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Abstract
TheGreenland ice sheet (GrIS) is an important component of the climate system and is a key contributor
to future sea level rise, as it is storing frozen water that would raise sea levels by 7.4 m should it all melt
(Bamber et al., 2018). Of particular concern is the amount of global warming we are facing now and
in the future, as it is becoming more likely that even if our emissions are significantly reduced, global
warming will reach at least 2∘𝐶 (Arias et al., 2021). Much research concerns the future contribution of
the GrIS to sea level rise for high emissions scenarios (upper bound) and low emission scenarios (lower
bound), but there are few studies giving the main focus to what is becoming a more likely future, the
moderate emissions scenarios. This research aims to quantify the mass loss of the Greenland ice sheet
and subsequent contribution to future sea level rise under a moderate CO2 concentration scenario
over a multimillennia timescale. An idealised simulation of 3000 years, where CO2 concentrations are
increased by 1% annually until reaching two times pre-industrial values and then kept constant, is run
with the high-resolution Community Earth System Model version 2.1 (CESM2.1) and Community Ice
Sheet Model version 2.1 (CISM2.1). The climate, run with CESM2.1, is simulated for 1000 years. After
500 years, it is assumed that the climate is close to equilibrium, and thus one climate year is used for
five years of forcing the ice sheet in CISM2.1, resulting in 3000 years of ice sheet simulation. At the end
of the simulation, the global mean annual temperature has increased by 5 ∘𝐶 and the temperature over
Greenland is 9∘𝐶 warmer than pre-industrial. The rate of sea level contribution in the first centuries is
lower than the observed contemporary mass loss of 0.7 mm yr−1 (Shepherd et al., 2020) but increases
after year 710 to a rate of 1 mm yr−1. Another increase of mass loss is happening from the year 1380
until the end of the simulation where the rate is 2 mm yr−1 and the total contribution to sea level rise is
4.1 m. The limited mass loss in the period between years 71-400 and its increase thereafter is found
to relate to temporal strong weakening and posterior recovery of the NAMOC. This study projects that
the GrIS is a major contributor to future sea level rise, even in a moderate warming scenario, and that
the changing NAMOC has a noteworthy effect on the GrIS mass budget.

ii



Acknowledgements
Dear reader,

This thesis is my final work for obtaining a master’s degree in Environmental Engineering. I followed
the specialisation of Science, where I really enjoyed learning about the hydrological cycle, meteorology,
oceanography, atmospheric science, and last but not least, the cryosphere. It is with passion for climate
change and nature that I present this report.

First and foremost, I would like to thank my main supervisor and chair of the assessment committee:
Miren Vizcaino. It has been a pleasure working with you and learning from your expertise on Greenland
and climate modelling. Thank you for all the guidance, encouragement and feedback. Then, I would
like to thank the rest of my assessment committee, Stef Lhermitte and Markus Hrachowitz. Thank you
for the solid feedback and enthusiasm for my project. I would also like to thank Filippa Jansen for
proofreading key sections and helping me improve my writing style and language. Lastly, a huge thank
you to my friends, especially Lauran, Juliette, Jorijn, Nessie, Dyngja and Blossa and my family for all
the support and coffee breaks during my studies.

Julia Maria Rudlang
Delft, October 2022

iii



Contents

1 Introduction 1
1.1 A brief history of Climate Change on Earth . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Sea Level Change . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Change in Ocean Circulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.4 Arctic Sea Ice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.5 Greenland Ice Sheet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.5.1 Surface Mass Balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5.2 The SMB-elevation Feedback . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5.3 Surface Energy Balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5.4 The Ice-Albedo Feedback . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Research Objectives 8

3 Methods 10
3.1 Model Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
3.2 Coupling Description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.3 Model Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.4 Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4 Results 15
4.1 Global, Arctic and Greenland Climate Change . . . . . . . . . . . . . . . . . . . . . . . . 15

4.1.1 Arctic Sea Ice . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.2 Evolution of the NAMOC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.3 GrIS contribution to GMSLR and Ice Sheet retreat . . . . . . . . . . . . . . . . . . . . . . 18
4.4 Surface Mass Balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.4.1 Precipitation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
4.4.2 Melt and Refreezing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

4.5 Surface Energy Balance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

5 Discussion 29
5.1 GrIS contribution to sea level rise . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.2 NAMOC evolution effect on SMB . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

6 Conclusions 34

7 Recommendations 38

A Climate Change 44

B GrIS and Sea level rise 50

C SMB & SEB 54

iv



Abbreviations

AIS Antarctic Ice Sheet
AGCM Atmospheric General Circulation Model
AMOC Atlantic Meridional Overturning Circulation
AR6 Sixth Assessment Report
BMB Basal Mass Balance
CAM6 Community Atmosphere Model version 6
CESM2 Community Earth System Model version 2
CICE5 Los Alamos National Laboratory sea ice model version 5
CISM2 Community Ice Sheet Model version 2
CLM5 Community Land Model version 5
CMIP6 Coupled Model Intercomparison Project phase 6
EC Elevation Class
ELA Equilibrium Line Altitude
E𝑀 Melt Energy
ESM Earth System Model
GHF Ground Heat Flux
GMNST Global Mean Near-Surface Temperature
GMSL Global Mean Sea Level
GMSLR Global Mean Sea Level Rise
GrIS Greenland Ice Sheet
ID Ice Discharge
IPCC Intergovernmental Panel on Climate Change
ISMIP6 Ice Sheet Model Intercomparison Project for CMIP6
JJA June-July-August
ka Thousand years ago
LGM Last Glacial Maximum
LHF Latent Heat Flux
LIG Last Interglacial
LW𝑛𝑒𝑡 Net Longwave Radiation
MB Mass Balance
MOSART Model for Scale Adaptive River Transport
NAMOC North Atlantic Meridional Overturning Circulation
PI Pre-industrial
RACMO2 Regional Atmospheric Climate Model 2
RCM Regional Climate Model
POP2 Parallel Ocean Program version 2
ppm Parts per million
RCP Representative Concentration Pathway
SEB Surface Energy Balance
SHF Sensible Heat Flux
SLE Sea level equivalent
SLR Sea level rise
SMB Surface Mass Balance
SNICAR Snow, Ice, and Aerosol Radiation model

v



vi Abbreviations

SSP Shared Socio-economic Pathway
SW𝑛𝑒𝑡 Net Shortwave Radiation
TOA Top of the Atmosphere
WE Water equivalent



List of Figures

3.1 Overview of SSP CO2 concentration scenarios from 1850 to 2500 compared to the
CESM2 2xCO2 simulation. For a better comparison, the 2xCO2 simulation is plotted
with a starting point in the year 1990. Figure recreated from Meinshausen et al., 2020. . 14

4.1 Evolution of global, Arctic (north of 60∘N) and GrIS annual near-surface temperature with
respect to pre-industrial mean (∘𝐶). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

4.2 Left: September sea ice extent (x106 km2). Right: March sea ice extent (x106 km2).
The sea ice extent is defined as the area north of 60∘N where sea ice concentration is
greater than 15%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4.3 Evolution of the NAMOC index. The NAMOC index is defined as the maximum strength
of the overturning stream function north of 28∘N and below 500 m depth. . . . . . . . . 18

4.4 Evolution of annual GrIS mass balance (MB) with components (Gt yr−1). The thick lines
show the 20-year running mean. Change in mass balance is calculated as: MB = SMB
- BMB - ID. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.5 Evolution of cumulative GrIS contribution to global mean sea level rise (mm SLE). . . . 19
4.6 Evolution of annual mean GrIS ablation area in % from total ice sheet extent for 2xCO2,

4xCO2 and PI. The thick lines show the 20-year running mean. . . . . . . . . . . . . . . 20
4.7 Evolution of the annual integrated GrIS SMB components (Gt yr−1). The thick lines show

the 20-year running mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
4.8 Evolution of integrated annual GrIS timeseries of snowfall and rainfall in Gt yr−1. The

thick lines show the 20-year running mean. . . . . . . . . . . . . . . . . . . . . . . . . . 23
4.9 Evolution of the absolute annual mean integrated GrIS melt (top panel) and refreezing

(bottom panel) (mm yr−1). Contour lines for every 500 m elevation. The red contour line
denotes the ELA. The time period is indicated with years on top of the panels. . . . . . . 24

4.10 June-July-August GrIS integrated surface energy balance anomalies (W m−2) with re-
spect to the pre-industrial mean. The thick lines show the 20-year running mean. . . . . 25

4.11 Left: Integrated June-July-August albedo (-) over GrIS. Right: Annual integrated GrIS
ablation area (%). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

5.1 Surface mass balance of the Greenland Ice Sheet shown every 2000 years from 127-
119 ka. Data are plotted on the Community Ice Sheet Model (CISM2) 4-km grid. The
figure and figure caption are from Sommers et al., 2021. The red colours indicate mass
loss and the blue colours indicate mass gain. . . . . . . . . . . . . . . . . . . . . . . . . 31

A.1 Evolution of the Top of the Atmosphere Imbalance (W m−2). . . . . . . . . . . . . . . . . 44
A.2 Evolution of global, Arctic (region north of 60∘ N) and GrIS annual near-surface temper-

ature anomaly with respect to pre-industrial mean (∘𝐶). . . . . . . . . . . . . . . . . . . . 45
A.3 Evolution of the annual global mean near-surface temperature anomaly (∘𝐶) with respect

to pre-industrial. The years indicate the mean considered. The topmost figure is the
absolute GMNST for the mean of the pre-industrial. . . . . . . . . . . . . . . . . . . . . 46

A.5 Evolution of the annual sea ice extent (x106 km2) The sea ice extent is defined as the
area north of 60∘N where sea ice concentration is greater than 15%. . . . . . . . . . . . 47

A.4 Evolution of total precipitation anomaly (mm yr−1) with respect to pre-industrial. The
years in brackets indicate the mean considered. The leftmost figure is the absolute total
precipitation for the pre-industrial mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

A.6 Evolution of total sea ice fraction anomaly (-) with respect to pre-industrial. The years
in brackets indicate the mean considered. The leftmost figure is the absolute sea ice
fraction for the pre-industrial mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

vii



viii List of Figures

A.7 Evolution of the local maximum winter (January-February-March) mixed layer depth (m).
The contour lines show the barotropic streamfunction (Ψ𝑏 in Sv) and the contour interval
is 10 Sv. All values are averaged over the last 10 years of the PI simulation. . . . . . . . 49

B.1 Evolution of the SMB (mm yr−) for the period between years 1500-2625 given in anoma-
lies with respect to pre-industrial showing the disintegration of the southern dome from
the main ice sheet. The accumulation areas are where SMB>0 (red colour) and the
ablation areas are where SMB<0 (blue colour). Contour lines every 500 m. . . . . . . . 50

B.2 Evolution of the SMB (mm yr−) with pre-industrial absolute values on the top left and
the rest shows anomalies with respect to pre-industrial for the mean between different
model years. The accumulation areas are where SMB>0 (red colour) and the ablation
areas are where SMB<0 (blue colour). Contour lines every 500 m. . . . . . . . . . . . . 51

B.3 GrIS ice thickness (m), with pre-industrial absolute values on the top left and the rest
shows anomalies with respect to pre-industrial for the mean between different model
years. Contour lines every 500 m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

B.4 GrIS ice velocity (m yr−1), with pre-industrial absolute values on the top left and the rest
shows anomalies with respect to pre-industrial for the mean between different model
years. Contour lines every 500 m. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

C.1 Annual integrated GrIS SMB components in mm yr−1. The thick lines show the 20-year
running means. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

C.2 Evolution of absolute annual amount of snowfall (mm yr−1). The Topmost left shows the
absolute of the pre-industrial. The period considered is marked by the respective years.
Contour lines for every 500 m elevation. The red contour line denotes the ELA. . . . . . 55

C.3 Evolution of absolute annual amount of rainfall (mm yr−1). The Topmost left shows the
absolute of the pre-industrial. The period considered is marked by the respective years.
Contour lines for every 500 m elevation. The red contour line denotes the ELA. . . . . . 56

C.4 Integrated annual GrIS time series of snowfall and rainfall in mm yr−1. The thick lines
show the 20-year running means. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

C.6 June-July-August GrIS integrated surface energy balance components (W m−2) with
respect to the pre-industrial mean. The thick lines show the 20-year running mean. . . . 57

C.5 Evolution of absolute annual amount of sublimation (mm yr−1). The Topmost left shows
the absolute of the pre-industrial. The period considered is marked by the respective
years. Contour lines for every 500 m elevation. The red contour line denotes the ELA.
The red colours indicate mass gain and the blue colours indicate mass loss. . . . . . . . 58

C.7 Evolution of the absolute June-July-August melt energy (W m−2) integrated over GrIS.
The Topmost left shows the absolute of the pre-industrial. The period considered is
marked by the respective years. Contour lines for every 500 m elevation. . . . . . . . . 59

C.8 June-July-August GrIS integrated liquid and ice cloud water path (𝜇m). The thick lines
show the 20-year running mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

C.9 June-July-August GrIS integrated incoming radiation (W m−2) from SW and LW. The
thick lines show the 20-year running mean. . . . . . . . . . . . . . . . . . . . . . . . . . 60

C.10 June-July-August GrIS integrated cloud fraction (-). The thick lines show the 20-year
running mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

C.11 Evolution of the absolute June-July-August albedo (-) integrated over GrIS. The Topmost
left shows the absolute of the pre-industrial. The period considered is marked by the
respective years. Contour lines for every 500 m elevation. . . . . . . . . . . . . . . . . . 62

C.12 Evolution of the June-July-August integrated GrIS 2m air temperature and surface tem-
perature (∘𝐶). The thick lines show the 20-year running mean. . . . . . . . . . . . . . . 63

C.13 Evolution of the absolute June-July-August sensible heat flux (SHF) (W m−2) integrated
over GrIS. The Topmost left shows the absolute of the pre-industrial. The period consid-
ered is marked by the respective years. Contour lines for every 500 m elevation. . . . . 64

C.14 Evolution of the absolute June-July-August latent heat flux (LHF) (Wm−2) integrated over
GrIS. The Topmost left shows the absolute of the pre-industrial. The period considered
is marked by the respective years. Contour lines for every 500 m elevation. . . . . . . . 65



List of Figures ix

C.15 Evolution of the absolute June-July-August ground heat flux (GHF) (W m−2) integrated
over GrIS. The Topmost left shows the absolute of the pre-industrial. The period consid-
ered is marked by the respective years. Contour lines for every 500 m elevation. . . . . 66

C.16 Evolution of absolute annual surface mass balance (SMB) (mm yr−1). The Topmost
left shows the absolute of the pre-industrial. The period considered is marked by the
respective years. Contour lines for every 500 m elevation. The red contour line denotes
the ELA. The red colours indicate mass gain and the blue colours indicate mass loss. . 67



List of Tables

4.1 Overview of annual ice sheet integrated Surface Mass Balance components as abso-
lute mean (standard deviation) between the indicated 20-year periods (Gt yr−1). SMB =
Snowfall + Refreezing – Melt – Sublimation. Rain (%) = Rain * 100 / (Snowfall + Rain).
Refreezing (%) = Refreezing * 100 / (Rain + Melt). . . . . . . . . . . . . . . . . . . . . . 22

4.2 Overview of summer averaged (JJA) integrated GrIS Surface energy balance compo-
nents as absolute mean (standard deviation). Albedo (-), near-surface temperature (∘𝐶),
surface temperature (∘𝐶), incoming shortwave radiation at the surface, incoming long-
wave radiation at the surface, and the surface energy balance components (W m−2).
Melt energy = net shortwave radiation + net longwave radiation + sensible heat flux +
latent heat flux + ground heat flux. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

5.1 A comparison of contemporary literature and the CESM2 2xCO2 simulation, concerning
GrIS contribution to sea level rise in the future and the effect of NAMOC evolution. . . . 30

A.1 Trends of near-surface temperature anomaly (∘𝐶 yr−1) from a breakpoint analysis and
linear regression. The standard error of the estimated slope is reported in the brackets (). 45

A.2 Trends of North Atlantic Meridional Overturning Circulation (NAMOC) strength (Sv yr−1
) from a breakpoint analysis and linear regression. The standard error of the estimated
slope is reported in the brackets (). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

B.1 Trends of the GrIS mass balance (MB), surface mass balance (SMB) (Gt yr−2) and GrIS
cumulative contribution to sea level rise (SLR) (mm yr−1) from a breakpoint analysis and
linear regression. The standard error of the estimated slope is reported in the brackets (). 50

x



1
Introduction

The Greenland Ice Sheet (GrIS) and the Antarctic Ice Sheet (AIS) are the largest and most uncertain
contributors to future sea level (Arias et al., 2021). Both the Greenland Ice Sheet and the Antarctic Ice
Sheet are at the moment storing frozen water of 7.4 m and 58.3 m sea level equivalent, respectively
(Bamber et al., 2018). Even with extensive research, there is still little known or properly understood
about the many processes of ice sheet mass loss, and their interaction with the Earth System (Fyke
et al., 2018; Goelzer et al., 2017). As such, the GrIS has been identified as a tipping element in the
Earth system (Lenton et al., 2008). A tipping element is a large-scale Earth system component that
could pass a critical threshold, a tipping point. A tipping point, if crossed, could change the state of the
Earth system (Lenton et al., 2008). As global emissions continue to rise, so do concerns for the GrIS
reaching a tipping point, where mass loss becomes irreversible and commits us to future sea level rise
(SLR).

The Greenland Ice Sheet is already showing sensitivity to climate change by increased mass loss and
larger contribution to sea level rise during the recent decades (Arias et al., 2021; Shepherd et al.,
2020; van den Broeke et al., 2016). It is thus important to assess simulations of past, present and
future ice sheet evolution, in order to create a deeper comprehension of the complexity, significance
and evolution of the Earth’s ice sheets. Knowledge of internal variability and forced changes in the cli-
mate system have improved. This is reflected in the advances in the field of climate modelling, where
much work is being done to improve the quantification of uncertainties in future climate projections.
The Coupled Model Intercomparison Project 6 (CMIP6, Eyring et al., 2016) and the Ice Sheet Inter-
comparison Project 6 (ISMIP6, Nowicki et al., 2016) are global efforts to establish ”large ensembles”
simulations and models (Eyring et al., 2016). The ISMIP6 is the sixth assessment of researching the
ice sheets (Nowicki et al., 2016). The CMIP6 and ISMIP6 give a structured way of describing stan-
dards of simulations used for climate projections and keeping track of the evolution. CMIP6 scenarios
are based on new future pathways called the Shared Socioeconomic Pathways (SSP) (O’Neill et al.,
2016). Major developments are happening in the field of Earth system models, especially concerning
the ice sheet-climate model coupling. In the past, the ice sheets have been modelled in the climate
models as white, passive mountains (Lofverstrom et al., 2020), when in reality the ice sheets are af-
fected by a changing climate and are in turn affecting the climate. To achieve more realistic and robust
projections for sea level rise, work is being done to include this crucial coupling in Earth system mod-
els. The CESM2-CISM2 (Danabasoglu et al., 2020; Lipscomb et al., 2019) is a novelty, and one of the
few global models that include a realistic and interactive SMB calculation with advanced snow and firn
physics and downscaling via elevation classes (EC) (Muntjewerf et al., 2021; Sellevold et al., 2019).
The simulations used in this thesis run with the CESM2-CISM2 follow the framework for coupled ice
sheet-climate model experiments (ISMIP6; Nowicki et al., 2016).

This research aims to gain insight into the processes leading to mass loss of the Greenland Ice Sheet
(GrIS) and hence contribute to global mean sea level rise. To this end, an idealised simulation run with
the CESM2-CISM2 model is analysed, where CO2 concentrations are raised by 1% until levels are
doubled compared to 1850, hereafter called pre-industrial (PI). A throughout analysis of GrIS under

1



2 1. Introduction

a 4xCO2 simulation, also with CESM2-CISM2, has been done by Muntjewerf, Petrini, et al. (2020a)
and is used as a comparison to the 2xCO2 simulation. Furthermore, a pre-industrial control simulation,
also run with CESM2-CISM2, is used for reference where the climate is continuously forced with pre-
industrial conditions for 300 years. In addition, state-of-the-art literature is used to place the 2xCO2
simulation into a wider context in this introductory section and in the discussion. The atmospheric
CO2 concentration reaches a maximum of 569 ppm, which falls in the neighbourhood of the SSP2-4.5
scenario (Arias et al., 2021; Meinshausen et al., 2020). This places the simulation in more-or-less a
moderate warming scenario and the analysis in this thesis provides insight into a future projection of
the evolution of the Greenland Ice Sheet.

Most studies on future climate projections concern extreme cases of high emission scenarios (As-
chwanden et al., 2019; Huybrechts et al., 2011; Muntjewerf, Sellevold, et al., 2020; Van Breedam et al.,
2020) because of the need for an upper bound of projections. There is also much research on less ex-
treme cases that function as a lower bound. This lower bound is in line with the ambitions of managing
the world’s emissions and reaching the Paris Agreement of less than 1.5∘𝐶 warming. However, with
how the situation is looking today, even in the best-case scenario, the low-emission scenarios such as
the SSP1-1.9, the global mean surface temperature is likely to warm just below or slightly more than
2∘𝐶 (Arias et al., 2021; Gaffney & Rockström, 2021). Therefore, it is very relevant to start investigating
and evaluating moderate warming scenarios, in order to give a better quantification and constraint on
future changes in the Earth system, and relevant for this research: on the mass loss of the Greenland
Ice Sheet and the consequent contribution to sea level rise.

1.1. A brief history of Climate Change on Earth
Paleoclimate evidence and reconstructions of past climate evolution can aid in constraining future es-
timates of climate change and identifying important players in the system, like sea level and ice sheets
(Arias et al., 2021). It also makes it possible to grasp how the climate on Earth is evolving over a
longer timescale due to forcings and perturbations of the system (Gaffney & Rockström, 2021). This
has enabled scientists to identify specific climate states of the Earth system. Simplified, there are three
climate states, which are determined by the global mean surface temperature (relative to PI). The hot-
house with temperatures above 4∘𝐶 and no ice on the poles. The icehouse, where there is ice on the
poles, like today. The icehouse can either be in the state of an ice age with temperatures between -5∘𝐶
and -2∘𝐶, or in the milder, interglacial state with temperatures between -1∘𝐶 and 2∘𝐶. The third state is
the snowball, where ice is covering the whole of the planet and temperatures are below -5∘𝐶 (Gaffney
& Rockström, 2021).

Wind back 2.7 million years: the Earth is entering into a relatively stable icehouse state where several
ice age cycles are about to begin. The Antarctic ice sheet is formed, followed by the growth of an ice
sheet over the North Pole. This is the Pleistocene Epoch, where the Earth bounced back and forth
between slightly colder and warmer states. The shift between ice ages and interglacials is linked to the
Milankovitch cycle, which describes the coupling between icehouse states and celestial motion. The
Milankovitch cycle outline how the temperature changes significantly due to the elliptical orbit of the
Earth around the sun (and thus where the sun falls and during what season) and the change in tilting
as it orbits (Gaffney & Rockström, 2021; Milankocivh, 1998). Evidence from these interglacial periods is
today used in part to constrain the projections of the polar ice-sheet response to global warming (Dutton
et al., 2015). Such evidence was found in the 1990s during an expedition to Antarctica where ice core
drillings revealed bubbles of air trapped in the ancient ice. This gave an indication of the atmospheric
composition of the last eight ice age cycles and their remarkable stability. Although every interglacial
period was different and varying, the temperature has not risen more than 2∘𝐶 above the average
temperature of the past 10 millennia (Gaffney & Rockström, 2021). Furthermore, ice core drillings from
Greenland reveal repeated, large and abrupt shifts in Northern Hemisphere climate during the last ice
age (Barker et al., 2011). Other evidence from the past is sediment cores with preserved pollen records
providing information about vegetation during the Last Interglacial (LIG)(Sommers et al., 2021).

Several studies conducted on the Last Interglacial (Barker et al., 2011; Dutton et al., 2015; Fyke et al.,
2011; Sommers et al., 2021), which took place 129-116 thousand years ago, concluded that the sea
level was about 6-9 m higher than the present day and that an increase of a few degrees in global mean
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temperature, resulted in several meters of sea level rise. For example, the study by Sommers et al.
(2021), where an 8000-year transient simulation of the LIG, approximated the Greenland Ice Sheet to
have contributed 3.8 m to global mean sea level rise. Furthermore, the study demonstrated how GrIS
evolved over a millennia time scale, substantiating the fact that the ice sheet, once set in motion, takes
an immensely long time to find a new equilibrium state (Sommers et al., 2021).

Following the Last Interglacial, the Last Glacial period took place and then followed the Holocene. The
Holocene is the very climactic-stable period spanning 12000 years, sometimes called the Goldilocks
epoch, due to temperatures not being too warm nor too cold (Gaffney & Rockström, 2021). The global
average temperature only went up or down by 1∘𝐶, and levels of CO2 were more or less at 280 ppm
up until the industrial revolution. As the industrial revolution began, it marked the onset of incredible
growth and further evolution of humankind. It marked the beginning of the Great Acceleration, as seen
in levels of CO2, ocean acidification, global mean surface temperature and other socio-economic trends
such as transportation, international tourism, water use and urban population to mention a few (Gaffney
& Rockström, 2021). Although the industrial revolution started in 1850, it is recently agreed that it is
around 1950 that the accelerating effects of rapidly increased emissions of greenhouse gases, began to
overwhelm Earth’s life support system. This is a human-driven trajectory, pushing the once stable Earth
system towards a hothouse state (Steffen et al., 2018). Thus, many scholars and scientists are using
the term Anthropocene: a new geological epoch, starting from when the stable Holocene conditions
were shaken out of balance, sometime between 1850 and 1950. The epoch is yet to be formalised by
stratigraphers, but it is adopted by many academic disciplines (Crutzen, 2002; Gaffney & Rockström,
2021; Steffen et al., 2018).

As the ice cores from the 1990s Antarctica expedition proved, the Earth is very sensitive to changes
in greenhouse gases. For the last 2.7 million years, the atmospheric CO2 levels have ranged between
170 parts per million (ppm) during the ice ages and 280 ppm during the warm interglacials. They have
not been lower, nor higher. In 2021 we passed CO2 concentrations of 414 ppm (Lindsay, 2022), an
increase by a factor of 1.5 compared to that in 1850. Today, the average temperature is 1.09 degrees
higher than PI. Continued at this rate, warming will exceed 1.5 degrees in the early 2030s (Arias et al.,
2021). This is alarming considering the effects of today’s warming, such as frequent extreme weather,
floods and droughts, forest fires, a decline in biodiversity and accelerated GrIS mass loss and sea
level rise. Further climate change can be amplified or reduced by positive or negative feedbacks. An
example of positive feedbacks is the weakening of the carbon cycle by the thawing of permafrost and
dieback of the Amazon and boreal forest. Another example of a positive feedback is the decrease of
the Arctic sea ice by a warming climate. This exposes more dark ocean, which then absorbs more heat
due to the lower surface albedo, reinforcing the sea ice loss. The ice-albedo feedback is also relevant
for the mass loss of GrIS. Thus, the implication of the current changes in the Earth systems’ behaviour
is that even if the target of the Paris Agreement is met there is a cascade of feedbacks that should
not be overlooked, as these feedbacks could irreversibly change the state of the Earth (Steffen et al.,
2018).

1.2. Sea Level Change
The global mean sea level (GMSL) varies through volume change by thermal expansion when the
oceans warm and the heat content increases, causing a lowering in density and volume expansion (or
opposite when it cools). Sea level also changes by the addition or removal of water, such as changes
in the cryosphere and land-water storage (Dutton et al., 2015; Fox-Kemper et al., 2021).

The prognosis of the current GMSL is that during the 20𝑡ℎ century, the sea level rose faster compared
to the last three millennia. Since the Great Acceleration, the global sea level rate has increased with a
rate of 2.3 mm yr−1 between 1971 and 2018, and as much as 3.7 mm yr−1 between 2006 and 2018.
And today, the sea level has risen by 0.2 m over the period from 1901 to 2018 (Arias et al., 2021).
The partitioning of sea level change over the 20𝑡ℎ century is estimated to be about 32% from thermal
expansion, 52% from mass loss of glaciers and 29% from GrIS (Fox-Kemper et al., 2021). Although,
we have seen in the past that even larger parts of sea level change have been because of the area
and volume changes of the GrIS and AIS (Dutton et al., 2015).
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The AR6 concluded that until 2050, there is no dependency upon the emission scenario regarding
changes in sea level. And relative to the period between 1995-2004 the GMSL is projected to rise
between 0.18–0.23 m. Only after 2050, the sea level changes become dependent upon emission
scenarios, with a projected sea level rise between 0.38 m for SSP1-1.9 and 0.77 m for SSP5-8.5 by
2100 (Fox-Kemper et al., 2021). Important to note is that these projections do not include the uncertain
ice-sheet-related processes, such as the disintegration of marine ice shelves, marine ice sheet and ice
cliff instability around Antarctica, nor unprojected changes in surface mass balance and ice loss from
GrIS (Fox-Kemper et al., 2021). Beyond 2100, the oceans will continue to warm due to the deep-ocean
heat uptake and the mass contribution from GrIS and AIS, causing sea levels to continue to rise for
several centuries. Hence, the changes in global warming today and in the future are committing us to
sea level rise for a long time. Even if global warming is limited to 2∘𝐶, the GMSL will rise between 2
and 6 m in the coming 2000 years. With a peak warming of 3∘𝐶, the committed sea level rise over 2000
years is projected to be between 4 to 10 m (Fox-Kemper et al., 2021).

1.3. Change in Ocean Circulation
Increased atmospheric and ocean temperature and freshwater influx to the ocean from GrIS not only
affect the sea level, but also the Atlantic Meridional Overturning Circulation (AMOC) and more specif-
ically its northern branch, the North Atlantic Meridional Overturning Circulation (NAMOC). The AMOC
is the main overturning current system in the Atlantic Ocean which transports warm, salty upper-ocean
water northwards, and the deep counter-current transports deep, cold water southwards (Fox-Kemper
et al., 2021).

The AMOC is likely to slow down in the coming centuries due to warmer oceans, increased freshwater
from GrIS, changes in Arctic sea ice and increased precipitation over northern seas due to a warmer
atmosphere (Arias et al., 2021). Compensation for the added heat in the oceans takes the form of a
redistributed cooling in the North Atlantic basin (Bryden et al., 2020; Fox-Kemper et al., 2021). The
reduction in ocean heat transport is already and will continue to create a so-called “cold spot” in the
northern Atlantic, and subsequent slower warming compared to the rest of the Arctic (Chemke et al.,
2020; Noël et al., 2022). The AMOC has been monitored since 2004, but this is not long enough
to say anything certain about emerging variability and long-term changes and trends. Furthermore,
the confidence in model results is low due to model disagreements on quantitative trends such as
the magnitude and timing of AMOC decline (Fox-Kemper et al., 2021). However, most models and
all CMIP6 models agree that the AMOC will weaken over the 21𝑠𝑡 century. After 2060 the evolution
of the AMOC becomes dependent on the emission scenario, where low-emission scenarios project
stabilisation and high-emissions scenarios project further decline (Fox-Kemper et al., 2021; Menary
et al., 2020; Weijer et al., 2020).

1.4. Arctic Sea Ice
A warmer atmosphere and warmer oceans will also have significant loss of the Arctic sea ice, which will
further have cascading effects for the further ocean and atmosphere warming, as well as for Greenland.
Loss of Arctic Sea ice is found to be linear with increasing global mean surface temperature, and thus
also to the cumulative anthropogenic CO2 emissions from observational data and outcomes of the
CMIP6 models (Fox-Kemper et al., 2021).

As such, the Arctic sea ice area remains an important indicator of large-scale climate change. This is
often assessed as the sea ice extent, defined as the total area of all grid cells with at least 15% sea
ice concentration. Satellite observation has revealed that the Arctic sea ice has been reducing every
month since 1978. Especially, from August to October, the sea ice area was 25% smaller (2 million
km2) between 2010–2019 compared to 1979-1988 (Fox-Kemper et al., 2021). Further loss of sea ice
means that the ocean is warming, as well as the atmosphere around due to the loss of ice and snow
on the sea ice surface that otherwise reflect a lot of the shortwave radiation.

It is likely that the Arctic Ocean will become virtually sea ice-free in September when sea ice is at
a yearly minimum, before 2050 regardless of emission scenario (SSP) (Fox-Kemper et al., 2021).
However, CMIP6 models found that is likely that throughout this century the Arctic Ocean remains sea
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ice-covered during winter (Fox-Kemper et al., 2021). Investigating temperature thresholds for loss of
sea ice projects that 1.5∘𝐶 to 2∘𝐶 warming is likely to result in complete loss of sea ice during September
in some years. However, global warming of 3∘𝐶 will see a virtual sea ice-free Arctic Ocean in September
in most years (Fox-Kemper et al., 2021). Subsequent, larger global warming will mean even longer
ice-free periods in most years.

1.5. Greenland Ice Sheet
Above 60 degrees north lays the northern largest permanent ice- and snow-covered area: The Green-
land Ice Sheet, with steep ice margins, a maximum thickness over 3 km, distinct melt and weather
patterns, with annual mean temperatures ranging from -30.5 to -3.5∘𝐶 and a volume of frozen water
equal to about 7.4 global mean sea level rise (Bamber et al., 2018; Ettema et al., 2010). There is uncer-
tainty in the GrIS sensitivity to global warming, which causes concerns for the future projections of its
evolution, as changes in the ice sheet affect sea level and regional and global climate. Reconstructions
of the past, show that the GrIS have both been much larger and smaller than today, and a change in
the ice sheet can be triggered by temperature changes of only a few degrees (Gaffney & Rockström,
2021; Steffen et al., 2018). In recent years (2012 to 2017), the mass loss from the Greenland ice sheet
has been 239 Gt yr−1, which is about 0.7 mm yr−1 of sea level equivalent (SLE) (Shepherd et al., 2020).
The increased contemporary mass loss is caused by increased runoff from atmospheric warming and
increased ice discharge from ocean warming (Fox-Kemper et al., 2021; van den Broeke et al., 2016)

The GrIS gains mass by precipitation, mainly by accumulation of snow (Fyke et al., 2018). In winter,
most precipitation falls along the southeast coast due to mid-latitude transient low-pressure systems
moving across the North Atlantic. During summer, more precipitation, compared to during the winter,
falls on the western margins and interior of the GrIS (Ettema et al., 2010; Fyke et al., 2018). The varying
weather originates from warm air from the equator, the pressure difference between the Icelandic low
and Azores high, and the warm ocean currents moving northwards. It is therefore not surprising that
changes in the ocean currents, such as the NAMOC, could also influence the GrIS by causing shifts in
precipitation patterns and local temperatures. Furthermore, the ice sheet loses mass by surface melt
causing surface meltwater runoff, sublimation and direct mass loss to the ocean by iceberg calving or
melting (Fyke et al., 2018). The mass balance of the ice sheet can be expressed as:

𝑀𝐵 = 𝑆𝑀𝐵 + 𝐵𝑀𝐵–𝐼𝐷 (1.1)

SMB is the Surface Mass Balance, BMB is the Basal Mass Balance and ID is Ice Discharge. ID takes
place where the ice sheet meets the ocean and can be influenced by for instance warmer ocean tem-
peratures. The SMB is affected by atmospheric processes such as precipitation, radiation, cloud cover
and heat advection (Cuffey & Paterson, 2010). Positive SMB means surface mass gain and negative
means surface mass loss. The Equilibrium Line Altitude (ELA) divides the ice sheet into the accumu-
lation area (SMB > 0) and the ablation area (SMB < 0). Warmer temperatures lead to expansion of
the ablation area, causing more melt as the ice sheet margin thins and a steeper topographic gradient
forms around the ELA enhancing ice flow to the margins. Today the mass loss from BMB is negligible,
but the loss from SMB and ID is important. GrIS loses almost as much mass from SMB as from ID.
SMB will become the dominant part of mass loss in the coming century, however, ID will continue to be
an important source of mass loss, due to large variability in SMB (Choi et al., 2021; Fox-Kemper et al.,
2021). In the period between 1992 and 2000, the GrIS lost a total mass of 4890 Gt, which is equal to
a 13.5 mm Global Mean Sea Level Rise (GMSLR) (Arias et al., 2021). The mass loss has accelerated
in the last decades, with rates of 39 Gt yr−1 during 1992-1999, 175 Gt yr−1 during 2000-2009 and 243
Gt yr−1 during 2010-2019 (Arias et al., 2021). The largest mass loss has taken place on the northwest
and southeast part of the ice sheet (Arias et al., 2021).

There is no question that the GrIS will continue to lose mass in the coming centuries and millennia,
but how much and how fast will it be affected by future emissions? Up until 2100, GrIS is projected to
contribute 0.01 to 0.10 m to GMSL under SSP1-2.6, 0.04 to 0.13 m under SSP2-4.5 and 0.09 to 0.18
m under SSP5-8.5 (Arias et al., 2021). There has recently been made progress in the field of climate
modelling, where the coupling between Earth SystemModels (ESM) and ice sheet models is improved.
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Muntjewerf, Sellevold, et al. (2020) project that the mass loss from GrIS with a coupled ice sheet and
climate model would increase sea levels by 0.109 m in 2100 with respect to 2015 under SSP5-8.5. An
idealised simulation, run with the samemodel, where CO2 increases yearly by 1% until 4xCO2, projects
a similar sea level rise of 1.140 m (Muntjewerf, Petrini, et al., 2020a).

Aschwanden et al. (2019), by using a stand-alone ice sheet model, predicts that following the SSP2.6
the GrIS could contribute to 0.25 m GMSL, while SSP8.5 contributes 1.74 m past 2100. However, AR6
states that there is low confidence in climate projections until and beyond 2300, due to the uncertainties
in climate drivers for projecting ice sheet change (Fox-Kemper et al., 2021). This motivates further
research on GrIS mass loss beyond 2100, not only for the low and high emissions scenarios but also
for the intermediate.

There is an interesting ongoing debate in contemporary literature on the topic of tipping point and
threshold for GrIS irreversible mass loss and sea level rise. It is often considered that such a tipping
point is reached when the SMB becomes zero or negative (van den Broeke et al., 2016). Moreover,
some studies find a temperature threshold while others find that the tipping point is more connected with
ice volume loss. Gregory et al. (2020), found no strict temperature threshold for mass loss. Instead,
if the ice sheet loses mass equivalent to 3 to 3.5 m sea level rise, it would not regrow to its present
state and an equivalent of 2 m sea level rise would be irreversible. This mass threshold might already
be reached in 400 years, should warming reach 10∘𝐶 under the SSP8.5 (Aschwanden et al., 2019). In
contrast, Robinson et al. (2012) found a threshold of 3.1∘𝐶 (1.9–5.1∘𝐶) of global temperature rise with
respect to PI, which if reached, will lead to complete melting of the ice sheet.

1.5.1. Surface Mass Balance
Changes in the SMB are and are projected to continue to be one of the largest causes of GrIS mass loss
(Fox-Kemper et al., 2021). In order to gain a better understanding of how the ice sheet loses mass,
it is important to quantify the evolution of the main components of the SMB. The GrIS has a strong
topographic gradient at the margins and high spatial climate variability affecting the surface mass loss.
The SMB is defined as follows:

𝑆𝑀𝐵 = 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛–𝑅𝑢𝑛𝑜𝑓𝑓–𝑆𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛 (1.2)

Precipitation is defined as the sum of the snowfall and rainfall. However, snowfall contributes to positive
SMB, while only rainfall that is refrozen contributes positively. If not, it contributes to surface runoff,
which together with the melt are directly lost to the ocean. Therefore, the SMB can be rewritten as
snowfall plus refreezing, minus sublimation and melt:

𝑆𝑀𝐵 = 𝑆𝑛𝑜𝑤𝑓𝑎𝑙𝑙 + 𝑅𝑒𝑓𝑟𝑒𝑒𝑧𝑖𝑛𝑔–𝑆𝑢𝑏𝑙𝑖𝑚𝑎𝑡𝑖𝑜𝑛–𝑀𝑒𝑙𝑡 (1.3)

Snowfall is the main contributor to mass gain at the surface, and most snow falls in the southeast due to
the storm tracks in this region (Ettema et al., 2010; Fyke et al., 2018). The main source of contemporary
surface mass loss is surface melt (van den Broeke et al., 2016), which takes place over larger parts
of the ice sheet, but especially at low elevations. However, GrIS surface melt is partitioned between
runoff, direct loss of mass, and refreezing. Refreezing occurs when melt at the surface percolates
down into the snowpack. The main conditions for surface water to refreeze are enough available pore
space and temperatures below freezing point. While this barely adds mass to the snowpack, the phase
change of the liquid water releases energy and slightly heats the snowpack, which reduces the potential
of refreezing (Fyke et al., 2018). In addition, the refreezing capacity of the snowpack is limited because
it acts as a sponge, refreezing up meltwater until there is no more pore space available. Furthermore,
most of the refreezing is happening around and just above the ELA. This is because below the ELA
melt rates are high, so it is little or no pore space in the snow and firn and at lower elevations, the
temperature is close to the melting point. Just above the ELA there is still significant surface melt and
precipitation, but temperatures are lower and there is more snow with potential pore space (SMB > 0).
Today the main contributor to surface mass loss is increased surface melt. Furthermore, sublimation
acts as either mass loss or gain, by directly going from solid state to vapour, or from vapour state to
solid (also called deposition). At present, sublimation contributes to mass loss.
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1.5.2. The SMB-elevation Feedback
The elevation feedback concerning the SMB is considered a positive feedback mechanism. It follows
the principle that at higher altitudes the temperature is colder. If the ice sheet melts, elevation is reduced
which results in a warmer climate and further melting (Fyke et al., 2018).

1.5.3. Surface Energy Balance
Most of the mass loss, hence surface melt and runoff, takes place in the summer, during the months of
June, July and August (JJA) when the Surface Energy Balance (SEB) is positive. The SEB consists of
radiative, turbulent and ground heat fluxes. The melt energy (E𝑀) is the sum of net surface radiation
(SW𝑛𝑒𝑡 + LW𝑛𝑒𝑡), latent and sensible turbulent surface fluxes (SHF and LHF) as well as the ground heat
fluxes (GHF) at the interface between snow and atmosphere (Ettema et al., 2010; Fyke et al., 2018).
Furthermore, the melt can be constrained or enhanced by variables such as wind speed, humidity,
clouds, surface characteristics and snowfall (Cuffey & Paterson, 2010). The formulation of melt energy
is:

𝐸𝑀 = 𝑆𝑊𝑛𝑒𝑡 + 𝐿𝑊𝑛𝑒𝑡 + 𝐿𝐻𝐹 + 𝑆𝐻𝐹 + 𝐺𝐻𝐹 (1.4)

1.5.4. The Ice-Albedo Feedback
The Ice-Albedo Feedback is also a positive feedback mechanism, which connects the changes in sur-
face reflectivity to changes in the melt. The albedo regulates how much shortwave energy is absorbed
by the snow or ice. Fresh snow is highly reflective, with an albedo of approximately 0.8 (Cuffey &
Paterson, 2010). When snow and ice are melting, their albedo lowers, causing more absorbance of
solar radiation, and enhancing melt. Bare ice has an albedo of 0.6-0.35 (Cuffey & Paterson, 2010), and
as the ice melts away, it exposes bare soil or vegetation, with even lower reflectivity, and the albedo
feedback continues.



2
Research Objectives

In this study, a simulation run with the state-of-the-art coupled Earth System model CESM2-CISM2
is analysed. The analysis of the 2xCO2 simulation is motivated by the research objectives presented
in this section. The 2xCO2 simulation provides insight into a future projection of the evolution of the
Greenland ice sheet due to its long simulation time and focus on the couplings between climate and
ice sheet. Simulating ice sheet dynamics within an Earth system model requires accounting for ice
sheet-climate interactions and feedbacks. This interaction is necessary when conducting simulations
over longer timescales where ice sheets are subjected to mass change so that the assumption of an ice
sheet in equilibrium no longer holds. Moreover, when the equilibrium state of the ice sheet is perturbed,
it takes several millennia (if not more) to reach a new steady state.

The main research question is as follows:

How does the Greenland Ice Sheet mass budget respond to a doubling of global CO2 at a mul-
timillennial time scale as simulated by a coupled ice sheet-climate model?

The evolution of the Greenland ice sheet will be investigated considering a moderate warming scenario
at a multimillennial time scale. Its sensitivity to a doubling of CO2 concentrations with respect to pre-
industrial (the year 1850) is explored by considering its mass balance: where snow accumulation leads
to mass gain and refreezing counteracts increased melt. Furthermore, the mass loss of the Greenland
ice sheet and the consequential contribution to global mean sea level rise is quantified. This quan-
tification bridges the gap between low-and high-warming scenarios, as the 2xCO2 simulation can be
considered a moderate warming scenario (Meinshausen et al., 2020). Furthermore, in the past, most
GrIS simulations were based on global or regional climate modelling that was used for offline-forcing
of higher-resolution ice sheet models projecting the evolution of Greenland. However, recent work has
been done to couple ice sheet models to Earth systemmodels, with the goal to gain insight into the cou-
pling of the ice sheet and climate evolution. The CESM2-CISM2 (Danabasoglu et al., 2020; Lipscomb
et al., 2019) is a coupled Earth systemmodel that simulates the interaction between a changing climate
and the evolution of the GrIS. The model has been applied to the high emission scenarios SSP5-8.5
(Muntjewerf, Sellevold, et al., 2020) and 1% yearly CO2 increase until concentration levels is 4xCO2
compared to PI (Muntjewerf, Petrini, et al., 2020a). In this thesis, I will examine a 2xCO2 simulation
and compare it with the 4xCO2 extreme warming scenario simulation run with the same model and a
control simulation where pre-industrial conditions are maintained. I will quantify future GrIS mass loss
and explain the processes involved, such as precipitation evolution in a changing climate, melt and re-
freezing. A changing Arctic climate is also included in the analysis, with a focus on the consequences
of decreased Arctic sea ice, and changes in ocean currents. The multimillennial timescale is crucial for
the analysis, as the ice sheet responds to climate change over a long periods of time.

Furthermore, to support the main objective of the thesis, three sub-questions are explored:

1.How do Surface Mass Balance and Surface Energy Balance components evolve under a mod-
erate warming scenario?
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I will analyse the time series of the surface mass balance and surface energy balance components
of the 2xCO2 simulation compared to the PI simulation and 4xCO2 simulation, to quantify and explain
how the components change and how they are influencing each other, and how they ultimately cause
mass loss of the ice sheet. Under a moderate warming scenario, how fast is the mass loss? Which
components contribute the most to the mass loss? I will evaluate how the components change as a
response to global warming, but also considering the eventual elevation and area change of the ice
sheet. Particular focus will be given to the changes in precipitation, melt and refreezing, and potential
melt tipping point or distinguished acceleration.

2.How do global, Arctic climate and the climate over Greenland influence the GrIS SMB evolu-
tion?

In the 2xCO2 simulation, the global climate will continue to warm with the constant CO2 forcing. Ob-
servations today and many future projections see the Arctic warming faster than the global climate.
Will this higher warming also affect Greenland? Or will Greenland warm slower than the Arctic? Will
the loss of sea ice cause higher warming, leading to a complimentary increased acceleration of GrIS
surface mass loss?

3.How does NAMOC evolution impact the GrIS SMB?

In all CMIP6 models, the NAMOC is projected to further decline in the future (Fox-Kemper et al., 2021).
This is also the case for most of the simulations run with CESM2-CISM2 (Muntjewerf, Petrini, et al.,
2020a; Sellevold & Vizcaíno, 2020), where the NAMOC is decreasing as global warming increases.
However, in the 2xCO2 simulation, the NAMOC is recovering after a few centuries in a weakened state.
As this simulation is a moderate warming scenario, does the relative regional cooling, caused by initially
reduced NAMOC, have a major impact on the GrIS SMB? Further, as the NAMOC recovers, will the
increased amount of heat again transported to the south of Greenland have an additional accelerating
effect on the surface mass loss?



3
Methods

3.1. Model Description
The Coupled Community Earth System Model version 2 (CESM2; Danabasoglu et al., 2020) and the
Community Ice Sheet Model version 2 (CISM2; Lipscomb et al., 2019) are part of the new major de-
velopments of the state-of-the-art Earth System Models (ESM). ESMs include components for land,
ocean, atmosphere, sea ice and ice sheet in a few cases (Sellevold et al., 2019; Smith et al., 2010). As
climate change is advancing, with an accelerated melting of the largest ice sheets on Earth, there is a
need for robust projections of sea level rise. The CISM2 calculates ice velocities, internal temperatures
as well as the dynamical evolution of the dynamical ice sheet, by using a higher-order approximation
of the Stokes equations (Lipscomb et al., 2019). The three-dimensional thermomechanically coupled
ice sheet model of CISM2 is integrated into CESM2 by a bi-directional coupling of the ice sheet model
to the land and atmosphere models and with a one-directional coupling to the ocean model. Advanced
ice melt rates calculations account for snow compaction as well as the reflection of solar radiation from
the surface in the CESM component (van Kampenhout et al., 2017). The meltwater and ice discharge
fluxes are accounted for through the ocean model. Furthermore, the CESM2 includes land and atmo-
spheric models, that react to changes in extent, elevation, and roughness of the ice sheet. Evolution of
the ice sheet results in reduced surface albedo and changes in sign and magnitude of the sensible and
latent heat fluxes, surface roughness, and ice sheet topography. With CESM2–CISM2, these changes
are coupled with the ice sheet and climate, improving our understanding of the dynamics between the
GrIS and climate, in the past, present and future (Muntjewerf, Petrini, et al., 2020a; Sommers et al.,
2021; van Kampenhout et al., 2020). The separate components of the CESM2–CISM2 are discussed
below.

Atmosphere model
The Community Atmosphere Model 6 (CAM6; Gettelman et al., 2015; Lin and Rood, 1997) simulates
the atmospheric processes and the geometry of the ice sheet is communicated to this model com-
ponent. The model performs on a horizontal grid with a nominal resolution of 1∘ with 32 levels in the
vertical with the upper boundary at 3.6 hPa (∼ 40 km). Improvements have been made since the CAM5
in every atmospheric physics parameterisation, except for radiative transfer. The cloud microphysics
is improved so that the cloud biases are reduced over Greenland (Lenaerts et al., 2020; Liu et al.,
2015). This further includes the representation of cloud liquid water and longwave forcing. Further-
more, the representation of orographic precipitation, near-surface wind, turbulent heat and moisture
fluxes are also improved compared to CAM5 (Lenaerts et al., 2020; Scinocca & McFarlane, 2000; van
Kampenhout et al., 2020).

Land model
The Community Land Model Version 5 (CLM5; Lawrence et al., 2019), simulates the land processes,
which includes biogeophysical and biochemical processes, as well as snow hydrology. The resolution
of the horizontal grid is also 1∘ (0.90∘ latitude x 1.25∘ longitude). The heterogeneity of the landscape
on Greenland is represented through different surface types. The uppermost level is the surface type
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called the land unit, where each grid cell is assessed and fractions in the grid cell are identified as a
glacier, lake, wetland, urban, vegetated, or crop surface. Heterogeneity of the state variables within
each land unit is accounted for in the next level, the column level, referred to as elevation classes
(ECs; Lipscomb et al., 2013), which includes the impact of subgrid-scale variations in topography on
the surface mass balance and surface energy balance calculations.

The discretization, in the vertical direction, between soil and snow differs within the model. The soil
column has a fixed number of layers, while the snow and firn have variable numbers of layers with a
maximum snow depth defined as H𝑚𝑎𝑥 which is equal to 10 m water equivalent (mWE). This maximum
depth allows for the development of firn layers sufficiently deep for refreezing and storage of surface
meltwater to take place in areas with perennial snow cover (Muntjewerf et al., 2021; van Kampenhout
et al., 2017).

The albedo of the snow is calculated with the SNow, Ice, and Aerosol Radiation model (SNICAR), which
simulates the spectral albedo of snow in a multilayer approximation, to consider vertically resolved solar
absorption, snow grain size evolution, and aerosol impurities in the snow (Flanner & Zender, 2006;
Flanner et al., 2007). This improves the simulation of the surface albedo and snow melt (Muntjewerf
et al., 2021).

Furthermore, the heat and water fluxes, as well as the phase changes between liquid and solid water,
are also accounted for in all vertical layers for each column if the upper boundary condition is set as the
overlying atmospheric heat fluxes. The lower boundary is set to net-zero heat flux. The surface runoff
is directed to the ocean by the Model for Scale Adaptive River Transport (MOSART; Li et al., 2015).
Transport is based on present-day topography gradients and is simulated with time-varying velocities
and channel water depths (Muntjewerf et al., 2021).

Ocean model
Ice sheet meltwater and solid ice discharge are passed to the ocean with the Parallel Ocean Program
version 2 (POP2; Danabasoglu et al., 2012; Smith et al., 2010) that simulates the ocean processes.
The horizontal grid resolution is nominal 1∘. The vertical component of the ocean is discretized in 60
levels and the POP2 conserves volume.

Sea-ice model
The Los Alamos National Laboratory Sea ice model version 5 (CICE5; Hunke et al., 2017) is used to
represent the sea ice dynamics, by determining the horizontal transport, ridging, and elastic-viscous-
plastic rheology. The sea-ice model shares the same grid as the ocean model. The salinity profiles and
sea ice temperature are divided into eight layers, in the vertical direction. Furthermore, a three-layer
snow model makes sure that the temperature distribution in the snowpack on the sea ice is accounted
for (Muntjewerf et al., 2021).

Land-ice model
Further, the ice sheets are simulated by CISM2 (Lipscomb et al., 2019), which is a parallel, three-
dimensional thermomechanical ice sheet model solving several approximations of the Stokes equations
for incompressible viscous flow. Greenland is simulated with a 4 km rectangular grid founded on a polar
stereographic projection. A flotation criterion is used for ice discharge at the margins in most of the
Greenland simulations, which directly calves floating ice to the ocean (Muntjewerf et al., 2021).

3.2. Coupling Description
The large difference in resolution between climate and ice sheet models is one of the challenges when
coupling models. The coupling between CISM2 and CESM2 is no exception due to the fact that the
ice sheet component runs on a 4 km grid and the CLM5 a nominal 1∘. The coarser resolution of CLM5
makes it harder to accurately capture the steepest ice sheet margins, which is important as the surface
energy and mass budgets of the ice sheet are very dependent on elevation. However, the various ECs
used in CLM5 account for subgrid-scale variation in elevation over the glaciated land units by binning
the fraction of this unit in each grid based on the topography from the higher resolution ice sheet
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model. Furthermore, the surface energy fluxes are coupled to the SMB by downscaling atmospheric
variables. A uniform lapse rate of –6 K km−1 is the grid cell temperature used in CLM5. Together
with an assumed vertically uniform relative humidity allows for the EC-specific potential temperature,
specific humidity, air density, and surface pressure to be determined. Precipitation is partitioned into
rain or snow, based on the elevation-corrected near-surface temperature. If the downscaled surface
temperature is below -2∘𝐶, the precipitation is taken as snow. If the downscaled surface temperature is
above 0∘𝐶, precipitation is assumed to fall as rain. The annual accumulated SMB in each of the glacier
land units in every ECs is calculated, and the SMB is remapped from the coarser CLM5 to the higher
resolution ice sheet model grid. Since the grid in CLM5 can have fractions of several land units, there is
an implementation of dynamic land units as the ice sheet extent changes. For every grid cell in CLM5,
the glacier elevation classes are set based on the topography in CISM2. The coupler remaps the ice
sheet geometry from CISM2 to CLM5 as it evolves, and further uses the ice sheet extent in CIMS2 to
also recompute the fractional glacier coverage. This also allows for a dynamic change from glaciated
to vegetated land units with the retreating ice sheet (Muntjewerf et al., 2021).

Over longer periods, the change in geometry of the ice sheet is significant and can influence atmo-
spheric circulation. In CESM2 this is accounted for by updating the topographic boundary condi-
tions, which modifies the CAM6 boundary conditions and will restart files based on ice sheet elevation
changes in CISM2.

The coupling between the ice sheet and the ocean is one-directional, thus only information on fresh-
water flux travels from the ice sheet into the ocean from the marine-terminating glaciers, whereas
information on the ocean is not passed to the ice sheet. The surface runoff consists of liquid water at
the ice sheet surface and the fluxes are computed in the surface hydrology module of CLM5. The basal
melting happens at the base of the ice sheet where it is at a pressure melting point caused by friction
and geothermal heat, and this is computed in CISM2 (Muntjewerf et al., 2021).

3.3. Model Evaluation
The simulations used in this study are run with the CESM2-CISM2 and are initialised from a spun-up
pre-industrial climate/ice-sheet state (Lofverstrom et al., 2020). In this state, the ice sheet volume is
12% larger than present-day observations with a residual drift of ∼ 0.03 mm SLE yr−1. The ice sheet
area is also about 15% larger than the present day, due to a more extensive ice sheet simulated in the
north.

The spin-up procedure is important as the model and model components should start from an initial
stable condition free of residual drift. In order to achieve this, the spin-up should ideally capture the full
characteristics of a coupled ice sheet and climate system by for instance including a coupled simula-
tion over the Last Glacial Cycle. However, due to the long simulation time required, this is not feasible.
One method to reduce the computational time and cost is to accelerate the ice sheet with respect to
the other components. The assumption used is that from year-to-year the changes in area and to-
pography of the ice sheet are small. The approach described by Lofverstrom et al. (2020), models a
coupled climate system based on a spin-up by alternating between a fully coupled model configuration
and a computationally cheaper configuration. The atmospheric component is replaced by a data model
with prescribed boundary conditions. The broader coupled model state does not experience unreal-
istic drift by ensuring an adequately constrained data atmosphere by periodically re-establishing the
atmospheric forcing. The simulated spin-up climate is similar to the pre-industrial control climate which
is fully coupled to a simulation with prescribed GrIS. Although the final state of the iterative spin-up
procedure presents some biases, they are similar to previous efforts and do not invalidate the proce-
dure. The biases are related to intrinsic CESM2 climate and/or CISM2 ice sheet biases. Overall, this
suggests that the iterative method provides a faster and computationally cheaper method for spin-up
of complex ESMs (Lofverstrom et al., 2020).

An evaluation of the representation of the GrIS SMB with CESM2 has been done by van Kampenhout
et al. (2020), where the GrIS geometry was held fixed. Firstly, the large-scale circulation patterns were
evaluated during the late 20𝑡ℎ century based on the best-estimate reanalysis data. Secondly, the impact
of clouds on the surface energy balance was taken into account by evaluating the CESM2 clouds over
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Greenland using observations of cloud water path from remote sensing data. Thirdly, remote sensing
data and regional climate models (RCM) output were used to evaluate the surface albedo of the model.
And lastly, the meanmonthly energy and mass fluxes over GrIS were evaluated using the best-estimate
RCM output. The conclusion was that the CESM2 model simulates fairly well the large-scale climate,
clouds, surface climate, SEB and SMB. The albedo in the model was biased low, and the summer
radiation surplus, compared to the Regional Atmospheric Climate Model 2 (RACMO2), compensates
for weaker CESM2 turbulent fluxes. It was also found that the precipitation was overestimated, but GrIS
ablation areas in the north and east were underestimated compared to RACMO2. Simulated trends of
runoff and SMB was smaller than in RACMO2. Even so, the simulated present-day geometry of the
GrIS SMB by the CESM2 is physically realistic.

Muntjewerf et al. (2021) demonstrated the CESM2-CISM2 coupling between two climate states with
a focus on the major couplings of SMB, ocean freshwater flux from Greenland, dynamic ice sheet
margins, and surface topography updating. The high CO2 coupled simulation shows an integrated SMB
decrease and expansion of the ablation areas. The average ELA raises above 2000m and the ice sheet
margins retreat inland and thins. This causes a steeper topographic gradient between the high interior
and themargins, and ice velocities increase. The ocean receives freshwater in the form of ice discharge
from ice calving, basal melt and surface runoff. Ice discharge decreases as the marine-terminating
glaciers thin and retreat inland. Moreover, the ice discharge simulated for the integrated GrIS and
the SE basin is in accepted agreement with observations (Enderlin et al., 2014; Muntjewerf, Petrini,
et al., 2020b). There are regions where the ice discharge is overestimated (southwest, northeast and
north) and underestimated (northwest and central west). However, this coincides with regions of ice
thickness over-and under-estimation. At themoment, the coupledmodel does not include ice shelves or
sub-shelf melt. Furthermore, when the ice sheet retreats inland, areas become deglaciated, exposing
bare soil or vegetation. This causes lowered surface albedo which affects the surface energy balance.
The changes in ice sheet topography are captured by the atmospheric model and in turn, adjust the
atmospheric circulation. A model limitation is the calving parameterisation, which currently calves all
floating ice. Thus, marine-terminating glaciers are not realistically simulated.

Further planned model improvements include bi-directional coupling to the ocean as well as the imple-
mentation of a dynamic ice sheet-ocean mask and a land-ocean mask that will adjust to dynamic ice
shelf extent over the ocean. Other improvements to come are routing of the runoff along the dynamic
ice sheet surface gradients, instead of present-day topography. Also, the inclusion of dynamic vegeta-
tion will be important for long timescale simulations as vegetation plays a crucial role in the albedo and
ecosystem feedback (Muntjewerf et al., 2021).

3.4. Simulations
The 2xCO2 is an idealised simulation run with CEMS2-CISM2. The CO2 concentrations are increased
by 1% per year until the year 70, where CO2 concentrations are at 569 ppm, which is a doubling
compared to PI. After year 70, the CO2 concentrations are kept constant throughout the simulation.
Although this is an idealised scenario, it is interesting to place the simulation into a wider context, such
as the shared socio-economic pathway (SSP) scenarios. A study done by Meinshausen et al. (2020)m,
uses the reduced-complexity climate-carbon-cycle model MAGICC7.0 to model the greenhouse gas
concentration for all the SSP scenarios, from 2015 to 2500. SSP2-4.5 ends with a CO2 concentration
of 579.2 ppm in 2500. This is close to the 569 ppm CO2 for the 2xCO2 simulation, and this would fall
into the ”Middle of the road” SSP group. A comparison between the extended SSP scenarios and the
CESM2 2xCO2 simulation is displayed in Figure 3.1.
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Figure 3.1: Overview of SSP CO2 concentration scenarios from 1850 to 2500 compared to the CESM2 2xCO2 simulation. For
a better comparison, the 2xCO2 simulation is plotted with a starting point in the year 1990. Figure recreated from Meinshausen
et al., 2020.

In contrast to the SSP scenarios, the CESM 2xCO2 simulation has a fixed CO2 concentration once
reaching a doubling. This idealisation of the simulation is done to distinguish direct responses of cli-
mate and ice sheet from lagged responses and feedbacks, without the effects of aerosol and land use
changes, which are taken into account in the SSP scenarios. In many scenario-based simulations,
emissions are decreased after some time, in order to mimic future anthropogenic emission cuts, based
on social and economic evolution. In these simulations, the CO2 concentration in the atmosphere will
decrease because of the ocean and land sinks that are part of the carbon cycle (Canadell et al., 2021).

The climate component of the model is computationally expensive and is therefore only run for 1000
years. The ice sheet component of the model is run for 3000 years, assuming that after year 500,
the climate is not changing too rapidly, and therefore one climate year is used for five years in the ice
sheet component. To keep consistency throughout the analysis, the climate components’ time axis is
stretched to 3000 years when visualising in figures.

Further supporting the analysis of the 2xCO2 simulation is a pre-industrial control simulation (PI). The
control simulation is run for 300 years, also with CESM2-CISM2. The PI simulation reproduces the pre-
industrial climate and has a fixed CO2 concentration of 284.7 ppm. Additionally, a 4xCO2 simulation
following the same setup as the 2xCO2 simulation is used as an upper bound for the analysis.



4
Results

This section offers an extensive report on the analysis of the Greenland ice sheet under a moderate
warming scenario, using a 2xCO2 simulation run with CESM2-CISM2. The doubling of atmospheric
CO2 content yields an increased global mean annual temperature of 5∘𝐶, the Arctic (defined as north
of 60∘N) increased by 11∘𝐶 and Greenland by 9∘𝐶 after 3000 years, with respect to PI. Furthermore,
the GrIS contribution to the global mean sea level is 4.1 m. The GrIS contribution to sea level accel-
erates after year 710 as the NAMOC recovers. Another acceleration takes place after the year 1380
due expansion of ablation areas together with an active ice-albedo feedback and a NAMOC in a new
equilibrium state. The main contributor to surface mass loss is melt, where most of the increased melt
is partitioned to runoff. At the end of the simulation, melt is about 3.7 times higher than PI. The main
contributor to additional melt energy after 3000 years is the net shortwave radiation, contributing to
46% of this additional melt energy, compared to PI. In conclusion, the following results confirm that
even under a moderate warming scenario, the GrIS is quite sensitive to climate change as half of the
initial mass and area is lost over three millennia.

4.1. Global, Arctic and Greenland Climate Change
The atmospheric CO2 concentrations in the 2xCO2 simulation increases 1% per year, until year 70
when concentrations are two times that of PI levels, after which it is kept constant for the remainder
of the simulation. The immediate increase in CO2 the first 70 years causes radiation imbalance at the
top of the atmosphere (Fig.A.1), which triggers an equally rapid increase in global mean near-surface
temperature (GMNST) and near-surface temperatures over the Arctic and the Greenland ice sheet.
During the first 50 years of the simulation, the global mean temperature increases at a rate of 0.03∘𝐶
yr−1, the Arctic with 0.07∘𝐶 yr−1 and Greenland with 0.02∘𝐶 yr−1. The trend analysis is done with a
breakpoint detection of the slope and a fitted linear regression (Table A.1). Figure 4.1 shows the near-
surface temperature change with respect to the PI simulation. The Arctic is warming the most due to
decreasing seasonal terrestrial snow cover and loss of sea ice. The latter exposes the dark ocean
surface which in turn absorbs more heat and a positive feedback loop is initiated.

15
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Figure 4.1: Evolution of global, Arctic (north of 60∘N) and GrIS annual near-surface temperature with respect to pre-industrial
mean (∘𝐶).

After CO2 stabilisation in the year 70, the global near-surface temperature continues to increase, how-
ever at a slower pace of 0.0025∘𝐶 yr−1 until the year 1360. Approximately after the year 1360 until the
end of the simulation, the rate of global mean temperature increase is 0.0002∘𝐶 yr−1, Arctic is 0.001∘𝐶
yr−1 and Greenland is 0.002∘𝐶 yr−1. These are relatively weak warming trends, which could imply that
the Earth system is close to a new equilibrium state. This is defined as when the radiation at the top of
the atmosphere is equal to zero, and the radiative imbalance at the end of the simulation is 0.5 W m2.
In addition, after 3000 simulation years, the GMNST has increased by 5∘𝐶, the Arctic is 11∘𝐶 warmer
and Greenland is 9∘𝐶 warmer compared to the PI simulation (Fig.4.1).

Notably, after year 500, it is assumed that the climate is close to equilibrium, and is only updated in the
ice sheet model every five years. Figure 4.1 has thus a stretched time axis in order to better compare
with the evolution of the ice sheet. Figure A.2 shows the evolution of the temperature in accordance
with the simulated climate years.

Interestingly, the near-surface temperature is decreasing over the Arctic and Greenland region after
CO2 stabilisation, especially over Greenland with a rate of -0.01∘𝐶 yr−1 between the years 40 and 300,
before warming resumes with a rate of 0.008∘𝐶 yr−1. The Arctic temperature decreases at a rate half
of GrIS, -0.005∘𝐶 yr−1 during the years 55 to 418, before also increasing with a rate of 0.008∘𝐶 yr−1,
until approximately the year 1360. Between 1360 and 3000 there is only a slight warming trend over
the Arctic and Greenland (Table A.1) as the Earth system is approaching a new steady state.

The current hypothesis is that the temperature decrease in the Arctic and Greenland region is due to
the slowdown of the NAMOC. As the NAMOC slows down, the usual heat transport with the northward
ocean currents decreases, providing reduced warming, or a ”cooling-effect” around the Greenland
region (Fig.A.3). The reduced warming is also visible in the simulated total precipitation pattern, where
counter-intuitive to the effect of global warming (warm and moist atmosphere enhancing precipitation),
there is a reduction in precipitation around the southern part of Greenland, Iceland and as far as the
coast of Scandinavia (Fig.A.4).

Intriguingly, the 4xCO2 simulation exhibit a slight reduction of about -1∘𝐶 over Greenland and North
Atlantic around year 100 with respect to year 70 (Fig.A.2) (Sellevold & Vizcaíno, 2020). However, the



4.2. Evolution of the NAMOC 17

slight regional cooling has no effect on the average Arctic or the global temperature. Furthermore, it has
no significant effect on the GrIS SMB or Arctic sea ice. This implies that the significant larger global
warming effect, compared to the 2xCO2 simulation, is stronger than the regional cooling associated
with the slowdown of the NAMOC, resulting in a net effect of constant warming.

4.1.1. Arctic Sea Ice
The Arctic becomes seasonally ice-free, defined as sea ice extent below 2x106 km2, in the middle of
the first simulated century, approximately at the same time as the 4xCO2 simulation (Fig.4.2). However,
in contrast to the high warming simulation, the Arctic does not become year-round sea ice-free in the
2xCO2 simulation (Fig.A.5). There is an initial decrease in March sea ice extent, due to the atmospheric
CO2 increase at the beginning of the simulation. However, between CO2 stabilisation and year 400,
sea ice extent increases in both September and March as a response to the regional cooling associated
with the slowdown of the NAMOC. The March sea ice extent is even larger than PI levels when NAMOC
is at its lowest, around year 410. However, as the NAMOC recovers and warming resume, the sea ice
extent decreases. September sea ice extent is completely lost after year 500. The March sea ice extent
experiences a decline throughout the simulation as the NAMOC recovers but remains well above 2x106
km2. The annual integrated Arctic sea ice fraction remains relatively stable with respect to PI, until the
recovery of the NAMOC when the fraction is decreasing in most of the Arctic region (Fig.A.6).
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Figure 4.2: Left: September sea ice extent (x106 km2). Right: March sea ice extent (x106 km2). The sea ice extent is defined
as the area north of 60∘N where sea ice concentration is greater than 15%.

4.2. Evolution of the NAMOC
The NAMOCweakens substantially during the first 114 years of the simulation, at a rate of -0.13 Sv yr−1
both in the 2xCO2 and 4xCO2 simulation. As seen in Figure4.3, the NAMOC strength is reduced by half
during this period, from 24 Sv mean strength during years 1-10, to 12 Sv between years 395-405. After
the year 114, the 4xCO2 NAMOC evolution continues on a steep decrease, while the 2xCO2 simulation
decreases less fast, with a rate of -0.02 Sv yr−1 until year 410 (Table A.2). The 4xCO2 NAMOC strength
is at its lowest less than 5 Sv and remains at strengths around 5-6 Sv for the rest of the simulation.
This is in contrast to the 2xCO2 simulation where the NAMOC recovers after reaching a low point in
the period between years 390 and 410 when the strength was only 5 Sv. The strength increases at a
rate of 0.018 Sv yr−1 between years 410 and 1000. After the year 1000, the NAMOC reaches more
or less a new equilibrium state with strengths varying between 17-20 Sv. Although not recovered to
PI strength, the NAMOC seems to be relatively stable for the last 2000 years of the simulation. The
reduced NAMOC index, compared to PI, means that deep convection does not return to some parts of
the Arctic, like the Labrador sea (Fig.A.7).
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Figure 4.3: Evolution of the NAMOC index. The NAMOC index is defined as the maximum strength of the overturning stream
function north of 28∘N and below 500 m depth.

4.3. GrIS contribution to GMSLR and Ice Sheet retreat
The GrIS responds rapidly to the CO2 forcing at the beginning of the simulation, as seen in the slight
increase in MB and SMB (Fig.4.4). However, the average surface mass loss between years 1-99 is -3
Gt yr−2, before stabilising between years 100 and 500. The MB decreases by -1.1 Gt yr−2, between
years 1-71, and the total mass loss is about -190 Gt yr−1. Between years 71 and 500, the MB is
increasing by 0.2 Gt yr−2 and has a slight total mass gain of 22 Gt yr−1. After year 500, both MB and
SMB are decreasing, MB by -0.5 Gt yr−2 and SMB by -0.75 Gt yr−2 (Table B.1). The SMB reaches a
slower rate after the year 1675, with surface mass loss of -0.1 Gt yr−2 until the end of the simulation.
The negative MB slows down after year 1900 and decelerates to -0.01 Gt yr−2 until the end. Based on
the 20-year running mean, the MB is -850 Gt yr−1 at the end of the simulation, and SMB is reduced
by -1350 Gt yr−1. Ice discharge decreases throughout the simulation, due to thinning of outlet glaciers
and their retreat inland. Further, the basal melt changes are small and therefore not considered in this
analysis.
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Figure 4.4: Evolution of annual GrIS mass balance (MB) with components (Gt yr−1). The thick lines show the 20-year running
mean. Change in mass balance is calculated as: MB = SMB - BMB - ID.

The total GrIS cumulative contribution to global mean sea level rise is 4.1 m after 3000 years (Fig.4.5).
The initial rate is 0.47 mm yr−1 up until year 710 (Table B.1), and the sea level contribution is 315 mm.
Between the years 710 and 1380, the mass loss is significantly increased to 1 mm yr−1 and a sea level
contribution of 1 m around the year 1380. During the last period of the simulation, between the years
1380-3000, the rate doubles to 2 mm yr−1.
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Figure 4.5: Evolution of cumulative GrIS contribution to global mean sea level rise (mm SLE).

During the first 70 years of the simulation, the ice sheet experiences a small positive change in SMB,
causing an increase in ice thickness by a few meters over the interior and northern parts, with respect
to PI (Fig.B.3, panel showing anomaly between years 60-80). After CO2 stabilisation, the surface is
losing mass along the whole western side, southern and eastern parts of the ice sheet, as well as the
interior (Fig.B.2). Although, The maximum surface mass loss is in the western and southern ablation
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areas. Further, the ice sheets’ southern dome disintegrates from the rest of the ice sheet between the
years 2525 and 2625 (Fig.B.1), when the ice sheet has decreased by 40% of its pre-industrial area. By
the end of the simulation, there is only a small part remaining of the southern dome.

The ablation areas expand throughout the simulation and cause thinning of the ice sheet. The topo-
graphic gradient becomes steeper, as the difference between the low-lying ablation areas and the high
interior becomes larger (Fig.B.2). As the ice sheet melts, elevation decreases, and the ELA reaches
further into the ice sheet. The steeper topography enhances ice flow from the interior to the margins
(Fig.B.4). At the end of the simulation, only 50% of the original ice sheet is left, with a 50% ablation
area coverage. (Fig.4.6). In comparison, in the 4xCO2 simulation, the ablation area covers 50% of the
ice sheet already at year 210.
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Figure 4.6: Evolution of annual mean GrIS ablation area in % from total ice sheet extent for 2xCO2, 4xCO2 and PI. The thick
lines show the 20-year running mean.

4.4. Surface Mass Balance
A reduced SMB is considered the largest contributor to the mass loss of GrIS today and in the future
(Choi et al., 2021; van den Broeke et al., 2016). There are several contributors to the SMB change
(Eq.1.3), such as precipitation, melt and refreezing, runoff and sublimation. The SMB evolution for
the 2xCO2 simulation can be divided into five periods, where the 20-year mean is considered, where
the SMB evolution is experiencing a significant acceleration or deceleration. The first period is from
year 60 until year 80, which is when the CO2 concentrations stabilise. The second period is between
years 90-110, which shows the ice sheet response just after CO2 stabilisation and a rapid NAMOC
decrease. The third period is from year 390 until year 410 when the NAMOC is at its weakest in the
simulation. The fourth period is between the years 1225-1325 when the NAMOC has recovered to a
new equilibrium state. And finally, the fifth period from year 2900 until year 3000, which is the end of
the simulation.
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Figure 4.7: Evolution of the annual integrated GrIS SMB components (Gt yr−1). The thick lines show the 20-year running mean.

At CO2 stabilisation, the annual, integrated GrIS SMB has decreased by almost 200 Gt yr−1 (∼ 46%)
compared to PI simulation (556 Gt yr−1) (Table 4.1). Melt is the main contributor to surface mass loss
throughout the simulation (Fig.4.7). At the year 70, the increase in melt causes the runoff to almost dou-
ble compared to PI simulation. However, the associated mass loss is partially attenuated by refreezing
of melt and rainwater into the snowpack. Between the years 60-80, the refreezing capacity is high,
with as much as 49% of the melt and parts of the increased rainfall being refrozen into the snowpack.
The refreezing capacity is defined as the fraction of refreezing to available meltwater. Between years
60-80, the refreezing capacity is at a maximum, with 50% of the surface water being refrozen. As a
consequence, the surface mass loss is relatively stable, with a loss of only 35 Gt yr−1 between years 90
and 410 (Fig.4.7). This limited mass loss is caused by a moderate decrease in precipitation and small
reductions in melt and runoff. Both are related with reduced warming from a weak state of the NAMOC
during this period. However, as the NAMOC strengthens, the SMB experiences an accelerated de-
crease, due to continuous global warming and recovered heat transport from the NAMOC, causing
increased melt, with most of it being partitioned as runoff. In addition, the sublimation is decreasing
throughout the simulation (Table 4.1) and is 88% smaller than PI, as more deposition takes place over
the expanded ablation areas at the end (Fig.C.5). The SMB turns negative between year 700 and 800,
when fitting a linear regression to the absolute data, or between years 720-740 when considering the
20-year running mean. At the end of the simulation, the SMB has decreased to -899 Gt yr−1 (∼ 60%
decrease). The SMB is still exhibiting a negative trend at the end of the simulation, especially visible
when considering the change in mm yr−1 (Fig.C.1) as decreasing ice sheet area is taken into account.
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PI 1-20 Years 60-80 Years 90-110 Years 390-410 Years 1225-1325 Years 2900-3000
SMB 556 (87) 374 (94) 249 (106) 215 (91) -574 (140) -899 (139)
Precipitation 863 (74) 846 (111) 699 (62) 657 (55) 844 76) 454 (42)
Snowfall 790 (68) 725 (98) 617 (59) 582 (44) 662 (65) 336 (34)
Rain 73 (11) 100 (20) 81 (14) 75 (16) 183 (28) 118 (18)
Refreezing 221 (53) 388 (47) 413 (82) 371 (75) 554 (46) 281 (27)
Melt 410 (89) 691 (89) 737 (152) 695 (139) 1757 (146) 1511 (150)
Sublimation 45 (4) 49 (6) 44 (3) 42 (3) 31 (4) 5 (4)
Runoff 262 (48) 403 (64) 405 (79) 399 (74) 1386 (122) 1348 (135)
Rain (%) 8.5 12 11.6 11.4 21.7 26
Refreezing (%) 45.8 49 50.5 48.2 28.6 17

Table 4.1: Overview of annual ice sheet integrated Surface Mass Balance components as absolute mean (standard deviation)
between the indicated 20-year periods (Gt yr−1). SMB = Snowfall + Refreezing – Melt – Sublimation. Rain (%) = Rain * 100 /
(Snowfall + Rain). Refreezing (%) = Refreezing * 100 / (Rain + Melt).

4.4.1. Precipitation
The fraction of precipitation falling as rain increases throughout the simulation, from 8.5% in PI simu-
lation to 26% at the end of the simulation (Table 4.1). As the atmosphere becomes warmer, it holds
more moisture, leading to more precipitation. Snowfall occurs over the whole ice sheet, however more
intensely on the south and southeastern margins (Fig.C.2). Rain falls along the west, south and eastern
margins of the ice sheet (Fig.C.3). Throughout the simulation, these are the maxima locations of rain-
fall intensity. However, after year 1000, the net effect of a recovered NAMOC and continuous global
warming is increased rainfall, and rainfall falling around the whole margin of the ice sheet. As the ice
sheet reduces in extent and elevation is lowered, rainfall is occurring closer to the interior at the end of
the simulation.

The annual integrated time series of snow and rainfall (Fig.4.8) shows that the snowfall drops sharply,
about -100 Gt yr−1 right after CO2 stabilisation. Rainfall has a smaller drop, only about -20 Gt yr−1.
The decrease could have a connection to the slowdown of the NAMOC, causing reduced warming, and
consequently reduced precipitation. Especially in snowfall, noticeably on the south and southeastern
margin (Fig.C.2). Rainfall remains quite stable during the period of NAMOC weakening (Fig.4.8). As
the NAMOC recovers, both snowfall and rainfall increase, snowfall only by 80 Gt yr−1 between the years
1225-1325 when compared to years 390-410. Rainfall on the other hand increases by 108 Gt yr−1 and
the fraction falling as rain has doubled, over the same period compared to years 390-410 (Table 4.1).
The total precipitation is at the same level as PI levels during the period 1225-1325. However, by the
end of the simulation, total precipitation is reduced to about half of what it was in the PI simulation,
which is mostly due to decreased snowfall.
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Figure 4.8: Evolution of integrated annual GrIS timeseries of snowfall and rainfall in Gt yr−1. The thick lines show the 20-year
running mean.

The decline in the absolute amount of precipitation at the end of the simulation can be attributed to area
change. As the GrIS reduces in extent, there is less ice sheet area to receive the precipitation. Figure
C.4 takes into account the area change of the ice sheet. The evolution of snow and rainfall is smoother
compared to Figure 4.8. Snowfall is relatively stable after the year 1225 until a decrease during the last
100 years of the simulation. This decrease is debatable, as it could either be a continued decrease as
the ice sheet area further reduces or it could be variability in the snowfall. Rainfall increases steadily
from year 500 onwards and becomes relatively stable at the end of the simulation.

4.4.2. Melt and Refreezing
Melt and rain are the largest contributors to negative SMB change during the whole simulation. Melt
dominates runoff, which is the part of the melt and rainfall that is not refrozen into the snowpack, and
thus ultimately lost to the ocean. Melt takes place around the whole ice sheet margin, below 2000 m,
with the maximum melt on the western side of the ice sheet (Fig.4.9). At the end of the simulation, melt
is occurring over the whole, albeit reduced ice sheet and the melt is almost four times higher than in
the PI simulation (Table 4.1).

Right after CO2 stabilisation, there is a small decrease in the melt, seen better reflected in the decrease
in the runoff between years 70-100 (Fig.4.7). During this period, snow and rainfall are reduced and the
amount of refreezing increases, with a larger refreezing capacity of 50% (compared to 46% at PI)
(Table 4.1). The increase of CO2 up until year 70 and the associated temperature increase, causes
higher availability of water to be refrozen by increased surface melt and rainfall. However, the absolute
amount of refreezing is relatively stable in the following period from the year 70 until the year 410 when
the NAMOC weakens. The amount of refreezing is at a maximum once the NAMOC is recovering,
with 554 Gt yr−1 being refrozen, in the period between years 1225-1325, which is more than doubled
compared to PI values. Although relatively more water is refrozen at this point, the refreezing capacity is
decreasing, due to the fact that the snowpack becomes more saturated, with less pore space available
for continued storage of surface water. The refreezing capacity can be compared to a sponge taking up
water: as it takes up more water, it becomes more saturated until there is no more free pore space. This
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is also what is happening to the snowpack, especially since amount of snowfall is not keeping up with
the increased surface water. At the end of the simulation, the amount of refreezing is 281 Gt yr−1, which
is about the same as PI levels, and refreezing capacity is only at 17%. In addition, the refreezing pattern
follows the ELA evolution closely (Fig.4.9). This has to do with the fact that the ELA divides the ice
sheet into ablation and accumulation area, where liquid surface water (rain and meltwater) decreases
with elevation, while snow thickness increases with elevation from this point. Liquid water and pore
space are the main two components of refreezing, which proves to be ideal around the equilibrium line
altitude. Elevation change is also affecting the melt and the refreezing. As the ice sheet melts, the
elevation is lowered, and temperatures increase. Thus, the snowpack will also become warmer as it
becomes situated at lower elevations, and will not have a cold enough temperature to accommodate
refreezing. In addition, lower elevations and warmer temperatures promote further melting of the ice
sheet.

PI 60-80 390-410 1225-1325 2900-3000

0 50 100 200 400 600 800 1000 1500 1800 2000 2500 3000 4000 5000 6000 7000

Melt (mm yr−1)

PI 60-80 390-410 1225-1325 2900-3000

0 20 50 100 150 200 300 400 500 700 1000 2000

Refreezing (mm yr−1)

Figure 4.9: Evolution of the absolute annual mean integrated GrIS melt (top panel) and refreezing (bottom panel) (mm yr−1).
Contour lines for every 500 m elevation. The red contour line denotes the ELA. The time period is indicated with years on top of
the panels.

4.5. Surface Energy Balance
The surface energy balance is interdependent on the surface mass balance, and thus key to explaining
processes such as the melt acceleration after year 500, and the following contribution to sea level rise.
Melt energy is largest during the summermonths of June-July-August (JJA). Therefore, the components
in this section are investigated as an average over JJA, integrated over GrIS (Fig.C.6).
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Figure 4.10: June-July-August GrIS integrated surface energy balance anomalies (W m−2) with respect to the pre-industrial
mean. The thick lines show the 20-year running mean.

The surface energy balance increase in the 2xCO2 simulation is caused by radiative and non-radiative
fluxes (Eq.1.4). Radiative fluxes are the net shortwave-and longwave-radiation, while the non-radiative
fluxes are sensible heat, latent heat and ground heat (Fig.4.10). During the first years of the simulation,
the increased amount of CO2 in the atmosphere causes LW𝑖𝑛 to increase. As temperature increases,
increased water vapour content and more liquid clouds are forming (Fig.C.8). This also causes in-
coming shortwave radiation to decrease (Fig.C.9). Net longwave radiation is thus the main contributor
to the melt energy during the first 70 years of the simulation, contributing 74% to the additional melt
energy. Between years 70 and 500, the SW𝑛𝑒𝑡 and LW𝑛𝑒𝑡 compete to be the largest contributor to
melt energy. SW𝑛𝑒𝑡 is dominant over longer periods, typically with a contribution around 50% and
LW𝑛𝑒𝑡 about 36%. This pattern shows a decadal anti-correlated oscillation between SW𝑛𝑒𝑡 and LW𝑛𝑒𝑡,
that becomes centennial after year 500. This coincides with the increase in liquid-containing clouds
(Fig.C.8), and also the evolution of clouds at lower altitudes, known to decrease shortwave radiation
(Fig.C.10). Such an oscillation is likely due to regional climate variability.
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PI 1-20 Years 60-80 Years 90-110 Years 390-410 Years 1225-1325 Years 2900-3000
Albedo 0.771 (0.007) 0.759 (0.006) 0.753 (0.009) 0.754 (0.008) 0.690 (0.007) 0.611 (0.012)
T2m -6.7 (0.8) -4.7 (0.6) -4.6 (0.9) -4.9 (0.7) -1.3 (0.4) 0.2 (0.4)
Tsurface -6.4 (0.7) -5.3 (0.5) -5.2 (0.8) -5.4 (0.7) -2.3 (0.3) -1.5 (0.3)
SWin 280.9 (4.3) 272.5 (6.1) 275.3 (4.4) 272.4 (5.2) 256.0 (5.4) 225.4 (6.3)
LWin 233.5 (3.9) 246.3 (4.2) 245.1 (3.3) 245.2 (4.0) 264.6 (3.2) 272.5 (3.4)
Melt Energy 12.1 (2.2) 17.5 (1.9) 18 (3.5) 16.8 (3.2) 45 (4) 78.3 (6.1)
SWnet 63.3 (2.4) 64.9 (2.7) 67.4 (3.2) 66.3 (3.0) 78 (3) 93.9 (4.3)
LWnet -49.0 (2.2) -45.0 (3.0) -46.5 (2.3) -45.4 (2.8) -39 (2) -35.2 (2.6)
SHF 6.6 (1.1) 5.7 (1.1) 5.1 (1.6) 4.5 (1.2) 10 (2) 18.2 (2)
LHF -6.6 (0.4) -7.0 (0.4) -6.8 (0.3) -7.1 (0.4) -4 (1) 2.5 (1.3)
GHF -2.1 (0.2) -1.1 (0.3) -1.2 (0.5) -1.5 (0.5) 0.1 (0.4) -1.2 (0.4)

Table 4.2: Overview of summer averaged (JJA) integrated GrIS Surface energy balance components as absolute mean (standard
deviation). Albedo (-), near-surface temperature (∘𝐶), surface temperature (∘𝐶), incoming shortwave radiation at the surface,
incoming longwave radiation at the surface, and the surface energy balance components (W m−2). Melt energy = net shortwave
radiation + net longwave radiation + sensible heat flux + latent heat flux + ground heat flux.

Until year 500, the net shortwave radiation is for the most the main contributor to melt energy, which
up until this point only increased by a few W m−2. Thereafter, it truly becomes the largest, increasing
from 17 W m−2 before year 500 to 78 W m−2 at the end of the simulation (Table. 4.2), with a contri-
bution of 46%. Furthermore, sensible (SHF) and latent heat flux (LHF) and ground heat flux (GHF)
are significantly increasing after year 410. In the end, the non-radiative fluxes contribute about 10%
of the additional melt energy (Fig.4.10). Most of the additional melt energy is used in the ablation ar-
eas (Fig.C.7 ). The melt energy is only fluctuating by 1-2 W m−2 per decade until around year 500
(Table. 4.2). Hereafter, melt energy increases in all ablation areas as they expand, and is especially
pronounced on the west, southwestern and northern margins.

The increase in net SW after year 500 is due to the ice-albedo feedback which enhances melt and
causes expansion of the ablation areas. This leads to more bare ice being exposed earlier in the year.
Ice has a lower albedo, typically between 0.65-0.20 depending on ice condition, compared to fresh
snow, aged and wet snow, which have an albedo of about 0.85 to 0.60 (Cuffey & Paterson, 2010).
Thus, when snow melts, ages, becomes wet or even completely melts away to reveal ice, the albedo
is lowered and the surface absorbs more heat from incoming SW, which starts a positive feedback
loop where it continues to warm and melt. The summer (JJA), integrated GrIS albedo is decreasing
from 0.77 in PI simulation to 0.61 at the end of the simulation (Fig.4.11). During the slowdown of the
NAMOC there are small changes in albedo on the southern part of the ice sheet (Fig.C.11). As the
ice-albedo feedback commences, the largest albedo decrease is on the western margins, followed by
the northern and eastern margins, indicating larger areas of bare ice. At the end of the simulation, the
albedo change is less pronounced on the southeastern margins, due to a steep topographic gradient,
limiting the expansion of the ablation areas.



4.5. Surface Energy Balance 27

500 1000 1500 2000 2500 3000

Year

0.600

0.625

0.650

0.675

0.700

0.725

0.750

0.775

JJA Integrated albedo over GrIS (-)

500 1000 1500 2000 2500 3000

Year

10

20

30

40

GrIS Ablation area (%)

Figure 4.11: Left: Integrated June-July-August albedo (-) over GrIS. Right: Annual integrated GrIS ablation area (%).

The evolution of the sensible and latent heat fluxes concerns the heat and energy exchange between
surface and near-atmosphere and can be explained by the evolution of the near-surface and surface
temperature change (Fig.C.12). At the start of the simulation, the two temperatures are almost equal
and increase at about the same pace. From around year 550, the 2m air temperature is increasingmore
than the surface temperature, and the difference between them is 1.7∘𝐶 at the end of the simulation.
This is due to the fact that the ice sheets’ surface temperature cannot increase above the melting
point, while the near surface will continue to increase due to global warming. As the near-surface
temperature becomes larger than the surface temperature, the temperature inversion between surface
and atmosphere becomes stronger, enhancing the turbulent fluxes. The sensible heat flux is heating
the surface, as eddies mix the warmer atmosphere, warmer air is brought down to the surface. If
the atmosphere is colder, heat is removed from the surface (Cuffey & Paterson, 2010). Further, the
latent heat flux concerns the energy in phase changes and is related to the function of the humidity
gradient. Heat is received at the surface when atmospheric water vapour condenses. Heat is lost from
the surface when moisture evaporates or sublimates (Cuffey & Paterson, 2010).

The JJA GrIS integrated sensible heat flux (Fig.C.13), is positive over the whole ice sheet, except for
the southern dome, and some parts of the interior. The positive SHF indicates that there is heat transfer
going from the atmosphere to the surface. The SHF pattern remains stable throughout the simulation
until the NAMOC has recovered (after year 1000). From this point, the positive SHF increases in
intensity around the margins, especially on the western side of the ice sheet. The southern dome
remains with negative SHF until the last years of the simulation. While the highest interior is negative
throughout the whole simulation.

The latent heat flux is negative over the whole ice sheet in the PI simulation (Fig.C.14), suggesting
energy loss from the surface to the atmosphere caused by sublimation. During the summer there is
more energy available, and the sublimation takes place at the surface, except for at the margins. This
causes the LHF to become more negative, except for at the margins. At the margins, the LHF becomes
more positive with more warming. A positive LHF implies that moist air cools as it flows over the cold ice
sheet surface, and consequently reaches saturation, leading to condensation and deposition of water
vapour. This sign change is only seen in the last years of the simulation. LHF is relatively stable up
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until the recovery of the NAMOC when positive LHF or mass deposition is occurring around the whole
ice sheet margin. Even though the deposition adds mass to the ice sheet, it also adds energy. This
increases the melt flux as the mass gain is very small compared to the added energy.

The ground heat flux is the heat transfer between the surface and the sub-surface. With a positive
GHF, there is an increase in energy content in the snowpack, and it can be viewed as a pre-condition
to melt and mass loss. Ground heat flux is mostly negative over the ice sheet during summer in the
PI simulation (Fig.C.15). In the percolation zones, the GHF is positive, which is seen around the ELA.
This implies that the energy from latent heat release due to refreezing of meltwater happening in the
snowpack is conducted upwards to the surface.



5
Discussion

The existing literature on GrIS evolution is extensive and focuses particularly on the future evolution
under high emission scenarios (Aschwanden et al., 2019; Huybrechts et al., 2011; Muntjewerf, Petrini,
et al., 2020a; Muntjewerf, Sellevold, et al., 2020; Van Breedam et al., 2020). Some of these projections
stem from stand-alone ice sheet models (Aschwanden et al., 2019), and some from coupled ice sheet-
climate models with diverse resolutions (Gregory et al., 2020; Huybrechts et al., 2011; Van Breedam
et al., 2020). In addition, a few studies focus on recent evolution of GrIS (Ettema et al., 2010; van den
Broeke et al., 2016). Furthermore, the CESM2-CISM2 model has previously been used for studies
concerning the high forcing scenario 4xCO2 (Muntjewerf, Petrini, et al., 2020a; Sellevold & Vizcaíno,
2020), for the SSP8.5 scenario (Muntjewerf, Sellevold, et al., 2020), as well as for a simulation on the
Last Interglacial period (Sommers et al., 2021).

However, this study is the first to analyse a moderate warming scenario with this high-resolution cou-
pled Earth system model. In this analysis, the 2xCO2 simulation is considered a moderate warming
scenario because it is in the range between the high and low warming scenarios. Considering only CO2
concentrations, the 2xCO2 simulation has similar levels as the SSP2-4.5 scenario (Fig.3.1). Although
there are differences between the simulation and the scenario, it is justified as comparable because it
is in the range between the high and low climate projections. In this section, GrIS contribution to sea
level rise as simulated in the CESM2-CISM2 2xCO2 simulation, and the effect of NAMOC evolution on
the SMB will be discussed considering the literature mentioned. An overview can be found in Table
A.1.

5.1. GrIS contribution to sea level rise
The largest contributor to mass loss in the 2xCO2 simulation is the negative SMB change, which de-
creases by -3 Gt yr−2 during the first 100 years of the simulation. Between years 100 and 500 the SMB
is more or less stable with only minor fluctuations. From year 500 to 1675 the surface mass loss is -0.75
Gt yr−2. After the year 1675, the SMB further decelerates to -0.1 Gt yr−2 until the end of the simulation.
After 3000 years, the SMB has decreased by -1200 Gt yr−1 compared to PI. Both volume and area are
reduced to 50% of the PI simulation. Further, the GrIS contribution to SLR is at a rate of 0.47 mm yr−1
during the period between years 1-710 with a cumulative sea level contribution of 315 mm. Between
years 710 and 1380, the rate increases significantly, associated with the recovery of the NAMOC, to 1
mm yr−1. The cumulative sea level contribution at the end of this period is 1 m. After the year 1380, the
sea level contribution rate doubles to 2 mm yr−1 until the end of the simulation. The second significant
acceleration is associated with sustained global warming, strong ice-albedo feedback and a NAMOC
in a new steady state. After 3000 years, the total GrIS cumulative contribution to the global mean sea
level rise is 4.1 m.

To date, several studies have investigated the near-future evolution of the GrIS up until the years
2100 and 2300 (Aschwanden et al., 2019; Edwards et al., 2021; Muntjewerf, Petrini, et al., 2020a;
Muntjewerf, Sellevold, et al., 2020), and these are generally also discussed in the sixth IPCC report

29



30 5. Discussion

(Arias et al., 2021). A large difference between most of these studies and the 2xCO2 simulation is the
fact that they start their simulations with present-day ice sheet and climate, while the 2xCO2 simulation
starts from PI. Aschwanden et al. (2019) used a stand-alone ice sheet model to quantify the contribution
to sea level rise from the GrIS over the next millennium by a large ensemble of simulations. By 2100 the
projected sea level contribution is between the range of 8-23 mm for the moderate emission scenario
RCP4.5. The sea level projections further increase to 350-970 mm by 2300. In comparison, after
100 years, the 2xCO2 simulation GrIS has contributed about 30 mm SLE, while after 300 years the
contribution is 140 mm (Fig.4.5). The lower range of the estimates for RCP4.5 of 350 mm in 2300
occurs around the year 770 in the CESM2 2xCO2 simulation. Edwards et al. (2021), used statistical
emulation of the ice sheet and glacier models from the ISMIP6 (Goelzer et al., 2020), predicting a sea
level contribution, relative to 2015, from GrIS of 60 mm (with a range from 10 to 100 mm) by 2100
following SSP2-4.5. In the 2xCO2 simulation, a 60 mm GMSL contribution is reached in year 149. At
this point, the CO2 concentrations are already stabilised at 560 ppm, while the SSP2-4.5 has a CO2
concentration of about 600 ppm, and still increasing (Fig.3.1) (Meinshausen et al., 2020). The 2xCO2
simulation has a higher contribution of mass loss in the first 100 years compared to Aschwanden et al.
(2019), however, it is quite similar to Edwards et al. (2021). Although, the 2xCO2 is losing less mass
compared to Aschwanden et al. (2019) estimates by 2300. The GMSL projection of a 4xCO2 simulation
also run with the CESM2-CISM2 (Muntjewerf, Petrini, et al., 2020a), is included as a comparison to the
SSP and RCP scenarios, due to the different CO2 forcing. The CO2 is increased by 1% until reaching
4xCO2 in year 140, after which the concentrations are kept fixed, like in the 2xCO2 simulation. At the
simulation year 150 in the 4xCO2 simulation, the GrIS contribution to SLR is 107 mm. The 2xCO2 has
in year 150 contributed 61 mm to sea level rise. By the end of the 4xCO2 simulation, after 350 years,
the total sea level contribution is 1.14 m, while this level of contribution is only reached for the 2xCO2
simulation after 1380 years. This illustrates the large differences between a high andmoderate warming
scenario. In conclusion, the different contributions to GMSL are dependent on both the amplitude and
the duration of the warming, which is directly related to the amount of CO2 in the atmosphere (Charbit
et al., 2008).

Study Model Simulation Time
(Years) Scenario GrIS SLR contribution NAMOC

2xCO2
Advanced coupled Earth system

model CESM2.1-CISM2.1 3000 2xCO2 4.1 m Temporarily slowdown
Cooling effect

Aschwanden et al. (2019) Ice sheet model
PISM 1000 RCP4.5 1.86-4.17 m (-)

Charbit et al. (2008) 3D ice sheet model
coupled to climate model CLIMBER 18 000

Range of CO2
emission scenarios
CO2 480-1680 ppm

Low end: 10% to 63%
ice volume loss
High end: 100%
ice volume loss

(-)

Edwards et al. (2021) Statistical emulation
ice sheet models (ISMIP6)

85
(2016-2100) SSP2-4.5 50 mm (-)

Gregory et al. (2020)

Ice sheet model (Glimmer)
coupled to

atmospheric general circulation
model (FAMOUS-ice AGCM)

∼ 40 000 RCP2.6-RCP8.5 <1.5 - >4 m (-)

Huybrechts et al. (2011) Coupled Earth system
model LOVECLIM v1 3000 2 and 4 times CO2

2xCO2: ∼ 3 m
4xCO2: ∼ 8 m

Temporarily slowdown
Cooling effect

Muntjewerf, Petrini, et al. (2020a) Advanced coupled Earth system
model CESM2.1-CISM2.1 350 4xCO2 1.14 m Collapse

Sommers et al. (2021) Advanced coupled Earth system
model CESM2.1-CISM2.1 8000 years Last Interglacial 3.8 m (-)

Van Breedam et al., 2020 Coupled Earth system
model LOVECLIM v1.3 10 000 Extended RCP4.5 7.3 m Temporarily slowdown

Cooling effect

Table 5.1: A comparison of contemporary literature and the CESM2 2xCO2 simulation, concerning GrIS contribution to sea level
rise in the future and the effect of NAMOC evolution.

An important feature of the 2xCO2 simulation is its relatively large length because the GrIS will take
several millennia to respond to today’s levels of greenhouse gases and settle into a new equilibrium,
as prior studies have also noted (Huybrechts et al., 2011; Van Breedam et al., 2020). Huybrechts et
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al. (2011) used an Earth system model of intermediate complexity for two simulations of 3000 years,
where in one simulation the CO2 concentrations were doubled and one where concentrations were
quadrupled, compared to PI. The difference in magnitude and response time between a moderate and
high forcing scenario, as found between the CESM2 2xCO2 and 4xCO2 simulations, was also seen
between the simulations in the study by Huybrechts et al. (2011). The main difference between the
2xCO2 conducted in this study and by Huybrechts et al. (2011) is the sea level contribution after 3000
years with respect to the global and Greenland temperature change (compared to PI). At the end of the
simulation, Huybrechts et al. (2011) found that the moderate scenario contributes to a sea level rise of
about 3 m, while the high scenario contributes 8 m. Thus, the moderate scenario is lower yet relatively
similar to the 2xCO2 simulation in this study (4.1 m). However, the global and Greenland warming
under the moderate scenario was at the end 2 ∘𝐶 and 4 ∘𝐶, respectively. The warming is much higher
in this study, with global warming of 5 ∘𝐶 and warming of 9 ∘𝐶 over Greenland. Interestingly, the CESM2
2xCO2 warming is the same as the warming in the high scenario of Huybrechts et al. (2011).

In the following paragraph, the CESM2 2xCO2 simulation will be compared to the study by Sommers
et al. (2021). The study investigates the GrIS evolution during the last interglacial (LIG) and is also run
with the CESM2-CISM2 model. During the LIG, the Arctic temperatures were warmer than the present
day, caused by changes in Earth’s orbital configurations, leading to higher insolation anomalies in the
Northern Hemisphere. The warmer Arctic temperatures today are caused by anthropogenic emissions.
In Sommers et al. (2021) the CO2 concentration is kept constant at 275 ppm, while during the 2xCO2
simulation it is kept constant after reaching 560 ppm. Another main difference is that the LIG simulation
starts when the climate is at its warmest, 127 ka (thousand years ago) before it starts to cool after 121
ka. In this study, the global climate warms continuously during the 3000 year period. The GrIS during
the LIG lost 3.8 m SLE over a period of 6000 years (127-121 ka), while in the 2xCO2 simulation the GrIS
lost 4.1 m SLE in 3000 years. In both simulations, the ice sheet loses half of its initial volume. The melt
pattern in the LIG simulation is distinctive and the minimum ice sheet extent occurs between 123-121
ka (Fig.5.1). The mass loss is significantly larger in the northern parts during this period compared to
the 2xCO2 simulation after 3000 years (Fig.C.16). However, the western margin has retreated more
in the 2xCO2 simulation. The disintegration of the southern dome is seen during the LIG simulation
between 123-121 ka (Fig.5.1) and between 2100-3000 in the 2xCO2 simulation (Fig.C.16). Although,
the remaining 2xCO2 southern dome is smaller at the end of the simulation, compared to LIG between
123-121 ka, with the possibility of it completely melting, should the simulation be continued.

Figure 5.1: Surface mass balance of the Greenland Ice Sheet shown every 2000 years from 127-119 ka. Data are plotted on the
Community Ice Sheet Model (CISM2) 4-km grid. The figure and figure caption are from Sommers et al., 2021. The red colours
indicate mass loss and the blue colours indicate mass gain.

5.2. NAMOC evolution effect on SMB
In this study, a temporary weakening of the NAMOC causes reduced GrIS mass loss. During the first
114 years of the 2xCO2 simulation, the NAMOC decreases with a rate of -0.13 Sv yr−1. The NAMOC
strength is around 5 Sv at its lowest between years 390 and 410 (when considering the 20-year running
mean). After this, the NAMOC recovers at a rate of 0.02 Sv until reaching a new steady state after the
year 1000. The strength does not recover to PI values (24 Sv) but remains between 17 and 20 Sv
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until the end of the simulation. The slowdown of the NAMOC leads to cooling over the Arctic and
Greenland region, which temporarily reduces the surface mass loss. This cooling effect is reported by
several studies projecting the evolution of GrIS mass loss (Huybrechts et al., 2011; Muntjewerf, Petrini,
et al., 2020a; Muntjewerf, Sellevold, et al., 2020; Van Breedam et al., 2020), and a weakening of the
circulation is observed today (Bryden et al., 2020; Chemke et al., 2020) and projected in the future
(Drijfhout et al., 2012; Mikolajewicz et al., 2007; Swingedouw et al., 2022). The effect of increased
freshwater flux from a melting GrIS on the NAMCO is an ongoing discussion in the field, however,
there was a relatively small body of literature found that was concerned with the effect of NAMOC
weakening on the GrIS SMB. This question is explored in this section.

There are similarities between the temporarily NAMOC slowdown and reduced GrIS mass loss pro-
jected in the 2xCO2 simulation and the observed deceleration of mass loss from Icelandic glaciers
described by Noël et al. (2022). In this study, the slowdown of Icelandic glaciers’ mass loss is coin-
ciding with a regional cooling signal in the North Atlantic Ocean. Since Icelandic glaciers are mostly
land-terminating, the SMB is the largest contributor to mass loss. Although the GrIS in the 2xCO2
simulation only becomes land-terminating later in the simulation, the ice discharge contributes to sea
level drop (Fig.4.4), and the SMB is the main contributor to mass loss. The Icelandic glacier mass loss
increased between 1995-2010 as a response to warmer temperatures. However, after 2011, when
the cooling signal emerged, the mass loss was halved compared to the period 1995-2010. This fur-
ther strengthens the hypothesis of regional cooling due to NAMOC slowdown and consequent surface
mass loss decrease between years 71-500 in the 2xCO2 simulation (Fig.4.4). Interestingly, the study
was extended with a simulation that follows the forcing scenario SSP8.5 until 2100 to evaluate if the
decreased mass loss persists. Their findings showed that the cooling signal would halt around 2050,
causing background warming to prevail. They further identified three stages of glacier mass loss, simi-
lar to the 2xCO2 simulation. The first stage saw mass loss of the glaciers due to warming between the
late 90s and 2010. In the second stage, after 2011, the emerging cooling signal caused reduced mass
loss. The projected reduced mass loss will continue up until late 2040, and after this, the third stage
begins where mass loss will resume as the warming signal again dominates.

The NAMOC evolution effect on GrIS SMB in the CESM2 2xCO2 simulation is in line with other mod-
elling studies projecting future GrIS mass loss. Huybrechts et al. (2011) reported a small weakening
in the warming over Greenland in their 4xCO2 simulation. The weakening occurred after a freshwater
peak from GrIS, leading to a reduction of 25% of the AMOC (Atlantic meridional overturning circula-
tion). Although they make a connection between reduced warming and weakening AMOC, it is still
curious that they did not find a cooling effect in their 2xCO2 simulation, nor reported any weakening
of the AMOC during this simulation. In the 2xCO2 simulation run with the CESM2-CISM2, there is
an obvious connection between the reduced warming over both the Arctic and Greenland (Fig.4.1),
weakening of the NAMOC (Fig.C.7) and decreasing surface mass loss. The net effect of global warm-
ing and NAMOC evolution is cooling between years 60-410 (Fig.A.3). This is not so apparent in the
CESM2 4xCO2 simulation, in contrast to Huybrechts et al. (2011), as the net effect of NAMOC and
global warming, is always dominated by global warming, causing consistent GrIS mass loss.

In contrast to the study by Huybrechts et al. (2011), Mikolajewicz et al. (2007) simulated various emis-
sion scenarios with an Earth systemmodel and found that the Atlantic Overturning Circulation collapsed
in the high emission scenario, temporarily weakened in the low emission scenario and the moderate
scenario brought the system close to its bifurcation point, with three out of five runs leading to a col-
lapse of the NAMOC. The temporary weakening or collapse showed to cause cooling over the North
Atlantic region. The collapse of the NAMOC in the high emissions scenario caused a cooling of 5∘𝐶
on the southeast coast of Greenland, with respect to 1751. The overall cooling over Greenland in the
CESM2 2xCO2 simulation is 5∘𝐶 during the slowdown of the NAMOC, compared to the peak warming
in year 70. In their simulations, Mikolajewicz et al. (2007) and Van Breedam et al. (2020) found regional
cooling and melt and precipitation reduction as effects of NAMOC slowdown. Interestingly, the cooling
effect was lower for the low emission scenarios, where the NAMOC only weakened temporarily. For
the moderate and high emission scenarios, the NAMOC weakening was more severe or ended in total
collapse. This led to a stronger cooling effect, which in turn showed to have a larger effect on the Green-
land SMB. This suggests that larger global warming causes a stronger weakening of NAMOC, which
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has a larger effect on the GrIS SMB. However, Drijfhout et al. (2012) suggested that the sensitivity of
the AMOC for global mean temperature change becomes weaker in a warmer climate, which is more
consistent with the CESM2 2xCO2 and 4xCO2 simulation. Where the temporarily reduced ocean heat
transport causes a net effect of cooling over Greenland between years 60-410 in the 2xCO2 simulation
(Fig.A.3), while in the 4xCO2 simulation the global warming signal is always stronger.



6
Conclusions

The novelty of this research derives from the analysis of a 2xCO2 concentration simulation run with an
advanced Earth system model (ESM), with the crucial coupling of ice sheet-climate. This coupling is
important because just as a change in climate modifies the ice sheet, the climate is modified by changes
of the ice sheet. Furthermore, the analysis of this moderate, multimillennial, warming simulation bridges
the gap between extensively researched low-and high-emission scenarios, as the world seems likely
to approach a ”middle-of-the-road” future climate scenario. The idealised 2xCO2 simulation, run with
the advanced ESM model CESM2-CISM2, is compared to a 4xCO2 and a pre-industrial control sim-
ulation run with the same model to support the study. The analysis gives insight into the evolution of
the Greenland ice sheet over a period of 3000 years. Analyses spanning such a long timescale are
important because the ice sheet plays a significant part in a changing Earth System in the long term
due to its slow response time. In this section, conclusions to the research questions are presented.

There are five main time periods investigated in this analysis. The first period is years 60-80, which is
around the stabilisation of the CO2 forcing. The second period is between years 90-110, which cap-
tures the changes in ice sheet components just after CO2 stabilisation and during the rapid NAMOC
decrease. The third period is between years 90-410 when the NAMOC is at its weakest in the simu-
lation. The fourth period is between the years 1225-1325 when the NAMOC has recovered to a new
equilibrium state. And finally, the fifth period is between the years 2900-3000, which is the end of the
simulation.

How does the Greenland Ice Sheet mass budget respond to a doubling of global CO2 at a mul-
timillennial timescale as simulated by a coupled ice sheet-climate model?

The Greenland ice sheet is losing about half of its mass and volume over the span of 3000 years,
compared to pre-industrial (PI) values, due to global warming and other processes caused by a warming
Earth system such as a change in the NAMOC, local weather and atmosphere patterns and loss of sea
ice.

The overall mass budget of GrIS shows an initial acceleration of mass loss, associated with the CO2
forcing, of -1.1 Gt yr−2, resulting in 190 Gt yr−1 being lost during years 1-71, compared to PI. Between
CO2 stabilisation and year 500, the mass loss decelerates and even changes signs to become mass
gain of 0.2 Gt yr−2. On the other hand, the surface mass loss accelerates by -3 Gt yr−2 during the
first 100 years of the simulation, before becoming quasi-stable until just after year 410. Furthermore,
between years 1 and 71, the refreezing has increased by almost 170 Gt yr−1 (with a refreezing capacity
of∼ 50%) and the amount of melt has almost doubled compared to PI. Also, melt and refreezing is more
or less in a stable state during the period between years 71-410. This is associated with a weakened
NAMOC and a regional near-surface temperature decrease with respect to year 70 of the simulation.
The mass loss accelerates after year 500, by -0.5 Gt yr−2. This is in connection with a strengthening
of the NAMOC after year 410, continuous global warming, ice-albedo feedback and elevation-melt
feedback. Although summer (JJA) integrated albedo is reduced from 0.77 to about 0.6, it is enough
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to set off the ice-albedo feedback. This positive feedback enhances ablation area expansion, which
constitutes 50% of the ice sheet at the end of the simulation. The main contributor to the negative
change in the mass budget is the surface mass balance (SMB). At the end of the simulation, the GrIS
contributed almost 4.1 m to the global mean sea level rise.

1.How do Surface Mass Balance and Surface Energy Balance components evolve under a mod-
erate warming scenario?

The SMB and SEB components have initial responses to the rapid increase in CO2 concentrations at
the start of the simulation, before experiencing a serious acceleration in their responses after 500 years
until the end of the simulation.

The SMB first becomes negative in year 730 when considering the 20-year running mean, or some-
where between years 700 and 800 if considering a linear fit to the absolute data. An SMB = 0 or negative
is often considered a tipping point for irreversible mass loss (van den Broeke et al., 2016). The largest
contributor to surface mass loss is melt, which increases by a factor of 3.7 at the end of the simulation
compared to PI. Melt dominates the runoff, which is five times higher at the end of the simulation, with
respect to PI. Refreezing capacity is peaking at 50% between years 90 and 110, thereafter declining
until only 17% at the end of the simulation. Just after CO2 stabilisation, the snowfall declines rapidly as
the CO2 forcing stabilises. Snowfall does not recover to pre-industrial levels but has a slight increase
after year 400 until the end of the simulation. Furthermore, rainfall more than doubles at the end of the
simulation compared to PI, with 26% of total precipitation falling as rain (∼9% at PI).

Both global warming and the changes in NAMOC affect the precipitation over GrIS. Precipitation de-
creases during the weakening of the NAMOC, particularly in the south. While it is expected that global
precipitation increases with atmospheric warming, the decline in NAMOC has a regional cooling effect,
reducing precipitation over GrIS. Snowfall is mostly affected by the NAMOC slowdown between years
70-400, as rainfall remains stable during this period. Between years 1225-1325, the NAMOC reaches
a new equilibrium, and both snow and rainfall increase, leading to total precipitation close to PI. How-
ever, by the end of the simulation, precipitation is only half of what it was in the PI simulation, which is
mostly due to the decreased snowfall and ice sheet extent.

Melt is increasing during the first century of the simulation, with the amount of melt being almost doubled
compared to PI values. Then follows a relatively stable period during NAMOC slowdown, before a
significant melt increase after year 500, resulting in melt values 3.7 times higher at the end of the
simulation compared to PI. Most of the melt originates from the ablation areas, and acceleration in the
melt can be attributed to the increase in SW𝑛𝑒𝑡 and albedo decline, LW𝑛𝑒𝑡 and turbulent heat fluxes.
Most of the surface melt becomes runoff, which is directly lost to the ocean and thus gives an indication
of how much mass is lost from the ice sheet. At the end of the simulation, runoff is five times higher
than PI.

Melt that is not partitioned as runoff, is refrozen into the snowpack, under the conditions that there is
enough pore space available and that the temperature of the snowpack is at freezing point. During the
simulation, the absolute amount of refreezing increases, and has doubled by the end of the simulation
compared to PI. This is due to the increase in rain and melt, which provides more liquid water at the
surface to be potentially refrozen. The refreezing capacity is defined in this study as the fraction of
refrozen water to available water at the surface (the sum of melt and rain). Refreezing capacity goes
from 46% in the PI simulation to 17% at the end of the 2xCO2 simulation. The refreezing capacity is not
yet zero but is decreasing because the snowpack becomes more saturated over time as more liquid
water is refrozen. Especially as the ablation area expands causing yearly exposure of bare ice, with
lower albedo leading to more heat uptake and further melting of the ice sheet. The decline in refreezing
capacity results in increased melt and runoff since less surface water can be refrozen and stored in the
snowpack.

The Surface Energy Balance is important for explaining the melt evolution, and in this study, the SEB
components’ progression during June-July-August (JJA) is analysed. The increase in the SEB compo-
nents is less dramatic compared to the 4xCO2 simulation.
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During the first 70 years of the simulation, when CO2 is forced, incoming shortwave radiation is re-
duced as more liquid-containing clouds are forming. The net longwave radiation is therefore the main
contributor during this period. However, a pattern of anti-correlated oscillation between net longwave
and shortwave is emerging after year 70 and continues on a decadal times scale up until the year
500, when it occurs on a centennial timescale. During the period between years 70 and 500, SW𝑛𝑒𝑡
and LW𝑛𝑒𝑡 alternates begin the main contributor to additional melt energy, with relative percentages of
about 50% and 36%, respectively. The anti-correlated oscillation pattern coincides with the evolution
of clouds at low altitudes, which are known for decreasing shortwave radiation. After year 500, SW𝑛𝑒𝑡
becomes the main contributor to melt energy, increasing from 17 W m2 before year 500 to 78 W m2

at the end of the simulation. At this point, SW𝑛𝑒𝑡 contributes 46% of the additional melt energy. In
addition, the ice-albedo feedback is the main driver behind the increase in SW𝑛𝑒𝑡 after year 500. The
JJA albedo decreases from 0.77 at PI to 0.6 at the end of the simulation. This causes ablation area
expansion from 10% around year 500 to 50% of the total ice sheet extent at the end.

The non-radiative fluxes are also contributing to the additional melt energy, not as much as SW𝑛𝑒𝑡
and LW𝑛𝑒𝑡, but to about 10% at the end of the simulation. The increase in the non-radiative fluxes is
driven by the temperature difference between the surface and the 2m air temperature. The difference
becomes relatively large in the later stages of the simulation, as much as 1.7 ∘𝐶. Although it might
seem like a small contribution, the effect that the processes of heat exchange between surface and
atmosphere and surface and subsurface should not be disregarded.

2. How do global, Arctic climate and the climate over Greenland influence the GrIS SMB evolu-
tion?

The responses of the global, Arctic climate and local climate over Greenland differ from one another
and thus have different influences on the GrIS SMB. The global climate is continuously warming at an
initial rate of 0.03 ∘𝐶 yr−1 between years 1 and 70, followed by a slower warming rate until the end of
the simulation. The climate over Greenland and the Arctic are initially warming before the near-surface
temperatures decrease between years 70 and 418 at rates of -0.01 and -0.005 ∘𝐶 yr−1 respectively.
This remarkable cooling is followed by an increase in temperatures from year 410 until the end of the
simulation. This leads to, at the end of the simulation of a global mean surface temperature increase of
5 ∘𝐶, an Arctic temperature increase of 11 ∘𝐶 and a temperature increase over GrIS of 9 ∘𝐶 compared
to PI.

The precipitation pattern over the Arctic becomes drier between years 70 and 410, as the NAMOC
weakens, with respect to PI. As a consequence, a negative precipitation change is observed between
years 60-410 (with respect to PI) around the southern parts of Greenland, Iceland, the region between
Iceland and the UK, as well as the majority of the coast of Norway. Once the NAMOC recovers, the
whole Arctic experiences an increase in precipitation, compared to PI, except for the southern tip of
Greenland. The largest precipitation increase is found over the interior of Greenland.

The evolution of the fraction of sea ice is also important for the regional climate, as the sea ice reflects
shortwave energy and insulates the ocean from the atmosphere. When the sea ice melts, the ocean
absorbs the shortwave radiation and warms. The Arctic becomes seasonally ice-free around years
50-70. Interestingly, after becoming seasonally sea-ice free, both the March and September sea ice
extent is experiencing regrowth during the slowdown of the NAMOC. However, September sea ice is
completely lost after the year 500 as warming resumes due to NAMOC recovery. Nevertheless, the
Arctic does not become year-round sea ice-free during this moderate warming simulation.

3. How does NAMOC evolution impact the GrIS SMB?

In this study, the changes in NAMOC have shown to have significant consequences for the GrIS SMB in
the 2xCO2 simulation. As the simulation reaches CO2 stabilisation in year 70, the NAMOC is weaken-
ing at a rate of -0.13 Sv yr−1. The NAMOC is at a low point between year 390 and 410, with a strength
of only 5 Sv. After year 410, the NAMOC is increasing in strength by 0.018 Sv yr−1 until reaching a
new equilibrium after the year 1000, with a strength varying between 17-20 Sv. The weakening of the
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NAMOC causes a cooling effect (drying) over Greenland, causing a decrease in precipitation, espe-
cially in the south of Greenland. It also causes expansion of the fraction of sea ice east of Greenland
towards Iceland and north of Scandinavia. This evolution goes against the expected pattern of more
precipitation and more sea ice melt due to global warming. During the period of temporary NAMOC
weakening, the SMB, melt, refreezing and runoff are all more or less stable due to the cooling effect.
This reduces precipitation and lowers the near-surface temperature over the Arctic and Greenland.

Most of the simulations run with the CESM2-CISM2 project a significant decline of the NAMOC, both
in the idealised 1% simulations and in the SSP-simulations only run with CESM2 (Muntjewerf, Petrini,
et al., 2020b). Furthermore, most models participating in the CMIP6 also project a reduction in the
NAMOC, and the sixth assessment report from the IPCC states that the NAMOC will decline, however
it is more uncertain if it will fully collapse before 2100. In conclusion, the NAMOC will decline in the
future, but how fast and howmuch will depend on several processes, for instance, temperature change,
freshwater influx or other regional weather or climatic changes. This study shows that in the 2xCO2
simulation, the changes in NAMOC have large effects on the GrIS mass budget and the Arctic sea ice.

In conclusion, the GrIS is projected to lose 4.1 m of SLE over 3000 years under CO2 doubling. Studying
the interaction between the ice sheet and a temporary weakening of the NAMOC, displays a dampening
effect on the GrIS mass loss. This study has shown the important interactions between the processes
in the ice sheet mass balance, such as increased melt, precipitation decrease, lowering of elevation,
area reduction and the ice-albedo feedback. The CESM2-CISM2 model used in this study includes
the coupling of ice sheet-climate. This coupling is crucial, because taking into account that these parts
interact with the climate provides a more realistic representation of our complex Earth system and a
more comprehensive overview of the climate change situation and future projections of an increasingly
fast-changing climate.

Working across disciplines such as climate science, glaciology, oceanography, anthropology, econ-
omy and ecology, and expanding our research on the interrelatedness of processes affecting climate
change, we make it possible to come up with more solutions to mitigate climate change, and this gives
us hope.



7
Recommendations

The analysis of the 2xCO2 simulation run with the coupled Earth system model CESM2 coupled to the
ice sheet model CISM2 resulted in the following recommendations:

• Incorporate the bi-directional coupling between ocean and ice sheet to realistically simulate
the ocean warming effect on marine-terminating outlet glaciers. As the ocean warms, it heats the
marine-terminating glaciers, providing additional melt energy. This could lead to a faster retreat of
the glaciers and increased freshwater influx to the ocean. Current observations reveal that GrIS
ice discharge is increasing as a response to a warmer ocean, compared to PI (Fox-Kemper et al.,
2021; van den Broeke et al., 2016). Currently, the ocean forcing is prescribed/parameterised in
ice sheet-only models (Aschwanden et al., 2019; Goelzer et al., 2020).

• Analyse the scenario SSP2-4.5 run with CESM2.1-CISM2.1 in order to investigate the ice sheet
response to different CO2 forcings. Since the SSP2-4.5 scenario does not have a constant forcing
of CO2, it would be interesting to see if it affects the magnitude and timing of the GrIS surface
mass balance change.

• Continue the 2xCO2 simulation to further investigate if the ice sheet reaches a new equilibrium
with a reduced ice sheet or if it completely melts. After 3000 years, the ice sheet is still losing
mass and is not showing any acceleration or deceleration in the mass loss. This could indicate
that the ice sheet will be completely lost within another 2000-3000 years. However, there could
also be a stabilisation of the ice sheet within another 1000 years that could possibly see the ice
sheet regrow.

• Investigate the NAMOC decline effect on ocean currents and Antarctica. Some literature
(Barker et al., 2011; Broecker, 1998; Stocker, 1998; Stocker & Johnsen, 2003; Van Breedam
et al., 2020) has suggested that weakening in NAMOC can result in warmer waters transported
to Antarctica, running the risk of accelerating ice shelves and sea ice melt.
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Figure A.2: Evolution of global, Arctic (region north of 60∘ N) and GrIS annual near-surface temperature anomaly with respect
to pre-industrial mean (∘𝐶).

Component Years Trend Years Trend Years Trend Years Trend

Global 1-55 0.03 (0.001) 55-418 0.003 (0.000) 418-1360 0.002 (0.000) 1360-3000 0.0002 (0.000)

Arctic 1-55 0.070 (0.004) 55-418 -0.005 (0.000) 418-1360 0.008 (0.00) 1360-3000 0.001 (0.000)

Greenland 1-40 0.022 (0.010) 40-300 -0.010 (0.001) 300-1275 0.008 (0.001) 1275-3000 0.002 (0.000)

Table A.1: Trends of near-surface temperature anomaly (∘𝐶 yr−1) from a breakpoint analysis and linear regression. The standard
error of the estimated slope is reported in the brackets ().
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Figure A.3: Evolution of the annual global mean near-surface temperature anomaly (∘𝐶) with respect to pre-industrial. The years
indicate the mean considered. The topmost figure is the absolute GMNST for the mean of the pre-industrial.
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Figure A.5: Evolution of the annual sea ice extent (x106 km2) The sea ice extent is defined as the area north of 60∘N where sea
ice concentration is greater than 15%.

Absolute PI Anomaly (60-80) Anomaly (390-410) Anomaly (1225-1325) Anomaly (2900-3000)
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Figure A.4: Evolution of total precipitation anomaly (mm yr−1) with respect to pre-industrial. The years in brackets indicate the
mean considered. The leftmost figure is the absolute total precipitation for the pre-industrial mean.
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Figure A.6: Evolution of total sea ice fraction anomaly (-) with respect to pre-industrial. The years in brackets indicate the mean
considered. The leftmost figure is the absolute sea ice fraction for the pre-industrial mean.

Component Years Trend Years Trend Years Trend Years Trend

NAMOC 1-114 -0.126 (0.003) 114-410 -0.020 (0.001) 410-960 0.018 (0.000) 960-3000 0.000 (0.000)

Table A.2: Trends of North Atlantic Meridional Overturning Circulation (NAMOC) strength (Sv yr−1 ) from a breakpoint analysis
and linear regression. The standard error of the estimated slope is reported in the brackets ().
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Figure A.7: Evolution of the local maximum winter (January-February-March) mixed layer depth (m). The contour lines show the
barotropic streamfunction (Ψ𝑏 in Sv) and the contour interval is 10 Sv. All values are averaged over the last 10 years of the PI
simulation.



B
GrIS and Sea level rise

Component Years Trend Years Trend Years Trend Years Trend

MB 1-71 -1.108 (0.511) 71-700 0.195 (0.027) 700-1900 -0.510 (0.026) 1900-3000 -0.092 (0.032)

SMB 1-99 -2.965 (0.307) 99-494 -0.016 (0.038) 494-1675 -0.749 (0.024) 1675-3000 -0.104 (0.024)

SLR 1-710 0.470 (0.002) 710-1380 1.000 (0.015) 1380-3000 1.958 (0.002)

Table B.1: Trends of the GrIS mass balance (MB), surface mass balance (SMB) (Gt yr−2) and GrIS cumulative contribution to
sea level rise (SLR) (mm yr−1) from a breakpoint analysis and linear regression. The standard error of the estimated slope is
reported in the brackets ().
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Figure B.1: Evolution of the SMB (mm yr−) for the period between years 1500-2625 given in anomalies with respect to pre-
industrial showing the disintegration of the southern dome from the main ice sheet. The accumulation areas are where SMB>0
(red colour) and the ablation areas are where SMB<0 (blue colour). Contour lines every 500 m.
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Figure B.2: Evolution of the SMB (mm yr−) with pre-industrial absolute values on the top left and the rest shows anomalies with
respect to pre-industrial for the mean between different model years. The accumulation areas are where SMB>0 (red colour)
and the ablation areas are where SMB<0 (blue colour). Contour lines every 500 m.
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Figure B.3: GrIS ice thickness (m), with pre-industrial absolute values on the top left and the rest shows anomalies with respect
to pre-industrial for the mean between different model years. Contour lines every 500 m.
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Figure B.4: GrIS ice velocity (m yr−1), with pre-industrial absolute values on the top left and the rest shows anomalies with
respect to pre-industrial for the mean between different model years. Contour lines every 500 m.
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SMB & SEB
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Figure C.1: Annual integrated GrIS SMB components in mm yr−1. The thick lines show the 20-year running means.
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Figure C.2: Evolution of absolute annual amount of snowfall (mm yr−1). The Topmost left shows the absolute of the pre-industrial.
The period considered is marked by the respective years. Contour lines for every 500 m elevation. The red contour line denotes
the ELA.
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Figure C.3: Evolution of absolute annual amount of rainfall (mm yr−1). The Topmost left shows the absolute of the pre-industrial.
The period considered is marked by the respective years. Contour lines for every 500 m elevation. The red contour line denotes
the ELA.
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Figure C.4: Integrated annual GrIS time series of snowfall and rainfall in mm yr−1. The thick lines show the 20-year running
means.
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Figure C.6: June-July-August GrIS integrated surface energy balance components (W m−2) with respect to the pre-industrial
mean. The thick lines show the 20-year running mean.
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Figure C.5: Evolution of absolute annual amount of sublimation (mm yr−1). The Topmost left shows the absolute of the pre-
industrial. The period considered is marked by the respective years. Contour lines for every 500 m elevation. The red contour
line denotes the ELA. The red colours indicate mass gain and the blue colours indicate mass loss.
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Figure C.7: Evolution of the absolute June-July-August melt energy (W m−2) integrated over GrIS. The Topmost left shows the
absolute of the pre-industrial. The period considered is marked by the respective years. Contour lines for every 500 m elevation.
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Figure C.8: June-July-August GrIS integrated liquid and ice cloud water path (𝜇m). The thick lines show the 20-year running
mean.
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Figure C.9: June-July-August GrIS integrated incoming radiation (W m−2) from SW and LW. The thick lines show the 20-year
running mean.
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Figure C.10: June-July-August GrIS integrated cloud fraction (-). The thick lines show the 20-year running mean.
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Figure C.11: Evolution of the absolute June-July-August albedo (-) integrated over GrIS. The Topmost left shows the absolute
of the pre-industrial. The period considered is marked by the respective years. Contour lines for every 500 m elevation.
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Figure C.12: Evolution of the June-July-August integrated GrIS 2m air temperature and surface temperature (∘𝐶). The thick lines
show the 20-year running mean.
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Figure C.13: Evolution of the absolute June-July-August sensible heat flux (SHF) (W m−2) integrated over GrIS. The Topmost
left shows the absolute of the pre-industrial. The period considered is marked by the respective years. Contour lines for every
500 m elevation.
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Figure C.14: Evolution of the absolute June-July-August latent heat flux (LHF) (W m−2) integrated over GrIS. The Topmost left
shows the absolute of the pre-industrial. The period considered is marked by the respective years. Contour lines for every 500
m elevation.
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Figure C.15: Evolution of the absolute June-July-August ground heat flux (GHF) (W m−2) integrated over GrIS. The Topmost left
shows the absolute of the pre-industrial. The period considered is marked by the respective years. Contour lines for every 500
m elevation.
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Figure C.16: Evolution of absolute annual surface mass balance (SMB) (mm yr−1). The Topmost left shows the absolute of
the pre-industrial. The period considered is marked by the respective years. Contour lines for every 500 m elevation. The red
contour line denotes the ELA. The red colours indicate mass gain and the blue colours indicate mass loss.
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