2.1: Ocean potential temperature at 300 m depth, as given by ECHAM53 (Braconnot
et al, 2007). In the areas where no water is present, a mask has been placed (transparent areas
in the �gure).

these regions by simple inverse distance interpolation. The temperature anomaly

with respect to the present (∆T ) is retrieved from an ice core record, see Chapters 4

and 5. Furthermore, to convert potential temperature to real temperature, a lapse

rate is used, multiplied by the depth of the ice shelf Dshelf . The mean lapse rate

in water is 0.12 · 10−3
K m

−1
(Knauss, 1997). Tf in Equation 2.1 is the freezing

temperature (Holland and Jenkins, 1999):

Tf = T0 + 0.0939− 0.057 · S + 7.64 · 10−4 ·Dshelf . (2.3)

Here, T0 is the triple point of water at 273.16 K and S is the salinity of the ocean

water, equal to 34 psu in the Southern Ocean.

2.3.2 Calving

The AIS loses a large part of its mass (around 50%) through calving. Furthermore it

has been suggested that �oating ice provides buttressing for the �ow of grounded

ice. It is therefore important to model a realistic calving rate. In ANICE three mech-

anisms to model calving can be switched on or o�:

• Calving at the edge of the continental shelf

• Calving every few hundreds of years if the thickness of the ice shelf is below

a certain threshold
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• A scheme that is based on horizontal strain rates in the ice shelf, due to the

divergence in the velocity �eld

It has been shown in the literature (Denton and Hughes, 2002; Livingstone et al,

2012; Whitehouse et al, 2012) that the ice sheet and ice shelves have not extended

beyond the edge of the continental shelf. Therefore, we assume that ice shelves will

calve at the edge of the continental shelf, which is taken to be at Hb = −2200, with

Hb the bed elevation.

The ice at the calving fronts around the AIS is usually a few hundreds of metres

thick. Therefore, a second possible calving description is to cut o� all the �oating

ice that is thinner then a certain threshold value (further on referred to as threshold

calving). However, if this is done at every time step of the model (typically 1/3

year), unrealistically high calving rates are modelled. Therefore, we assume that this

threshold calving happens in ’events’ every few hundreds of years. The grounding-

line position is not greatly in�uenced by the exact calving rate, and in ANICE we

adopt calving at a threshold thickness of 250 m, occurring at 300 year intervals as

this leads to grounding-line and calving-line positions that resemble the results of

Pollard and DeConto (2012b), see below.

Physically, calving is thought to be dominated by (horizontal) strain rates that

cause crevasses to develop in parts of the �oating ice, which �nally break o� from

the main shelf. These strain rates are due to divergence in the ice velocity �eld. In

ANICE a divergence calving scheme has been implemented, following Pollard and

DeConto (2012b), who show that their calving mechanism leads to realistic results

regarding ice-sheet evolution. First, the divergence of the �oating ice-shelf points is

calculated as:

∇ · ~VSSA =
∂ū

∂x
+
∂v̄

∂y
, (2.4)

where ū and v̄ are the (vertically averaged) SSA-velocities (see section 2.5.2) in the x-

and y-direction respectively. This divergence is calculated for all �oating ice points,

except the points at the ice shelf edge. The divergence is then passed on to the

points at the edge of the ice shelf through nearest-neighbour value propagation.

The calving rate (in m/yr) is given by

CMB = (1− wc) · 30 + wc · Fc ·max[∇ · ~VSSA, 0] ·Hi/dx . (2.5)

The weighting factorwc is dependent on the ice thickness at the edge (Hi), and equal

to min(1, Hi/250). This way, when Hi is much smaller than 250 m the (1 − wc)-

term will be dominant, and the calving rate will be at least 30 m/yr. When Hi is

larger than 250 m only the Fc ·max[∇ · ~VSSA, 0] ·Hi/dx will count. Here, Fc is a

scaling coe�cient, set to 3 · 105
m in ANICE, and the term Fc · max[∇ · ~VSSA, 0]

represents the horizontal erosion rate. As we want to evaluate the change in ice

thickness this term is multiplied by Hi · dx/dx2 = Hi/dx. The grounding line
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2.4. The bedrock response to ice loading

Figure 2.2: Grounding line (gl) and calving line (cl) positions at the PD for the standard run
in Chapter 4 for the threshold and the divergence calving schemes, both in combination with
calving at the continental edge.

and calving line position for this calving scheme are shown in Figure 2.2, together

with the grounding line and calving line for the threshold calving scheme. It can be

concluded from this �gure that the di�erence between divergence calving and the

simpler threshold calving (with a threshold thickness of 250 m, every 300 years) is

minimal. Therefore, we use the threshold calving scheme in our research.

2.4 The bedrock response to ice loading

The bedrock model in ANICE is an Elastic Lithosphere, Relaxed Asthenosphere

(ELRA) model and is based on Le Meur and Huybrechts (1996). The bedrock is

in this case approximated by a thin, elastic lithosphere, controlling the geometric

shape of a deformation, �oating on a more viscous asthenosphere, which governs

the time-dependent characteristics of the deformation of the Earth.

For an elastic lithosphere, not only the loading above a certain point on the litho-

sphere is taken into account, but also the contributions of more remote locations.

The downward bedrock deformation w, created by a point load m for a (�oating)
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elastic plate is a solution of:

D∇4
hw = m− ρagw . (2.6)

Here, D is the �exural rigidity, ρa is the asthenosphere density (3300 kg m
−3

) and g

is the gravitational constant (9.81 m s
−2

). Consequently, ρagw is the upward buoy-

ancy force exerted on the de�ected part of the lithosphere. The deformation at a

normalised distance x = r/Lr from the point load is then given by:

w(x) =
mL2

r

2πD
χ(x) , (2.7)

with χ(x) a Kelvin function of zero order at x, r the real distance from the load m

and Lr the radius of relative sti�ness, given by

Lr =

(
D

ρag

)1/4

. (2.8)

In this way, a load will cause a depression within a distance of four times Lr with

a minimum at the location of the load. Beyond this distance a small bulge appears.

Since Equation 2.6 is a linear di�erential equation, the total de�ection at each point

is simply calculated as the sum of the contributions of all neighbouring points within

a distance of about 6 times Lr . Typical values for the �exural rigidity D are 1024
-

1025
Nm (Stern and ten Brink, 1989), with smaller values for thinner parts of the

lithosphere, and 75 to 130 km for Lr .

Equation 2.7 holds for an instantaneous reaction of the bedrock to a load, but in

reality the adaptation to a load is delayed due to the viscosity of the asthenosphere

underneath the lithosphere. We assume that the bedrock adjusts exponentially to a

new loading situation. Furthermore, we state that the speed of adjustment is pro-

portional to the di�erence between the equilibrium pro�le h0 + w (where h0 is the

initial bedrock pro�le) and the current pro�le h and inversely proportional to a time

constant τ :

dh

dt
=

1

τ
(w + h0 − h) , (2.9)

where w is the bedrock de�ection, given by Equation 2.7, h and h0 are positive

upward and τ is the Maxwell relaxation time or e-folding response time. The relax-

ation time can be calculated from τ = η/G (Ranalli, 1995), where η is the viscosity

of the upper part of the asthenosphere, in the range of 0.5− 4 · 1021
Pa s (Forte and

Mitrovica, 2001) and G is the shear modulus, ranging from 2 to 11 · 1010
Pa. These

numbers yield relaxation times between 150 and 6000 years approximately.
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2.5. SIA and SSA

Combining Equation 2.9 with Equation 2.7 yields a di�erential equation:

dh

dt
=

1

τ

∑
i,j

(
mi,jL

2
r

2πD
χ(xi,j)

)
+ h0 − h

 , (2.10)

which is solved in ANICE. Here, the sum is taken over all i,j within a distance of

about six times Lr . The loadingm is equal to the weight of the water column where

there is no ice, or where the ice is �oating m = (Ho−Hb) ·σ · ρo · g, with Ho−Hb

the height of the water column (ocean-water level minus the bedrock elevation) and

σ the surface area of the column, equal to 400 km
2
. Where the ice is grounded, m is

equal to the weight of the ice: m = Hi · σ · ρi · g.

2.5 SIA and SSA

To calculate the ice velocities in ANICE we assume the ice to be shallow, i.e., the

horizontal scales are much larger than the vertical scales. This is expressed in the

shallow ice approximation (SIA) and the shallow shelf approximation (SSA). The

assumption of shallowness leads to simpli�cations in the stress tensor, i.e. for the

SIA the shear stresses in the horizontal plane are supported by the basal drag and

for the SSA the horizontal velocities do not change with depth. The SIA and SSA

velocities in ANICE are based on Glen’s �ow law (Glen, 1958). For the ice shelves,

the ice velocity is equal to the SSA velocity, whereas for grounded ice the total ice

velocity is the sum of the SIA and the SSA velocity.

2.5.1 SIA

The SIA velocity is given by (Hutter, 1983):

~VSIA = −2(ρi · g)n · |∇Hs|n−1 ·∇Hs

∫ z

b

ESIA ·A(T∗) · (Hs− z)n dζ , (2.11)

where∇Hs is the surface slope and ζ is the scaled vertical coordinate running from

the bed (b) to height z. A(T∗) is the �ow-rate factor, dependent on the temperature,

which is corrected for pressure melting. ESIA is the SIA enhancement factor. This

factor determines by how much the deformational �ow of the ice is enhanced. This

is necessary because the velocity calculations of both the SIA and the SSA make

use of Glen’s isotropic �ow law, while ice is a highly anisotropic material (Ma et al,

2010). The enhancement factors are di�erent for grounded ice and sliding or �oat-

ing ice because SIA velocities are generally underestimated and SSA velocities are

overestimated.
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2.5.2 SSA

The SSA velocity equations are given by (Morland, 1987):

∂

∂x

[
2µHi

(
2
∂u

∂x
+
∂v

∂y

)]
+
∂

∂y

[
µHi

(
∂u

∂y
+
∂v

∂x

)]
+τb,x = ρgHi

∂Hs

∂x
(2.12)

and,

∂

∂y

[
2µHi

(
2
∂v

∂y
+
∂u

∂x

)]
+
∂

∂x

[
µHi

(
∂v

∂x
+
∂u

∂y

)]
+τb,y = ρgHi

∂Hs

∂y
. (2.13)

Here, µ is the vertically averaged viscosity:

µ =
1

2(ESSA ·A)1/n

[(
∂u

∂x

)2

+

(
∂v

∂y

)2

+
∂u

∂x

∂v

∂y
+

1

4

(
∂u

∂y
+
∂v

∂x

)2
] 1−n

2n

, (2.14)

with ESSA the SSA enhancement factor.

In Equation 2.14, A is the vertical mean ofA(T∗), u and v are the SSA velocities

in the x- and y-direction respectively, and τb,x and τb,y are the basal shear stresses

in the x- and y-direction. The basal shear stress is dependent on the ice velocity,

but also on the properties of the till, i.e., the bed material underneath the ice, which

deforms when the ice moves over it. Thus, τb is determined as a function of the basal

yield stress and the basal sliding velocity, as in Bueler and Brown (2009) and is given

by:

τb = τc ·

∣∣∣V q−1
SSA

∣∣∣
uqthreshold

· ~VSSA , (2.15)

where uthreshold is a threshold velocity of 100 m/yr, q = 0.3 is a power-law param-

eter for basal stress and τc is the yield stress:

τc = (tanφ) · (ρigHi − pw) . (2.16)

Here, φ is the till friction angle and pw is the pore water pressure:

pw = 0.96 · λp · ρi · g ·Hi , (2.17)

where λp is a scaling factor between 0 and 1 which represents the pore water pres-

sure and is 1 when the ice is resting on bedrock below sea level because the pores

in the till are assumed to be saturated with water there. λp is then scaled with the

height above sea level up until 1000 m. Above 1000 m λp is equal to 0. The till
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2.6. Thermodynamics

friction angle in Equation 2.16 (φ) is parameterised by:

φ =


φmin if Hb ≤ −1000,

φmin + (φmax − φmin) ·
(
1 + Hb

1000

)
if − 1000 < Hb < 0,

φmax if 0 < Hb.

(2.18)

Thus, φmin determines the sliding below -1000 metres and partly between -1000

and 0 metres, and henceforth controls the sliding on large parts of the WAIS. The

assumption here is that the till is weaker when situated below sea level and therefore

the friction angle is smaller, and sliding more dominant.

2.6 Thermodynamics

Before starting a simulation, the model is run to a thermodynamic equilibrium,

which means that the ice temperature is in equilibrium with the surface tempera-

ture and ice velocity. This is achieved by keeping the surface or geometry of the ice

sheet �xed and by applying a constant climate forcing in time. The thermodynam-

ics in ANICE are described by the thermodynamical equation, which is discussed in

this section (based on Reerink (2013)). There are �ve processes that determine the

thermal state of an ice sheet:

1. Molecular di�usion

2. Energy �uxes entering the ice sheet through its boundaries due to thermal

contact with air, water and bedrock

3. Radiation penetrating the ice sheet

4. Friction due to the movement of ice, leading to local internal heating

5. Phase transitions

Firn compaction and refreezing of water due to radiation penetration in the snow

pack are neglected in ANICE. The thermodynamical equation is given by:

dE

dt
= −∇ · ~φq + Φ , (2.19)

with E the internal energy,
~φq the heat �ux in Jm

−2
s
−1

, and Φ the rate of internal

heat production in Jm
−3

s
−1

. As the kinetic contribution to the internal energy is

negligible, only the thermal part of the internal energy is kept:

E = ρiciTi . (2.20)
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Here, Ti is the ice temperature and ci is the speci�c heat capacity which is dependent

on the temperature through an empirical relation (Zwinger et al, 2007):

ci = c0 + c∆(Ti − T0) , (2.21)

with c0 = 2127.5 J kg
−1

K
−1

, c∆ = 7.253 J kg
−1

K
−1

and T0 = 273.16 K. We

assume the ice to be incompressible, so the density remains constant. Therefore:

dE

dt
= ρi

d(ciTi)

dt
. (2.22)

Using Equation 2.21 and the fact that dTi/dt = ∂Ti/∂t + ~v · ∇Ti, with ~v the ice

velocity, we get:

dE

dt
= ρi · (2ci − c0 + c∆T0) ·

(
∂Ti
∂t

+ ~v · ∇Ti
)
. (2.23)

Furthermore, we use Fourier’s law of heat conduction, which states that the heat

conduction is proportional to and in opposite direction of the temperature gradient:

~φq = −κi∇Ti , (2.24)

with κi the thermal conductivity of ice (Cu�ey and Paterson, 2010):

κi = κ0e
−κeT . (2.25)

Here, κ0 = 9.828 J m
−1

K
−1

s
−1

and κe = 0.0057 K
−1

.

Combining Equations 2.19, 2.23 and 2.24 yields:

ρi · (2ci − c0 + c∆T0) ·
(
∂Ti
∂t

+ ~v · ∇Ti
)

= κi∇2Ti + Φ , (2.26)

where the term with (∇Ti) · (∇κi) has been omitted because it is negligibly small.

The internal heating (or shear heating) rate, Φ, is given by:

Φ =
∑
ij

ε̇ijτ
′
ij , (2.27)

with i and j representing the three di�erent directions x, y and z, ε̇ij the strain rate

tensor:

ε̇ij =
1

2
(
∂vi
∂j

+
∂vj
∂i

) , (2.28)
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and τ ′ij the deviatoric stress tensor:

τ ′xz = −ρig(s− z) ∂s
∂x

, (2.29)

τ ′yz = −ρig(s− z)∂s
∂y

, (2.30)

from some point at altitude z to the surface altitude s. This leads to:

Φ = −ρig(s− z)
(
∂u

∂z

∂s

∂x
+
∂v

∂z

∂s

∂y

)
. (2.31)

Here, u and v are the ice velocity components in the x- and y-direction respectively.

On the right hand side of Equation 2.26, the term κi∇2Ti represents the di�usion.

The horizontal di�usion is neglected in ANICE because the temperature di�erence

per unit distance is much smaller in the horizontal direction than in the vertical

direction, and the horizontal heat transport by di�usion is much smaller than by

advection.

2.7 Coupling of the model components

All the di�erent components mentioned in this chapter are linked through di�erent

variables. As input the model needs the SMB, the geothermal heat �ux, the air and

ocean temperature and the initial ice temperature, bed topography and ice thickness

(see Figure 2.3).

ANICE

SMB

Geothermal heat flux

Air temperature

Ocean temperature

Initial ice temperature

Initial bed topography

Initial ice thickness

Basal melt

Calving

Thermodynamics

Redistribution 
of ice

Ice velocity

Bedrock response

Ice thickness

Ice temperature

Bed topography

Ice velocity

Input Output

Figure 2.3: Scheme of the input and output of ANICE and how they are linked through the
di�erent components of the model.

From the ocean and ice temperature the basal melt can be calculated, whereas

the calving parameterisation only needs the ice thickness. The thermodynamics of

the ice sheet are mostly determined by the air and initial ice temperature and the

geothermal heat �ux. Eventually, the ice is redistributed through the application of

basal melt, calving, SMB and ice movement. The velocity of the ice is calculated

by using the SIA and the SSA, and depends on the thermodynamics, the bedrock
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topography and the ice thickness. Finally, the bedrock responds to the redistribution

of the ice after which a new time step can be started with the new state of the ice

sheet serving as initial �elds. The output of the model consists of the ice thickness,

ice velocity, bed topography and ice temperature, from which the position of the

grounding line can be deduced for instance.
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CHAPTER 3

A climate model intercomparison for the Antarctic
region: present and past

Eighteen General Circulation Models (GCMs) are compared to reference data for the present,

the Mid-Holocene (MH) and the Last Glacial Maximum (LGM) for the Antarctic region. The

climatology produced by a regional climate model is taken as a reference climate for the

present. GCM results for the past are compared to ice-core data. The goal of this study is to

�nd the best GCM that can be used to drive an ice-sheet model that simulates the evolution

of the Antarctic Ice Sheet. Because temperature and precipitation are the most important

climate variables when modelling the evolution of an ice sheet, these two variables are con-

sidered in this chapter. This is done by ranking the models according to how well their output

corresponds with the references. In general, present-day temperature is simulated well, but

precipitation is overestimated compared to the reference data. Another �nding is that model

biases play an important role in simulating the past, as they are often larger than the change

in temperature or precipitation between the past and the present. Considering the results for

the present-day as well as for the MH and the LGM, the best performing models are HadCM3

and MIROC 3.2.2.

This chapter is based on: A climate model inter comparison for the Antarctic region: present

and past, by M.N.A. Maris, B. de Boer and J. Oerlemans, Climate of the Past, 9, 803-814, 2012,

doi:10.5194/cp-8-803-2012.
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3. GCM intercomparison

3.1 Introduction

Variations in ice volume of the Antarctic Ice Sheet (AIS) have a large impact on

sea level and ocean circulation. Since the Last Glacial Maximum (LGM), at approx-

imately 21 kyr ago, the AIS has undergone many changes (e.g., Huybrechts, 2002;

Bentley, 1999). This is especially true for the West Antarctic Ice Sheet, which is

potentially unstable (see for example, Hughes, 1975; Thomas, 1979; Bamber et al,

2009). To study variations in the AIS with a dynamical ice-sheet model, realistic

(near-surface) air temperature and precipitation are needed as input. These vari-

ables may be given by a General Circulation Model (GCM) or a Regional Climate

Model (RCM), which in its turn may be driven by a GCM at its lateral boundaries.

Therefore it is important to know which GCMs perform well in the Antarctic region.

It is generally accepted that a model performs well when it is close to the ensem-

ble mean, as was done by Zweck and Huybrechts (2005). However, the best GCM

for a speci�c study or use might not be the one closest to the ensemble mean. For

instance, when using a GCM to drive an RCM, it is important that the GCM pro-

duces realistic output close to the boundaries of the RCM, whereas certain regional

biases in the GCM may play a bigger role when studying a part of the AIS. In the

literature, di�erent criteria have been described for a GCM to perform ’well’, such as

high resolution (Ren et al, 2011) and low bias (Murphy et al, 2002). However, these

studies focus on either only one model or one criterion, instead of intercomparing

a larger set of GCMs.

Comparisons of larger sets of GCMs have been done through the Paleoclimate

Modelling Intercomparison Project Phase II (PMIP2, Braconnot et al (2007)), which

has a large database with output from GCMs for the present, the Mid-Holocene (MH)

and the LGM. Intercomparison studies of the models in this database have been done

by, amongst others, Braconnot et al (2007), Yanase and Abe-Ouchi (2007), Brewer

et al (2007) and Masson-Delmotte et al (2006). Only the study of Masson-Delmotte

et al (2006) focuses on the polar regions (and therefore Antarctica). They conclude

that the PMIP2 models’ simulations agree reasonably well with ice-core signals for

both the MH and the LGM, although there are uncertainties in the models’ ice-sheet

topography, which is based on ICE-5G (Peltier, 2004). However, their study focuses

on the ensemble mean of all the models under consideration and less on the di�er-

ences between models.

In order to decide which GCMs perform best in the Antarctic region, we com-

pare the individual output of the models to ice-core reconstructions for the MH and

LGM. Furthermore, as ice-core data have large uncertainty and do not cover the en-

tire Antarctic region, we compare present-day GCM data to a reference state from

RACMO2/ANT (Lenaerts et al, 2012a). RACMO2/ANT is a regional climate model,

which has been developed especially for polar regions and has been thoroughly val-

idated (e.g., Van de Berg et al, 2005; Lenaerts et al, 2012b).
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3.2. Method

Model name in PMIP2 Abbreviation Resolution Averaging 6 kyr 21 kyr

database lon x lat time (yr) ago ago

CCSM CCSM 2.81
◦

x 2.81
◦

100 X X

CNRM-CM33 CNRM 2.81
◦

x 2.81
◦

300 X

CSIRO-Mk3L-1.0 CSIRO-1.0 5.63
◦

x 3.22
◦

100 X

CSIRO-Mk3L-1.1 CSIRO-1.1 5.63
◦

x 3.22
◦

50 X

ECBILTCLIO Ecbiltclio 5.63
◦

x 5.63
◦

50 X

ECBILTCLIOVE-CODE Ecbiltcliove 5.63
◦

x 5.63
◦

100 X

ECHAM5-MPIOM1 ECHAM5 3.75
◦

x 3.75
◦

50 X

ECHAM53-MPIOM127-LPJ ECHAM53 3.75
◦

x 3.75
◦

100 X X

FGOALS-1.0g FGOALS 2.81
◦

x 3
◦

100 X X

FOAM FOAM 7.5
◦

x 4.5
◦

100 X

GISSmodelE GISS 5
◦

x 3.92
◦

50 X

HadCM3M2 HadCM3 3.75
◦

x 2.5
◦

100 X

IPSL-CM4-V1-MR IPSL 3.75
◦

x 2.5
◦

100 X X

MIROC 3.2 MIROC 3.2 2.81
◦

x 2.81
◦

50 X X

MIROC 3.2.2 MIROC 3.2.2 2.81
◦

x 2.81
◦

100 X

MRI-CGCM2.3.4fa MRI-fa 2.81
◦

x 2.81
◦

100 X

MRI-CGCM2.3.4nfa MRI-nfa 2.81
◦

x 2.81
◦

100 X

UBRIS-HadCM3M2 UBRIS 3.75
◦

x 2.5
◦

100 X

Table 3.1: The models evaluated in this study, with the abbreviations used in this chapter, their
horizontal resolution and the length of the period used to determine the climatological mean.
Crosses indicate whether the model provided output for 6 kyr ago and/or 21 kyr ago.

3.2 Method

Eighteen models from the PMIP2 database, see Table 3.1, are compared with refer-

ence data from RACMO2/ANT for the present-day climate and with ice-core climate

reconstructions for the past. The GCM data used for this study originate from cou-

pled ocean-atmosphere models. Some of the models are closely related to others:

UBRIS-HadCM3 and HadCM3 are much alike; CSIRO-1.1 is the same as CSIRO-1.0,

but with a doubled oceanic resolution; MRI-fa uses �ux adjustments for heat and

water �uxes and wind stress, whereas MRI-nfa does not; and MIROC 3.2.2 is the

same as MIROC 3.2, but an error in the land surface scheme of MIROC 3.2 has been

corrected in MIROC 3.2.2, a�ecting the wind stress calculation over ice sheets and re-

sulting in somewhat lower temperatures. Nonetheless, MIROC 3.2 has been included

in this study because there are additional (Mid-Holocene) simulations available for

this model.

The present-day reference state originates from RACMO2/ANT, at a horizon-

tal resolution of 27 km. RACMO2/ANT is forced at its lateral boundaries by ERA-

Interim reanalysis data for 20 years (1989-2009). RACMO2/ANT has been chosen

because it provides data at a high resolution. Furthermore, temperature and precip-

itation have a smaller bias than reanalysis products such as ERA-40 or ERA-Interim
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3. GCM intercomparison

(Van de Berg et al, 2006, 2007; Van de Berg, 2008; Ettema et al, 2010; Lenaerts et al,

2012b). The uncertainty in RACMO2/ANT precipitation is about 10% (Lenaerts et al,

2012b). The uncertainty in 2m air temperature is more di�cult to determine, a

plot of the di�erence between yearly average RACMO2/ANT skin temperature and

observed temperatures at 10 m depth is shown in Figure 3.1. The di�erence be-

tween modelled and observed temperatures is small, except for parts of the Western

Antarctic Ice Sheet.

The RACMO2/ANT-domain runs from 90° South to approximately 47° South.

We compared 2m air temperature and annual mean precipitation from the GCMs

with RACMO2/ANT-data. To this purpose all GCM data are interpolated on

the RACMO2/ANT grid. No lapse rate correction has been applied to the GCM

data to compensate for the mismatches in surface height between the GCMs and

RACMO2/ANT. This is because when the same analysis as the one described in this

chapter was performed on the GCM data with a lapse rate correction of -11.6 K/km

(Masson-Delmotte et al, 2011), this did not change the results much and introduced

uncertainties that were not in the GCM output initially.

The data are compared regarding bias, root mean square deviation (rmsd), and

correlation coe�cient (ρ):

bias =

∑N
i=1 xGi − xRi

N
, (3.1)

rmsd =

√∑N
i=1(xGi

− xRi
)2

N
, and (3.2)

Figure 3.1: A map of the Antarctic continent showing the yearly average temperature di�er-
ence between RACMO2/ANT and observations, at locations were observations have been made.
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3.2. Method

ρ =

∑N
i=1(xGi

− xG) · (xRi
− xR)√∑N

i=1(xGi − xG)2 ·
∑N
i=1(xRi − xR)2

, (3.3)

in which the subscripts G and R stand for GCM and RACMO2/ANT respectively

and x indicates the average of the variable x over all grid points i.

The correlation coe�cient indicates how well temperature and precipitation pat-

terns are simulated by a model, whereas the bias (mean deviation of the model from

the reference) and the rmsd (a measure for the absolute deviation of the model from

the reference) quantify how much the model output deviates from the reference state

as a whole. A distinction is made between results over the ice sheet, including ice

shelves (Figure 3.2) and results over the ocean (Figure 3.3). The bias, rmsd and cor-

relation coe�cient have been chosen because together they give a good overview of

whether the GCMs can reproduce the correct patterns and realistic absolute values

of temperature and precipitation.

In the second part of this study, GCM output for the MH (6 kyr ago) and the

LGM (21 kyr ago) is compared to the present. Di�erences between the past and the

present are evaluated, using reconstructions from ice cores (see Figure 1.1 for their

locations). Temperature data are available from six ice cores for both the MH and

the LGM:

• EPICA Dome C (EDC), a deuterium excess based temperature reconstruction

by Jouzel et al (2007).

• EPICA Dronning Maud Land (EDML), a deuterium and δ18
O based tempera-

ture reconstruction. The ∆T for the MH was read from Figure 7b by Stenni

et al (2010), the ∆ T for the LGM is mentioned in their paper as well.

• Dome Fuji (Fuji), a deuterium and δ18
O based temperature reconstruction by

Kawamura et al (2007).

• Law Dome (LD), a δ18
O reconstruction is given in Figure 5 in Van Ommen

et al (2004). Past temperatures may be calculated from this graph by using a

conversion of 0.44%�
◦C−1

. Details were communicated in Van Ommen (2011).

• Vostok, a deuterium temperature reconstruction by Petit et al (1999).

Precipitation records are scarce as they are more di�cult to derive from ice cores.

The precipitation reconstructions used in this study are:

• Law Dome, the accumulation rate is determined from a �ow model together

with age-ties in Van Ommen et al (2004), the reconstructions are given in

Table 2 of their paper.

• Talos Dome, a δ18
O based precipitation reconstruction is given in Figure 7

in Buiron et al (2011) in cm ice equivalent per year. To get the precipitation

change in mm water equivalent per year, the number is multiplied by 9.2.
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3. GCM intercomparison

• Vostok, a reconstruction based on
10

Be, given in Figure 7 in Steig et al (2000).

The model output is compared to ice-core data with respect to the temperature

di�erence between the past and the present, the precipitation di�erence between

the past and the present and the ratio of past to present precipitation, where both

past and present-day data originate from the GCMs. The precipitation ratio is given

because some models give a correct change in precipitation, but overestimate the

actual amount both in the past and for the present-day. In this case the modelled

ratio will be larger than the ratio deduced from the corresponding ice core. The

comparison is carried out by interpolating the data from the four grid points of the

GCM closest to the location of the ice core.

The goal of this study is to �nd the best models regarding simulations of tem-

perature and precipitation. To do this a simple ranking system is introduced: The

best model for a certain variable, e.g. temperature bias of the present-day output,

gets 10 points, the next gets 9 points, etc. For every period (i.e. present-day, MH

and LGM) these points are added up per model, resulting in a ranking of the models

for each of the periods. When multiple models have the same amount of points, the

spread is taken into account. That is to say, a model is judged to be better when

an intermediate number of points is scored for all the variables than the maximum

number of points for only half of the variables.
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3.2. Method

Figure 3.2: The bias (red) and rmsd (blue) for a) temperature and b) precipitation. c) Spatial
correlation coe�cients (c) for temperature (red) and precipitation (blue) for all PMIP2 models,
as compared to the RACMO2/ANT reference state. These results apply to the ice sheet, for the
present-day climate.
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3. GCM intercomparison

Figure 3.3: The bias (red) and rmsd (blue) for a) temperature and b) precipitation. c) Spatial
correlation coe�cients (c) for temperature (red) and precipitation (blue) for all PMIP2 models,
as compared to the RACMO2/ANT reference state. These results apply to the ocean, for the
present-day climate.

3.3 Present-day results

Figure 3.2a shows the bias (in red) and the rmsd (in blue) for the present-day temper-

ature comparison between the PMIP2-models and RACMO2/ANT over the ice sheet
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3.4. Present-day results

and ice shelves. The biases range from -3.8 K (MRI-nfa) to +4.8 K (Ecbiltclio) and

the rmsd values go up to 10.3 K (Ecbiltclio) for the temperature. Temperature cor-

relation coe�cients (shown in Figure 3.2c in red for the temperature) are close to 1,

ranging from 0.89 to 0.97, for all models except for Ecbiltclio and Ecbiltcliove-code.

Precipitation bias and rmsd are presented in Figure 3.2b. The highest bias is

+349 mm/yr for FGOALS, which also shows the highest rmsd value of 463 mm/yr.

Precipitation correlation coe�cients show a larger spread than for temperature,

from 0.51 to 0.82. The largest bias and rmsd are found for the precipitation out-

put of FGOALS and the temperature output of FOAM, which might be due to the

low resolution of the model. As mentioned before, the model MIROC 3.2.2 should

give lower temperatures (and therefore a smaller temperature bias) than MIROC 3.2

due to a corrected error in MIROC 3.2.2, which is indeed the case.

In Figure 3.3 the same variables are presented as in Figure 3.2, but for a domain

that only incorporates the ocean grid points of RACMO2/ANT. Again, the tempera-

ture correlation coe�cients are mostly close to 1, ranging from 0.86 to 0.96. Precip-

itation correlation coe�cients are slightly larger here than over the ice sheet (from

0.60 to 0.87). Rmsd values are smaller, while bias values are generally somewhat

larger, i.e. more negative, over the ocean.

The four models that simulate the present-day climate best are UBRIS, HadCM3,

ECHAM5 and IPSL for temperature and UBRIS, HadCM3, ECHAM5, and MIROC 3.2

for precipitation. This is based on the ranking method, applied on the combination of

the results over the ice sheet and the ocean. The di�erence �elds between these best

models and RACMO2/ANT are shown in Figure 3.4 for temperature and Figure 3.5

for precipitation.

A notable feature in Figure 3.4 is that the modelled temperatures over the Ross

ice shelf (see Figure 1.1) are too high, which is the case for almost all models. At the

locations of these ice shelves, land is modelled by the GCMs, which is only partly

covered with ice. In contrast, over the Amery Ice Shelf region the models simu-

late too low temperatures. This is something to take into account when deciding

on which model to use. For example, when focussing on West-Antarctica, HadCM3

shows less (negative) bias there than the other models and might be a better choice

because RACMO2/ANT shows a negative bias here as well when compared to obser-

vations. The modelled temperatures are closer to the reference data over the ocean,

at the edges of the domain.

Precipitation is generally overestimated inland. It is underestimated close to the

coasts and strongly underestimated at the western side of the Antarctic Peninsula by

all models. This is probably due to the fact that the steep orography of the Peninsula

is not well represented in the GCMs. Consequently, the orographically enhanced

precipitation is underestimated (Rojas et al, 2009).
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3. GCM intercomparison

Figure 3.4: Present-day temperature di�erence �elds of a) UBRIS, b) HadCM3, c) ECHAM5
and d) IPSL with RACMO2/ANT, interpolated on the RACMO2/ANT grid.

3.4 Mid-Holocene results

Mid-Holocene temperature output from the models is compared to reconstructions

from �ve ice cores in Table 3.2. The uncertainty ranges of these reconstructions

are probably larger than the small di�erences in temperature between the MH and

the present. The models also simulate small temperature di�erences between the

MH and the present. However, the models do not capture the change in sign of the

temperature di�erences between di�erent locations, i.e. EDC and Fuji were colder

in the MH than in the present and the temperature di�erence was largest at Law

Dome.

For temperature, the best models according to the ranking method are CSIRO-

1.1 and IPSL. The spatial distribution of the temperature di�erence between the MH

and the present (both MH and present temperature values are from GCM output)

are shown in Figure 3.6. Temperature di�erences are mainly positive, but small,
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3.4. Mid-Holocene results

Figure 3.5: Relative present-day precipitation di�erence �elds of a) UBRIS, b) HadCM3, c)
ECHAM5 and d) MIROC 3.2 with RACMO2/ANT (as a percentage of RACMO2/ANT precipita-
tion).

except over the western South Paci�c Ocean in Figure 3.6b (IPSL). Although this

di�erence between the models may not be of much importance when using GCM

output in an ice-sheet model, it is important when only using the output to provide

boundary conditions for an RCM. The negative temperature di�erences over the

western ocean in IPSL cannot be a�rmed nor negated by ice-core reconstructions.

It may therefore be concluded that the comparison of model output with ice-core

reconstructions gives an indication of which models are better than others, but it is

not conclusive. This is even more true for precipitation, as is argued below.

In Table 3.3 precipitation data are shown for three ice-core locations. The Law

Dome data are not very accurate as only the average accumulation between age

ties (2545 and 6778 years ago) is known (Van Ommen et al, 2004). At the Talos

Dome location, the di�erence in precipitation between 6 kyr ago and the present

is captured by most GCMs, but the ratios are too high. This means that, at this

location, the absolute amounts of precipitation are overestimated by the models in
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EDC EDML Fuji LD Vostok

Ice core -0.4 0.5 -0.4 1.3 0.4

CCSM 0.1 0.0 0.1 0.0 0.3

CSIRO-1.0 0.4 0.3 0.4 0.3 0.4

CSIRO-1.1 0.2 0.9 0.0 0.4 0.4

Ecbiltcliove 0.3 0.3 0.1 0.4 0.1

ECHAM5 0.2 0.2 0.6 0.4 0.4

ECHAM53 0.4 0.0 0.4 0.3 0.5

FGOALS 0.1 0.3 0.5 0.2 0.2

FOAM 0.5 0.7 0.6 0.9 0.7

GISS -0.3 -0.6 -0.2 -0.1 -0.1

IPSL 0.6 0.6 0.5 0.4 0.4

MIROC 3.2 0.2 0.1 0.3 0.4 0.4

MRI-fa 0.2 0.1 0.4 0.9 0.3

MRI-nfa -0.4 -0.4 -0.5 -0.9 -0.2

UBRIS 0.7 0.8 0.8 0.1 0.7

Table 3.2: Reconstructed and modelled temperature di�erences (in Kelvin) between the MH
and the present at �ve ice-core locations. Modelled temperature di�erences are calculated by
interpolating the four closest model data points.

Figure 3.6: Temperature di�erence �elds between 6 kyr ago and the present for a) CSIRO-1.1
and b) IPSL.

both present and past. This can be seen in Figure 3.5 as well. Precipitation at the

Vostok location is simulated quite accurately by most of the GCMs.

CCSM and Ecbiltcliove precipitation di�erences between the MH and the present

are shown in Figure 3.7, as these are the best models according to the ranking

method. It is clearly visible that the patterns are not the same for these two models.

The question remains which model is the better one. The di�erences between 6 kyr
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3.4. Mid-Holocene results

Figure 3.7: Relative precipitation di�erence �elds (as a percentage of the present-day precipi-
tation) between 6 kyr ago and the present for a) CCSM and b) Ecbiltcliove.

Law Dome Talos Vostok

di�erence ratio di�erence ratio di�erence ratio

Ice core 0 1.0 -10 0.9 0.5 1.0

CCSM -3 1.0 -4 1.0 0.1 1.0

CSIRO-1.0 9 1.0 11 1.1 0.3 1.0

CSIRO-1.1 14 1.0 14 1.1 1.0 1.1

Ecbiltcliove -10 1.0 -15 1.0 0.7 1.0

ECHAM5 34 1.1 -4 1.0 -0.2 1.0

ECHAM53 18 1.0 5 1.0 0.1 1.0

FGOALS 10 1.0 29 1.1 0.6 1.0

FOAM 22 1.1 1 1.0 0.6 1.0

GISS -15 1.0 39 1.1 -0.9 1.0

IPSL 44 1.1 14 1.1 1.0 1.1

MIROC 3.2 52 1.1 8 1.0 -0.1 1.0

MRI-fa 17 1.0 -6 1.0 -0.6 1.0

MRI-nfa -21 1.0 -8 1.0 4.1 1.0

UBRIS 25 1.1 6 1.0 -0.7 1.0

Table 3.3: Reconstructed and modelled precipitation di�erences (in mm/yr) between 6 kyr ago
and the present, and ratios of the 6 kyr ago to the present precipitation at three ice-core locations.

ago and the present are small, and the biases are of the same order of magnitude.

This makes it hard to distinguish between the GCMs in terms of performance for

the MH.

To investigate the in�uence of biases in simulating the present climate on model

performance when simulating the past, a signal-to-noise ratio has been calculated

for both temperature and precipitation. The signal is the di�erence, in temperature
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EDC EDML Fuji LD Vostok

Ice core -9.3 -7.4 -7.6 -14.8 -8.1

CCSM -10.4 -7.5 -9.4 -8.9 -11.0

CNRM -4.4 -6.1 -3.8 -1.6 -5.4

Ecbiltclio -3.8 -4.7 -4.3 -6.7 -2.7

ECHAM53 -12.0 -7.2 -11.1 -6.7 -11.6

FGOALS -12.0 -12.4 -12.2 -11.0 -12.9

HadCM3 -9.3 -6.9 -8.0 -4.0 -11.0

IPSL -5.4 -3.9 -5.4 -2.5 -6.7

MIROC 3.2 -6.6 -5.0 -6.3 -4.2 -6.7

MIROC 3.2.2 -8.5 -6.7 -7.6 -5.4 -7.8

Table 3.4: Reconstructed and modelled temperature di�erences (in Kelvin) between the LGM
and the present at �ve ice-core locations.

or precipitation, between 6 kyr ago and the present. The noise is the present-day

bias of a model, as shown in Figures 3.2 and 3.3. For precipitation the average signal-

to-noise ratio of all GCMs is 0.09, which is very low. This means that the signal

is practically indistinguishable from the data. The mean signal-to-noise ratio for

temperature is 0.21. Combining this with the presumably large uncertainties in the

ice-core reconstructions, compared to the signal, judgements about which models

achieve the best results for the MH cannot be accurately made.

3.5 LGM results

In Table 3.4 modelled temperature di�erences between the LGM and the present are

compared to data from �ve ice cores. At Law Dome the temperature di�erence is

the largest, which is not captured by any of the GCMs, except for Ecbiltclio. How-

ever, Ecbiltclio generally simulates too small temperature di�erences between the

LGM and the present. This holds for CNRM as well, whereas FGOALS overestimates

the temperature di�erences at four of the �ve locations. According to the ranking

method, MIROC 3.2.2 and CCSM are the best models. Output from these models is

shown in Figure 3.8.

MIROC 3.2.2 simulates smaller temperature di�erences than CCSM, which is

also visible in Table 3.4. Both models show larger temperature di�erences over West

Antarctica, which is the case for almost all models with LGM output. This is prob-

ably due to the change in topography, as the di�erence between the LGM and the

present in ice thickness of the West Antarctic Ice Sheet is larger than the di�erence

of the East Antarctic Ice Sheet. This agreement between the models regarding the

temperature pattern over the ice sheet gives some con�dence when using either one

as input in an ice-sheet model. However, when using the data to drive an RCM, the

boundaries become important, as has been noted before, and the di�erences between

MIROC 3.2.2 and CCSM might play a bigger role.

44



3.5. LGM results

Law Dome Talos Vostok

di�erence ratio di�erence ratio di�erence ratio

Ice core -584 0.1 -39 0.4 -8 0.6

CCSM -118 0.6 -119 0.5 -20 0.3

CNRM -99 0.8 22 1.1 -9 0.7

Ecbiltclio 6 1.0 -186 0.6 -103 0.5

ECHAM53 -148 0.7 -104 0.6 -23 0.3

FGOALS -919 0.4 -226 0.6 -43 0.4

HadCM3 -165 0.7 -36 0.7 -17 0.3

IPSL 18 1.0 -8 1.0 -9 0.5

MIROC 3.2 -106 0.8 -37 0.9 -14 0.5

MIROC 3.2.2 -137 0.7 -77 0.7 -13 0.5

Table 3.5: Reconstructed and modelled precipitation di�erences (in mm/yr) between the LGM
and the present, and the ratios of the LGM to the present precipitation at three ice-core locations.

Figure 3.8: Temperature di�erence �elds between the LGM and the present GCM-output for
a) MIROC 3.2.2 and b) CCSM.

Modelled precipitation di�erences between the LGM and the present are com-

pared to reconstructions for Law Dome, Talos Dome and Vostok data in Table 3.5.

For Law Dome the LGM-precipitation was less than 10% of the present-day value.

Law Dome is located near the coast, where it receives precipitation from cyclonic

systems. These systems have probably changed since the LGM, causing a large

change in precipitation in coastal regions (Van Ommen et al, 2004). None of the mod-

els has captured this change, suggesting that the representation of cyclonic systems

is de�cient, something also noted by Rojas et al (2009).

Figure 3.9 shows the precipitation di�erence �elds between the LGM and the

present-day climate for HadCM3 and MIROC 3.2.2, which appear to be the best

models regarding this variable. Overall, the LGM was drier than the present, while
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3. GCM intercomparison

Figure 3.9: Relative precipitation di�erence �elds (as a percentage of the present-day precipi-
tation) between the LGM and the present for a) HadCM3 and b) MIROC 3.2.2.

the tip of the Antarctic Peninsula is modelled to have been wetter. This applies to

most of the models and might be related to the underestimation of western Antarctic

Peninsula precipitation in the present-day output.

Signal-to-noise ratios have been calculated for the LGM as well to study the

in�uence of the biases of the models on the simulation of precipitation and temper-

ature patterns at 21 kyr ago. The average signal-to-noise ratio for temperature is

3.8, which is signi�cantly larger than 1. Overall this ratio means that the signal of

temperature change from the LGM to the present is discernible when studying the

model output. For precipitation the mean signal-to-noise ratio is 1.4, which is lower

than the temperature signal-to-noise ratio. The precipitation signal-to-noise ratios

are lower than the temperature signal-to-noise ratios for both the MH and the LGM.

The reason for this is probably that precipitation is harder to model correctly than

temperature, and therefore the biases are relatively larger. Although the signal-to-

noise ratios for the LGM are higher than for the MH, it is still essential to be aware

of the (present-day) bias of a model to correctly assess its output for the LGM.

3.6 Conclusions

In this chapter we compared present-day output from GCMs to a reference state

from the regional climate model RACMO2/ANT for the Antarctic region. We found

that air-temperature patterns are generally well simulated, as the correlation coe�-

cients between the GCM output and the reference data are close to 1. Temperature

is generally more correctly simulated over the ocean than over the ice sheet. The

temperature over the ice shelves is too high in most of the models, which is proba-

bly due to the fact that there is land at the locations of the ice shelves in the GCMs,
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which is only partly covered with ice.

Precipitation patterns are also well simulated in general, but the amount of pre-

cipitation is often underestimated over the ocean. In addition, a strong negative bias

is observed over the western coast of the Antarctic Peninsula. The GCMs probably

do not resolve the circulation pattern and the orography well enough to simulate

the additional precipitation in this region (Rojas et al, 2009). Considering tempera-

ture and precipitation results for the present-day, the top �ve models are HadCM3,

UBRIS, which is a HadCM3-based model, ECHAM5, MIROC 3.2, and IPSL.

The di�erences in temperature and precipitation between the Mid-Holocene and

the present are small in ice-core reconstructions and in the output from the GCMs.

Generally, both temperature and precipitation are higher during the MH than in the

present climate. The di�erences between the MH and the present are small, and the

biases of the GCMs are of the same order of magnitude or even larger. Therefore,

it is hard to judge individual model performances. For the MH, the signal-to-noise

ratios are 0.21 for temperature and 0.09 for precipitation. These low signal-to-noise

ratios indicate that to �nd a model that performs well when modelling the past, it is

important to take its present-day performance into account. Furthermore, the un-

certainties in ice-core data are presumably as large as the signal as well, making it

even harder to judge the performance of the models. Based on the comparison be-

tween the output of the GCMs and the ice-core reconstructions for the MH, the �ve

best models are Ecbiltcliove, CCSM, MRI-fa, MRI-nfa and CSIRO-1.0. However, in

the �nal judgement which GCMs perform best overall, the MH will not be taken into

consideration as the biases in the models are too large to make the intercomparison

trustworthy.

During the LGM, temperatures were lower and there was less precipitation than

in the present-day climate, according to both ice-core reconstructions and GCM out-

put. Also, the temperature di�erence between the LGM and the present is modelled

to be larger over the West Antarctic Ice Sheet than over the East Antarctic Ice Sheet

by most GCMs. The precipitation di�erences between the LGM and the present

over the Antarctic Peninsula are generally modelled to be smaller than elsewhere,

or even positive (wetter at the LGM than in the present). The di�erences between

the past and the present are larger for the LGM than for the MH, and therefore the

signal-to-noise ratios are higher: 3.8 for temperature and 1.4 for precipitation. This

means that more con�dence can be had in the ranking of the models, which points

out MIROC 3.2.2, CCSM, HadCM3, ECHAM53 and MIROC 3.2 as the �ve best GCMs

for the LGM.

The low signal-to-noise ratios indicate large uncertainties in the output of the

models, but there are other sources of uncertainties in the comparison between

model results and ice-core reconstructions. The �rst source, important to the judge-

ment of present-day performance of the GCMs, is the uncertainty in RACMO2/ANT-

data. This is negligible in this particular study according to Van de Berg (2008);

Lenaerts et al (2012a).The second source is the uncertainty in the ice-core recon-
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structions; part of this is due to the uncertainty in temperature and precipitation

reconstruction and part is due to the uncertainty in the determination of the age of

the ice in the ice core. The third source is the elevation. As Masson-Delmotte et al

(2006) state in their paper, there probably is a discrepancy between the elevation at

which the surface was in the past and the elevation that is used in the models. How-

ever, the past elevation of the ice sheet is not known with great accuracy either, nor

is the lapse rate, so we decided not to correct for this discrepancy, which is probably

within the uncertainty margin of the ice-core reconstructions.

To conclude, some models simulate temperature and precipitation signi�cantly

better than others, according to our ranking methods. Not all models provided data

for the MH or the LGM, but the results for the MH are judged to be less signi�cant

due to large relative uncertainty in model output. Finally, considering both present-

day and past simulations, the best performing models according to our comparison,

in simulating temperature and precipitation in the Antarctic region, are HadCM3

and MIROC 3.2.2.
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CHAPTER 4

Model sensitivity regarding the evolution of the
Antarctic Ice Sheet since 120 000 years ago

We present the e�ects of changing two sliding parameters, a deformational velocity parameter

and two bedrock de�ection parameters on the evolution of the Antarctic Ice Sheet over the

period from the last interglacial until the present. These sensitivity experiments have been

conducted by running the ice-dynamical model ANICE forward in time. The climatological

forcing over time is established by interpolating between two climate states from a regional

climate model over time. The interpolation is done in such a way that both temperature

and surface mass balance follow the Epica Dome C ice-core proxy record for temperature.

We have determined an optimal set of parameter values, for which a realistic grounding-line

retreat history and present-day ice sheet can be simulated, the simulation with this set of

parameter values is de�ned as the reference simulation. An increase of sliding with respect

to this reference simulation leads to a decrease of the Antarctic ice volume due to enhanced ice

velocities on mainly the West Antarctic Ice Sheet. The e�ect of changing the deformational

velocity parameter mainly yields a change in East-Antarctic ice volume. Furthermore, we

have found a minimum in the Antarctic ice volume during the mid-Holocene, in accordance

with observations. This is a robust feature in our model results, where the strength and the

timing of this minimum are both dependent on the investigated parameters. More sliding and

a slower responding bedrock lead to a stronger minimum which emerges at an earlier time.

From the model results we conclude that the Antarctic Ice Sheet has contributed 10.7 ± 1.3

m of eustatic sea level to the global ocean from the Last Glacial Maximum (about 16 kyr ago

for the Antarctic Ice Sheet) until the present.

This chapter is based on: Modelling the evolution of the Antarctic Ice Sheet since the Last

Glacial Maximum, by M.N.A. Maris, B. de Boer, S.R.M. Ligtenberg, M. Cruci�x, W.J. van de

Berg and J. Oerlemans, The Cryosphere, 8, 1347-1360, 2014, doi: 10.5194/tc-8-1347-2014.
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4. Model sensitivity

4.1 Introduction

The variability of the Antarctic Ice Sheet (AIS) has a large impact on sea level and

ocean circulation. Its state depends strongly on geometric and climatic parameters.

Many model studies have examined how the state and evolution of the AIS depend

on those parameters (e.g. Ritz et al, 2001; Golledge et al, 2012; Whitehouse et al,

2012). In most evolutionary studies of the AIS over glacial timescales the climato-

logical forcing is produced by shifting temperatures linearly following proxy records

from an ice core such as Vostok, or Epica Dome C (e.g. Ritz et al, 2001; Huybrechts,

2002; Philippon et al, 2006), often corrected by applying a lapse rate to account for

di�erences in the surface elevation. In these cases a constant lapse rate is assumed

for the entire ice sheet and no spatial correction is made to account for the di�er-

ences between, for example, grounded ice and ice shelves. Some other studies cou-

ple an ice-sheet model to a climate model, see for instance Aschwanden et al (2013),

which is a computationally expensive exercise. In this study we use the regional

atmospheric climate model RACMO2/ANT (Van Meijgaard et al, 2008) to produce a

detailed climate forcing for the Last Glacial Maximum (LGM, 21 kyr ago), as well as

for the present-day (PD). We assume the end of the last interglacial (120 kyr ago) to

have the same climate as the PD. An interpolation method is used to create a clima-

tological forcing that is continuous in time, making use of the Epica Dome C ice core

record (Jouzel et al, 2007). This method leads to a realistic simulation of the climate

while still being computationally feasible. The interpolation method is described in

detail in Section 4.2.2.

Despite numerous studies on the subject, little is known about the sediment be-

neath the AIS and its e�ects on the magnitude and the variations in sliding. Con-

sequently, the e�ect of the sediment on sliding is heavily parameterised in ice-

dynamical models (e.g. Bueler and Brown, 2009; Pollard and DeConto, 2012b). Fur-

thermore, ice-dynamical models generally make use of Glen’s isotropic �ow law

(Glen, 1958), while ice is a highly anisotropic material. Therefore, so-called enhance-

ment factors are introduced (see for instance Huybrechts (1992); Ma et al (2010); De

Boer (2012); Pollard and DeConto (2012a)). These factors are di�erent for grounded

ice (which can be described by the Shallow Ice Approximation, the SIA) and slid-

ing or �oating ice (both described by the Shallow Shelf Approximation, the SSA).

Additionally, the lithosphere is thinner under the West Antarctic Ice Sheet (WAIS)

than under the East Antarctic Ice Sheet (EAIS) (Huerta and Harry, 2007). However,

little is known about the lithospheric structure under Antarctica and how it in�u-

ences the ice sheet (Morelli and Danesi, 2004). A thinner lithosphere is associated

with smaller response times of the bed elevation to the ice load and to less rigid-

ity, i.e. the amplitude of the de�ection is larger for a given ice load (Le Meur and

Huybrechts, 1996).

In this study we use the dynamical ice-sheet model ANICE (De Boer et al, 2013)

to investigate how the AIS reacts to di�erent lithospheric and sliding parameters
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by doing sensitivity experiments on the period 120 kyr ago to present. The last

interglacial period ended around 120 kyr ago, when temperature and sea level were

close to PD values. The goal of this study is to learn how sensitive the AIS is to

changes in di�erent model parameters. Additionally, we want to �nd an optimal

set of parameter values for which a realistic grounding-line retreat history and PD

ice sheet are simulated. With these parameter values a more focussed study on the

behaviour of the AIS during the last deglaciation can be facilitated.

4.2 Method

Starting with an initial state of the AIS 120 kyr ago, see Section 4.2.1, the ice-

dynamical model ANICE has been run forward to the present. The applied clima-

tological forcing combines the output of a regional atmospheric climate model with

the Epica Dome C ice core record and will be discussed in Section 4.2.2. The surface

mass balance is part of this climatological forcing, whereas the basal mass balance is

deduced from the basal heat �ux where the ice is grounded and from the ocean heat

�ux (see Section 4.2.3) where ice is in contact with water. Calving is parameterised

by removing all �oating ice below a threshold thickness of 250 m, at the end of every

period of 300 yr. Other values for these two calving parameters have been tested as

well, where the threshold thickness has been varied between 100 and 300 m and the

period between 100 and 500 yr. These parameterisations did not change the ground-

ing line or the grounded ice volume signi�cantly, and therefore we decided to use

the original parameterisation with a threshold ice thickness of 250 m and a calving

period of 300 yr.

Ice velocities are calculated in ANICE by using both the SIA and the SSA (Bueler

and Brown, 2009). The SIA is used as a basis for the velocities on the grounded

part of the ice sheet and the SSA is used for ice-shelf and sliding velocities. The

SSA velocity, which is assumed to be the basal velocity, and the SIA velocity are

superposed as in PISM-PIK (Winkelmann et al, 2011). Both approximations include

an enhancement factor because, generally, the SIA underestimates the ice velocity

and the SSA overestimates it (Ma et al, 2010). We varied both enhancement factors

in the sensitivity experiments.

Whether the ice is sliding or not and how fast it is sliding also depends on the

sediments underneath the ice. Almost nothing is known about the material of which

these sediments consist, but the assumption is that the subglacial sediments (till)

are weaker when the bed is beneath sea level. Below sea level the bed is assumed

to have a marine history, leading to a smaller grain size and clay-like till with little

pore space. Therefore, water stays mostly on top of the till, enhancing the sliding

potential of the ice (Clarke, 2005). The weakness of the till has been varied in the

sensitivity experiments as well.

In addition to the enhancement factors and the till, there is another factor in�u-

encing the evolution of the AIS: the thickness of the lithosphere. In ANICE an ELRA
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Figure 4.1: The PD surface elevation, used as an initial con�guration 120 kyr ago. The white
line indicates the grounding line and the black line separates the WAIS from the EAIS. The light
blue box shows the ANICE model domain.

(Elastic Lithosphere, Relaxed Asthenosphere) model is included to describe the re-

sponse of the bed elevation to the ice loading history (Le Meur and Huybrechts,

1996). The bed underneath the ice sheet is described as a thin, elastic lithosphere,

controlling the geometric shape of a deformation, the elasticity is determined by the

�exural rigidity in the model. The lithosphere �oats on a viscous asthenosphere,

which governs the time-dependent characteristics of a deformation. In the sensi-

tivity experiments the response time and the �exural rigidity of the bedrock have

been varied. The theory behind the sensitivity experiments will be discussed in Sec-

tion 4.2.4.

4.2.1 Initial state

As an initial state for the last interglacial we use the PD con�guration of the ice

sheet as described in ALBMAP (Le Brocq et al, 2010), see Figure 4.1. We interpo-

lated the bed topography, ice thickness and surface elevation from this data set onto

the ANICE grid, a regularly spaced polar stereographic grid of 281x281 at a 20 km

resolution. In the �gure a black line is drawn where we de�ne the separation be-

tween the EAIS and the WAIS. This line is drawn at: 30
◦
W→ 86

◦
S→ 160

◦
E. ANICE

is run forward in time with the PD surface temperatures and a �xed geometry (the

ice thickness is kept �xed), such that the 3-D temperature �eld within the ice reaches

a thermodynamical equilibrium. The output of this simulation has been used as the

initial state.

52



4.2. Method

4.2.2 Climatological forcing

We use the PD climate as an initial forcing at 120 kyr ago and a simulation of the

LGM climate at the LGM. The climatological forcing of ANICE consists of the 2m-

air temperature and the surface mass balance (SMB). The two climate states (PD and

LGM) are a product of the regional atmospheric climate model RACMO2/ANT. This

model includes a sophisticated snow model (Ettema et al, 2009) and albedo scheme

(Kuipers Munneke et al, 2011) in order to realistically simulate snow-air interac-

tions and liquid water processes (melt, percolation, retention, refreezing and runo�).

In combination with a better horizontal grid resolution (55 km), RACMO2/ANT is

therefore able to simulate a more realistic Antarctic climate than a general circula-

tion model (GCM) (Ligtenberg et al, 2013). When forced with re-analysis data for the

recent past, RACMO2/ANT has yielded realistic results over Antarctica, compared

to in-situ observations (Van de Berg et al, 2006; Lenaerts et al, 2012b).

For the simulation of the Antarctic LGM climate, RACMO2/ANT is forced with

a GCM simulation from HadCM3. HadCM3 was chosen because it consistently per-

forms among the better GCMs above the Antarctic region (see Chapter 3). The

method of laterally forcing RACMO2/ANT with GCM data was previously suc-

cessfully used in future scenario simulations for the AIS (Ligtenberg et al, 2013).

RACMO2/ANT is forced at the lateral boundaries of the domain with �elds of tem-

perature, wind components, surface pressure and speci�c humidity from the GCM

simulation. Every six hours, the model value is linearly interpolated with the exter-

nal forcing. Sea-ice concentration and sea-surface temperature are also prescribed

by HadCM3. The extent and surface height of the AIS are part of the RACMO2/ANT

input as well, but these variables are not well known for the LGM. We used the

ICE-5G reconstruction by Peltier (2004) to provide RACMO2/ANT with topograph-

ical data because this topography was also used to produce the HadCM3 data. For

the PD, ALBMAP data provided the topography, see Figure 4.1. The output of

RACMO2/ANT has been integrated over 25 years to yield a representative climate

for the LGM and PD periods.

The output of RACMO2/ANT is shown in Figure 4.2a-d. It is clear from these �g-

ures that both the temperature and the SMB have increased from the LGM to the PD

over the ice sheet. Furthermore, the SMB is strongly in�uenced by the topography

of the ice sheet, which is most pronounced along the western coast of the AIS. If the

SMB were simply a function of the temperature this topographical in�uence would

be much smaller, and hence the SMB would be less realistic. As it is too computa-

tionally expensive to couple RACMO2/ANT to ANICE multiple times throughout

the glacial cycle, we use an interpolation technique that is described below.

We use this interpolation method instead of a simple ice-core based interpo-

lation of the temperature and SMB �elds because the patterns should evolve with

the topography of the ice sheet. As the topography of the ice sheet lags behind the

air temperature, evolving the patterns with air temperature instead of linearly in

time would change them too quickly. The changing climate (temperature and SMB)
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Figure 4.2: RACMO2/ANT output �elds of a) the LGM temperature, b) the PD temperature,
c) the LGM surface mass balance in metres ice equivalent per year and d) the PD surface mass
balance, with in black the grounding line. e) The temperature evolution according to the Epica
Dome C ice core (Jouzel et al, 2007) is shown in red and the sea-level evolution according to
Bintanja and van de Wal (2008) in blue.

between 120 kyr ago, the LGM and the PD is derived from the two RACMO2/ANT

climate states by a linear interpolation technique in three steps, which is done for

each spatial point (i,j):

1. Normalisation of the data (division by the mean) to determine the temperature
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and SMB patterns:

Tnorm(i, j,LGM) =
T (i, j,LGM)

Tmean(LGM)
, (4.1)

Tnorm(i, j,PD) =
T (i, j,PD)

Tmean(PD)
. (4.2)

Here, T is the temperature (in K), and the means are taken over the continent.

The same equations hold for the SMB (in m i.e./yr).

2. Linear interpolation through time from one normalised state to the next. In

the normalised data only the spatial patterns are visible (e.g. it is colder in

the interior of the ice sheet than near the coast). With the interpolation those

patterns are evolved through time. For temperature from the last interglacial

(the reference (ref), where the temperature is the same as the PD temperature)

to the LGM:

Tnorm(i, j, t) =

(
1− t− tref

tLGM − tref

)
· Tnorm(i, j,PD)

+
t− tref

tLGM − tref
· Tnorm(i, j,LGM) . (4.3)

For temperature from the LGM to the present, where tPD = 0:

Tnorm(i, j, t) =

(
1− t− tLGM

−tLGM

)
· Tnorm(i, j,LGM)

+
t− tLGM

−tLGM
· Tnorm(i, j,PD) . (4.4)

Again, the same equations are applied to the SMB.

3. Multiplication by a factor in such a way that the original states remain the

same. For temperature:

T (i, j, t) = Tnorm(i, j, t) · (Tmean(PD) + fT ·∆T ) , (4.5)

and for the SMB (in metres ice equivalent per year):

SMB(i, j, t) = SMBnorm(i, j, t) · (SMBmean(PD) + fSMB ·∆T ) . (4.6)

Here, ∆T is the temperature anomaly as given by the EDC ice core record from

Jouzel et al (2007). The multiplication factors before ∆T are chosen in such a way

that multiplying them with ∆T , they give the di�erence between the LGM and PD
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mean values. That is,

fT =
Tmean(LGM)− Tmean(PD)

∆T (LGM)
. (4.7)

We use this interpolation method instead of a simple ice-core based interpolation

of the temperature and SMB �elds because the patterns should evolve with the to-

pography of the ice sheet. As the topography of the ice sheet lags behind the air

temperature, evolving the patterns with air temperature instead of linearly in time

would change them too quickly.

The temperature anomaly 21 kyr ago was -9.2 K according to the the EDC record.

Filling this in for ∆T (LGM), and subtracting the mean PD temperature of 254.8 K

from the LGM mean temperature of 247.9 K, this gives a value for fT of 0.75. The

mean SMB at the LGM is 0.12 m i.e./yr and presently it is 0.21 m i.e./yr, so using

fSMB =
SMBmean(LGM)− SMBmean(PD)

∆T (LGM)
(4.8)

gives a value for fSMB of 0.0098.

4.2.3 Oceanic forcing

The basal mass balance (BMB) of �oating ice is determined by the in�uence of the

ocean water on the ice following Holland and Jenkins (1999):

BMB = Fmelt · ρo · cpo · γT · (To − Tf ) / (L · ρi) . (4.9)

The BMB depends on the di�erence between the water temperature (To) and the

freezing temperature (Tf ). A more detailed list of model parameters and variables,

and the symbols used to represent them in this chapter, is given in Table 4.1. The

ocean temperature is given by:

To = (θo − 1.7) + 0.3 ·∆T − 0.12 · 10−3 ·Dshelf . (4.10)

The PD ocean potential temperature (θo), is provided by ECHAM53, from the PMIP2

project (Braconnot et al, 2007). A cross-section of θo at 300 m depth is shown in

Figure 2.1. ECHAM53 was chosen because both the vertical and horizontal patterns

match observations from the WOCE-atlas (Orsi and Whitworth III, 2004). However,

θo is on average too high by about 1.7 degrees, so this value is subtracted from the θo-

�eld. Furthermore, the coarse resolution (which is already higher in ECHAM53 than

in most other GCMs) precludes the output of θo beneath the innermost ice shelves.

Therefore, the data have been interpolated for these regions by simple inverse dis-

tance interpolation. The temperature anomaly with respect to the present (∆T ) is

retrieved from the EDC ice core record, see Figure 4.2e. Furthermore, to go from

potential temperature to real temperature, a lapse rate is included, multiplied by the
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depth of the ice shelf (Dshelf ). The mean lapse rate in water is 0.12 · 10−3
K m

−1

(Knauss, 1997) and the freezing temperature is given by:

Tf = T0 + 0.0939− 0.057 · S + 7.64 · 10−4 ·Dshelf . (4.11)

The height of the sea level changes with time and plays a key role in the evolution

of the AIS (Pollard and DeConto, 2009; De Boer et al, 2013). In this study, the sea-

level anomaly is taken from work by Bintanja and van de Wal (2008). They used

an ice-sheet model in combination with an ocean-temperature model to extract a 3

Myr record of air temperature and sea level from benthic oxygen isotopes. The part

of the record that is used in this study is presented in Figure 4.2e. This record is

representative of eustatic sea-level change.

4.2.4 Varied parameters in the sensitivity experiments

Ice-flow enhancement factors

As mentioned before, the SIA and SSA velocities in ANICE are superposed to calcu-

late the ice velocity. The SIA velocity is given by:

~VSIA = −2(ρi · g)n · |∇Hs|n−1 ·∇Hs

∫ z

b

ESIA ·A(T∗) · (Hs− z)n dζ , (4.12)

where∇Hs is the surface slope and ζ is the scaled vertical coordinate running from

the bed (b) to height z. The �ow-rate factor (A(T∗)) depends on the temperature,

which is corrected for pressure melting. The SIA enhancement factor (ESIA) is va-

ried between 7 and 11 in the sensitivity experiments. This factor determines how

much the deformational �ow of the ice is enhanced. There is also an SSA enhance-

ment factor, ESSA, which appears in the vertically averaged viscosity µ:

µ =
1

2(ESSA ·A)1/n

[(
∂u

∂x

)2

+

(
∂v

∂y

)2

+
∂u

∂x

∂v

∂y
+

1

4

(
∂u

∂y
+
∂v

∂x

)2
] 1−n

2n

, (4.13)

in the SSA velocity equations:

∂

∂x

[
2µHi

(
2
∂u

∂x
+
∂v

∂y

)]
+
∂

∂y

[
µHi

(
∂u

∂y
+
∂v

∂x

)]
+τb,x = ρigHi

∂Hs

∂x
(4.14)

and,

∂

∂y

[
2µHi

(
2
∂v

∂y
+
∂u

∂x

)]
+
∂

∂x

[
µHi

(
∂v

∂x
+
∂u

∂y

)]
+τb,y = ρigHi

∂Hs

∂y
. (4.15)

In Equation 4.13, A is the vertical mean ofA(T∗), u and v are the SSA velocities

in the x and y direction respectively, and τb,x and τb,y are the basal shear stresses in
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Symbol Description Value SI units

cpo Ocean mixed layer speci�c heat capacity 3974 J kg
−1

K
−1

Fmelt Melt parameter −5.0 · 10−3
m s
−1

g Gravitational acceleration 9.81 m s
−2

L Latent heat of fusion 3.335 · 105
J kg
−1

n Flow exponent in Glen’s �ow law 3

q Power-law parameter for basal stress 0.3

S (Southern) Ocean water salinity 34.0

T0 Triple point of water 273.16 K

uthreshold Threshold velocity for basal stress 100 m y
−1

γT Thermal exchange velocity 1.0 · 10−4
m s
−1

ρa Asthenosphere density 3300 kg m
−3

ρi Ice density 910 kg m
−3

ρo Ocean water density 1028 kg m
−3

BMB Basal mass balance m s
−1

D Flexural rigidity N m

Dshelf Ice shelf depth m

ESIA SIA enhancement factor

ESSA SSA enhancement factor

Hb Bed elevation m

Hi Ice thickness m

Ho Sea level m

Hs Surface elevation m

pw Pore water pressure kg m
−1

s
−2

m Ice load on the bedrock kg

SMB Surface mass balance m s
−1

T Surface temperature K

Tf Freezing temperature K

To Ocean temperature K

w Bedrock deformation m

∆T Temperature anomaly w.r.t. PD K

µ Ice viscosity kg m
−1

s
−1

θo Ocean potential temperature K

λp Pore water pressure scaling factor

τ Bedrock relaxation time yr

τb Basal stress kg m
−1

s
−2

τc Yield stress kg m
−1

s
−2

φ Till friction angle
◦

Table 4.1: List of used symbols, their descriptions and values and SI units when applicable

the x and y direction. ESSA is varied between 0.6 and 1.0. The variations of both

enhancement factors for the sensitivity experiments have been established following

the work of Ma et al (2010). They suggest that the SIA enhancement factor should

lie between 5 and 6, and the SSA enhancement factor should lie between 0.5 and
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0.7 for ice shelves and between 0.6 and 1 for ice streams. As ANICE uses the same

enhancement factor for ice streams and ice shelves, ESSA has been chosen in the

range of the ice streams, as these are the most important for the evolution of the

AIS over time. An ESIA of 5 or 6 would yield too much ice on the EAIS, therefore a

range of higher values has been chosen for this parameter, see Section 4.4.

Basal stress

In ANICE, the basal stress (τb in Equations 4.14 and 4.15) is determined as a function

of the yield stress and the basal sliding velocity, as in Bueler and Brown (2009). The

basal stress is given by:

τb = τc ·

∣∣∣V q−1
SSA

∣∣∣
uqthreshold

· ~VSSA , (4.16)

where τc is the yield stress:

τc = (tanφ) · (ρigHi − pw) , (4.17)

and pw is the pore water pressure:

pw = 0.96 · λp · ρi · g ·Hi . (4.18)

Here, λp is a scaling factor such that the pore water pressure is maximal when the

ice is resting on bedrock at or below sea level. Below sea level, the pores in the till

are assumed to be saturated with water so λp is then equal to 1. λp is scaled with

the height above sea level up until 1000 m. At and above 1000 m λp is equal to 0.

Finally, the till friction angle in Equation 4.17 (φ) is parameterised by:

φ =


φmin if Hb ≤ −1000,

φmin + (φmax − φmin) ·
(
1 + Hb

1000

)
if − 1000 < Hb < 0,

φmax if 0 < Hb.

(4.19)

φmax is kept constant at a value of 30
◦

in the sensitivity experiments, φmin is varied

between 8◦ and 12◦. φmin determines the sliding below -1000 metres and partly

between -1000 an 0 metres, and henceforth controls the sliding on large parts of the

WAIS. The assumption here is that the till is weaker when situated below sea level

and therefore the friction angle is smaller, and sliding more dominant. This e�ect

can clearly be seen in Figure 4.3, where the fraction of sliding velocity with respect

to the total ice velocity is shown for the reference simulation (see Section 4.3) at

the PD. For ice shelves, sliding is the only displacement mechanism, so the sliding

velocity is 100 % of the total velocity. Additionally, sliding is present where the bed

elevation is below sea level and most dominant near the coast because the ice is

thinner there.
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Bedrock response

Additionally, the �exural rigidity and the relaxation time of the bedrock have been

varied in the sensitivity experiments. These are parameters in the ELRA-model in-

corporated in ANICE. For an elastic lithosphere, not only the loading above a certain

point on the lithosphere is taken into account, but also the contributions of more re-

mote locations. The downward bedrock deformation w, created by a point load m

for a (�oating) elastic plate is a solution of (Le Meur and Huybrechts, 1996):

D∇4w = m− ρagw . (4.20)

Here, ρagw is the upward buoyancy force exerted on the de�ected part of the

lithosphere inside the asthenosphere. The deformation at a normalised distance

x = r/Lr from the point load is then given by:

w(x) =
mL2

r

2πD
χ(x) , (4.21)

with χ(x) a Kelvin function of zero order at x, r the real distance from the load m,

and Lr the radius of relative sti�ness, given by

Lr =

(
D

ρag

)1/4

. (4.22)

In this way, a load will cause a depression within a distance of four times Lr with

a minimum at the location of the load. Beyond this distance a small bulge appears.

Lithospheric deformation is a linear process, so the total de�ection at each point is

simply calculated as the sum of the contributions of all neighbouring points within

a distance of about 6 times Lr . In the sensitivity experiments, D is varied between

1 · 1024
and 1 · 1025

Nm, based on estimates by Stern and ten Brink (1989).

Equation 2.7 holds for an instantaneous reaction of the bedrock to a load, but in

reality the adaptation to a load is delayed due to the viscosity of the asthenosphere

underneath the lithosphere. We assume that the bedrock adjusts exponentially to a

new loading situation. Furthermore, we state that the speed of adjustment is pro-

portional to the di�erence between the equilibrium pro�le w and the current pro�le

h and inversely proportional to a time constant τ :

dh

dt
=

1

τ
(w − h) , (4.23)

where w is the bedrock de�ection, given by Equation 4.21, h is positive upward

and τ is the Maxwell relaxation time in which the bedrock has adapted to the new

load with a factor e. The relaxation time can be calculated from τ = η/G (Ranalli,

1995), where η is the viscosity of the upper part of the asthenosphere, in the range

of 0.5 to 4 ·1021
Pa s (Forte and Mitrovica, 2001) andG is the shear modulus, ranging
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from 2 to 11 · 1010
Pa. These numbers yield relaxation times between 150 and 6000

years approximately. Cruci�x et al (2001) showed that the values used in other ice-

dynamical models range from 3000 to 12000 years. However, these seem to be at the

high end of geological estimates, so we varied the relaxation time between 1000 and

3000 years, after Whitehouse et al (2012).

Combining Equation 4.23 with Equation 4.21 yields a di�erential equation:

dh

dt
=

1

τ

∑
i,j

(
mi,jL

2
r

2πD
χ(xi,j)

)
− h

 , (4.24)

which is solved in ANICE. Here, the sum is taken over all i,j within a distance of

about six times Lr . The loadingm is equal to the weight of the water column where

there is no ice or where the ice is �oating: m = (Ho−Hb) ·σ · ρo · g, with Ho−Hb

the height of the water column and σ the surface of the column, equal to 400 km
2
.

Where the ice is grounded, m is equal to the weight of the ice: m = Hi · σ · ρi · g.

4.3 The reference simulation

Before presenting the sensitivity of the model, a reference simulation is described

in this section. We de�ned the reference simulation as the simulation that showed

the best results regarding the PD grounding-line location and surface elevation, af-

ter varying the parameters used in this sensitivity study, with a climate forcing as

described in Section 4.2.2 and running the model from 120 kyr ago until the PD. The

settings for the reference simulation in this study are: φmin = 10◦, ESSA = 0.8,

ESSA = 9, D = 5.0 · 1024
N m and τ = 2000 yr. Figure 4.4a shows the mod-

elled PD surface elevation of the AIS, and b shows the ice sheet as observed (from

the ALBMAP dataset). For comparison, Figure 4.4c shows the modelled minus the

observed surface elevation.

The modelled and observed surface elevation are very similar. However, the

plateau of the EAIS is slightly lower in ANICE, whereas the east coast of the Wed-

dell Sea, the Antarctic Peninsula and the region around the Amery Ice Shelf are

higher (see Figure 1.1 for a map of these regions). This is probably due to the reso-

lution of ANICE being insu�cient to catch the detailed topography of these areas.

Furthermore, the grounding line of the Filchner-Ronne Ice Shelf is located slightly

too far inland.

The PD grounding line is shown in more detail in Figure 4.5 (red line). Also,

the ALBMAP grounding line (in black) and grounding lines at other time slices are

shown here. The grounding line has moved very little along the EAIS, therefore a

zoom on the WAIS is shown in Figure 4.5a. The grounding line on the western side

of the Antarctic Peninsula has not retreated far enough, which is probably also due

to the low resolution of the model. However, the PD grounding line along most

of the rest of the coast, including the Ross Ice Shelf is well modelled in ANICE. The
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4. Model sensitivity

Figure 4.3: The fraction of sliding velocity (~VSSA/~Vtot) with respect to the total vertically
averaged ice velocity at the LGM for the reference simulation (φmin = 10◦).

Figure 4.4: Surface elevation of the PD ice sheet a) as modelled, b) as observed (ALBMAP), and
c) the di�erence between a) and b).

grounding line of the southern part of the Filchner-Ronne Ice Shelf has retreated too

far inland, but the timing of the onset of retreat (around 13 kyr ago) is in agreement

with Anderson et al (2002). However, a more recent study by Weber et al (2011)

suggests that the onset of retreat took place around 19 kyr ago in the Weddell Sea,

which indicates a too late retreat in ANICE. Additionally, they �nd that the margin

of the ice shelf had retreated to halfway the continental shelf around 14 kyr ago

and to its PD position around 11 kyr ago, which does agree with the model results.

The onset of retreat of the Ross Ice Shelf is timed at 18 kyr ago in ANICE. This is in

accordance with the results of Anderson et al (2002), but they indicate that the PD

position of the grounding line was not reached until 7 kyr ago, while in ANICE the

PD position is already reached around 10 kyr ago. Additionally, the study by McKay

et al (2008) suggests a fast retreat of the Ross Ice Shelf between 11 and 10 kyr ago.

This fast retreat is also modelled by ANICE, but too early by about 3 kyr.

In Figure 4.5b the grounding-line retreat in Prydz Bay (where the Amery Ice Shelf

is located) is shown. There is too little retreat here, due to the coarse resolution of

the model, a complication that is also described by Whitehouse et al (2012) who use
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4.3. The reference simulation

Figure 4.5: Grounding line retreat from 16 kyr ago until the PD, with in black the PD grounding
line from ALBMAP in a) West Antarctica and b) Prydz Bay (the Amery Ice Shelf region).

a horizontal resolution of 20x20 km as well. Furthermore, the MISMIP (Pattyn et al,

2012) and MISMIP3d (Pattyn et al, 2013) experiments show that using the superpo-

sition of the SIA and the SSA velocity without a special treatment of the grounding

line (e.g. using a much �ner resolution around the grounding line) leads to sticking

of the grounding line. The MISMIP experiments were done on a rather small spatial

scale and by perturbing the sliding parameters instead of studying the reaction of

the entire AIS on changes in the sea level and the discharge. However, the MIS-

MIP experiments do indicate uncertainties in our simulation of the grounding-line

motion, including the retreat in Prydz Bay.

In Section 4.4, results of the sensitivity experiments will be discussed with the

aid of the evolution of the grounded ice volume for di�erent simulations. Grounded

ice volume change is attributed to SMB, BMB, ice discharge over the grounding line

and grounding-line retreat or advance. These four components are shown in Figure

4.6 for the reference simulation. The BMB (in blue) gives a minor contribution to

the ice volume. The SMB (in red) and the discharge over the grounding line (in
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4. Model sensitivity

Figure 4.6: Evolution of the di�erent contributions to grounded ice volume change (in black):
Grounding line motion (orange), ice discharge over the grounding line (green), surface mass
balance (red) and basal mass balance (blue).

green) give the largest contributions, but as they are opposite and almost equal,

their combined contribution is approximately as large as the contribution of the

grounding-line motion (in orange). Volume change (in black) is mostly positive until

the LGM, due to the SMB being slightly larger than the discharge and a gradual

grounding-line advance. Around 16 kyr ago the volume change becomes negative

and stays negative until the mid-Holocene. In the period from 16 to 7 kyr ago the

grounding line strongly retreats in the Weddell and Ross Seas (see Figure 4.5) due to

sea-level rise. A lot of ice is then discharged over the grounding line, while the SMB

is still growing to its PD level. At the PD, the ice discharge is almost stable, albeit

more pronounced than before the LGM. Grounding line motion is negligible at the

present, while the SMB seems to be still slightly growing.

4.4 Results of the sensitivity experiments

4.4.1 Ice-flow enhancement factors and basal stress

The �rst sensitivity experiment involves the SIA enhancement factor. The evolution

in time of the WAIS and EAIS ice volume for di�erent values of ESIA is shown in

Figure 4.7a. The reference simulation is represented by the black solid line and the

PD ice volume by the black dashed line. The ice volume in the �gure is split into
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4.4. Results of the sensitivity experiments

the volume of the EAIS (upper part) and of the WAIS (lower part). The �gure shows

clearly that higher deformational velocities (larger ESIA) lead to faster ice �ow and

therefore to less volume. The e�ect of changing ESIA is strongest on the EAIS,

where the movement of ice is mainly driven by deformation (Figure 4.3). The PD ice

volume is somewhat overestimated due to an overestimation of the ice thickness on

the Antarctic Peninsula, the Amery Ice Shelf region and the east coast of the Weddell

Sea (Figure 4.4c).

In the second sensitivity experiment the SSA enhancement factor has been va-

ried as shown in Figure 4.7b. The �gure shows clearly that more sliding (larger

ESSA) leads to less volume. This is due to sliding causing the ice on especially the

WAIS to �ow faster and therefore the ice sheet loses more mass. The timing of the

LGM is also di�erent for di�erent values ofESSA. This is because high ice velocities

are reached earlier in time for higher values of ESSA, preventing the ice sheet from

advancing. Hence, the ice sheet starts retreating earlier and therefore the LGM is

timed earlier than for lower values of ESSA.

Between 9 kyr ago and 5 kyr ago a minimum in ice volume is visible in all simu-

lations in Figure 4.7, especially for the EAIS volume. This dip is less pronounced in

the simulations with less sliding, and it appears later. Other modelling studies that

show the evolution of the grounded ice volume do not seem to �nd the same results

(see for instance Philippon et al (2006) and Ritz et al (2001)), but there is su�cient

observational evidence for a re-advance as shown by e.g. Ingólfsson et al (1998), Hall

(2009), and Ackert Jr. et al (2013). From these studies it seems likely that the mini-

mum should be timed around the mid-Holocene, which is consistent with the results

for φmin = 10 to 12
◦
. Most of the grounding-line re-advance in ANICE is located on

the eastern and western side of the Filchner-Ronne Ice Shelf and on the western

side of the Ross Ice Shelf. This is in accordance with the observations, but other

re-advances that have been observed are not modelled (e.g. on the Antarctic Penin-

sula), due to the too coarse resolution of the model. This mid-Holocene re-advance

and, at other locations, stagnation of the grounding line leads to less discharge while

the surface mass balance increases due to higher temperatures. Together, these two

e�ects lead to an increase in ice volume.

The WAIS and EAIS grounded ice volume for di�erent values of φmin is shown

in 4.7c. More sliding (smaller φmin) again leads to a smaller ice volume. However,

the total ice volume is a�ected less by variations in φmin than in ESSA. This is be-

cause varying φmin mostly a�ects the ice that is grounded on a bed below -1000 me-

tres, while varyingESSA a�ects all grounded ice below 0 metres. The mid-Holocene

minimum is present in these simulations as well, and less sliding again leads to a less

pronounced dip that appears later.

4.4.2 Bedrock response

The e�ect of changing the �exural rigidity and the relaxation time on the ice volume

evolution is shown in Figure 4.7d. A thinner lithosphere implies both a smaller value
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Figure 4.7: EAIS (upper lines) and WAIS (lower lines) grounded ice volume from 120 kyr ago
until the present for di�erent values of the a) SIA enhancement factor (ESIA), b) SSA en-
hancement factor (ESSA), c) sliding parameter φmin and d) �exural rigidity (D) and relax-
ation time (τ ), with an extra blue line indicating the simulation with D = 5.0 · 1024 Nm,
τ = 2000 yr for the WAIS and D = 1.0 · 1025 Nm, τ = 3000 yr for the EAIS. The reference
simulation (black solid line) hasESIA = 9,ESSA = 0.8, φmin = 10◦ andD = 5 ·1024 Nm
and τ = 2000 yr. Dashed lines have been drawn in black at the level of the PD grounded ice
volume for both the EAIS and the WAIS.

for D and for τ . As these two parameters are coupled, we chose to show the simu-

lations where both parameters have been changed in the same direction. However,

we have done simulations with independently variedD and τ and it should be noted

that the e�ect of varying D is smaller than the e�ect of varying τ , which indicates

that the speed of the lithosphere reaction is more important for the evolution of the

ice sheet than the amplitude.
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From Figure 4.7d it is clear that a thinner lithosphere leads to a higher PD ice

volume, especially on the WAIS. Here, the largest changes in ice loading take place

(relative with respect to the EAIS), so it makes a large di�erence how much and how

fast the bedrock elevation adapts to changes in the ice loading. A less rigid and faster

reacting bedrock leads to faster rebound of the bedrock after the ice has retreated.

This induces a shallower grounding-line and therefore a reduction in the ice �ux

across the grounding line and eventually a larger PD ice volume. Figure 4.7d also

shows the results of a simulation that assumes a thinner lithosphere under the WAIS

than under the EAIS, as observed by e.g. Morelli and Danesi (2004). The values for

D and τ in this simulation are D = 5.0 · 1024
Nm, τ = 2000 yr for the WAIS and

D = 1.0 ·1025
Nm, τ = 3000 yr for the EAIS. On the EAIS the e�ect is insigni�cant,

but on the WAIS the e�ect is visible. The WAIS ice volume for this extra simulation

is close to that of the reference simulation because the reference values for D and τ

are used for this part of the ice sheet, but it is in�uenced by the higher values for D

and τ used for the EAIS, leading to a slightly smaller PD ice volume.

For the EAIS, there seems to be a threshold value between D = 1.0 · 1024
Nm,

τ = 1000 yr andD = 2.5·1024
Nm, τ = 1500 yr, where the ice sheet hardly shrinks

from the LGM to the PD. Because of this, the simulation with D = 1.0 · 1024
Nm,

τ = 1000 yr is not regarded as realistic. The bedrock model parameters also have an

in�uence on the ice volume minimum in the mid-Holocene. A thinner lithosphere

causes a less pronounced dip which occurs later.

4.4.3 Ice volume and grounding-line retreat

In ALBMAP, the PD WAIS grounded ice volume is 8.1·106
km

3
and the EAIS volume

is 16.7·106
km

3
. Together they make up 24.8·106

km
3

of ice for the entire AIS. Both

the WAIS and the EAIS PD grounded ice volume are overestimated, by 1.3 ·106
km

3

and 0.7·106
km

3
respectively. A large part of the overestimation of the WAIS volume

(about 30%) is due to a too low resolution to model the topography of the Antarctic

Peninsula correctly, which can be seen from Figure 4.4c.

The additional grounded ice volume present on the AIS during the LGM is

estimated to be between 14 m and 24.5 m sea-level equivalent (s.l.e.), or 5.6 to

9.8 · 106
km

3
by Clark and Mix (2002), about 8 m s.l.e. or 3.2 · 106

km
3

by White-

house et al (2012) and Golledge et al (2013), between 6.3 and 10.5 m s.l.e. or between

2.5 and 4.2 · 106
km

3
by Briggs and Tarasov (2013) and between 7 and 12 m s.l.e. or

between 2.8 and 4.9 · 106
km

3
by Gomez et al (2013). This means there was 27.3 to

34.6 · 106
km

3
of ice present on the AIS at the LGM. For all simulations the total

AIS LGM ice volume falls within this range; the LGM grounded ice volume from

our sensitivity simulations ranges between 30.5 and 32.4 · 106
km

3
. If the extremes

are not taken into account (i.e. the results for φmin = 8◦, φmin = 12◦, ESIA = 7,

ESIA = 11, ESSA = 0.6, ESSA = 1.0 and the upper and lower values for D and

τ ), to �lter out unrealistic simulations like the simulation with D = 1.0 · 1024
Nm,

τ = 1000 yr (see Section 4.4.2), the LGM grounded ice volume ranges between 31.0
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Figure 4.8: Grounding line positions at a) the LGM, 16 kyr ago and b) the PD, for the reference
simulation and for simulations with variations of the indicated parameters.

and 31.8 · 106
km

3
. For these simulations, the change in ice volume from the LGM

to the PD is −4.3 ± 0.5 · 106
km

3
, which is equivalent to 10.7 ± 1.3 m s.l.e. and

falls within the range found in the literature. Our model predicts that the maximum

ice volume on the AIS was reached between 15 and 16 kyr ago, which is in good

agreement with e.g. Verleyen et al (2005), who found that the maximum ice volume

occurred at 16 kyr ago.

A comparison of the grounding-line positions at the LGM and the PD for di�er-

ent values of the investigated parameters is shown in Figure 4.8. At the LGM, there is

not much di�erence between the grounding-line positions because they are all close

to the continental shelf and hence cannot advance further. Anderson et al (2002) and

Denton and Hughes (2002) both show LGM grounding-line reconstructions, which

agree with our modelled grounding-line positions. However, the grounding lines for

the simulations withD = 7.5 ·1024
Nm, τ = 2500 and theESSA = 0.9 simulations

seem to be located slightly too far inland in the Ross Sea. The PD grounding-line

locations only vary substantially in the Ross Sea, indicating that the Ross Ice Shelf is

more sensitive than the Filchner-Ronne Ice Shelf. The location of the grounding line

is strongly correlated with the WAIS ice volume, i.e. a lower WAIS ice volume with

respect to the reference simulation is connected to a grounding line that is situated

further inland.
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4.5 Conclusions

We investigated the e�ect of the friction angle of the bed below sea level, the SSA

and SIA enhancement factors and the �exural rigidity and the relaxation time of

the bedrock on the evolution of the AIS. We did this by �rst de�ning a reference

simulation with the following settings of the studied parameters: φmin = 10◦,

ESSA = 0.8, ESSA = 9, D = 5.0 · 1024
N m and τ = 2000 yr. The reference

simulation gives satisfactory results for the LGM and the PD. The e�ect of the afore-

mentioned parameters has been tested by doing sensitivity experiments.

The e�ect of the amount of sliding on the ice sheet has been studied by changing

two di�erent parameters, the friction angle of the bed below sea level (φmin) and the

SSA enhancement factor (ESSA). More sliding generally leads to less volume due to

the ice �owing faster away from the ice sheet. Between the LGM and the PD the AIS

loses mass until a minimum ice volume is reached around the mid-Holocene (5-6 kyr

ago) after which the ice re-advances. The timing and the strength of this minimum

is dependent on the amount of sliding, where less sliding leads to a less pronounced

and later minimum. These results are in good agreement with observations, which

point out that the onset of this re-advance was indeed timed in the mid-Holocene.

Furthermore, we studied the e�ect of changing the SIA enhancement factor

(ESIA) and two bedrock model parameters on the ice sheet. The e�ect of the SIA

enhancement factor is mostly seen on the EAIS, where the ice moves due to de-

formation. A larger value of ESIA leads to less volume over the entire simulation

period from 120 kyr ago to the present.

The e�ect of the changes in the �exural rigidity and the relaxation time of the

bedrock are most pronounced on the WAIS where the largest changes in ice loading

take place. A thinner lithosphere (modelled by a smaller �exural rigidity and relax-

ation time) leads to a higher PD ice volume due to a faster rebounding of the bed,

which causes a shallower grounding line and therefore a reduction in the ice �ux

across the grounding line.

We compared grounding-line positions for di�erent sensitivity experiments.

From this we conclude that the grounding-line position at the LGM is not very sen-

sitive to changes in the investigated parameters. For the PD ice sheet the largest dif-

ferences occur for the grounding line in the Ross Sea. The grounding-line position

is correlated to the WAIS ice volume, where a smaller PD ice volume is connected

to a grounding line located further inland.

The maximum grounded ice volume for the entire AIS occurred between 15 and

16 kyr ago and lies between 30.5 and 32.4 · 106
km

3
, which is within the range

of 27.3 to 34.6 · 106
km

3
found in the literature. The PD grounded ice volume is

overestimated in the model by about 8%, which is probably mainly due to the fact

that with a resolution of 20x20 km the details of the topography of the Antarctic

Peninsula and the Amery Ice Shelf area cannot be modelled correctly. The di�erence

between the modelled LGM and the PD grounded ice volume is−4.3±0.5 ·106
km

3
,
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equivalent to 10.7±1.3 m s.l.e., which is also within the range found in the literature

(6.3 to 24.5 m s.l.e.)

We conclude that ANICE performs well, regarding the PD grounding line,

grounding-line retreat and LGM grounded ice volume. The optimal set of parame-

ters we used in this study to de�ne the reference simulation can be applied to study

the deglaciation of the AIS from LGM to PD in more detail. In such a subsequent

study it would be interesting to perform ensemble runs and compare results from

ANICE to observations, as has been done by e.g. Briggs et al (2013).
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CHAPTER 5

The e�ect of climate and sea-level change on the
evolution of the Antarctic Ice Sheet from the Last Glacial

Maximum until 2100

Due to a scarcity of observations and its long memory of uncertain past climate, the Antarctic

Ice Sheet remains a largely unknown factor in the prediction of global sea-level change. As

the history of the ice sheet plays a key role in its future evolution, in this study we model the

Antarctic Ice Sheet from the Last Glacial Maximum (21 kyr ago) until the year 2100 with the

ice-dynamical model ANICE. We force the model with di�erent temperature, surface mass

balance and sea-level records to investigate the importance of these di�erent aspects for the

evolution of the ice sheet. Additionally, we compare the model output from 21 kyr ago until

the present with observations to assess model performance in simulating the total grounded

ice volume and the evolution of di�erent regions of the Antarctic Ice Sheet. Although there

are some clear limitations of the model, we conclude that sea-level change has driven the

deglaciation of the ice sheet, whereas future temperature change and the history of the ice

sheet are the primary cause of changes in ice volume in the future. We estimate the change

in grounded ice volume between its maximum (around 15 kyr ago) and the present-day to be

between 8.4 and 12.5 m sea-level equivalent and the contribution of the Antarctic Ice Sheet

to the global mean sea level in 2100, with respect to 2000, to be -22 to 63 mm.

This chapter is based on: A model study of the e�ect of climate and sea-level change on the

evolution of the Antarctic Ice Sheet from the Last Glacial Maximum to 2100, by M. N. A. Maris,

J. M. van Wessem, W.J. van de Berg, B. de Boer, J. Oerlemans, Climate Dynamics, doi:

10.1007/s00382-014-2317-z.
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5.1 Introduction

The Antarctic Ice Sheet (AIS) remains an uncertain factor in predicting global sea-

level change (Church et al, 2014). The scarcity of observations and its long memory

of largely unknown past climate change play a key role in the uncertainty of the

future of the ice sheet (Huybrechts et al, 2004; Bentley, 2010). Other studies found

a likely contribution to sea-level rise over the 21st century of -190 to 50 mm (Huy-

brechts et al, 2004), 0 to 144 mm (Bindschadler et al, 2013), and -20 to 185 mm (Lit-

tle et al, 2013). However, these studies had their shortcomings: Little et al (2013)

kept the Surface Mass Balance (SMB) constant, whereas the change in SMB over the

coming century will probably be of the same order of magnitude as the dynamical

change (Church et al, 2014, Table 13.5). Huybrechts et al (2004) and Bindschadler et al

(2013) did allow for the SMB to change but both used only one emission scenario.

Therefore, in this study we investigate how the AIS reacts to the four future climate

scenarios (Representative Concentration Pathways or RCP scenarios) as proposed

by the IPCC AR5 (Collins et al, 2014) using to the ice-dynamical model ANICE.

Predictions of the future sea-level contribution have mainly focussed on di�erent

mass balance components of the AIS until now (Church et al, 2014). However, from

these techniques it is hard to take into account the ice-dynamical change of the AIS

and the memory of past climate and sea-level change to which the ice sheet is still

reacting as well (Huybrechts et al, 2004; Bentley, 2010). Therefore, it is relevant to

investigate the e�ect of di�erent past climate reconstructions on the evolution of

the ice sheet. For example, Briggs et al (2013) investigated the e�ect of di�erent

temperature and SMB parameterisations from which they concluded that changing

the climate forcing parameters has a relatively large impact compared to changing

other model parameters such as the sliding and calving coe�cients. However, they

did not vary the sea-level forcing. In this study, we use temperature and sea-level

reconstructions from various sources to evaluate the AIS evolution from the Last

Glacial Maximum (LGM) to the present-day (PD). All simulations from LGM to PD

are then continued until 2100 using the four RCP scenarios to study the in�uence of

the climatic history of the ice sheet on its future evolution.

To assess the performance of ANICE, its output is compared to observations from

the AntICEdat database (Briggs and Tarasov, 2013) for the past and to the ALBMAP

dataset (Le Brocq et al, 2010) for the present. The evaluation technique is described

in Section 5.2.2 and follows Briggs and Tarasov (2013). Through this assessment we

gain some insight into the performance of the model regarding di�erent regions of

the AIS and its total ice volume.

5.2 Methods

ANICE is a �nite distance ice-dynamical model, run at a 20 km horizontal resolution,

which comprises the AIS and a large part of the Southern Ocean, see e.g. Figure 5.1a
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Figure 5.1: Input surface elevation into RACMO2/ANT based on a) ICE-5G and d) ANICE
output, with g) the di�erence �eld (ICE-5G - ANICE). Output of RACMO2/ANT: b) and e) surface
air temperature in Kelvin, with h) the di�erence �eld and c) and f) SMB in metres ice equivalent
(m.i.e.) per year, with i) the di�erence �eld as a percentage of the SMB in f, from RACMO2/ANT
with the ANICE surface elevation.

where the light blue square indicates the ANICE domain. The vertical levels in the

model are split between levels in the ice, the bedrock and the ocean. The ice thick-

ness is divided into 14 levels, with a spacing of 10 % of the ice thickness at the top

and 1% of the ice thickness at the bottom to ensure a higher vertical resolution at

the base of the ice. The bedrock is modelled until a depth of 1500 metres, divided

into 5 evenly spaced levels. The ocean has a vertical resolution of 100 metres, and is

modelled until a depth of 3000 metres.

In ANICE the evolution of the AIS is externally forced by, amongst others, air

and ocean water temperature, SMB and sea-level height. These forcings will be

discussed individually for the period from the LGM to the PD in Section 5.2.1 and

for the period from the PD until 2100 in Section 5.2.3.
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ANICE initialisation

ANICE is initialised at the LGM with the result of a spin-up from 120 kyr ago until

the PD (see Chapter 4). This spin-up was done with a PD temperature and SMB at 120

kyr ago and 0 kyr ago, from the regional atmospheric climate model RACMO2/ANT

(see Section 5.2.1). The climate from RACMO2/ANT for the LGM (21 kyr ago) was

based on a smoothed ICE-5G topography (Peltier, 2004). Interpolation between the

climate states was achieved with the EDC ice-core temperature reconstruction and

the sea-level record was taken from Bintanja and van de Wal (2008). In Chapter 4,

sensitivity experiments have been carried out by changing di�erent �ow parame-

ters in ANICE. The LGM ice sheet from the simulation with the best �tting set of

parameters (regarding PD grounding-line position and ice volume evolution) has

been chosen to provide RACMO2/ANT with an LGM topography for this study and

to initialise ANICE.

5.2.1 Climate forcing LGM-PD

Air temperature and SMB

The air temperature and the SMB are derived from a combination of two climate

states, one at the LGM and one at the PD, from the most recent version of the re-

gional atmospheric climate model RACMO2/ANT (Van Meijgaard et al, 2008) and

a temperature reconstruction from an ice core. RACMO2/ANT is preferred over a

general circulation model (GCM) because it simulates a more realistic Antarctic cli-

mate due to its higher horizontal resolution and the incorporation of more physical

processes (Ligtenberg et al, 2013). When forced with re-analysis data for the recent

past, RACMO2/ANT has yielded realistic results for the temperature and the SMB

over Antarctica, compared to in-situ observations (Van de Berg et al, 2006; Lenaerts

et al, 2012b). For the simulation of the Antarctic LGM climate, RACMO2/ANT is

forced with a GCM simulation from HadCM3, see Chapter 4.

RACMO2/ANT is run over 30 years for both the LGM and the PD to yield a

representative climate state at both times. It uses the ice-sheet topography as input

to calculate the temperature and SMB �elds. However, the ice-sheet topography is

not well known for the LGM. Therefore, we have used two di�erent topographies

as boundary conditions for the LGM climate simulations with RACMO2/ANT. The

�rst topography is the smoothed version of the ICE-5G topography and the second

topography is derived with ANICE by the spin-up simulation.

The two LGM topographies, temperature and SMB-output are shown in

Figure 5.1. Figure 5.1a, b and c show the ICE-5G topography with the resulting

temperature and SMB �elds, whereas Figure 5.1d, e and f show the ANICE topog-

raphy with the resulting temperature and SMB �elds. Figure 5.1g, h and i show

the di�erences between the RACMO2/ANT simulations with ICE-5G and ANICE

topography. The main di�erences between the two topographies are the elevation
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of the Antarctic Peninsula and of the East-Antarctic plateau. The plateau is higher

in ICE-5G and probably overestimated, as it should be somewhat lower than at the

PD (e.g. Ritz et al, 2001). ANICE probably overestimates the ice surface elevation on

the Antarctic Peninsula because of the limited horizontal resolution, which makes

the detailed topography in this region hard to capture by the model. Because of

the high elevation of the East Antarctic Ice Sheet (EAIS) in ICE-5G, the surface air

temperature is lower there than for the ANICE topography. The SMB is lower on

the EAIS for the ICE-5G topography for the same reason, while the orographically

enhanced precipitation on the Antarctic Peninsula makes the SMB higher for the

ANICE topography.

The LGM and PD �elds given by RACMO2/ANT and the ice core temperature

reconstructions are combined as in Chapter 4:

1. Normalisation of the data (division by the mean) to determine the temperature

and SMB patterns.

2. Linear interpolation through time from one normalised state to the next. In

the normalised data only the spatial patterns are visible. With the interpola-

tion those patterns are evolved through time.

3. Multiplication by a factor dependent on the temperature anomaly (as given

by an ice core record) in such a way that the original states remain the same.

The equations for temperature and SMB over time are:

T (t) = Tnorm(t) · (Tmean(PD) + fT ·∆T ) , (5.1)

and for the SMB (in metres ice equivalent per year):

SMB(t) = SMBnorm(t) · (SMBmean(PD) + fSMB ·∆T ) . (5.2)

Here, Tnorm and SMBnorm are the interpolated, normalised temperature and SMB

�elds and

fT =
Tmean(PD)− Tmean(LGM)

∆T (LGM)
, (5.3)

fSMB =
SMBmean(PD)− SMBmean(LGM)

∆T (LGM)
. (5.4)

For the PD, the mean temperature is 254.8 K, and the mean SMB is 0.21 m i.e./yr. The

mean temperature and SMB at the LGM depend on the used RACMO2/ANT-output

(with ICE-5G topography or with ANICE topography). The values for T and SMB at

the LGM are indicated in Table 5.1. Furthermore, the table shows the values of the

factors fT and fSMB for each of the four used ice cores for the two RACMO2/ANT-

output �elds.
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5. The evolution of the AIS from the LGM to 2100

Topography ICE-5G ANICE

Mean T21 = 247.82 K Mean T21 = 247.05 K

Mean SMB21 = 0.104 m yr
−1

Mean SMB21 = 0.106 m yr
−1

Ice core record fT fSMB fT fSMB

EDC 0.76 0.0108 0.84 0.0106

Fuji 0.90 0.0128 0.99 0.0125

Vostok 0.87 0.0123 0.96 0.0121

WDC 0.89 0.0127 0.99 0.0124

Table 5.1: fT and fSMB factors for combinations of the four used temperature reconstructions
with the two di�erent topographies used in RACMO2/ANT to produce a climate state at 21 kyr
ago (the ICE-5G and the ANICE topography). Average values of the temperature and the SMB
are also shown for both topographies.

The ice core reconstructions we use in this study are Epica Dome C (EDC, Jouzel

et al, 2007), Fuji (Kawamura et al, 2007), Vostok (Petit et al, 1999) and the West

Antarctic Divide Core (WDC, WAIS Divide Project Members, 2013). The WDC ice

core has been drilled very recently, so a complete temperature reconstruction is not

available yet. Therefore, we assume a linear relation between the available δ18
O-

record and the temperature, with a temperature of -8
◦
C at 21 kyr ago, following

Figure S3 of the supplementary material of WAIS Divide Project Members (2013).

The reconstructions are shown in Figure 5.2a-d. These temperature reconstructions

do not di�er much from each other, except for the WDC reconstruction which gives

a higher temperature at 21 kyr ago. Thereafter temperature increases more slowly

for this reconstruction, so it gives lower temperatures from about 15 kyr ago until

the PD.

Sea level and ocean temperature

Additionally, we use two di�erent sea-level reconstructions. The �rst sea-level

record comes from SPECMAP (Imbrie et al, 1984), for which the spectral proper-

ties of deep-sea sediments have been studied to reconstruct past sea levels. The

second sea-level record comes from Bintanja and van de Wal (2008). They used an

ice-sheet model in combination with an ocean-temperature model to extract a 3 Myr

record of air temperature and sea level from benthic oxygen isotopes. The two sea-

level reconstructions are both eustatic sea-level records and are shown in Figure 5.2e

and f. The SPECMAP record starts out with a higher sea level than the record from

Bintanja and van de Wal (2008), but rises more slowly. Therefore, the sea level from

SPECMAP becomes lower from about 15 kyr ago. Frankcombe et al (2013) describe

a coupling process between the AIS and the westerlies over the Southern Ocean

which also caused the sea level to rise between the LGM and the PD. However, this

process has not been taken into account in this study as the additional sea-level rise

is only 0.5 m, which is negligible compared to the 120 m total sea-level rise and falls

within the uncertainties of the records from SPECMAP and Bintanja and van de Wal
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Figure 5.2: a-d) Ice core temperature anomaly reconstructions with respect to the PD from
21 kyr ago to present. e-f) Sea-level anomaly reconstructions with respect to the PD from
21 kyr ago to present.

(2008).

The ocean-water temperature is dependent on the air temperature, and hence
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5. The evolution of the AIS from the LGM to 2100

on the used temperature reconstruction, through:

To = (θo − 1.7) + 0.3 ·∆T − 0.12 · 10−3 ·Dshelf . (5.5)

Here, ∆T is the air temperature anomaly and Dshelf is the ice shelf depth, multi-

plied by the mean lapse rate in water of 0.12 ·10−3
K m

−1
(Knauss, 1997). The ocean

potential temperature, θo, is provided by ECHAM53 from the PMIP2 project (Bra-

connot et al, 2007). ECHAM53 was chosen because both the vertical and horizontal

patterns match observations from the WOCE-atlas (Orsi and Whitworth III, 2004).

However, θo is too high by about 1.7 degrees, and the coarse resolution (which is

already higher than for most other GCMs) disables the output of θo beneath the in-

nermost ice shelves. Therefore, the data have been interpolated for these regions by

simple inverse distance interpolation. Note that the temperature is adjusted through

a scaling (0.3·∆T ) instead of using the aforementioned interpolation technique. The

scaling factor of 0.3 compares well with Waelbroeck et al (2009), who found a sea

surface temperature of 2 to 4 degrees lower during the LGM and at the PD. How-

ever, Annan and Hargreaves (2013) �nd a sea surface temperature of only 1 degree

lower to 2 degrees higher at the the LGM with respect to the PD, probably due to

the insulating e�ect of sea ice.

The ocean-water temperature partly determines the basal mass balance (BMB)

of �oating ice (Holland and Jenkins, 1999):

BMB = Fmelt · ρo · cpo · γT · (To − Tf ) / (L · ρi) , (5.6)

where Fmelt is the melt parameter, equal to −5.0 · 10−3
m s
−1

, ρo = 1028 kg m
−3

is the ocean-water density, cpo = 3974 J kg
−1

K
−1

is the ocean mixed layer speci�c

heat capacity, γT = 1.0 · 10−4
m s
−1

is the thermal exchange velocity and Tf is the

freezing temperature given by:

Tf = T0 + 0.0939− 0.057 · S + 7.64 · 10−4 ·Dshelf . (5.7)

Here, T0 = 273.16K is the triple point of water and S = 34 is the ocean-water

salinity.

Performed simulations

The two LGM topographies in RACMO2/ANT, together with four ice-core temper-

ature reconstructions and two sea-level records give a total of 16 standard simu-

lations. To understand the signi�cance of the temperature and the sea-level recon-

structions, we carried out two additional experiments with either the sea level or the

temperature kept constant at its LGM level. Furthermore, one simulation combines

the EDC-reconstruction for the EAIS and the WDC-reconstruction for the WAIS.

The separation between the EAIS and the WAIS runs from the top left of the domain

to the bottom right as: 30
◦
W→ 86

◦
S→ 160

◦
E, see Figure 5.3b.
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RIS

FRIS

AmIS

Amundsen Sea

A
ntarctic Peninsula

Figure 5.3: Surface elevation of the AIS a) at its maximum ice volume (15 kyr ago) and b)
at the PD from the IFS simulation with in black the division between the WAIS and the EAIS
and the names of some regions and of the three major ice shelves (RIS = Ross Ice Shelf, FRIS =
Filchner-Ronne Ice Shelf and AmIS = Amery Ice Shelf). The locations of the used OMC and GLR-
observations from the AntICEdat database are indicated with red circles and stars respectively
and the grounding line is illustrated by the white line.

5.2.2 Evaluation method

The model results are compared to observations from the database AntICEdat

(Briggs and Tarasov, 2013). This dataset provides dates for the onset of open ma-

rine conditions (OMC), grounding-line retreat (GLR), and ice thickness at certain

locations on and around the AIS. The locations of these observations are indicated

in Figures 5.3a and b (ice extent, which combines the OMC and GLR observations)
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and 5.6b (ice thickness). There are 22 ice extent observations and 92 ice thickness

observations (divided over 24 regions) that fall within the studied period of 21 kyr

ago until the PD. Additionally, observations of relative sea-level rise are available,

but as two di�erent sea-level reconstructions are prescribed in this study and inter-

compared (instead of solving the sea-level equation), results would depend too much

on the sea-level record instead of the modelled evolution of the ice sheet. Therefore,

the relative sea-level rise observations are not used here.

Additionally, we compared the PD output of ANICE with the ALBMAP dataset

(Le Brocq et al, 2010), which has been re-gridded on the ANICE grid, and hence-

forth called ALBMAP20. The PD comparison consists of three aspects, following

the method of Briggs and Tarasov (2013):

• The surfaces of the three largest ice shelves: the Ross Ice Shelf (RIS, 4.15 · 105

km
2
), the Filchner-Ronne Ice Shelf (FRIS, 3.86 · 105

km
2
) and the Amery Ice

Shelf (AmIS, 4.8 · 105
km

2
).

• The mean ice thickness of the EAIS (2325 m), the grounded part of the WAIS

(2193 m) and the �oating part of the WAIS (374 m).

• The location of the eastern grounding line of the RIS at 81
◦
S (in ALBMAP20

it is at 155
◦
W)

The comparison makes use of mis�t scores which are calculated for the ice extent

in the following way:

MisfitEXT =
1

22
·
∑
i

(Agemod(i)−Ageobs(i))
2

σ(i)2
, (5.8)

with every i representing an observation, and the mis�t being the average over the

22 OMC and GLR observations. Furthermore, σ(i) given by:

σ(i)2 =


σage(i)

2 + 5002
if Agemod(OMC) < Ageobs(OMC) ,

σage(i)
2 + 5002 + 5002

if Agemod(OMC) > Ageobs(OMC) ,

σage(i)
2 + 2502

if Age(GLR) .

Here, σage(i) re�ects the observational uncertainty, given in the dataset, which is

supplemented by an extra uncertainty allowing for structural error and bathymetric

uncertainty (Briggs and Tarasov, 2013). The GLR-observations provide a two-way

constraint, while the OMC-observations only provide a one-way constraint (i.e. a

minimum age of OMC). This leads to two di�erent values for the uncertainty, as

there is less certainty about the age of OMC when the modelled age is older than

the observed age.
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For the ice thickness, the mis�t scores are calculated using:

MisfitELEV(i) =
(Thkmod(i)− Thkobs(i))

2

δh(i)2
+

(Agemod(i)−Ageobs(i))
2

σage(i)2
. (5.9)

Here, δh(i) =
√
σthk(i)2 +min[100, ε(i)]2, with ε a downscaling uncertainty

(ranging from 0 to 450 m) associated with the di�erence between the ice thickness in

the original ALBMAP-dataset at 5 km resolution and the interpolated ALBMAP20-

dataset. The mis�t for every observation point is taken at its minimal value, regard-

ing modelled age and ice thickness, at that location over 21 kyr. To calculate the

total ice thickness mis�t for every simulation, a weighted sum is taken over all ob-

servations, where the weights account for the di�erences in data density between

di�erent regions, see Briggs and Tarasov (2013). In this way, a region containing

many data points does not dominate the mis�t.

The PD mis�t is a weighted sum of the three aforementioned mis�ts. Firstly, the

squared error of the ice-shelf surface is calculated for the three major ice shelves

(RIS, FRIS and AmIS). The squared error is then normalised over the ensemble to

give a mis�t per ice shelf. The average of these three mis�t scores is the ice-shelf

mis�t score. Secondly, the mean squared error of the ice thickness is calculated for

the EAIS, the grounded part of the WAIS and the �oating part of the WAIS. This is

done using the grounded/�oating mask of the simulation under consideration. The

mean squared errors are then normalised over the ensemble to give a mis�t score

per part of the ice sheet. Thirdly, the squared error is calculated for the position

of the eastern grounding line of the RIS at 81
◦
S. Normalising these squared errors

over the ensemble leads to the last mis�t score for the PD. The total PD mis�t is

calculated as a weighted sum of the individual parts, where the weights are 1/3 for

the surface of the ice shelves, 1 for the ice thickness of each part of the ice sheet and

1/3 for the grounding-line position.

The total mis�t for the entire simulation is equal to the weighted sum of the

mis�t scores for the past ice extent, the past ice thickness and the PD:

Misfit = (0.2 ·MisfitEXT + 0.44 ·MisfitELEV + 0.45 ·MisfitPD)/1.09 . (5.10)

The weights are taken from Briggs and Tarasov (2013), leaving out the mis�t score

for relative sea-level rise.

5.2.3 Climate and sea-level forcing until 2100

The 16 standard simulations from the LGM to the PD have been continued until

2100 with the temperature and sea-level forcing following the four RCP-scenarios

from the IPCC (Collins et al, 2014) and with the forcing kept constant at its pre-

industrial level in 1850, which makes a total of 80 simulations. More speci�cally,

the temperature and sea level follow a reconstruction record from 21 kyr ago until
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Figure 5.4: Temperature (in red) and sea-level (in blue) anomalies, w.r.t. the year 1850, until
2100 for the four RCP scenarios (Collins et al, 2014).

1850, after which the anomalies w.r.t. 1850, according to an RCP scenario, are added

to the value at 1850 to get temperature and sea-level values until 2100. Keeping

the forcing at the pre-industrial level means that the anomalies are zero until 2100.

Between 2000 (0 kyr ago) and 2100, Equations 5.1 and 5.3 become:

T (t) = T (PD) + fT ·∆T , (5.11)

SMB(t) = SMB(PD) + fSMB ·∆T . (5.12)

This leads to an increase in SMB with temperature of fSMB/SMBmean(PD) ∗ 100%

= 5 to 6% per
◦
C, equivalent to the estimates in Church et al (2014).

The temperature and sea-level forcing for the four RCP scenarios are shown in

Figure 5.4. Sea level rises almost linearly for all scenarios, but shows a faster rise as

the RCP number increases. The temperature rises until 2040 for RCP 2.6 and then

becomes constant. For RCP 4.5, it rises somewhat faster until 2060 and then levels

o�. For RCP 6.0 and 8.5 the temperature keeps on rising steadily until 2100.
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5.3 Results

We use coded names for the simulations in this chapter, consisting of three letters

and optionally a fourth and a �fth symbol with the following meanings:

• First letter: I = ICE-5G topography or A = ANICE topography, to indicate

which RACMO2/ANT-output was used to force ANICE.

• Second letter: E = EDC, F = Fuji, V = Vostok or W = WDC, to indicate the

temperature reconstruction that was used, or 0 to indicate that a constant

LGM temperature was used throughout the simulation.

• Third letter: B = Bintanja and van de Wal (2008) or S = SPECMAP, to indicate

which sea-level reconstruction was used, or 0 to indicate that a constant LGM

sea level was used throughout the simulation.

• Fourth and �fth symbol for the simulations until 2100: p = temperature and

sea level were kept constant at pre-industrial levels, 26 = RCP scenario 2.6, 45

= RCP scenario 4.5, 60 = RCP scenario 6.0 or 85 = RCP scenario 8.5.

5.3.1 From the LGM to the PD

Figure 5.5 shows the grounded ice volume of the EAIS (upper lines) and the WAIS

(lower lines) for all 19 simulations from 21 kyr ago until the PD. The ice volume

is approximately the same for the simulations with di�erent temperature recon-

structions. Only the WDC temperature reconstruction makes the ice sheet retreat

slightly later due to the temperatures being lower than in the other reconstructions

during the deglaciation (from 15 to 6 kyr ago approximately). The SPECMAP record

gives a lower sea level than with the sea-level record by Bintanja and van de Wal

(2008), also leading to a late maximum of the ice volume, and hence a late retreat,

for especially the EAIS in the SPECMAP simulations. The combination of the WDC

and SPECMAP records in the IWS and AWS simulations therefore leads to the latest

ice-volume maximum and latest retreat in the ensemble.

When using the RACMO2/ANT-output with the ICE-5G topography instead of

the ANICE topography, the grounded ice volume is smaller during the entire sim-

ulation, especially the maximum is lower. This is because of the lower SMB from

RACMO2/ANT using the ICE-5G topography. All simulations show a minimum

ice volume for the EAIS in the mid-Holocene, which is consistent with observations

(e.g. Hall, 2009; Ackert Jr. et al, 2013). These studies show re-advances of the ground-

ing line around the mid-Holocene along the major ice shelves and on the Antarctic

Peninsula. In ANICE the grounding line re-advances slightly on the eastern and

western side of the FRIS and on the western side of the RIS. The grounding-line re-

advance on the Antarctic Peninsula was not modelled, probably due to the coarse

resolution of the model. This mid-Holocene re-advance and, at other locations, stag-

nation of the grounding line leads to less discharge over the grounding line while
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Figure 5.5: Grounded ice volume from 21 kyr ago until the PD for a) the eight simulations
with the sea-level record from Bintanja and van de Wal (2008) and the extra simulation using
the EDC temperature reconstruction for the EAIS and the WDC temperature reconstruction
for the WAIS and b) the eight simulations with the SPECMAP sea-level record and the two
extra simulations with a constant LGM sea level and a constant LGM temperature respectively.
The colours indicate the used temperature reconstructions, while the dash patterns indicate the
topography used to create the RACMO2/ANT climate.

the SMB increases due to increasing temperature. Together, these e�ects cause an

increase in the ice volume of the EAIS (and the AIS as a whole) until the PD, leading

to a background signal of increasing ice volume when simulating the future of the
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ice sheet (see Section 5.3.3). The volume change between the maximum ice volume

around 15 kyr ago and the PD ranges from 3.5 to 5.2·106
km

3
, equivalent to approx-

imately 8.4 to 12.5 m s.l.e. (sea-level equivalent). This is on the high side of values

found in recent literature (8.3 m from Golledge et al (2013), 7 to 12 m from Gomez

et al (2013) and 9± 1.5 m from Whitehouse et al (2012)), but signi�cantly lower than

older estimates, e.g., 14 to 24.5 m from Clark and Mix (2002).

To illustrate the e�ect of a changing temperature or sea level on the evolution of

the AIS, we performed a simulation with a constant LGM temperature from the Fuji

ice-core record and one with a constant LGM sea level from the SPECMAP sea-level

record (I0S and IF0 in Figure 5.5b respectively). The IFS simulation has been selected

as a reference because it is the simulation closest to the ensemble mean, regarding ice

volume and comparison to observations (see Section 5.3.2). These two experiments

are purely illustrative as the SMB and the surface-air temperature change from a

pattern adapted to a glaciated state of the AIS to a pattern adapted to a deglaciated

state and not with the evolving ice sheet. However, it can be concluded that the

change in sea level has a larger e�ect than the change in temperature, which is also

found by e.g. Ingólfsson et al (1998); Ritz et al (2001) and Pollard and DeConto (2009).

When the sea level is kept constant at its LGM value, the EAIS does not retreat but

grows further when temperatures rise due to an increase in the SMB. Only in the

Ross Sea region of the WAIS, the ice sheet retreats a little with rising temperatures,

due to increased basal melt and ice discharge. When keeping the temperature at the

LGM value, the SMB remains small, which causes the EAIS to retreat even further

than in the other simulations. The WAIS is more sensitive to air temperature through

basal melt and ice discharge (De Boer et al, 2013) and therefore retreats less far than

in most other simulations.

Figure 5.5a also shows a simulation with the RACMO2/ANT output over the

ANICE topography, the sea-level record from Bintanja and van de Wal (2008), and

the temperature reconstructions of both the EDC and the WDC ice cores (ANICE

E&W Bintanja). In this simulation, the EDC reconstruction is used for the EAIS and

the WDC reconstruction is used for the WAIS. The WAIS ice volume follows the

ice volume from the AWB simulation, as expected. However, the EAIS ice volume

also mainly follows the AWB simulation, but is slightly larger than both the AWB

and the AEB ice volume at the PD. This is due to the fact that the WAIS is larger

in the AWB simulation, which leads to less discharge from the EAIS. Additionally,

the SMB is higher on the EAIS due to the slightly higher temperatures in the EDC

reconstruction during the deglaciation.

5.3.2 Comparison to observations

The PD ice volume in ANICE is about 27·106
km

3
, which is somewhat higher than

the observations (e.g. 58.3 m s.l.e., equivalent to about 24.5·106
km

3
, from Vaughan

et al (2014) and 26.5·106
km

3
from Fretwell et al (2013)). This overestimation is

mostly due to too much ice on the Antarctic Peninsula and in the Amery basin,
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Run EXT ELEV Past Ice EAIS WAIS WAIS Ross PD Total

shelves gr � gl

IEB 3062 321 960 9.8 39 5.8 13 3.55 16.8 582

IES 3062 319 960 8.4 40 8.2 12 0.01 17.1 582

IFB 3062 320 960 8.6 39 6.0 13 1.59 16.8 582

IFS 3063 319 960 7.4 40 8.4 12 0.01 17.3 582

IVB 3063 321 961 8.4 38 6.5 13 1.59 16.6 582

IVS 3063 316 960 8.3 40 8.2 12 0.01 17.1 582

IWB 3062 316 959 7.9 39 7.5 11 0.28 16.2 581

IWS 3063 314 959 7.8 40 8.3 10 0.01 16.6 581

AEB 3064 314 959 8.9 40 6.4 13 1.59 17.0 581

AES 3062 321 960 7.8 41 8.3 11 0.01 17.2 582

AFB 3063 324 961 8.8 40 6.5 13 1.59 17.1 583

AFS 3062 319 960 8.0 42 8.9 12 0.14 18.0 583

AVB 3063 322 961 8.3 40 6.8 13 1.59 17.0 582

AVS 3063 319 960 7.6 41 8.3 11 0.01 17.2 582

AWB 3063 319 960 8.2 40 7.8 11 0.07 16.7 582

AWS 3066 323 962 8.1 41 8.7 11 0.14 17.1 583

Table 5.2: Mis�t scores per simulation (for the meaning of the abbreviations see Section 5.3).
EXT is ice extent (OMC and GLR) and ELEV is ice thickness. Together they make up the mis�t
for the past (21 kyr ago until 500 yr ago, as the youngest data point is 500 yr old). The Ross,
FRIS and Amery Ice Shelf mis�ts contribute to the mis�t of the ice shelf surface at the PD, and
the EAIS, WAIS gr and WAIS � mis�ts represent the mis�ts in ice thickness of the EAIS, of the
grounded part of the WAIS and the �oating part of the WAIS respectively. The Ross grounding-
line mis�t at 81◦S is shown under ’Ross gl’. The mis�ts from the 5th to the 11th column make
up the PD mis�t, which combines with the past mis�t to produce a total mis�t per simulation.

probably because of an insu�cient horizontal model resolution to capture the de-

tailed topography in these regions. Besides considering the PD volume of the ice

sheet, the results of the simulations are compared to observations here, as described

in Section 5.2.2.

The mis�t scores for the 16 LGM-PD simulations are shown in Table 5.2. The

�rst column shows the mis�t scores for the past ice extent of each simulation. These

numbers are high because most of the observed GLR events are not modelled within

the 21 kyr period, as will be discussed later. The ICE-5G-topography simulations

perform slightly better for the past (both the ice extent and the ice thickness), es-

pecially in the Amery region and the Ross Sea area, than the ANICE-topography

simulations.

The fourth column of Table 5.2 shows the mis�t in the PD ice shelf surface. The

surface of the ice shelves is better modelled in the SPECMAP simulations, mostly

due to a better match between the modelled and the observed RIS surface. The RIS

surface is modelled with an average error of +10% (overestimated), while the AmIS

surface has an error of around -20% (underestimated) and the FRIS surface has an

error of about +60%. The average PD ice thickness is well modelled for the EAIS,
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lat lon age distance lat lon age distance

(
◦
S) (

◦
E) (kyr ago) to GL (km) (

◦
S) (

◦
E) (kyr ago) to GL (km)

67 63 11.7 95 74 232 14.7 15

67 66 14.2 101 73 254 17.2 62

68 74 11.8 158 68 289 14.1 40

66 141 15.6 103 66 291 13.2 85

66 143 17.2 51 65 292 18.7 78

70 168 13.8 44 64 294 16.6 65

71 170 17.4 53 63 297 17.5 74

75 167 14.8 3 63 302 17.5 34

74 174 13.0 139 64 305 18.3 25

76 181 16.8 94

Table 5.3: Latitude (lat) and longitude (lon) of the observed GLR ages (age), with the distance
to the grounding line (GL) for the IFS simulation at that age.

but less so for the WAIS, compared to ALBMAP20. The ensemble mean ice-thickness

error is about +5% for the EAIS, +50% for the grounded part of the WAIS and -10%

for the �oating part of the WAIS. The mis�t over the grounded part of the WAIS is

largely due to the mismatch between modelled and observed ice thickness on the

Antarctic Peninsula. The simulations with the sea-level reconstruction from Bin-

tanja and van de Wal (2008) do better at simulating the ice thickness of the grounded

part of the ice sheet, but the simulations with the SPECMAP sea-level reconstruction

do better at simulating the �oating part of the WAIS. Therefore, the position of the

Ross grounding line, which is close to its observed position in every simulation (7

to 135 km di�erence between the observed and the modelled position), is also better

modelled in the simulations using the SPECMAP sea-level reconstruction.

The grounded part of the ice AIS is better simulated with the sea-level recon-

struction from Bintanja and van de Wal (2008), whereas the �oating part of the AIS

is better simulated with the SPECMAP record. This is probably due to the fact that

the sea level from Bintanja and van de Wal (2008) causes an earlier retreat of the ice

sheet than the SPECMAP sea-level record (see Section 5.3.1). As the ice thickness

is overestimated for the grounded part of the ice sheet an earlier retreat would lead

to a better �t. Additionally, the ice shelves retreat slightly too early and too far in-

land, so a later retreat would match the observations better. Overall, the simulations

perform very similar, but the ICE-5G simulations perform slightly better than the

ANICE simulations. We ascribe this to the fact that the model was tuned for the

climate produced with the ICE-5G topography (see Chapter 4). However, there are

large performance di�erences between di�erent regions.

Figure 5.6a shows the performance of the IFS run in simulating grounding-line

retreat and the onset of open marine conditions. This �gure looks very similar for

the other simulations. OMC is well modelled, at the observed age two of the three

locations are modelled to be open ocean. At one location open ocean was modelled
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around 2000 years later than was observed. Similar results were obtained by the

other simulations. There are 19 observations of GLR, whereas only one is captured

by ANICE. The GLR that has been captured by the model took place on the western

side of the RIS embayment, see Figure 5.3. Other observed GLR events have not been

modelled, mostly due to the fact that the ANICE grounding line did not extend far

enough during the LGM. However, the distance between the modelled grounding

line and the location of the GLR observation at the observed age is not very large, as

is shown in Table 5.3. This shows that model resolution might also play a role here.

A comparison between modelled and observed ice thickness in the past is pre-

sented in Figure 5.6b. The �gure is based on 92 observations, but only the 24 re-

gional averages are shown for clarity. The bullets represent the regional average of

the mis�t of the model results, and show that past ice thickness is well modelled

on the WAIS and on the East-Antarctic coast, whereas in the Amery region and the

Antarctic Peninsula the errors are large.

5.3.3 From 2000 to 2100

ANICE has been run until 2100, using temperature and sea-level forcing from the

IPCC AR5 (Collins et al, 2014; Church et al, 2014). Figure 5.7 shows the ensemble

means of these simulations (solid lines) with respect to the 1986-2005 mean volume,

with an envelope representing one standard deviation, for the four IPCC-scenarios

and for a constant forcing from 1850 until 2100. For some time after 2000 the EAIS

(and therefore the entire ice sheet) is still slowly growing as from the mid-Holocene

(see Figure 5.5), but around 2030 sea-level rise and positive temperature forcing start

to dominate for RCP scenarios 4.5, 6.0 and 8.5. However, for RCP 2.6 the ice sheet

does not retreat and even grows larger due to a larger increase in SMB than in ice

discharge.

The �nal change in volume by 2100 with respect to 2000 depends strongly on

the history of the ice sheet, indicated by the large standard deviation. For instance,

the simulations with the most negative sea-level contribution by 2100 (indicating a

growing ice sheet) are the simulations with ICE-5G and Bintanja forcing. The ice

volume for these simulations still grows relatively fast at the PD in Figure 5.5a. The

simulations with the most positive sea-level contribution (indicating a retreating

ice sheet) are the simulations with ANICE and SPECMAP forcing which show a

constant ice volume at the PD in Figure 5.5b.

To separate the rising temperature e�ect from the e�ect of sea-level rise, two

other simulations have been carried out. In one simulation the temperature is kept

constant at the pre-industrial (1850) level and in one simulation the sea level is kept

constant since 1850. These experiments have been done with the IFS run as a basis

from the LGM until 1850. Results for the sea-level contribution from 2000 to 2100

are shown in Figure 5.8. The solid red line indicates the standard IFS85 run and

the solid green and grey lines indicate the experiments where the sea level and the

temperature are kept constant, respectively. When sea level is kept constant, the
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Figure 5.6: a) Modelled versus observed age of onset of marine open conditions (in black)
and grounding-line retreat (in red) of the IFS-run. If the model did not produce grounding-line
retreat during the modelled 21 kyr where it should have occurred, the data point is not shown.
b) Map of Antarctica showing the IFS PD grounding line in black and the ice thickness and age
mis�t with respect to observations for the IFS-run, averaged per region. The size of the bullet
shows the modelled age error and the colour indicates the modelled thickness error.
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5. The evolution of the AIS from the LGM to 2100

Figure 5.7: Grounded ice volume in mm s.l.e. from 1850 until 2100, with respect to the mean
grounded ice volume over 1850-1900. The mean of the ensemble is shown in solid lines with an
envelope indicating one standard deviation for each of the RCP scenarios and the pre-industrial
climate forcing. The spread in 2100 is also indicated per scenario by the vertical lines to the
right of the �gure.

AIS grounded ice volume grows larger than for the standard IFS85 run, due to less

ice discharge and less retreat of the grounding line. When the temperature is kept

constant the SMB remains the same as well, i.e. does not increase. Additionally, the

ice at the base is less warm than for the standard run, which especially a�ects the ice

shelves and leads to smaller sliding velocities and hence to less discharge. The e�ect

is a larger ice sheet for this simulation. Furthermore, this experiment makes clear

that sea-level rise has now been replaced by temperature as the dominant factor in

the evolution of the grounded ice volume (with respect to the period from the LGM

to the PD). This is mostly due to the fact that sea level changes very little from 1850

to 2100 (less than 1 m as opposed to more than 100 m over the past 21 kyr), while

temperature changes are relatively large (2 to 5
◦
C as opposed to 8 to 10

◦
C over the

past 21 kyr).
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Figure 5.8: Grounded ice volume in mm s.l.e. from 2000 until 2100, with respect to the 1986-
2005 mean grounded ice volume. The four RCP-scenario simulations are shown for the standard
IFS simulation and a simulation where the SMB was not allowed to change after the year 2000
(0 dSMB). The green line indicates a simulation deduced from the IFS85-simulation, but the
sea level was not allowed to change after the year 1850 (0 dSL). For the grey line (0 dT) the
temperature was not allowed to change after 1850.

According to Church et al (2014), the sea-level contribution from the AIS in 2100,

w.r.t. 2000 will be between -20 and 185 mm. This range is predominantly based on

Little et al (2013). However, in their study they did not allow the SMB to change,

while e.g. Ligtenberg et al (2013) concluded that the SMB increases signi�cantly

in the coming century (0.27 mm s.l.e. K
−1

yr
−1

, equivalent to approximately 27

to 54 mm, from 2000 to 2100). Figure 5.8 shows the sea-level contribution for the

four RCP-scenarios for the IFS simulation (Standard IFS, solid lines) and for the same

simulations without changing the SMB from the year 2000 onwards (0 dSMB, dashed

lines). Keeping the SMB constant clearly introduces a positive bias to the sea-level

contribution (of about 60 to 120 mm s.l.e. according to our study) due to the fact
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that the SMB increases with increasing temperatures. Our estimate of the AIS sea-

level contribution by 2100, with respect to 2000, lies in the range of -22 to 8 mm for

RCP 2.6, -17 to 23 mm for RCP 4.5, -16 to 25 mm for RCP 6.0 and 6 to 63 mm for

RCP 8.5. This still falls within the range of -20 to 185 mm, given by Little et al (2013),

but is slightly lower because we include changes in the SMB. Also, our RCP 8.5 range

of 6 to 63 mm falls within the range found by Bindschadler et al (2013) of 0 to 144

mm (for their R8 simulation, which is close to the RCP 8.5 scenario), who did an

ensemble study with di�erent ice-dynamical models.

Another important process in the future evolution of the AIS is the basal melt of

ice shelves (Rignot et al, 2013). In Figure 5.9 the basal melt is shown at the PD. On

the eastern side of the RIS the basal melt is overestimated compared to Rignot et al

(2013), but it is underestimated on the western side. The basal melt under the FRIS

shows roughly the same pattern with more melt in the middle and less melt and

even freezing of the southern and northern parts of the ice shelf. The AmIS shows

large melt rates, which are also found in Rignot et al (2013). However, we do not

�nd the high melt and freezing rates that are observed close to the coasts (especially

the coast of the Amundsen Sea. This is probably due to the low resolution of the

model and the simplistic calving scheme. Basal melt rates underneath the RIS have

also been studied by Dinniman et al (2011) with a model, which suggests melt rates

around zero for most of the ice shelf and rather high melt rates near the calving line.

Our results are in accordance with these �ndings except for the high basal melt rate

near the calving line, although it is generally accepted that most of the basal melt

takes place near the grounding line and close to the calving line freezing occurs with

moderate basal melt rates in between (Jenkins and Doake, 1991). Additionally, an

average basal melt rate of 0.20+/-0.06 m/yr for the FRIS is mentioned in Nicholls et al

(2009), which suggests a slight underestimation of the basal melt in ANICE. As most

of the smaller ice shelves are not captured by ANICE, we underestimate the total

basal melt rate quite severely. For the IFS simulation we model a BMB of 80 Gt/yr in

the year 2000, as opposed to the estimate of 1325 Gt/yr by Rignot et al (2013). In the

year 2100, the BMB has increased to 380 Gt/yr for the IFS85 simulation, with melt

rates around 0.5 m/yr for the FRIS. This is much less than the melt rates of 4 m/yr

as predicted by Hellmer et al (2012), although they say that the timing of these high

melt rates of the FRIS is uncertain and might also arise after 2100. The BMB of the

�oating part of the ice sheet and the other parts of the mass balance are shown in

Figure 5.10.

Grounding line motion determines the rapid changes in grounded ice volume in

ANICE, which is probably mostly an artefact of the coarse resolution of the model.

Because of the 20x20 km resolution, every grid point contributes about 1 to 4 km
3
/yr

(assuming an ice thickness of 250 to 1000 m at the grounding line), so the grounding

of a few grid points already leads to a visible increase in the grounded ice volume.

Ice discharge and SMB balance each other as the dominant components of the mass

balance, whereas the BMB of the grounded part of the ice sheet is very small (about
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-20 km
3
/yr). Furthermore, the ice discharge over the grounding line is shown for the

IFS85 simulation where the SMB is not varied after 2000 (the 0 dSMB simulation in

Figure 5.8). As Winkelmann et al (2012) predicts as well, the ice discharge is smaller

for this simulation. According to our study, the extra discharge due to an increase in

SMB during the 21st century following the RCP 8.5 scenario is about 0.04 mm s.l.e.

per year, very comparable to the results by Winkelmann et al (2012).

Figure 5.9: Basal melt at the PD for the IFS85 simulation.

5.4 Conclusions

We carried out 16 simulations of the AIS from the LGM to the PD using di�erent

temperature and sea-level reconstructions. We found no signi�cant di�erence in

the in�uence of the four temperature records on the evolution of the ice sheet. Only

using the WDC ice core record causes the ice sheet to retreat later than for the

other temperature records because the slope of the increase in temperature from

18 to 12 kyr ago is less steep and therefore the temperature is somewhat lower in

these simulations than in the others during the deglaciation. This di�erence is also

seen between two sea-level records. The sea level from the SPECMAP record rises

more slowly and therefore the ice sheet retreats later than for the simulations with

a sea-level record from Bintanja and van de Wal (2008). The simulations with a

forcing based on the ICE-5G topography have a smaller AIS volume than for the

simulations with a forcing based on the ANICE topography. This is due to the fact

that the AIS is higher in the ICE-5G topography and therefore the temperatures and

the SMB are lower. Furthermore, two simulations have been carried out with either

the temperature or the sea level kept constant at their LGM level. These experiments

show that sea-level rise is the primary cause of the deglaciation of the AIS, and here

the grounded ice volume di�erence between its maximum value (around 15 kyr ago)

and its PD value ranges from 8.4 to 12.5 m s.l.e., which is on the high side of other
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Figure 5.10: Mass balance components of the grounded part of the AIS from 1850 until 2100
for the IFS85 simulation: Basal mass balance (of the grounded part, BMB gr), surface mass
balance (SMB), ice discharge over the grounding line, grounding-line (GL) motion and the re-
sulting change in volume. Additionally, the BMB of the �oating part of the ice sheet (BMB �)
is shown and the discharge over the grounding line if the SMB is kept constant after the year
2000 (Discharge 0dSMB).

values found in recent literature (Golledge et al, 2013; Gomez et al, 2013; Whitehouse

et al, 2012).

The results of these 16 simulations have been compared to observations of past

ice extent, ice thickness and the PD state of the AIS. From this comparison we con-

clude that especially the RIS and Amundsen Sea areas are well modelled, but the

FRIS, Antarctic Peninsula and Amery regions are less well modelled in both the past

and the present. The EAIS and the �oating part of the WAIS are signi�cantly better

modelled than the grounded part of the WAIS, due to the quite severe overestima-

tion of the ice thickness on the Antarctic Peninsula. The �oating ice thickness of the

WAIS is mainly overestimated due to the FRIS extending too far into the ocean. Sim-

ilar results are found by Whitehouse et al (2012), although their mis�ts are generally

smaller than ours. This is due to the fact that they used observations as constraints

for their ice-sheet model which is run to a steady state for �ve time slices (20, 15, 10

and 5 kyr ago and the PD), whereas ANICE simulates a continuous evolution of the

ice sheet without using observations as constraints. They discuss some model limi-

tations, which are also mentioned by Bindschadler et al (2013), and are applicable to

ANICE as well: (1) inadequate understanding of all physical processes and incom-

plete model physics resulting in poor representation of all the processes, (2) the use

of a 20 km grid, which is too coarse to capture complex topography and small-scale,
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fast-�owing outlet glaciers, (3) uncertain climate and sea-level reconstructions and

coupling between the ice-sheet model and its surrounding atmosphere and ocean.

Despite these limitations, we have con�dence in determining the key processes that

played a role during the deglaciation of the AIS and that will play a role in the future.

The 16 simulations have been continued until the year 2100 using the four RCP-

scenarios from the IPCC AR5 and using a constant pre-industrial forcing from 1850

until 2100. The volume of the AIS continues to increase until about 2030 because

of the EAIS that is still growing from a minimum in the mid-Holocene and due to

rising temperatures leading to an increase in SMB. However, after 2030 the increase

in discharge starts to dominate for the RCP 4.5, 6.0 and 8.5 scenarios and the AIS

starts retreating. The history of the ice sheet is very important for its evolution

between 2000 and 2100, and therefore for its sea-level contribution. It makes the

di�erence between a negative and a positive sea-level contribution by 2100. We �nd

a sea-level contribution by 2100, with respect to 2000 in the range of -22 to 63 mm,

depending on the scenario and the history of the ice sheet. These results compare

well to the ranges given by Little et al (2013) and Bindschadler et al (2013).

Bindschadler et al (2013) also discusses some limitations of dynamical ice-sheet

models that still need to be overcome to be able to adequately predict the future

of ice sheets. These limitations are applicable to this study as well, nevertheless

we conclude that both the SMB and the discharge of the ice sheet are dominant,

counteracting components and therefore very important to get right. Furthermore,

the background signal of the ice volume, caused by its history, is a component that

can not be ignored and motivates using ice-dynamical models to predict the future

of the AIS.
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CHAPTER 6

Conclusions and outlook

This thesis discusses the evolution of the AIS from the LGM to 2100, as modelled

with the ice-dynamical model ANICE. In the �rst two chapters a general introduc-

tion and a discussion of the model have been given. In the third chapter, tempera-

ture and precipitation output from di�erent GCMs have been compared to observa-

tions for the Antarctic region in order to �nd the GCM that best represents past and

present climate for this region. One of the best performing GCMs was HadCM3, of

which the output was then used in RACMO2/ANT to simulate an LGM climatology

(temperature and SMB) to force ANICE with. This forcing was used in Chapter 4 in

sensitivity experiments with ANICE from 120 kyr ago until the PD. These experi-

ments led to optimal values for certain important model parameters and produced

an initial ice sheet to start simulations from 20 kyr ago until the PD, the focus of this

thesis. An ensemble study from the LGM until 2100 showed that the deglaciation is

still important in the current evolution of the ice sheet, but that human-induced cli-

mate change is quickly taking an equally important role. In this chapter these main

conclusions are presented in more detail. Furthermore, some limitations in ANICE

and other ice-dynamical models are described, including possible ways to overcome

these limitations.

6.1 Conclusions

6.1.1 The GCM intercomparison

The ice-dynamical model ANICE, as described in Chapter 2, has been applied to the

AIS over the past 120 kyr, with a focus on the past 21 kyr. To force the model the
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regional atmospheric climate model RACMO2/ANT has been used, which needs in-

put from re-analysis data or a GCM at its lateral boundaries. Therefore, Era-interim

data were used to force RACMO2/ANT for the PD and for 120 kyr ago, as the clima-

tological conditions were approximately the same then. However, to simulate the

LGM climate, a suitable GCM had to be found.

In Chapter 3 the output for the Antarctic region of 18 di�erent GCMs has been

compared to ice-core data for the past and to a reference state from RACMO2/ANT

for the present. GCM output was available for the PD (all 18 GCMs), the mid-

Holocene at 6 kyr ago (14 GCMs) and the LGM at 21 kyr ago (9 GCMs). However,

as the di�erences in temperature and precipitation between the mid-Holocene and

the present are small in ice-core reconstructions and in the output from the GCMs,

the biases of the GCMs are of the same order of magnitude as these di�erences or

even larger. Additionally, the uncertainties in ice-core data are approximately as

large as the signal for this period. Therefore, it is hard to judge individual model

performances for the mid-Holocene and the results for this period were not taken

into consideration for the �nal intercomparison.

For the PD, the air-temperature patterns are generally well simulated, and more

correctly simulated over the ocean than over the ice sheet. The temperature over

the ice shelves is too high in most of the models, which is probably due to the fact

that there is land at the locations of the ice shelves in the GCMs, which is only

partly covered with ice. Precipitation patterns are also well simulated in general,

but the amount of precipitation is often underestimated over the ocean. In addition,

a strong negative bias is observed over the western coast of the Antarctic Peninsula.

The GCMs probably do not resolve the circulation pattern and the orography well

enough to simulate the additional precipitation in this region (Rojas et al, 2009).

During the LGM, temperatures were lower and there was less precipitation than

in the present-day climate, according to both ice-core reconstructions and GCM out-

put. The temperature di�erence between the LGM and the present is modelled to be

larger over the WAIS than over the EAIS by most GCMs. This is not in accordance

with ice-core reconstructions, for which the LGM temperature from the WDC ice

core is slightly higher than the LGM temperature from the EDC ice core, for instance

(see Figure 5.2). The precipitation di�erences between the LGM and the present over

the Antarctic Peninsula are generally modelled to be smaller than elsewhere, or even

positive (wetter at the LGM than in the present).

There are two main sources of uncertainties in the comparison between the

GCM results and the reference data (RACMO2/ANT-data for the PD and ice-core

reconstructions for the past). The �rst source, important to the judgement of PD

performance of the GCMs, is the uncertainty in RACMO2/ANT-data. This is negli-

gibly small compared to the other uncertainties in this study (see Van de Berg, 2008;

Lenaerts et al, 2012a). The second source is the uncertainty in the ice-core recon-

structions; part of this is due to the uncertainty in the temperature and precipitation

reconstruction and part is due to the uncertainty in the determination of the age of
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the ice in the ice core.

Some GCMs simulate temperature and precipitation signi�cantly better than

others, in the past as well as at the PD. As GCMs are often used to provide ice-

dynamical models with a climatological forcing and because this forcing is important

for the evolution of the ice sheet, it is important to put some e�ort into �nding the

GCM best suited to the purpose of the study before using its output. The best suited

GCMs for modelling the AIS from the LGM to the PD are HadCM3 and MIROC 3.2.2.

6.1.2 The sensitivity experiments with ANICE

To study the evolution of an ice sheet with an ice-dynamical model, the initial state of

the ice sheet is important, as well as the climatological forcing. To �nd a good initial

state and set-up of the model parameters a sensitivity study of ANICE has been

done by running the model from 120 kyr ago until the PD while varying certain

parameters (see Chapter 4). The climatological forcing for these simulations has

been obtained by interpolating between three climate states (consisting of the air

temperature and the SMB): 120 kyr ago, 21 kyr ago and the PD, where the PD climate

has been used for 120 kyr ago as well. The LGM climate comes from RACMO2/ANT,

with HadCM3 forcing at the lateral boundaries, while the PD climate comes from

RACMO2/ANT with Era-interim forcing. The temperature and SMB patterns are

interpolated linearly in time, whereas their amplitudes are interpolated following

the EDC ice core (see Section 4.2.2 for a detailed explanation).

The parameters that have been investigated in the sensitivity study are the fric-

tion angle of the bed below sea level, the SSA and SIA enhancement factors and

the �exural rigidity and the relaxation time of the bedrock. The e�ect of varying

these parameters on the evolution of the AIS has been studied, but �rst a reference

simulation was de�ned which gave satisfactory results for the LGM and the PD.

The e�ect of the amount of sliding on the ice sheet has been studied by changing

two di�erent parameters, the friction angle of the bed below sea level (φmin) and the

SSA enhancement factor (ESSA). More sliding generally leads to less volume due to

the ice �owing faster away from the ice sheet. Between the LGM and the PD the AIS

loses mass until a minimum ice volume is reached around the mid-Holocene (5-6 kyr

ago) after which the ice re-advances. The timing and the strength of this minimum

is dependent on the amount of sliding, where less sliding leads to a less pronounced

and later minimum. In other words, more sliding e�ectively reduces the response

time of the ice sheet. These results are in good agreement with observations, which

indicate that the onset of this re-advance was indeed timed in the mid-Holocene.

The e�ect of changing the SIA enhancement factor (ESIA) is mostly seen on the

EAIS, where the ice moves due to deformation. A larger value of ESIA leads to less

volume over the entire simulation period from 120 kyr ago until the present.

The e�ect of the changes in the �exural rigidity and the relaxation time of the

bedrock are most pronounced on the WAIS where the largest changes in ice loading

take place. A thinner lithosphere (modelled by a smaller �exural rigidity and relax-
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ation time) leads to a higher PD ice volume due to a faster rebounding of the bed,

causing shallower grounding-line depths and thus reducing the ice �ux across the

grounding line.

The maximum grounded ice volume for the entire AIS occurred between 15 and

16 kyr ago and lies between 30.5 and 32.4 · 106
km

3
, which is within the range

of 27.3 to 34.6 · 106
km

3
found in the literature (Clark and Mix, 2002; Briggs and

Tarasov, 2013). The PD grounded ice volume is overestimated in the model by about

8%, which is probably mainly due to the fact that with a resolution of 20x20 km the

details of the topography of the Antarctic Peninsula and the Amery Ice Shelf area

cannot be modelled correctly. The di�erence between the modelled LGM and the

PD grounded ice volume is −4.3 ± 0.5 · 106
km

3
, equivalent to 10.7 ± 1.3 m s.l.e.,

which is also within the range found in the literature (6.3 to 24.5 m s.l.e.)

6.1.3 Modelling the AIS from the LGM to 2100

In Chapter 4 it has been concluded that ANICE performs well, regarding the PD

grounding line, grounding-line retreat and LGM grounded ice volume for the op-

timal set of parameters that were used to de�ne the reference simulation. ANICE,

with this optimal set of parameters, can then be applied to study the deglaciation of

the AIS from LGM to PD in more detail, which has been done in Chapter 5.

I carried out 16 simulations of the AIS from the LGM to the PD using four di�er-

ent temperature reconstructions (from the EDC, Vostok, Fuji and WDC ice cores),

two di�erent sea-level reconstructions (from SPECMAP and Bintanja and van de

Wal (2008)) and two di�erent ice-sheet topographies to simulate the LGM climate

in RACMO2/ANT (from Ice-5G and from the ANICE reference simulation of Chap-

ter 4). No signi�cant di�erence was found in the in�uence of the four temperature

records on the evolution of the ice sheet. Only using the WDC ice-core record causes

the ice sheet to retreat later than for the other temperature records because the slope

of the increase in temperature from 18 to 12 kyr ago is less steep and therefore the

temperature is somewhat lower in these simulations than in the others during the

deglaciation. This di�erence is also seen between the two sea-level records. The

sea level from the SPECMAP record rises more slowly and therefore the ice sheet

retreats later than for the simulations with a sea-level record from Bintanja and van

de Wal (2008). The simulations with a forcing based on the Ice-5G topography have

a smaller AIS volume than for the simulations with a forcing based on the ANICE to-

pography. This is due to the fact that the AIS is higher in the Ice-5G topography and

therefore the temperatures and the SMB are lower. Furthermore, two simulations

have been carried out with either the temperature or the sea level kept constant at

their LGM level. These experiments show that sea-level rise is the primary cause of

the deglaciation of the AIS.

The results of these 16 simulations have been compared to observations of past

ice extent, ice thickness and the PD state of the AIS, following the method described

by Briggs and Tarasov (2013). From this comparison it has been concluded that
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especially the Ross Ice Shelf and Amundsen Sea areas are well modelled, but the

Filchner-Ronne Ice Shelf, Antarctic Peninsula and Amery regions are less well mod-

elled in both the past and the present. The EAIS and the �oating part of the WAIS

are signi�cantly better modelled than the grounded part of the WAIS, due to the

quite severe overestimation of the ice thickness on the Antarctic Peninsula.

The 16 simulations have been continued until the year 2100 using the four RCP-

scenarios from the IPCC AR5 and using a constant pre-industrial forcing from 1850

until 2100, giving a total of 80 simulations. The volume of the AIS continues to

increase until about 2030 because the EAIS is still growing from a minimum in the

mid-Holocene and due to rising temperatures leading to an increase in the SMB.

However, after 2030 the increase in discharge starts to dominate for the RCP 4.5, 6.0

and 8.5 scenarios and the AIS starts retreating. The history of the ice sheet is very

important for its evolution between 2000 and 2100, and therefore for its sea-level

contribution. It makes the di�erence between a negative and a positive sea-level

contribution by 2100. By 2100, with respect to 2000, a sea-level contribution in the

range of -22 to 63 mm was found, depending on the scenario and the history of the

ice sheet. These results compare well to the ranges given by Little et al (2013) and

Bindschadler et al (2013).

Qualitatively, it can be concluded from this study that the SMB and the dis-

charge over the grounding line are the dominant, counteracting components of the

grounded mass budget of the AIS. Therefore, these two components are important

to model correctly. Furthermore, the history of the ice sheet is a component that can

not be ignored and motivates using ice-dynamical models to investigate the future

of the AIS.

6.2 Outlook

In the introduction it was stated that ’we want to know what part of the current

changes on Antarctica are associated with the natural transition from a glacial into

an interglacial period and what part is a consequence of human activities’. This

question is hard to answer quantitatively, but the results from the research in this

thesis indicate that the deglaciation still plays a role in the current changes on Ant-

arctica (see Chapter 5). However, this natural signal is rapidly getting lost in the

signal of global warming.

Although the role of di�erent components in the past and the future of the

evolution of the AIS can qualitatively be estimated, a quantitative assessment of

the future of the ice sheet is still hampered by model limitations. Whitehouse

et al (2012) discuss some of these limitations, which are also mentioned by Bind-

schadler et al (2013), and are applicable to ANICE as well: (1) inadequate under-

standing of all physical processes involved in modelling ice dynamics and incom-

plete model physics resulting in poor representation of these processes, (2) the use

of a 20 km grid, which is too coarse to capture complex topography and small-scale,
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fast-�owing outlet glaciers, (3) uncertain climate and sea-level reconstructions and

coupling between the ice-sheet model and other models simulating the surrounding

atmosphere and ocean.

Some of these issues have already been addressed in other studies. For instance,

Gomez et al (2013) have coupled a 3-D ice-dynamical model with a model which

solves the sea-level equation. Furthermore, Helsen et al (2012) have coupled ANICE

asynchronously to RACMO2/GR with a 1000 year interval from the Eemian (128 kyr

ago) until the PD to study the evolution of the Greenland Ice Sheet. For the future,

coupling ANICE to a model that solves the sea-level equation, to RACMO2/ANT

(asynchronously) and to a self-gravitating Earth model (e.g. De Boer et al, 2014b)

could be considered. Coupling to a better Earth model is mentioned as well be-

cause it has been concluded in Chapter 4 that the movement of the bedrock plays

an important role in the deglaciation of the AIS. Additionally, experiments with a

higher resolution should be done to model the ice thickness more accurately on the

Antarctic Peninsula and in the Amery Ice Shelf region.

To investigate the importance of the di�erent physical processes in ice-sheet dy-

namics, some (large) ensemble studies have been carried out in which model results

have been tuned to or compared to observations (e.g. Whitehouse et al, 2012; Briggs

et al, 2013). Briggs and Tarasov (2013) describe a database and a method to com-

pare model results to this database. It would be interesting to use this comparison

method with several di�erent ice-dynamical models in an ensemble study. In this

way a more coherent view on important physical processes and model performance

can be obtained, improving and reinforcing predictions of the future of the AIS by

ice-dynamical models.
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List of acronyms

ACC Antarctic Circumpolar Current

AIS Antarctic Ice Sheet

AmIS Amery Ice Shelf

BMB Basal Mass Balance

EAIS East Antarctic Ice Sheet

EDC Epica Dome C

EDML Epica Dronning Maud Land

ELRA Elastic Lithosphere Relaxed Asthenosphere

ERA ECMWF (European Centre for Medium-range Weather Forecasts) Re-Analyses

FRIS Filchner-Ronne Ice Shelf

GCM General Circulation Model

GIA Glacial Isostatic Adjustment

GLR Grounding Line Retreat

IMAU Institute for Marine and Atmospheric research Utrecht

IPCC AR5 Intergovernmental Panel on Climate Change Assessment Report 5

LGM Last Glacial Maximum

MH Mid-Holocene

OMC Onset of open Marine Conditions

PD Present-Day

PMIP Paleoclimate Modelling Intercomparison Project

RACMO Regional Atmospheric Climate MOdel

RCM Regional Climate Model

RCP Representative Concentration Pathway

RIS Ross Ice Shelf

SIA Shallow Ice Approximation

SMB Surface Mass Balance
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SPECMAP SPECtral MApping Project)

SSA Shallow Shelf Approximation

WAIS West Antarctic Ice Sheet

WDC WAIS Divide ice Core

WMO World Meteorological Organisation

WOCE World Ocean Circulation Experiment
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