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Abstract

The goal of the project is to model the minimum ice sheet extent of the Greenland
ice sheet during the Eemian interglacial and to figure out if including Canada in the
computational domain, can make a difference for the ice extent in northern Green-
land. Knowing more about the extent of the Eemian ice sheet, can give us invaluable
insights, when it comes to predicting the future conditions of the Greenland ice sheet,
if global temperatures continue to rise.
Further more the evolution of the present day ice sheet under warmer conditions is
investigated, to determine the sea level rise related to the loss of mass. All the model-
ing is done using the ice flow modelling tool PISM and the climate forcing data comes
from RACMO [Noël et al., 2018].
It is found that an increase in temperature over Greenland of 2◦C results in an approx-
imate increase of the global mean sea level of 1.29 m, when the ice sheet approaches
a new steady state after 20,000 years and a temperature increase of 4◦C results in an
increase of 6.88 m and a drastic retreat of the ice sheet. It is also found that under
present day conditions, the Greenland ice sheet will lose mass over time and reach
steady state after approximately 20,000, after contributing around 0.36 m to the global
mean sea level.
Further more it turns out that due to the bedrock conditions of the model, the Eemian
ice sheet retreats too far south and has a hard time growing north again when the
glacial period starts.
Due to a very low precipitation in the northern part of the domain, only very minor
changes in the ice sheet evolution can be seen when including Canada in the compu-
tational domain, compared to when it is not included.
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1 INTRODUCTION

1 Introduction

The rising sea levels over the past decades, have sparked an increasing interest in the
Arctic region and specifically the Greenland ice sheet. If temperatures in and around
Greenland continue to rise, it could result in large loses of the ice mass and thereby an
increase of the global sea level, which could affect areas all around the globe.
This project aims to model the potential mass loss from the Greenland ice sheet in the
future, as well as the minimum extent of the Greenland ice sheet ice sheet during the
last interglacial period. Understanding the climate conditions on Greenland during
the last interglacial, could help us to understand the climate conditions we might en-
counter in a warmer future.

The main goal of this project is to model the minimum ice sheet extent, of the Green-
land ice sheet during the Eemian interglacial (last interglacial) and to figure out if in-
cluding Canada in the computational domain, can make a difference for the ice extent
in northern Greenland.
To do this it is necessary to also model the end of the glacial period just before the
Eemian, because the ice sheets at Greenland and Canada ware connected at the time
[Cuffey and Paterson, 2010]. Therefore the project also includes a study in glacial cli-
mate conditions and how to recreate them in the model, as well as a study in how
different temperature increases over Greenland can effect the global mean sea level.
All the ice flow modelling in this project is done using the ice sheet model PISM, a
widely used open source model, suitable for large scale ice flow modelling.

In the following chapters can be found the ice dynamics theory that the model is build
upon, as well as the theory needed to understand the motivation for the project and
the results it yields. A description of the data sets used and how they were prepared
can also be found, followed by a detailed description of the model dynamics.
Lastly the results of the studies conducted are presented, along with a discussion of the
models validity and limitation. Finally, there is a short discussion of how the results
can be used and possibly improved in the future.
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2 BACKGROUND

2 Background

In this chapter the background is described, on which this thesis is built. This includes
how Greenland fits into the global climate system and affects specifically the climate of
Northern Europe. What the glacial cycle is and how it has changed over time, as well
as an overview of the last glacial and interglacial and what results previous studies
about Eemian Greenland have yielded and how the results of this study will differs
from these studies.

2.1 Greenland in the climate system

The Greenland Ice Sheet (GrIS) is the second largest inland body of ice on Earth, only
exceeded by the Antarctic ice sheet. The glaciarized area of Greenland is 1,710,000 km2

and covers most of the landmass. The GrIS alone holds a mass equivalent to a global
sea level rise of 7.42 m [Morlighem et al., 2017], if all the ice melted. Because of the
enormous amount of ice, the GrIS holds a very central role in the climate system of the
Earth and especially the Northern hemisphere.

The North Atlantic Current is an ocean current that together with the Gulf Stream
transports warm ocean water from the Gulf of Mexico across the Atlantic ocean to
Northern Europe. Essentially this flow of warm water from southern to northern lat-
itudes, is what makes the northern European climate so warm and humid, creating
great living conditions for humans compared to other places with the same latitude.
From northern Europe the water flows west and south along the eastern coast of
Greenland. Here the water is cooled down again by the flux of fresh water, coming
from the marine outlet glaciers in the area. This cold water then flows back south
again to the Gulf of Mexico, this part of the current is called The North Atlantic Deep
Water. An approximate map of the currents can be found in figure 1.

If the temperature in and around Greenland continues to rise, the GrIS will start to
shrink due to surface melt, resulting in a retreat from the coast. This could result in
a reduction or complete loss of fresh water flux into the Atlantic Ocean. If this is the
case, it could ultimately result in the termination of the North Atlantic Deep Water
current, which brings cold water south to the Gulf of Mexico. If there is no flow of
cold water into the Gulf of Mexico, there will be no flow of hot water out of it, mean-
ing no North Atlantic Current and thereby no transport of warm water to Northern
Europe, effectively lowering the temperature of this part of the world.

Over the past decades there has been an increase in the mass loss of GrIS and the
Antarctic ice sheet. This is likely due to the temperature rise over the two areas as well
as the ocean’s. This results in ice melting faster than before, both at the margins and
on the surface of the ice sheets. It also means more calving of icebergs from the shelves
and outlet glaciers. This also results in more precipitation coming down as rain and
less as snow, effectively resulting in less accumulation of ice.
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Figure 1: The large currents that control the flow of water in the Atlantic ocean
[Praetorius, 2018].

The shrinking of the GrIS is also resulting in a lowering of the albedo in the area. Espe-
cially the surface melt on Greenland has a big part to play here, because snow has one
of the highest percentages of diffusely reflected sunlight of all surfaces. This means
that when ice and snow is melting in Greenland, less solar radiation is reflected and
therefore the temperatures in the area increases even further, resulting in a feedback
effect that could cause even more melting.

2.2 The glacial cycles

Oscillations in the temperature of Earth is no new concept, in fact they have been
happening cyclically for more than 5,200,000 years [Lisiecki and Raymo, 2005]. These
cyclical oscillations are called glacial cycles and consist of a cold period called a glacial
followed by a warm period called an interglacial. These cycles have been following a
pattern of approximately 40,000 years, which is the same frequency as the change in
the Earth’s axis tilt.
About 800,000 years ago the frequency of the glacial cycles changed to 100,000 years,
which is the same frequency as the change in the Earth’s Orbital eccentricity. Why this
happened is still somewhat of a mystery and it is a question climate researchers all
over the world are currently trying to answer [Cuffey and Paterson, 2010].

Figure 2 shows a graphic representation of the correlation of 57 globally distributed
benthic δ18O ocean sediment core records [Lisiecki and Raymo, 2005]. The plot shows
the amount of δ18O in the sediment, which is a proxy for the amount of ice bound on
the continents at the time as well as the temperature. Low amounts of δ18O mean large
amounts ice on the continents, because δ18O is bound in ice instead of the water in the
ocean. This means that peaks in the figure represents interglacial periods, with little
ice and valleys represent glacial periods, with lots of ice.
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As it can be seen the climate has oscillated a lot, but ultimately it seems to follow a
trend of cooling over time with an increase in the amplitude on the oscillations. This
means that the temperature trend is falling and the difference between the warm and
cold periods of Earth has gotten larger.

Figure 2: A graphic correlation of 57 globally distributed benthic δ18O ocean sedi-
ment core records. On the y-axis is the amount of δ18O found in the sediment and on
the x-axis is time before present [Lisiecki and Raymo, 2005].

The focus of this thesis is on the last two glacial periods and the interglacial between
the two called the Eemian and then of course the present day climate. In Green-
landic deep ice core records, it is only possible to go as far back as 130.000 years,
and since the Eemian interglacial started around this time, it means that we have no
data from before Eem and the Eemian data we do have is very limited. However
we do have large amounts of data from the last glacial and at a very fine resolution
[NEEM community members, 2013].

2.2.1 Last glacial

The last glacial period does not officially have a name, but in Northern Europe it is
called The Weichselian glaciation and it took place from about 115,000 – 11,700 years
ago. The last glacial period was filled with oscillations in temperature resulting in the
ice advancing and retreating several times over the period [NorthGRIP members, 2004].
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The maximum ice extent happened about 22,000 years ago [Cuffey and Paterson, 2010]
and is called the Last Glacial Maximum (LGM). At this point the ice covered most of
Northern Europe, including most of Denmark, and in Greenland it spread all the way
to the continental shelf on both sides. The ice also created an ice bridge between north-
ern Greenland and the north-eastern part of Canada [Cuffey and Paterson, 2010].

During LGM the climate in Greenland was very different from present day. The tem-
perature over the area was 20 − 25◦C colder [Dahl-Jensen et al., 1998] and sea level
was lower by approximately 130 m [Lambeck, 2004]. Precipitation was also lower, of
around 20% to 25% of the present day precipitation [Johnsen et al., 1992].The pattern
of rain and snow fall was most likely also different from today, but it is very hard
to pinpoint what it looked like. Precipitation has a tendency to be higher along the
margins of the ice sheet rather than on the top of the ice sheet, meaning that the snow
would have most likely fallen further out than at present since the ice sheet extended
over a much larger area.

2.3 Eemian interglacial

The Eemian interglacial was the last interglacial before the Holocene, the epoch we
are in currently. The Eemian began around 130,000 years ago and lasted until 115,000
years ago. This period was characterized by warmer temperatures and higher sea
levels than today. The global mean temperature during Eemian times was higher by
approximately 2◦C [Kopp et al., 2009] and over Greenland specifically the temperature
peaked at 8 ± 4◦C warmer than present day [NEEM community members, 2013].
This means that the GrIS extent was most likely smaller, by possibly quite a lot more
than today and a modelling study estimated that it contributed to the global sea level
rise with about 0.6 m of the total 6-9 m, that the sea level was higher than the present
day [Stone et al., 2012].

Not much is known about the Greenland ice sheet at this time, because all the evi-
dence has either melted away at this point or is sediment that is currently covered by
several kilometers of ice. Geologists are looking for sediment deposits along the coast
of Greenland, to see if they can determine the extent of the ice sheet from those. But
since the ice sheet was most likely smaller than it is at present time, all these deposits
are probably located under the current ice sheet.

Climate researchers all over the world are however still very interested in finding out,
what Greenland looked like at the time, as knowing more about Eem, could bring
us closer to figuring out how our world might look in the future, if the global mean
temperature and global sea level continues to rise.
The evidence we do have access to, points in the direction that the Eemian climate
conditions are very close to present day conditions, especially if the present day tem-
perature increases by just a few degrees. It is also the only period, with warmer tem-
peratures than today, where we know with fair certainty how the world was in terms
of climate, sea level and general living conditions. This means that if temperatures at
present increase above the Eemian, we have no previous climate records to help figure
out how the world will look in the future.
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2.4 Previous studies

Several previous studies have been conducted regarding the Eemian ice sheet extent
in Greenland. Figure 3 shows a collection of these studies [Plach et al., 2018]. These 10
studies all aim to model the minimum extent of the Eemian ice sheet and as it can be
seen they all differ from each other and some of them by quite a lot. The two major
differences between the studies are whether there was one large ice sheet or the ice
sheet was split in two, creating a large northern ice sheet and a smaller southern one,
as well as how far north the ice actually extended.
Some of the studies show the ice sheet mostly centered around the middle of Green-
land, and some of them extent almost as far north as the present day ice sheet. Some
of them reach almost all the way to southwestern coast, where as some of them only
have ice in the eastern part. This a very accurate representation of how little we know
about the size of the Eemian ice sheet.

Figure 3: This figure contains a collection of plots, showing the minimum modelled
ice extent in Eemian Greenland [Plach et al., 2018]. The red dots mark the deep ice
core drill sites in Greenland.

All the studies showed in figure 3 are simulated using different ice flow models, but
this is not the reason for the large differences in ice extent, since most ice flow models
are build on the same assumptions and approximations of the real world. The main
reason for these differences are the climate forcing parameters chosen. Here climate
forcing refers to precipitation pattern and amount, air and ice temperature, melting
and calving rates, sea level and ocean temperatures.
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The differences in these parameters are fairly small among the studies, and it shows
how sensitive the ice sheet is to a small change in the forcing, which can impact the
overall result of a model run.

2.4.1 Evidence of Eemian ice

Researchers now believe that there is evidence of Eemian ice at the bottom of all the
deep ice cores drilled in Greenland [Vinther and Johnsen, 2013]. This points to the
conclusion that the Eemian ice was extended to all these locations, or it has moved to
these locations since Eem due to ice dynamics. The location of the deep ice core drill
sites in Greenland can be seen in figure 3.
This knowledge can be used as a forcing parameter when modelling the Eemian ice
sheet, since the ice that survives within the ice sheet, must at present time be located
at all the deep ice core drill sites in Greenland.

Figure 4 shows the results of a study that attempted to locate the current extent of
Eemian ice, within the present day Greenland ice sheet [MacGregor et al., 2015]. This
study was conducted using radiostratigraphy and points towards the conclusion, that
there must have been at least some ice in northern Greenland during Eem, which
speaks in contrary to some of the previous studies conducted shown in figure 3.

Figure 4: Radar data from Greenland, showing the distribution of Eemian ice
[MacGregor et al., 2015].
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2.4.2 How this project differs

A lot of previous studies have been conducted about the extent of the Eemian ice in
Greenland. This project differs from former studies, as it aims to compare the model
results with the results of [MacGregor et al., 2015], as well as testing what difference it
makes including Canada in the computational domain.
As can be seen in figure 3, most of the previous studies do not include Canada in the
computational domain and those that do only include the most eastern part of Green-
land. We know that the ice sheet during LGM extended all the way to the continental
shelf and included an ice bridge between Greenland and Canada in the Nares strait.
Since the temperature during LGM and the glacial maximum before Eem are approx-
imately the same [Lisiecki and Raymo, 2005], there is no reason to believe that the ice
did not have a similar extent then.
If an ice bridge between Greenland and Canada was present during the glacial be-
fore Eem, including Canada and thereby this ice bridge in the computational domain,
could make a major difference for the extent of the Eemian ice specifically in the north-
ern part of Greenland.

8



3 DATA

3 Data

The following chapter contains a description of all the data sets used in this study
and how they were preprocessed prior to use. The preprocessing includes regridding
to a lower resolution, changing the map projection and stitching different data sets
together. All the data sets ended up being regridded to 10 and 20 km resolution and
was to be on polar stereographic projection, with a true scale of 75 ◦ N.

3.1 Topography

In this study the bedrock topography used for modelling, is from from The Interna-
tional Bathymetric Chart of the Arctic Ocean (IBCAO) v4.0 [Jakobsson et al., 2020].
IBCAO is a topography and ocean bathymetry mapping of the whole Arctic region
surrounding the Arctic ocean. Figure 5 shows the bed topography and the surface
elevation from IBCAO for the domain used in this thesis.

Figure 5: The bedrock topography and surface elevation, used in this study
[Jakobsson et al., 2020], at 10 km resolution.

The IBCAO data set [Jakobsson et al., 2020], comes in two resolutions 200 m and 400
m, and because both these resolutions would require to much computational time,
compared to what the aim of the project is, the resolution had to be lowered. The 400 m
version of IBCAO is a regridded version of the 200 m version, so to lower the number
of miscalculations and uncertainties related to regridding, the 200 m resolution map
was used to do the regridding.
The projection of the IBCAO data set is polar stereographic, with the true scale set at
75 ◦ N. Which is the projection wanted for the data, so for this data set, nothing had to
be done about the projection, just the resolution.

The first step in the preprocessing was to cut the data set, so that the domain, was
not the whole Arctic region, but just the area around Greenland. The file came as four
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tiles, and the entirety of the domain for this project was contained in one of the tiles.
This tile was cut to fit the domain, but this left the domain without data in the south-
ern corners, as can be seen in figure 5, because these are not a part of the IBCAO data
set. After the whole regridding process of the data, these areas were set to be ocean of
2000 m depth to best match the surrounding elevation.
The data set was regridded using bi-linear interpolation, which is a method that uses
repeated linear interpolation, first in one direction of the grid, and then again in the
other direction. Meaning that although every step of the interpolation is linear for the
position and the sampled values, the interpolation as a whole is not actually linear but
rather quadratic in the sample location. This method is very useful, when working
with functions sampled on a two dimensional rectilinear grid, like the IBCAO grid,
and therefore it is also one of the most used interpolations for this grid type.

Part of this study consists of determining whether including Canada in the compu-
tational domain will make a difference. To test this there is a need for an identical set
of maps to those in figure 5, where the only difference is the removal of all Canadian
land from the map without changing the domain. This was accomplished by creating
a version of the bed topography and surface elevation maps, where the domain is the
same size, but Canada has been cut out and replaced with 1000m deep ocean, again to
match the surrounding elevation. These maps can be seen in figure 6.

Figure 6: This plot shows the same maps as the first two in figure 5 from IBCAO
v4.0 [Jakobsson et al., 2020], at 10 km resolution. The only difference is the removal
of Canada. The land has been replaced with 1000m deep ocean.
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3.2 Ice thickness

The ice thickness shown in figure 7 comes from BedMachine v3 [Morlighem et al., 2017].
This is a bed topography and ocean bathymetry mapping of Greenland, created using
multi-beam echo sounding combined with mass conservation. In this study only the
ice thickness from this data set will be used, not the topography and surface elevation.

Figure 7: The ice thickness over Greenland used in this study
[Morlighem et al., 2017], at 10 km resolution.

The BedMachine data [Morlighem et al., 2017] comes on a 150 m resolution and only
covers an area that is Greenland and a very small part of Canada. The projection of
this data set is polar stereographic, with a true scale of 70 ◦ N, rather than 75 ◦ N. This
means that the resolution and the projection had to be changed and the domain had
to be extended rather than cut.

The regridding of this data set was also done using bi-linear interpolation. It was
done using CDO (Climate Data Operators) and NCO (netCDF Operators). When us-
ing these the true scale of a projection can be changed alongside the regridding pro-
cess.
When the data was on the right resolution and projection, the Canadian part of the do-
main was cut out and replaced with zeros everywhere and the domain was extended
to the same size as the preprocessed IBCAO data and filled in with zeros. Zeros were
chosen, because PISM cannot deal with Nan values and the only variable used from
BedMachine, is the ice thickness, which should for this purpose be zero everywhere
but the GrIS.
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3.3 Climate forcing

When modelling an ice sheet the main difference in final results comes from the cli-
mate forcing parameters chosen. This is because the temperature on top of an ice
sheet and the precipitation falling over the area, are two of the main drivers for the
evolution of an ice sheet. The RACMO data set used is an extension of the data set by
[Noël et al., 2018]

RACMO consists of the monthly mean temperature and precipitation from 1959-2020.
The model used in this study needs the monthly mean precipitation for every month
and the mean annual and the mean summer temperature over the area. The maps in
figure 8 shows the mean annual and the mean summer temperature. These tempera-
ture fields where created by taking the mean of the monthly data in RACMO over the
whole period to create a mean annual and a mean summer temperature.
The mean summer temperature refers to the mean temperature in the month of July.

Figure 8: The mean annual and mean summer temperature, created from the
monthly temperature form RACMO over the period 1959-2020 [Noël et al., 2018],
plotted in 10 km resolution.

The precipitation used to force the model has to have the form of monthly mean val-
ues. Figure 9 contains the precipitation averaged over the whole RACMO period of
1959-2020 for each month of the year.

12
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Figure 9: The mean monthly precipitation, for every month of the year, over Green-
land for the period 1995-2020 [Noël et al., 2018], plotted in 10 km resolution.

As mentioned above is the data set an extension of the data set by [Noël et al., 2018].
It is stitched together from three tiles of data: the GrIS, the North (NCAA) and South
Canadian Arctic Archipelago. The three tiles can be seen in figure 10. All the data
was originally on 5.5 km resolution, but in the stitching processes the resolutions was
increased to be 1 km. The data set was also on polar stereographic projection, with a
true scale of 70 ◦ N, that had to be changed. The data was again regridded using bi-
linear interpolation in CDO and NCO, so the projection could be changed along with
the regridding.

13
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Figure 10: The three tiles containing the the GrIS, the North (NCAA) and South Cana-
dian Arctic Archipelago, that are combined to make the climate forcing data set.

3.4 Basal heat flux

The basal melt of an ice sheet is determined by the basal heat flux coming from the
bedrock. The basal heat flux is the amount of heat passing from the interior of the
Earth to the surface and in this case to the bottom of the ice sheet. If the heat flux is
sufficiently large it will create basal melt at the bottom of the ice sheet.

The basal heat flux used in this study comes from [Shapiro and Ritzwoller, 2004] and
can be seen in figure 11. The basal heat flux map was created using a global seis-
mic model of the Earth’s crust and upper mantel to determine how much heat passes
through to the surface.

The heat flux map from [Shapiro and Ritzwoller, 2004] is a model that covers the en-
tire Earth on a 2x2 degree grid. This means that everything not in the domain of this
project had to be removed and the grid type had to be changed and given a projection.
The cutting and grid type change was done in Python, where everything not needed
was removed and the grid was changed to lengths and not degrees over the domain.
The regridding on projection assignment was done again using bi-linear interpolation
in CDO and NCO.

14



3 DATA

Figure 11: The basal heat flux map used in this project [Shapiro and Ritzwoller, 2004].

3.5 Paleoclimatic record

To provide the model with the correct forcing data for the climate over Greenland dur-
ing the last 140,000 years, a paleoclimatic record is required. Since no climate record
exists for Greenland this far back a record had to be stitched together.

Figure 12: A temperature reconstruction that combines the NorthGRIP record
[NorthGRIP members, 2004] from 0 to 115 ka before present, the NEEM record
[NEEM community members, 2013] from 115 to 128 ka, and the synthetic Greenland
record [Barker et al., 2011] before 128 ka.

The climate forcing record shown in figure 12 combines the NorthGRIP δ18O ice core
record [NorthGRIP members, 2004], the Eemian δ18O ice core record and tempera-
ture reconstruction from the NEEM ice core [NEEM community members, 2013], with
the synthetic Greenland climate record [Barker et al., 2011], that is derived from the
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EPICA Dome C δD record [Jouzel J., 2007]. All the isotope ice core records are on a
common timescale [Veres et al., 2013].
A new composite isotope record was created by combining the three records, so that
the new record consisted of the NorthGRIP record from 0 to 115 ka, the NEEM record
from 115 to 128 ka, and the synthetic Greenland record before 128 ka. This composite
isotope record was then transferred to a temperature anomaly using the scaling from
the NEEM reconstruction [NEEM community members, 2013].

The precipitation scaling shown in figure 13, is scaled to fit the present day precipi-
tation. It was derived from the composite isotope record using the Central East Green-
land scaling by [Buchardt et al., 2012]. An alternative precipitation scaling was de-
rived as well using the scaling from the SeaRISE project [Huybrechts, 2002].
Notice that the precipitation is exponentially scaled to the temperature anomaly, which
is due to the Clausius-Clapeyron relationship where humidity depends exponentially
on temperature. In colder temperatures the precipitation is lower, and in warmer tem-
peratures it is higher.
It is however, not confirmed that the scaling used for the glacial conditions also holds
in a warmer climate and the pattern would most likely not be uniform. Climate model
studies suggest higher precipitation in south Greenland during the Eemian, but lower
precipitation in north Greenland [Plach et al., 2018].

Figure 13: Two precipitation scaling reconstructions. Blue is the scaling from
[Buchardt et al., 2012] for Central East Greenland and purple is the scaling from the
SeaRISE project [Huybrechts, 2002].
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The sea level forcing shown in figure 14 was derived from the benthic δ18O marine
record shown in figure 2 from[Lisiecki and Raymo, 2005], scaled to fit the sea level
record for the last glacial from the SeaRISE project [Imbrie and McIntyre, 2006].

Figure 14: A paleoclimatic sea level reconstruction using the benthic δ18O marine
record from[Lisiecki and Raymo, 2005], scaled to fit the sea level record for the last
glacial from the SeaRISE project [Imbrie and McIntyre, 2006].
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4 Theory

This chapter contains a description of how large bodies of ice behave when exposed
to the internal and external forces associated with ice dynamics as well as the most
important approximations used in ice flow modelling.

4.1 Ice dynamics

Traditionally we think about ice as a solid matter, however when ice is exposed to
internal and external forces it will display the properties of a viscous fluid. This can
be characterized by a creeping flow, which is induced by gravitational forces. The ice
sheet gains mass from accumulation of snow and freezing of rain on the surface. This
mostly happens in the higher regions of the ice sheet, as seen in figure 15.

This gain of mass on top will cause a horizontal spreading of the ice towards the
margins, resulting in thinning of the layers within the ice sheet. The ice sheet loses
mass from ablation of ice at the margins, also illustrated in figure 15. The ablation is
caused by induced subglacial and surface melt, as well as calving of icebergs at loca-
tions where outlet glaciers reach into the ocean.
When the accumulation of snow on top of the ice sheet is balanced out by the ablation
at the margins, the ice sheet is at equilibrium, where the gain of mass is equal to the
loss of mass. This state is called steady state.

Figure 15: This figure shows the movement of ice inside of an ice sheet. On top
of the ice an accumulation of ice and snow happens. The gravitational force causes
the ice to sink, thin and spread, and flow horizontally towards the margins. At the
margins the ice sheet loses mass from ablation in the form of basal and surface melt
and calving of icebergs into the ocean.

The processes that determine the evolution of an ice sheet are numerous and can be
complicated and not all of them are well described at this time. These processes in-
clude thermomechanically coupled non-linear flow of ice, with complex processes at
the bed, depending on basal water and the basal material.
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The goal in ice sheet modelling is always to make the model as realistic and accurate as
possible, but often it is necessary to make approximations to minimize the complexity
of the models. This is both a question of time and the amount of computational power
needed to run these models.

4.1.1 Stress

Stress is the measure of how much a parcel in a continuum is pushed or pulled by the
external forces applied to the material. The mechanical deformation of ice caused by
these external stresses was first described in [Glen, 1955]. Stress is defined as force per
area

σij = lim
A→0

Fi

Aj
. (1)

If we look at an infinitesimal small cube of ice inside the ice column, the stress can be
described as a tensor given as

σσσ =

σxx σxy σxz
σyx σyy σyz
σzx σzy σzz

 . (2)

The diagonal components of the stress tensor are the normal stresses and the remain-
ing components are the shear stresses. The different components can be seen with
respect to an ice parcel, shown in figure 16. It is assumed that that the material is a
continuum, and therefore the parcel does not rotate around itself. For this to be true,
it is required that the tensor is symmetric, meaning that σij = σji.

Figure 16: Components of the stress tensor.

Assuming that the stress is comprised of the pressure P and the deviatoric stress τττ, the
stress is then given as

σσσ = τττ − PI. (3)
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Here I is the identity matrix. Pressure is the force applied perpendicular to the sides
of the cube in figure 16 and if only isotropical pressure influences the parcel, the stress
tensor is reduced to

σσσ = −PI, (4)

which means that the pressure can be defined from the trace of the stress tensor, as so

P = −1
3

tr(σσσ) = −1
3
(σxx + σyy + σzz). (5)

Since ice is often considered an incompressible material, meaning that pressure does
not contribute to the deformation of the ice, it is often simpler to deal with the other
part of the stress tensor: the deviatoric stress or the stress deviator. The stress deviator
describes the part of the stress that deviates from the hydrostatic pressure. The shear
stresses from the stress tensor and the deviatoric stress are the same, and the stress
deviator is therefore given as

τττ = σσσ − tr(σσσ)I. (6)

4.1.2 Strain

Ice deforms like all other materials do, when subjected to external forces. This defor-
mation is called the strain ϵ and can be split into normal and shear strain, just as the
stress can.
For a small deformation the normal strain is the change in length of a parcel of ice,
when the parcel is under influence of a normal force. The normal strain in the x-
direction can then be described as

ϵxx =
∆L
L

. (7)

The deformation of the ice is in itself not of much interest, when working with ice
flow; the interesting part is the change in deformation over time. This is called the
strain rate ϵ̇ and it describes the rate, with which the length of a parcel changes within
a respective period of time. The strain rate in the x-direction is defined as

ϵ̇xx =
ϵxx

∆t
=

∆L
L∆t

. (8)

Shear strain, on the other hand, is the ratio of displacement relative to the parcels
original dimensions due to stress. It is also the amount of deformation happening
perpendicular to a given line rather than parallel to it.

4.1.3 Flow law

The relationship between stress and strain can very simply be described using Glen’s
flow law [Glen, 1955], which is defined as

ϵ̇ij = Aτn
ij (9)

This equation is used to describe the relationship between the dominant shear stress
ϵ̇ and the corresponding strain rate τ. The creep parameter A, is dependent mostly
on the temperature and fabric of the ice, but also crystal orientation and amount of
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debris in the ice. This means that the flow parameter differs from ice sheet to ice sheet.
The creep component n, is usually approximated to a constant of n = 3, which is con-
sistent with field and laboratory data, but in reality it can range from about 1.5 to 4.2
[Cuffey and Paterson, 2010].

Glen’s flow law, equation 9, can be generalized to a relation called the Nye-Glen
creep relation, where more than one component of stress can be applied at a time
[Cuffey and Paterson, 2010]. The relation is given as

ϵ̇ij = Aτn−1τij, τ =

√
1
2

τijτij, (10)

where τ is the second invariant of the stress tensor and τij is a deviatoric stress, on
which on the effective viscosity of the ice is dependent [Fowler and Ng, 2021]. τij can
also be written like

τij = 2ηϵ̇ij, where η =
1

2Aτn−1 =
1
2

A− 1
n ϵ

1
n−1
e , where ϵe =

√
1
2

ϵijϵij. (11)

The variations of the strain rate are not fully explained by the Nye-Glen creep rela-
tion. To resolve this there is a need to introduce the enhancement factor E. E is not an
actual physical variable, but rather a measure of the inability to predict the strain rate
in a situation [Cuffey and Paterson, 2010]. The enhancement factor is defined as

E =
ϵ̇m

ϵ̇0
. (12)

Here ϵ̇m is the measured strain rate and ϵ̇0 is the strain rate calculated using equation
10. The value for E is dependent on the orientation of the deformation. This means that
E should not be regarded as a property of the ice however, in this study E is used to
adjust the rate factor A uniformly for all strain rate, i.e. replace A with EA in equation
10, and assume that E is related to crystal orientation and impurity content of the ice.

4.1.4 The Shallow Ice Approximation

The Shallow Ice Approximation (SIA) is one of the most widely used approximations
in ice flow modelling. It is built on the assumptions that the horizontal extent of the
ice sheet is much greater than the thickness and that the surface and bedrock slopes
are small relative to the size of the ice sheet.
As a result of this, the only relevant components of the stress deviator, are the vertical
shear stresses τxz and τyz. The ice is assumed to be incompressible, and the continuity
equation can therefore be written as

∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0, (13)

and the momentum equations can be approximated as follows [Fowler and Ng, 2021]

0 = −∂P
∂x

+
∂τxz

∂z
, 0 = −∂P

∂y
+

∂τyz

∂z
, 0 = −∂P

∂z
− ρg. (14)
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It is also assumed that there is no sliding at the bottom of the ice, meaning that the ice
is frozen to the bedrock. As a result of this, the horizontal velocity of the interior of
the ice sheet must be determined by the surface slope of the ice. This means that the
ice will flow in the direction of the steepest surface slope, regardless of the geometry
of the bedrock.
Essentially this means that the deformation of the ice sheet is only dependent on the
local surface geometry and nothing else, greatly simplifying the complexity of the
problem and thereby lowering the computational time and power needed. Figure 17
shows the velocity profile of SIA.

Figure 17: This figure shows how the ice flows and deforms according to the Shallow
Ice Approximation, with an added component of basal sliding [Kirchner et al., 2011].

The Shallow Ice Approximation holds for large areas of the GrIS and this makes it one
of the most commonly used approximations in ice flow modelling. It does however
not hold everywhere. As illustrated in figure 15, the ice at the ice dome clearly has
vertical velocities, in fact most of the velocities are vertical rather than horizontal at
this point.
The assumption that the ice is frozen to the bedrock and therefore there is no basal
sliding also only holds for some parts of the ice sheet. In ice streams and at outlet
glaciers basal sliding plays a big role in the motion of the ice. Also at the margins of
the ice sheet, SIA breaks down, because here the surface slope is usually very steep.
These are still relatively small parts of the GrIS, meaning that SIA is a good approxi-
mation for large parts of what is to be modelled.

4.1.5 The Shallow Shelf Approximation

The Shallow Shelf Approximation (SSA) was created as a way of describing the flow
of ice in ice shelves. Here stress at the base of the ice is negligible, due to the amount
of basal melt and that the stress is mostly applied from the sides of the shelf, where it
connects to the coast line.
It turns out that SSA can also be used to describe grounded parts of an ice sheet where
basal sliding plays a big role, such as outlet glaciers and fast flowing ice streams. This
mostly occurs at the margins of the ice sheet, where the basal temperature is high and
causes basal melt [Fowler and Ng, 2021].
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SSA is built on the assumption that there is no vertical shear happening in the interior
of the ice. This means that the shear stresses are negligible compared to the normal
stress. The velocity of the ice only varies spatially in the x-y-plane, so the horizon-
tal velocity is constant over the entire depth of the ice. Figure 18 shows the vertical
velocity profile of SSA.

Figure 18: This figure shows how the ice flows as the so-called block-flow, according
to the Shallow Shelf Approximation [Kirchner et al., 2011].

In the SSA, it is assumed that the motion is due to deformation of the basal till. The
yield stress of the till is partly determined by the amount of basal water present. The
yield stress can be found as a function of the till fraction angle ϕ, a strength parameter
for the till [Clark et al., 2020]. The relation is given as

τc = c0 + tan ϕ
(
ρgH − pw

)
, (15)

where c0 is the till cohesion, and can in most cases for simplicity be approximated to 0
[Bueler and Brown, 2008]. pw is the pore water pressure and when this is equal to the
downward pressure on the ice ρgH then the ice starts to float. Here H is ice thickness,
ρ is ice density and g is the gravitational acceleration.
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5 Parallel Ice Sheet Model

Parallel Ice Sheet model (PISM) is an open-source modelling framework that can be
used for modelling ice sheets as well as glaciers. It is a 3 dimensional model with a
time dependency and it is very useful for modelling both on large scale or more locally.
The version of PISM used in this thesis is v1.2 [The PISM authors, 2020].
This chapter contains the description of how (PISM) works. This includes how the
model is build and what boundaries and limitations it has and how the model applies
the physical approximations described earlier to compute the evolution of an ice sheet
or glacier.

5.1 Grid and spatial domain

In PISM the spacial domain consists of a 3 dimensional grid. The grid cells are equally
spaced in the horizontal xy-plane and the vertical spacing is quadratic by default, but
can be chosen as equal spacing. The z-coordinates are measured as positive upward
from the base of the ice, so that z = 0 represents the base on the ice. The computational
box can extend downward into the bedrock, but since z = 0 is the base of the ice, the
bedrock will correspond to negative z values regardless of its true elevation z′.
The gravitational force is represented by a vector in the negative z-direction and the
surface z = 0 is the base of the ice both when the ice is grounded and when it is float-
ing.

Where ever the ice is grounded, the true vertical coordinate z, is given as the following
function of z and the bedrock topography b(x, y)

z′ = z + b(x, y). (16)

The top surface of the ice h(x, y) is described by

h(x, y) = H(x, y) + b(x, y), (17)

where H(x, y) is the ice thickness.

In cases of floating ice, the true vertical coordinate is

z′ = z + zsl −
ρi

ρw
H(x, y). (18)

Here zsl is the sea level elevation, ρi is the density of ice and ρw the density of sea
water. The floating criteria of the model is

zsl −
ρi

ρw
H(x, y) > b(x, y). (19)

The grid is defined by four numbers, the number of grid points in the x-direction
Mx, the number of grid points in the y-direction My, the number of grid points within
the ice in the z-direction Mz and the number of points in the z-direction within the
bedrocks thermal layer Mbz.
The horizontal computational grid in PISM, is uniform and cell-centered, by default.
It is not the only possible interpretation, but it is consistent with the finite-volume
handling of mass evolution in PISM and is the interpretation used in this thesis.
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5.2 Boundary conditions

PISM’s job is to approximate the ice flow in an ice sheet, this mean that the model
is only centered around ice dynamics and the lithosphere below the ice. In reality,
the evolution of an ice sheet, is also dependent on conditions outside this, such as
atmospheric and oceanic conditions.
The constant accumulation and ablation of mass, results in a continuous replacement
of ice. The rate of this replacement has a great dependency on the weather conditions
on top of and around the ice sheet, as well as the temperature and height of the ocean
and the change in temperature at the base of the ice sheet, due to geothermal heat flux.
All these things are not build in processes in PISM, but are included as boundary con-
ditions for the model. This means that these data will have to be provided, if the
standard values in PISM do not seem efficient.

There are four boundary surfaces in PISM and they are shown in figure 19. The first
boundary condition is the ice surface (green in figure 19). By this is meant the surface
of the actual ice, which starts below a layer of snow and firn. This boundary requires
the surface mass balance of the ice sheet (the mass flux into and out of the ice) and the
ice surface temperature. This boundary condition is implemented all over the surface
of the ice sheet.

Figure 19: This figure show the four boundary surfaces of the PISM. These bound-
aries represent the processes that influences the ice sheet evolution, but are not in-
cluded as part of the model. Atmospheric boundary (red), ice surface (green) and
oceanic boundary (blue) [The PISM authors, 2020].

The second boundary is the atmospheric boundary (red in figure 19). This boundary is
only necessary if one does not provide a sufficient set of data for the surface boundary.
For this project there was not a sufficient amount of data of the ice surface, so the
atmospheric boundary was chosen, because when this is used there is no need for the
ice surface boundary.
For this boundary the model requires a precipitation field and a temperature field,
PISM can then reinterpret these data sets as a surface mass balance and ice surface
temperature for the domain. PISM interprets snow as precipitation happening at tem-
peratures below 0◦C and rain as precipitation happening at temperatures above.
The melt rate is calculated using a positive-degree-day scheme (PDD). This method
calculates the number of days with average temperatures above 0°C, resulting in sur-
face melt, over a given time period. The probability of surface melt is calculated from
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the probability distribution around the mean annual and mean summer temperature.
A more detailed describtion of how the surface mass balance is calculated can be found
i section 5.3.5. This boundary condition is also implemented all over the surface of the
ice sheet.

The third boundary is the bedrock (solid black in figure 19). Here the model requires a
geothermal heat flux, that supplies additional energy and possibly raises the temper-
ature at the bottom of the ice sheet. This boundary is applied at all areas where the ice
sheet is grounded, both on land and at grounded marine outlet glaciers.

The last boundary is the ocean (blue in figure 19) and requires a ocean temperature
forcing field and a mass flux into the ocean. If no temperature field is provided for
the model, it will keep the temperature constant at the pressure melting point. The
mass flux into the ocean can be set by choosing a calving parameter. This is described
in more detail in section 5.3.2. This boundary is implemented over all areas, where
the ice sheet comes into contact with the ocean. This includes ice shelves and marine
outlet glacier.
A visual representation of the data needed and how the flow of data into PISM works,
can be found in figure 20.

Figure 20: The flow of boundary data into PISM.

5.3 Model dynamics

5.3.1 Stress balance regime

In PISM one can freely chose between three different stress balance regimes. The first
one is using just SIA, with no basal sliding, this is useful if one is modelling an area,
that has no ice shelf or ice streams and the whole domain can then be approximated by
just SIA. The second option is using just the SSA. This is very useful when modeling
an ice stream or outlet glacier, where basal sliding plays an important part in the ice
dynamics, or when modelling ice shelves , which the approximation was created for.
The last option is using a combination of the two, including both SIA and SSA over
the domain. This is very useful when modelling a larger area or an entire ice sheet,
where some areas are frozen to the bedrock and some areas have large amounts of
basal sliding. Figure 21 shows how the different stress balance regimes are calculated
in PISM.
The stress balance regime used in this project is the hybrid of the Shallow Ice Approx-
imation and the Shallow Shelf Approximation. SIA is applied to the domain, where
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Figure 21: The stress balance regime chosen results in different routes taken for the
calculations. In blue sees the route for SIA with no sliding, red is the route for SSA
and in green is shown the hybrid route.

the ice is frozen to the bedrock and there occurs no basal sliding. SSA is applied to
ice shelves, and in areas of low basal resistance, where sliding can occur. This allows
the model to simulate fast flowing areas like ice streams and outlet glaciers, where the
motion of the ice at the bedrock, contributes to a significant part of the ice velocity.
Figure 22 shows an example of where the two approximations are used.

The field equations, SIA and SSH are solved numerically in each grid cell, based on the
differences between neighboring cells. The velocities found using the two approxima-
tions SIA and SSH are combined into a total horizontal velocity v using the following
function [Bueler and Brown, 2008]

u = f
(
|uSSA|

)
uSIA +

(
1 − f

(
|uSSA|

))
uSSA. (20)

Here uSIA is the horizontal velocity from SIA, uSSA is the SSA velocity and |uSSA| =
u2

SSAx
+ u2

SSAy
and f

(
|uSSA|

)
is a weight function, that ensures a continuous solution

of the velocity reigning from the interior of the ice sheet across the grounding line and
on to the ice shelves. The function is defined as follows

f
(
|uSSA|

)
= 1 − 2

π
arctan

(
|uSSA|2

1002

)
(21)
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[Bueler and Brown, 2008]. f
(
|uSSA|

)
is approximately 1 for small values of |uSSA| and

approximately 0 for large values. Figure 23 shows the weighting f
(
|uSSA|

)
versus the

sliding velocity uSSA. For the lower sliding velocities, approximately below 100 m
yr ,

SIA is the dominant stress balance and above this SSA is the dominant one.

Figure 22: This figure shows where PISM applies the Shallow Ice and the Shallow
Shelf Approximations to the modeled ice [Winkelmann et al., 2010].

PISM uses the two shallow approximations to determine the basal velocities of the ice
sheet. When there is no basal velocity, SIA is applied, because it assumes no basal
velocity. In cases with basal velocities PISM uses SSA as a sliding law, to determine
the basal velocity [Bueler and Brown, 2008].

Figure 23: the weighting f
(
|uSSA|

)
versus the sliding velocity uSSA.

5.3.2 Enhancement factor and sliding law exponent

In the Shallow Ice Approximation, the softness of the ice, has a big impact on how
much the ice deforms. This softness can be changed using an enhancement factor E.
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An increase of the enhancement factor will lead to a larger shearing from SSA and
potentially higher horizontal velocities, in areas where basal motion is present.
In a study by [Aschwanden et al., 2016], they tested different values of E = [1, 3] at
intervals of 0.25. They found that for a higher enhancement factor the surface speed
increases and the ice sheet becomes thicker. They ended up using en enhancement
factor of E = 1.25 to avoid overestimating the vertical shearing, but in this project
where the velocities and the shearing are not at the center, the most commonly used
enhancement factor of E = 3 was chosen, to ensure that the ice thickness would not
become to small.

PISM uses the following power law to describe the basal sliding τb of the ice, wherever
the SSA is applied

τb = −τy
u

uq
t |u|1−q

. (22)

Here ut is the threshold velocity, where the basal sliding equals the yield stress τy. q is
the sliding law exponent which has a direct impact on the SSA. Because the magnitude
of τb, relative to the driving stress, is the determining factor in where SSA is applied,
as well as the velocities due to the horizontal shear in these areas.
In the same study by [Aschwanden et al., 2016], they also tested different values of the
sliding law exponent an found that for q = 0.6, the model is able to capture some of the
larger ice streams, that are not captured with smaller values, and still not overestimate
the the velocities at the margins of the ice sheet. Therefore the sliding law exponent
was chosen to be q = 0.6 in this project as well.

5.3.3 Yield stress and till friction angle

The yield stress is defined as
τy = tan ϕNtill, (23)

where ϕ is the till fraction angle, tan ϕ is till friction factor and Ntill is the effective
pressure on the till. The till friction angle is based primarily on the topography of an
area. It is justified bu the fact that deeper areas in the topography has a lower friction
angle, in order to mimic the effects of weaker sediments collecting in the deeper valleys
[Clark et al., 2020].
IN PISM the parameterization of the till friction angle is ϕmin, ϕmax, hmin, hmax, where h
is the elevation.
The till friction angles and elevations used in the project is 10.0,30.0,-300.0 m,300.0m
, which comes from the study by [Clark et al., 2020], where they found this to be the
most realistic values for simulations over Greenland.

5.3.4 Calving

Through out the evolution of an ice sheet, ice will break of ice shelves and marine
outlet glaciers and float into the ocean, this process is called calving. In reality this is
a complex process that has to do with melt, ocean temperature and thickness of the
ice, just to name a few. In PISM this process is however approximated with simpler
solutions than reality.
PISM has schemes for defining when glaciers has to calve ice, into the ocean, relating
to thickness, stress or plainly just cutting of ice, when it passes a certain margin. In
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this project the calving used is called float kill and as the name suggests it cut of the
ice when it starts floating.
Float kill is not strictly physically accurate, since shelves cannot really form using this
scheme. Shelves form where outlet glaciers terminates into the ocean and the coast-
line holds the ice floating on water, without calving completely. Ice shelves are very
important when modelling the Antarctic ice sheet, because it has so many very large
ones. But Greenland does not really have these large ice shelves and therefore this
calving scheme is appropriate here.

5.3.5 Surface mass balance

As mentioned earlier PISM can calculate a surface mass balance (SMB) if one is not
provided. For this PISM will need the monthly precipitation and the mean annual and
the mean summer temperature over the area. From this PISM can calculate a SMB
using a PDD scheme. This method is derived from the statistical relationship between
the melting of snow and ice and positive air temperatures. The percentage of days
with surface melt, is assumed to be the same as the probability that the air tempera-
ture close to the surface exceeds 0◦C, and that the PDD factors can be related to this
temperature. This is calculated on a monthly basis.

The number PDDs during the years, found from the normal probability distribution
around the monthly mean temperatures, is defined as

PDD =
1

σPDD
√

2π

∫ A

0
dt
∫ ∞

0
T exp

(
−
(
T − Ta(t)

)2

2σ2
PDD

)
dT, (24)

where σPDD is the standard deviation, t is time, A is one year, T is the near-surface
temperature and Ta is the annual near-surface temperature cycle [Fausto et al., 2007].
Ta is assumed to oscillate like a sine wave over time, like so

Ta(t) = Tma +
(
Tms − Tma

)
cos

(
2πt
A

)
, (25)

where Tma is mean annual temperature and Tms is the mean summer temperature.
When the number of positive degree days is found, the melt M can be calculated as
the product of PDD’s and the PDD factors for both ice and snow βice and βsnow

M = βice PDD + βsnow PDD. (26)

PISM starts by melting the snow, and if all the snow melts it starts to melt the ice,
meaning that the ice related melt is only part of equation 26 if all the snow melts away.
Now that PISM has a melt rate and precipitation field, it can combine the two to con-
struct the surface mass balance needed to run the model, because the SMB is essen-
tially just the flux into and out of the ice surface, which is just surface melt and snow
and ice accumulation.

5.3.6 Historical climate offset

It is possible to provide PISM with an offset for one or more of the input data files.
For instance it is possible to provide a temperature offset, if one would like to model
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a warmer or colder version of the temperature field, to see how big of a difference, a
small perturbation in temperature, could do to the evolution of the ice sheet. To do
this one would have to provide PISM with a file including the offset ∆T and a time
series consistent with the time series PISM has to run.
It is also possible to do this for a non constant offset. This could be useful when run-
ning PISM through one or more glacial cycles. To do this PISM would need the tem-
perature offset ∆T as a function of time and then again the time series PISM has to run
over. An example of this could be the paleoclimatic temperature reconstruction seen
in figure 12.

It is also possible to do the same thing for sea level changes over time, if one would
like to emulate the rising sea level of the future or the lower sea levels of past glacial
periods. Here PISM will need the same files but for ∆ sea level instead.

5.4 Bootstrapping

Starting a PISM run can be done two ways, either with a new set of initial data fields or
starting from a previously saved PISM run, that contains a complete set of new input
fields. When starting from a previously created PISM run, PISM has already provided
a complete set on new input fields to run from, and so PISM will not need to do any
reprocessing on the files to start the run.
If one starts from a new set of input data field, they are bound to be incomplete, com-
pared to what PISM requires to run. What PISM will do here is fill in the missing fields
itself using a process called bootstrapping. PISM is build to this, because a lot of the
input fields it requires, cannot be observed in real life. This is for instance everything
that happens below the surface of the ice sheet. These fields are created using heuristic
models and are filled in to fit the data of the available field, provide for PISM. These
heuristic methods are applied before the first time step of the model, so they are part
of an initialization process and not the actual model run.

5.5 Command line

Below can be found an example of a PISM command line, for a run with constant
climate, at 10 km resolution and a SIA-SSA hybrid stress balance regime. At the very
top of the code is written ”mpiexec - n 20 pismr”, this means that PISM is executing
pismr and running it in parallel. ”-n 20” notes the number of processes set to run
parallel, in this case 20.
Next the input topography file is loaded, this file must contain the bedrock topogra-
phy, the surface elevation and the ice thickness over the domain. After this comes
the bootstrapping, which creates the mathematical initial conditions required for the
model to run. Then comes the definition of the grid. Here ”Mx” and ”My” is used
to define a horizontal grid of 221 × 333, consistent with a 10 km resolution over the
domain used in this project. ”Mz” is the number of grid points in the vertical direction
upwards and ”Lz” is the size of the upwards vertical domain.”Mbz” is the number of
grid points downwards and ”Lbz” is then the size of the downward vertical domain.
Afterwards PISM is told not to recompute the longitudes and latitudes in the topog-
raphy file using the command ”-grid.recompute longitude and latitude false”. Next
PISM needs to calculate the grid, ”-grid.registration corner” tells PISM to calculate the
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grid relative to the corners and to the center as is the default option. This means that
each grid point represents the corner of a grid cell and not the center of it.
”ys” denotes the starting year of the simulation in this case 22,000 years ago and ”ye”
denotes the ending year, in this case present day. Remember PISM can only run for-
ward in time.

1 mpiexec -n 20 pismr \

2 -i topgrafy.nc -bootstrap -Mx 221 -My 333 \

3 -Mz 101 -Mbz 11 -z_spacing equal -Lz 4300 -Lbz 2000 -skip -skip_max 10

\

4 -grid.recompute_longitude_and_latitude false -grid.registration corner

\

5 -ys -22000 -ye -0 \

6 -atmosphere yearly_cycle -atmosphere_yearly_cycle_file atmosphere.nc \

7 -surface pdd \

8 -calving float_kill \

9 -sia_e 3.0 -stress_balance ssa+sia \

10 -pseudo_plastic -pseudo_plastic_q 0.5 \

11 -topg_to_phi 10.0 ,30.0 , -300.0 ,300.0 \

12 -till_effective_fraction_overburden 0.02 -tauc_slippery_grounding_lines

\

13 -energy.bedrock_thermal.file basal_heatflux.nc \

14 -ts_file ts_outfile.nc -ts_times -22000:1:0 \

15 -extra_file ex_outfile.nc -extra_times -22000:10:0 \

16 -extra_vars diffusivity ,temppabase ,tempicethk_basal ,bmelt ,tillwat ,

velsurf_mag ,mask ,thk ,topg ,usurf ,hardav ,velbase_mag ,tauc \

17 -o outfile.nc

The atmospheric scheme used for this run is a yearly cycle and is chosen using ”-
atmosphere yearly cycle”, followed by the yearly cycle input file, containing the monthly
precipitation, mean annual and mean summer temperature. PISM then needs to know
how to interpret these data to a SMB. In this case it is done using a PDD scheme and
the calving is chosen to be float kill.
Next the SIA enhancement factor is set to 3.0 using the command ”-sia e 3.0”, and the
stress balance regime is set to be a hybrid of SIA and SSA, ”-stress balance ssa+sia”.
After this the flow is set to be pseudo plastic and the sliding law exponent is set to be
q = 0.5 using ”-pseudo plastic -pseudo plastic q 0.5”.
Next the till friction angle and over burden is defined. Choosing the till friction, en-
hancement factor and sliding law exponent, is only necessary if one wishes different
values from the default PISM values.
Now ”-energy.bedrock thermal.file basal heatflux.nc” is used to read in the the basal
heat flux map. If a basal heat flux map is not provided, PISM will use a constant value
over the entire domain.

Lastly the output files are defined. The ts file contains all the outputs that are just a sin-
gle value for every time step, this includes things like ice volume, ice mass, surface ac-
cumulation rate and surface melt rate. ”-ts times” is used to define for what time steps
PISM has to save the data. It is written on the form ”start year:frequency:end year”,
in this case ”-22000:1:0” meaning PISM saves every year in the output file.
The ex file holds all the outputs that has a spacial range, such as ice thickness, diffu-
sivity and velocity fields. Again ”-ex times” is used to define, with what frequency
PISM should save the time steps, in this case it is every 10 years. ”-extra vars” is used
to tell PISM what variables it should save. ”-o outfile.nc” is the name of the output file.
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To apply an atmospheric laps rate corrections, one will need to add a map for elevation
change over the domain, this file has to contain the surface elevation (including ice)
over the whole domain and then PISM will need a value for the lapse rate correction.
The new command concerning the atmosphere can be seen below.

1 -atmosphere yearly_cycle ,elevation_change \

2 -atmosphere.elevation_change.file atmosphere_elevation_change.nc \

3 -temp_lapse_rate 6.5 \

To have a time depended temperature offset, all that is needed is a file containing
the offset and the time series for the PISM run. Then add ”delta T” after the other
atmospheric choices and load the offset file. An example of how this is done is shown
below.

1 -atmosphere yearly_cycle ,elevation_change ,delta_T \

2 -atmosphere_delta_T_file paleoclimate_temperature.nc \

If one desires to change the sea level over time all that is needed is a file containing the
sea level change and the time series for the PISM run. The ocean parameters are then
defined like the code snipped below.

1 -ocean constant -sea_level constant ,delta_SL \

2 -ocean_delta_SL_file paleoclimate_sea_level.nc \

33



6 INITIALIZATION

6 Initialization

This chapter contains the description of the initialization of PISM and the number of
runs done to better understand the dynamics of the model. To understand the model
and how it reacts to different changes, a number of initial runs were made. The PISM
manual [The PISM authors, 2020] provides a number of test runs to carry out with a
data set that has been preprocessed, to already work with the model. These runs were
executed firstly, but this section only contains the initial runs performed using the data
sets described in chapter 3.

6.1 SIA stress balance regime

The first run was a very simple run, where the only thing different from the example
runs provided in PISM [The PISM authors, 2020], was that the data is the data from
this project and not the data provided for the PISM examples.
The only things provided to PISM, were the needed topography fields and climate
forcing and then the SMB was calculated using a PDD scheme. For simplicity the
stress balance regime was set to be only SIA. The command line from this run can be
found in appendix A.
Figure 24 shows the ice volume evolution and the ice thickness, after running the
simple SIA stress balance regime run, for 5000 years at 10 km resolution.

SIA stress balance regime run

Figure 24: The results from a 5000 year run with only SIA as the stress balance regime.
The first tile shows the evolution of the ice volume in the glacierized area and the
second shows the ice thickness after 5000 years at 10 km resolution.

To make sure that the model uses only the SIA as the stress balance regime, the basal
velocity has to be zero, all over the ice sheet, and as it can be seen from figure 25 this is
the case. This means that there is no basal motion happening in the model anywhere,
because the model could not allow basal sliding.
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Figure 25 also shows the surface velocities over the ice sheet. Here the velocities are
very small in the center of the ice sheet and get drastically larger when approaching
the ice margins. At the margins the ice velocities get very large, that is however ex-
pected, since the only transport of ice, from the ice dome to the margins of the ice
sheet, happens through internal velocities forced by the driving stress τd = ρgH sin,
i.e. most flow occurs when the surface is steep.

SIA stress balance regime velocities

Figure 25: The basal and surface velocity of the ice after 5000 year with only SIA as
the stress balance regime, at 10 km resolution. The basal velocity is zero everywhere
as no basal motion is allowed by the model.
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6.2 Hybrid stress balance regime

The next step was adding the SSA approximation to the stress balance regime. Again
PISM was only provided with the needed topography fields and climate forcing and
then the SMB was calculated using a PDD scheme, meaning that the only thing changed
from the previous run was the stress balance regime. The command line from this run
can be found in appendix B.
Figure 26 shows the ice volume evolution and the ice thickness for the hybrid stress
balance regime run. As can be seen the ice volume is not quite as big as for the SIA
only stress balance. This is because the ice does not grow quite as far out or get as
thick near the margins, when adding SSA to the stress balance, since the basal sliding
results in thinning and surface melt at the margins.
The two ice sheets are however very similar after 5000 years, they have almost the
same ice thickness and extend. The pattern they follow when growing is the same,
with a lot of ice front extending in the south-eastern part of Greenland and not a lot
every where else.

Hybrid stress balance regime run

Figure 26: The results from a 5000 year run with a hybrid stress balance regime. The
first tile shows the evolution of the ice volume in the glacierized area and the second
shows the ice thickness after 5000 years at 10 km resolution.

Figure 27 shows the basal and surface velocities of the hybrid run. Now the basal
velocities are still zero almost everywhere, but along the coastline they are larger non-
zero, meaning that there is now basal sliding happening in the model. The reason that
basal sliding is mostly happening near the coastline, is because this is where the larges
bedrock slopes are located, meaning that this is where SSA is applied in the model.
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Figure 27 also contains the surface velocities of the model. The surface velocities follow
the same pattern as the SIA balance regime in figure 25, but the magnitude of the
velocities are much smaller. This is because the model no longer has to transport all
the ice through only the surface velocities, but it can now also use do it through basal
sliding.

Hybrid stress balance regime velocities

Figure 27: The basal and surface velocity of the ice after 5000 year with a hybrid stress
balance regime, at 10 km resolution.
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6.3 Lapse rate correction

In the next run a lapse rate correction was added. This was done to make the tem-
perature field more realistic compared to the real world. The temperature in the at-
mosphere varies with height and lapse rate refers to the rate at which the temperature
falls with altitude. Since the GrIS has quite a significant change in altitude it is nec-
essary to add a lapse rate correction to try and make the model as physically correct
as possible. Therefore a lapse rate correction of 6.5

◦C
km was applied. This specific lapse

rate is called the normal or environmental lapse rate. The command line for this run
can be found in appendix C.

Figure 28 shows the evolution of the ice volume and the ice thickness after running
the model for 5000 years. As it can be seen the ice volume becomes bigger than for
the two previous runs and the ice sheet extent is also quite a bit larger along both the
eastern and western coast lines.
The thickness of the ice sheet however is similar to the thickness of the ice sheet in both
of the previous runs, meaning that the increase in mass is not coming from a vertical
growth of the ice sheet, but only a horizontal growth.

Lapse rate correction run

Figure 28: The results from a 5000 year run with a lapse rate correction of 6.5
◦C
km . The

first tile shows the evolution of the ice volume in the glacierized area and the second
shows the ice thickness after 5000 years at 10 km resolution.

Figure 29 shows the velocity maps of lapse rate correction run. As it can be seen,
adding the lapse rate correction results in the model loosing the ability to recreate the
ice streams around the coastlines. The hybrid model could to a certain extend recreate
these ice streams, as shown in figure 27, but this model only has fast flowing ice, along
the southeastern ice front.
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Lapse rate correction velocities

Figure 29: The basal and surface velocity of the ice after 5000 year with a lapse rate
correction of 6.5

◦C
km , at 10 km resolution.

6.4 Till friction angle

As mentioned earlier in section 5.3.3 the till friction angle is defined so that deeper ar-
eas in the topography has a lower friction angle in order to mimic the effects of weaker
sediments collecting in the deeper valleys. For this run the till friction component of
the model has been added. The till friction was set to the PISM standards of 15.0,40.0,-
300.0 m,700.0 m. The command line for run can be found in appendix D.

Figure 30 shows the ice volume evolution and the ice thickness after 5000 years. The
ice sheet is now smaller than for the lapse rate run and the SIA only run, but bigger
than the hybrid run. This is because the ice now has a different friction at the bottom,
that holds on to the ice more in some places than in others.

Adding the till friction angle makes the sediments in deep valleys softer, the deeper
the valley the softer the sediments, and this should result in model being able to recre-
ate some of the ice streams on the GrIS. However this is not the case, as can be seen
from figure 31. Adding the till friction term, makes the model better at recreating ice
stream, than the lapse rate model, but still not as good as the hybrid stress balance
regime run.
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Till friction run

Figure 30: The results from a 5000 year run with till friction angle added. The first tile
shows the evolution of the ice volume in the glacierized area and the second shows
the ice thickness after 5000 years at 10 km resolution.

Till friction velocities

Figure 31: The basal and surface velocity of the ice after 5000 year with till friction
angle added, at 10 km resolution.
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7 Results

This chapter contains the results from all the PISM runs carried out in this study. It
contains plots of the ice thickness, surface and basal velocities and ice volume evolu-
tion.

7.1 Present day steady state runs

This section contains all the results from PISM runs using present day or close to
present day climate conditions. All the models where run to steady state, where the
mass loss and mass gain are equal and the ice sheet is neither growing nor shrinking.

7.1.1 Present day climate

The first step was running PISM with present day climate conditions to steady state.
This was done to test the run time of the model and how it performs under known
conditions.
The model was run for 20,000 years, using the IBCAO topography, the BedMachine ice
thickness, [Shapiro and Ritzwoller, 2004] basal heat flux map and the RACMO tem-
peratures and precipitation. Figure 32 shows the evolution of the ice volume in the
glaciarized areas. Here 0 ka is present day and 20 ka is 20,000 years into the future.

Figure 32: The evolution of the ice volume in the glacierized areas of Greenland, for
present day climate conditions, run at a 10 km resolution.
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The first panel in figure 33 shows the initial ice thickness over Greenland, before the
model was run and the second shows the ice thickness after running the model for
20,000 years using the present day climate conditions from [Noël et al., 2018]. Figure
34 shows the difference between the two, that is the 20,000 years ice thickness minus
the the present day ice thickness.

Figure 33: Panel one shows the initial ice thickness of GrIS. Panel two shows the ice
thickness after running the model for 20 ka, with present day climate conditions.

After 20,000 years the extent of the ice sheet is bigger than present day. Specifically it
seems to have spread into the ocean and created what could look like large ice shelves
along the eastern coastline. The thickness of the ice sheet however is lower over most
of the ice sheet, especially towards the north and on top of the ice. This means that
despite the larger horizontal extent, the total volume of the ice sheet is smaller after
20,000 years.

Figure 35 shows the basal and surface velocity of the ice after 20,000 years. Both the
surface and basal velocities are fairly small or non existing in the middle of the ice
sheet, but grows larger towards the margins. The velocities are highest around a num-
ber of the fjords where outlet glaciers are located today, such as the Jakobshavn isbræ
and the Northeast Greenland Ice Stream (NEGIS). These ice streams have contribu-
tions from the basal sliding and internal deformation of the ice.
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Figure 34: The difference between the two ice thickness plots in figure 33 (after 20 ka
- present day).

Figure 35: The basal and surface velocity, after 20,000 years, with present day climate.
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7.1.2 Warmer temperatures

To test the resistance of the GrIS to changes in temperature, the same experiment was
performed, for higher temperatures than present day, but the same precipitation as
before. Practically this was done by uniformly increasing the temperature field from
RACMO by 2, 4, 8 and 12◦C. These specific temperatures were chosen, because +2◦C is
the global temperature increase from the Paris Agreement [UN, Paris Agreement, 2015]
and +4◦C ± 4 is the temperature difference between present day and the Eemian,
found from the NEEM ice core [NEEM community members, 2013].
Figure 36 shows the evolution in ice volume, for all 5 different temperature fields,
including present day. Here the red curve is the same as can be found in figure 32.

Figure 36: This figure shows the evolution of the ice volume in the glacierized areas
for present day temperature and uniformly increased by 2, 4, 8 and 12◦C.

As seen in figure 36 only the present day temperature, +2◦C and +4◦C result in an
ice sheet still existing after 20,000 years, however only the present day conditions and
+2◦C have an ice sheet of a size comparable to the current GrIS, as the + 4◦C ice sheet
is almost gone.

Temperature increase Equivalent sea level rise
pd 0.36 m

+ 2 ◦C 1.29 m
+ 4 ◦C 6.88 m
+ 8 ◦C 7.42 m

+ 12 ◦C 7.42 m

Table 1: Sea level rise equivalent to the mass loss of the ice sheet at 5 different tem-
peratures after 20,000 years.
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Table 1 contains the sea level rise equivalent to the mass loss of the ice sheet, for the 5
different temperature fields after 20,000 years. These sea level rises have been calcu-
lated using the following equation

SLE =
Vice

Aocean
, (27)

where Mice is the mass of lost ice and Vocean is the volume of water required to raise
the worlds oceans by 1 mm.

Figure 37 shows results for the 2◦C temperature increase. The first panel shows the
initial ice thickness and the second panel shows the extent of the ice sheet after run-
ning the model for 20,000 years. Figure 38 shows the difference between the two.

Figure 37: The initial ice thickness and the ice thickness after running the model for
20,00, with present day climate conditions +2◦C.

The extent of the ice sheet after 20,000 years is noticeably smaller than the initial ice
sheet, but not significantly. Generally on top of the ice sheet it has lost mass resulting
in thinning of the ice sheet, but it is especially in the north, that the loss of mass has
happened, resulting in a retreat of the ice front.

Along the eastern coastline and a bit along the south-western as well, there has been
an increase in mass. It is not as much as for the present day conditions in figure 33,
and the ice has not started spreading into the ocean.
There has been significantly more loss of mass than gain of mass in this simulation.
This has resulted in a loss of mass equivalent to a total global sea level rise of 1.29 m.
Figure 39 shows the basal and surface velocity of the ice after 20,000 years. Again the
velocities are fairly small or non existing in the middle of the ice sheet, but grow larger
towards the margins. The velocities are highest around a number of the fjords where
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Figure 38: The difference between the two ice thickness plots in figure 37 (after 20 ka
- present day).

Figure 39: The basal and surface velocity after 20,000 years, with a +2◦C increase.

outlet glaciers are located today.

Figure 40 shows the extent of the + 4◦C ice sheet after 20,000 years. In this simulation
the ice sheet is almost completely gone. Only a collection of ice around the middle
of Greenland towards the eastern coastline is remaining. The thickest part of the ice
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sheet is only half as thick as the thickest part of the present day ice sheet.
This large loss of mass from the ice sheet would result in a global sea level rise of 6.88
m, which is a very big part of the total equivalent sea level rise, bound in the mass of
the GrIS.

Figure 40: This figure shows the ice sheet thickness and extent after 20,000 years,
with a temperature increase of 4◦C.

7.2 Glacial steady state runs

This section contains all the results, from PISM runs carried out using glacial or close
to glacial conditions. All the models were run to steady state. This was done to test if
PISM can produce an ice sheet resembling the ice sheet from LGM. Later these results
will be used as the starting point for a glacial cycle simulation.
In these runs the RACMO temperature fields were uniformly lowered by 20◦C, which
as mentioned earlier was approximately how much colder the glacial climate over
Greenland was [Dahl-Jensen et al., 1998]. As mentioned earlier the precipitation was
also lower, therefore the precipitation fields were also uniformly lowered to be 25%,
50% and 100% of the present day precipitation.
Also the sea level was lower around Greenland, because so much water was bound
in the ice on the continents at this time [Lambeck, 2004], so the sea level of the model
was lowered by 130 m.

The model was run for all the three different precipitation fields using the topogra-
phy maps including and excluding Canada from the computational domain. The two
topography maps can be seen in figures 5 and 6 in section 3.1. The only difference
between these two maps and what PISM was provided, is that the sea level was 130 m
lower.
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Figure 41 shows the evolution of the ice volume in the glacierized areas over the do-
main. In red is shown the three runs including Canada as part of the computational
domain. In blue the runs excluding Canada. The solid lines show the runs with 25%
precipitation, the dashed lines (- - -) show the runs with 50% precipitation and the
dotted line (...) show the runs with 100%. All the models were run for 50,000 years, so
they would reach steady state.

Figure 41: Ice volume evolution in glacierized areas over 50 ka, for different per-
centages of present day precipitation. Red is runs where Canada is included in the
domain, blue is where Canada has been removed. The solid lines show the runs with
25% precipitation, the dashed lines (- - -), show the runs with 50% precipitation and
the dotted line (...) show the runs with 100%.

Figure 42 shows the ice thickness and ice sheet extent after 50,000 years, for the runs
in figure 41. The first column shows the runs using the 25% precipitation field, second
column is 50% and third is 100% precipitation. The top row is including Canada and
the bottom row is excluding Canada.
All three runs that include Canada as part of the computational domain, has grown
significant amounts of ice on the Canadian land masses. Also in all three runs an ice
bridge has developed between the most eastern part of Canada and northern Green-
land, effectively connecting the two ice sheets.

All six of the runs have the ice spreading into the ocean on both sides of Greenland.
This is especially happening along the whole of the eastern coastline and in the south-
ern part of the western one. The ice sheet has also grown much thicker in the middle
of the ice divide throughout all six runs. Both these evaluations are due to the calving
criteria, that the ice breaks of when i floats.
For a criteria allowing ice shelves, the ice cap would have been thinner at the ice divide
and margins, due to more flow and for a criteria cutting the ice before the ice would
have been thicker and the extend smaller for the whole ice sheet.
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The three runs excluding Canada from the computational domain have ice that seems
to be forming around the areas of the Canadian coastline and no ice where Canada
used to be. Other than this they are very similar to the three runs including Canada.

Figure 42: This figure shows the extent and thickness of the ice sheet after 50 ka for
different percentages of present day precipitation, with and without Canada in the
computational domain. The first column shows the runs using the 25% precipitation
field, second column is 50% and third is 100% precipitation. The top row is including
Canada and the bottom row is excluding Canada.
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7.3 Eemian runs

To recreate the Eemian ice sheet the model was run from 140,000 years ago to present
day. This period was chosen, so it includes the end of the glacial period before Eemian
in the run. The end of the glacial is included to test whether the ice bridge to Canada
has an impact on the extent of the Eemian ice sheet. The model was run all the way to
present day, to see if it could recreate the present day ice sheet.

Figure 43 shows the results for running PISM from 140,000 years ago to present day,
with three different precipitation scalings and with and without Canada in the do-
main. The three precipitation scalings used are the SeaRISE scaling, the scaling from
[Buchardt et al., 2012] (both can be found in figure 13 in section 3.5) and present day
precipitation, scaled according to temperature by PISM.
The sea level was changed over the period, according to the [Lisiecki and Raymo, 2005]
marine core, scaled to fit the SeaRISE sea level record. The sea level change can be
found in figure 14 in section 3.5. The initial ice sheet was set to be the glacial steady
state ice sheet from 42, produced with 25% of present day precipitation, both with and
without Canada.

Figure 43: The evolution of the ice volume from 140,000 years ago until present day,
for different precipitation scalings. In red are runs including Canada in the domain
and in blue excluding Canada. Solid lines are with the SeaRISE scaling, dashed lines
(- - -) are with the scaling from [Buchardt et al., 2012] (both are found in figure 13)
and dotted lines (...) are the unscaled present day RACMO precipitation.

As it can be seen in figure 43, the minimum ice sheet extent during Eemian happens
approximately 120,000 years ago. The ice sheets with constant present day precipita-
tion produce the largest ice sheets during the glacials and the smallest during Eemian
times.
The SeaRISE runs produce the smallest ice sheets during the first glacial and almost
the smallest during the last glacial. The Eemian ice sheet is located very much in the
middle. The SeaRISE run without Canada only ran to 67,000 years ago. This is because
the ice sheet became more than 7 km thick and the diffusivity of the ice passed 20,000
m2

s , which is highly nonphysical.
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It is suspected that this error occurred due to inconsistencies in the bedrock data, e.g.
that bedrock lows are not resolved properly, but further investigations were not con-
ducted.
The Buchardt runs produce ice sheets of a volume between the volumes of SeaRISE
and present day precipitation during the glacials and smallest ice sheets during Eem.

Figure 44 shows four different ice sheet extents for the GrIS during the Eemian, us-
ing the SeaRISE precipitation scaling without Canada. The first panel shows the ice
extent at 130 ka before present, at the beginning of the Eemian. Panel two shows the
ice sheet extent at 125 ka before present after the ice has started to retreat. Panel three
shows the ice sheet extent at 120 ka before present, at the ice sheet’s minimum extent.
Panel four shows the ice extent at 115 ka before present, when the ice sheet starts to
grow again.
Figure 45 shows the ice sheet extents at the same four time stamps, but in this run
Canada was included in the computational domain. The main difference between the
two runs, is the ice sheet extent in the north-eastern part of Greenland, where the ice
extents into the ocean when including Canada in the domain and not when excluding
it.

Figure 46 shows the same four ice sheet extents for the GrIS during the Eemian, using
the [Buchardt et al., 2012] precipitation scaling without Canada. Figure 47 shows the
ice sheet extents at the same four time stamps, using the [Buchardt et al., 2012] precip-
itation scaling, but in this run Canada was included in the computational domain.
As for comparing [Buchardt et al., 2012] and the SeaRISE runs the main difference be-
tween these two runs, is the ice sheet extent in the north-eastern part of Greenland,
where the ice extents into the ocean when including Canada in the domain and not
when excluding it.

Figure 48 shows the same four ice sheet extents for the GrIS during the Eemian, using
the present day precipitation without Canada. Figure 49 shows the ice sheet extents at
the same four time stamps, again using the present day precipitation, but in this run
Canada was included in the computational domain.
For these two runs there are no major differences between the ice sheets at any of
the time stamps, besides the ice that forms in and around Canada, which affects the
isostatic sinking differently. This must be the reason for the different resulting ice
sheets. There seems to be slightly more ice in the north-eastern part of Greenland at
-125 ka, but this is not present at the later time stamps.
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Eemian ice sheets, SeaRISE precip. scaling, w/o Canada

Figure 44: The extent of the Eemian ice sheet, using the SeaRISE precipitation scaling
without Canada. The first panel shows the ice extent at 130 ka before present, at
the beginning of the Eemian. Panel two shows the ice sheet extent at 125 ka before
present after the ice has started to retreat. Panel three shows the ice sheet extent at
120 ka before present, at the ice sheet’s minimum extent. Panel four shows the ice
extent at 115 ka before present, when the ice sheet starts to grow again.
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Eemian ice sheets, SeaRISE precip. scaling, w. Canada

Figure 45: The extent of the Eemian ice sheet, using the SeaRISE precipitation scaling
with Canada. The first panel shows the ice extent at 130 ka before present, at the be-
ginning of the Eemian. Panel two shows the ice sheet extent at 125 ka before present
after the ice has started to retreat. Panel three shows the ice sheet extent at 120 ka
before present, at the ice sheet’s minimum extent. Panel four shows the ice extent at
115 ka before present, when the ice sheet starts to grow again.
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Eemian ice sheets, Buchardt et al. 2012 precip. scaling, w/o Canada

Figure 46: The extent of the Eemian ice sheet, using the [Buchardt et al., 2012] precip-
itation scaling without Canada. The first panel shows the ice extent at 130 ka before
present, at the beginning of the Eemian. Panel two shows the ice sheet extent at 125
ka before present after the ice has started to retreat. Panel three shows the ice sheet
extent at 120 ka before present, at the ice sheet’s minimum extent. Panel four shows
the ice extent at 115 ka before present, when the ice sheet starts to grow again.
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Eemian ice sheets, Buchardt et al. 2012 precip. scaling, w. Canada

Figure 47: The extent of the Eemian ice sheet, using the [Buchardt et al., 2012] pre-
cipitation scaling with Canada. The first panel shows the ice extent at 130 ka before
present, at the beginning of the Eemian. Panel two shows the ice sheet extent at 125
ka before present after the ice has started to retreat. Panel three shows the ice sheet
extent at 120 ka before present, at the ice sheet’s minimum extent. Panel four shows
the ice extent at 115 ka before present, when the ice sheet starts to grow again.
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Eemian ice sheets, present day precip., w/o Canada

Figure 48: The extent of the Eemian ice sheet, using the present day precipitation,
without Canada. The first panel shows the ice extent at 130 ka before present, at
the beginning of the Eemian. Panel two shows the ice sheet extent at 125 ka before
present after the ice has started to retreat. Panel three shows the ice sheet extent at
120 ka before present, at the ice sheet’s minimum extent. Panel four shows the ice
extent at 115 ka before present, when the ice sheet starts to grow again.
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Eemian ice sheets, present day precip., w. Canada

Figure 49: The extent of the Eemian ice sheet, using the present day precipitation,
with Canada. The first panel shows the ice extent at 130 ka before present, at the be-
ginning of the Eemian. Panel two shows the ice sheet extent at 125 ka before present
after the ice has started to retreat. Panel three shows the ice sheet extent at 120 ka
before present, at the ice sheet’s minimum extent. Panel four shows the ice extent at
115 ka before present, when the ice sheet starts to grow again.
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7.4 Present day ice sheet recreations

Part of the goal of the runs shown in figure 43 was to recreate the present day ice
sheet extent. Figure 50 shows the ice sheet extent at present day, using the SeaRISE
precipitation scaling and including Canada.
As can be seen from the figure, the ice sheet extent does not match the actual present
day ice sheet extent, which can be seen in figure 7. The ice sheet extends less north
and less towards the west in southern Greenland. Most places the ice sheet does not
reach all the way out to the ocean and generally the ice sheet is also much thinner.

Present day ice sheet, SeaRISE precip. scaling, w. Canada

Figure 50: The modelled ice sheet extent at present day, with the SeaRISE precipita-
tion scaling and including Canada in the computational domain.

Figure 51 shows the ice sheet extent at present day, using the [Buchardt et al., 2012]
precipitation scaling, both with and without Canada as part of the domain. Both ice
sheets are very similar to each other and to the SeaRISE ice sheet in figure 50. The
most noticeable difference is the fact that the run excluding Canada has formed two
separate ice sheets, whereas the other run has them connected.

Figure 52 shows the ice sheet extent at present day, using the present day precipi-
tation, both with and without Canada as part of the domain. Both ice sheets are also
very similar to each other and to the previously shown ice sheets. The run including
Canada seems to have a slightly larger extent in the north-east and also generally it is
slightly thicker than the run without Canada.
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Present day ice sheet, Buchardt et al. 2012 precip. scaling

Figure 51: The modelled ice sheet extent at present day, including and excluding
Canada. Run with the [Buchardt et al., 2012] precipitation scaling.

Present day ice sheet, present day precip.

Figure 52: The modelled ice sheet extent at present day, including and excluding
Canada. Run with the present day precipitation.
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8 Discussion

When running PISM with the present day climate conditions from RACMO we find
that the volume of the ice sheet is smaller when it reaches steady state than when the
model started. This is expected since we know that the GrIS used to be in approxi-
mately steady state, but has been losing mass over the past decades due to increased
temperatures on and around Greenland. One would therefore expect that if the tem-
perature and precipitation was kept constant, at present day conditions, that the ice
sheet would shrink until it reached a new steady state.
From figure 34 it can be seen that the ice sheet is thinner after 20,000 years, especially
around the ice divide and that, despite the loss of mass, it has spread further out than
the initial ice sheet. This could have something to do with the fact that the RACMO
precipitation is not completely accurate. It is underestimating the amount of precipi-
tation on top of the ice sheet and overestimating at the margins [Fettweis et al., 2020].
This could very well explain why the ice sheet is thinning in the middle and growing
at the margins.
Another explanation for this could be that the spacial resolution of the RACMO data
is too low. The RACMO data comes on a resolution of 5.5 km, which might not
be fine enough to catch the complexity of the precipitation pattern over Greenland,
meaning that it could be part of the explanation for why RACMO overestimates the
precipitation near the margins and underestimates it near the middle of the ice sheet
[Fettweis et al., 2020].

The stress balance regime could also have something to do with the thinning on top
and growing at the sides. Because SIA has no basal sliding, it has a tendency to make
the ice sheet grow thicker at the margins than an ice sheet would in reality. This is
because SIA does not have the surface melt and basal sliding feedback effect to thin
the ice near the margins.
When there is surface melt near the margin of an ice sheet, the melting water can pen-
etrate the ice sheet and reach the bottom, resulting in more basal sliding and thus a
thinning of the ice here. When the ice then thins, the surface melt becomes larger re-
sulting in a feedback effect. Because SIA has no basal sliding, this thinning will not
happen near the margins.

The RACMO precipitation, plotted in figure 9, has the majority of rain and snow fall
occur in the southern part of Greenland, specifically on the east coast. This is also the
areas with the most accumulation of ice over the 20,000 year period. In the northern
part of Greenland there is quite a lot of mass loss. This is probably also do to the pre-
cipitation being so small in the north. As can be seen from the RACMO precipitation,
there is almost no snow or rain fall happening in this area, meaning that there is next
to no accumulation of mass, but ablation still happens due to ice dynamics and melt.

The simulation for present day conditions +2◦C, shows a loss of mass over time. The
loss of mass is quite significant, since it will result in a global sea level rise of 1.29m.
This specific temperature increase was chosen because it is the total global temperature
increase agreed upon as part of the 2015 Paris Agreement [UN, Paris Agreement, 2015].
The loss of mass happening in this simulation is mostly centered around the northern
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boundary of the ice sheet, resulting in a retreat of the ice front in this area. Along the
other ice fronts the ice is not retreating, in fact at a few places, like along the east coast,
the ice is actually thickening and in some areas growing further out.

For both the present day conditions and +2◦C, the ice is not retreating from the east
coast, meaning that there is still a flux of fresh water running into the Atlantic ocean
here. This bodes well for the future of the North Atlantic current and the transporta-
tion of warm water to Europe. It seems that there is need for a larger temperature
increase if the ice is going to retreat far enough back, to stop the fresh water flux from
the ice sheet into the ocean.
For both runs we see a significant thinning of the ice sheet even in top of the ice dome
and a retreat of the ice front in the north. A loss of ice thickness in the center of the ice
sheet can be quite catastrophic for the ice sheet. If the ice sheet becomes so thin that it
starts to reach the equilibrium line, it will be very hard for it to reach a state where it
can accumulate as much mass as it losses to melt and calving. If this happens the ice
sheet is at risk of melting away completely.

Figure 35 and figure 39 show the velocity fields for the present day and +2◦C runs.
As it can be seen from these figures, the model is not capable of capturing all the
high velocities around NEGIS, Jacobshavn isbræ and The Kangerlussuaq glacier to
name a few. They catch some of the flow and all of them have components from both
basal sliding and internal deformation, but the ice does not flow quite fast enough
[Nagler et al., 2015].
Generally NEGIS is a very hard ice stream to recreate in models. A modelling study
by [Smith-Johnsen et al., 2020] found that an exceptionally high heat flux needed to
sustain it. Therefore it comes as no surprise, that this model was not able to recreate
the velocities of NEGiS.

Generally we believe the Greenland ice sheet to be quite stable and resistant to changes
in our climate [Aschwanden et al., 2019] [Shepherd et al., 2020]. Figure 36 shows the
evolution of the GrIS for four different temperature fields and from here we see that it
might not be as stable as we used to believe.
If we increase the temperature with just 4◦C, the minimum temperature difference be-
tween present day and Eemian Greenland, the ice sheet almost disappears, but not
completely. It reaches steady state after about 15,000 years. If we increase the temper-
ature by 8◦C, the ice sheet disappears after around 2500 years and if we increase it by
12◦C it is gone before the end of the 21st century.
These temperature increases all result in a significant rise of the global sea level. For
+2◦C the sea level will increase with 1.29 m, which might not seem like a lot, but
can in fact have big consequences in generally flat countries like the Netherlands, the
Maldives and even Denmark.
When the temperature is increased even further, the mass loss becomes more signif-
icant. For a 4◦C increase the global sea level rise becomes 6.88 m, which is almost
93% of the total equivalent sea level rise, bound within the mass of the Greenland ice
sheet. An increase in sea level like this could move the coastlines of the previously
mentioned countries far inland and would result in a complete loss of landmass in the
Maldives, that has a maximum elevation of 2 m [worlddata.info, 2022].

61



8 DISCUSSION

Figure 41 shows the volume evolution of the ice sheet under different glacial con-
ditions. All of them have a temperature of 20◦C less than present day, but the precip-
itation differs. The precipitation was set to be 25%, 50% and 100% of the present day
amount. As mentioned earlier it is believed that the precipitation during the glacial
was around 25% of the present day, but since the model had a hard time growing ice
sheet larger, higher levels were also tested.
Figure 42 shows the ice sheet extent for the runs in figure 41. As it can be seen all
the extents are quite similar, in respect to how large of an area they cover. The main
difference is the ice sheet thickness. This points towards the conclusion that the ice
sheet cannot grow any further out due to the sea level at the time, which was 130 m
lower than present day.
It turns out that recreating the ice bridge between Greenland and Canada is very hard,
with a precipitation pattern like RACMO. The amount of ice in this area does not seem
to get any bigger even when increasing the amount of precipitation. This is probably
due to the fact that there is next to no snow fall happening in this area, even at present
day conditions. And as we all know from math 25% of nothing is still nothing, mean-
ing that scaling the precipitation to a higher percentage will not make a difference here,
because there is nothing to scale. And since it is believed that an ice bridge formed,
one conclusion could be that it must have happened under different conditions than
we model here, either more accumulation is needed or the ice sheet would form in
Canada and flow in towards Greenland from Northwest. The latter is perhaps un-
likely due to the relatively flat topography in Canada [Bennike and Björck, 2002].

Figure 43 shows the evolution of the volume for the ice sheet over the past 140,000
years, for different precipitation scalings. As can be seen from this plot, it seems
that the main difference in the results happens during the glacial periods and not the
Eemian and the Holocene. However the main focus of this project is to model the
Eemian ice sheet.
Figures 44 to 49 show the modelled Eemian ice sheet extents for the same precipita-
tion scalings. It can be seen in figure 13 that the SeaRISE scaling results in a larger
precipitation during the Eemian and smaller during the two glacials than the scaling
from [Buchardt et al., 2012]. This explains why the SeaRISE ice sheet extents further
and has a higher thickess than the Buchardt ice sheet is.
The present day precipitation scaled to temperature results in the largest ice sheet
during the glacials and the smallest during Eem. This is because it has a larger precip-
itation during the glacials, but lower during Eem, than the two others.

We do not know much about the precipitation in Greenland during the Eemian, mean-
ing that we might overshoot the amount of accumulation happening at this time. As
can be seen from figure 13, both the SeaRISE and the Buchardt precipitations are much
higher during Eem than at present, but we do not know if this was actually the case.
We also do not know if the precipitation fell in the pattern as it does today. Maybe
more of the snow fell in the north than at present and that could explain why we find
evidence of Eemian ice there, but cannot seem to reproduce an ice sheet consistent
with this data [Plach et al., 2018].

All the Eemian ice evolutions seem to follow the same pattern. They start retreat-
ing in the north and the south-west between -130 ka and -125 ka. Between -125 ka and
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-120 ka the ice retreats even further south, resulting in only ice around the middle of
Greenland towards the east. After this the ice starts to grow again, but not in the north,
mostly in the south and around the coastline.
It is known from the study done by [MacGregor et al., 2015], that can be seen in figure
4, that there is currently Eemian ice at the bottom of the northern part of the Greenland
ice sheet. We also know there has been found evidence of Eemian ice in all the deep
ice cores in Greenland. This means that there must have been at least some ice in the
northern part of Greenland during this time. Because the ice will have had a very
hard time moving so far north from the ice sheets shown in figures 44 to 49, due to ice
dynamics. This means that the ice sheets modelled in this study probably are not very
comparable with how the ice sheet actually looked during the Eemian.
This begs the question, how have they produced ice sheets like the ones shown in
figure 3 In the study done by [Plach et al., 2018]? The ice sheet is modelled using a
constant sea level and the model is forced using ice front retreat, which does not allow
the ice sheet to grow past the extent of the present day ice sheet. This means that the
ice sheet cannot grow out into the ocean like the one in this study does.

The reason for not using ice front retreat in this study, is that with this calving param-
eter, the ice sheet would not be able to grow a bridge to Canada or recreate something
resembling a glacial ice sheet, because the ice cannot grow past present day extent.
Since part of the aim of this study was to include the transition from glacial to inter-
glacial, to see if including Canada made any kind of difference, this calving parameter
could not be used.
Using ice front retreat could have been able to remove all these seemingly random
blobs of ice growing into the ocean everywhere, but they are something we will have
to deal with, if we want to model the transition from glacial to interglacial.

Another reason that the ice sheets modelled in this study do not resemble the ice sheets
in figure 3, is that these studies all grow the Eemian ice sheet, without the transition
from glacial to intergalcial. This means that their bedrock topography does not need
time to rebound, from being pressed down by the large amounts of ice during the
glacial.
This rebound of the bedrock results in lower altitudes and because of the lapse rate
correction also warmer temperatures. Because of these higher temperatures the ice
sheet is not as resistant to the deglaciation, resulting in the larger and faster retreat of
the ice sheet.

This problem with the ice sheet being trapped in the south is not limited to this project.
In a study by [Solgaard et al., 2013] they found the same difficulties growing the ice
sheet further north from this state. Their problem was due to atmospheric Föhn effect,
that resulted in warmer temperatures on the northern side of the ice sheet, preventing
it from growing any further north.
In this project the lowering of the bedrock elevation due to the weight of the glacial ice,
has resulted in warm temperatures due to the laps rate of the atmosphere. Meaning
that the temperature in the north of the ice sheet is so high, that the accumulation of
mass in this area is balanced out by surface and basal melt, making it very hard for the
ice sheet to grow in that direction.
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Figures 50 to 52 show the ice extent at present day for the model runs in figure 43.
From this it can be seen that ice sheets produced by these runs are much smaller than
the present day ice sheet’s actual extent. The reason for this is probably again, that
the large amounts of glacial ice in the period before has resulted in a lower bedrock
elevation, meaning that due to the lapse rate, the temperatures are higher.
As it can be seen in figure 43, the ice sheet extents start to grow again at the very end,
meaning that the bedrock is rebounding and the temperatures over the ice are getting
lower. If the model had run for just a couple of thousand years more, the ice sheet
could have possibly grown to something resembling the present day ice sheet.
One possible reason for the ice sheet being too small is that the bedrock sinking was
too large during the glacial leading to too much surface melting and a smaller ice sheet.
This would mean that the glacial ice sheet was too big, and investigating this could be
a next step to work on. It is also possible that the bedrock model is not accurate.

The SeaRISE run without Canada has been terminated after 67,000 years due to the
non-physicality of the model at this point. The run resulted in an ice sheet of thickness
7 km and a diffusivity of the ice of over 20,000 m2

s . Up until the model enters the last
glacial period, the numbers are all on similar levels to the other model runs, therefore
it was chosen to not include the results of the Eemian inter glacial.

When modelling an ice sheet of the size of Greenland it is necessary to have a cli-
mate model coupled to the ice flow model to create the feedback effect coming from
the rest of the climate systems. This includes both the temperature of the atmosphere
and the ocean, sea level changes and precipitation patterns. If a climate model had
been coupled to PISM in this study, it could have resulted in more realistic results for
the Eemian and present day ice sheets.
Doing this would of course also have resulted in a much larger complexity of the
project and much higher computational times. And therefore it was ultimately de-
cided, that doing this was not realistic in the time frame set for this project.
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9 Conclusion

In this thesis, the PISM ice flow model was used to investigate the evolution and mass
balance of the Greenland ice sheet. The stability of the present day ice sheet was tested,
for increasing temperatures over Greenland. The results from this showed that small
temperature increases can result in a significant loss of mass from the ice sheet.
The model was used to recreated glacial conditions over Greenland, for different per-
centages of present day precipitation. The results from this showed, that PISM had
difficulties recreating an ice sheet of quite the same extend, as the glacial ice sheet was
believed to have.
The models were forced using basal heat flux from [Shapiro and Ritzwoller, 2004] and
scaled versions of air temperature and precipitation from RACMO [Noël et al., 2018].
A number of runs were conducted using precipitation reconstruction records from
[Buchardt et al., 2012] and the SeaRISE project [Huybrechts, 2002], a temperature re-
construction, created by combining δ18O records from [NorthGRIP members, 2004],
[NEEM community members, 2013] and [Barker et al., 2011] and a sea level reconstruc-
tion record from [Lisiecki and Raymo, 2005], to scale the RACMO data and the sea
level trough out a glacial cycle.
The results from these glacial cycle runs, showed a very small ice cap during the
Eemian, that had completely retreated from the north of Greenland and could not
due to the sunken bed rock grow back in this direction.

Increasing the temperature over Greenland results in an increased mass loss of the
ice sheet, leading to an increase in the global mean sea level. Studies show that only
a few degrees increase is needed, to result in a significant increase of the global mean
sea level.
Table 1 contains the rough estimates of the increase of the global mean sea level at
different increased temperatures. Here we see that an increase of just 2◦C results in an
increase of 1.29 m. This means that if the worlds population manages to stay within
the numbers of the Paris agreement [UN, Paris Agreement, 2015], the global mean sea
level would still increase by more than a meter, and this number is with out the con-
tribution from the Antarctic ice sheet.
When increasing the temperature over Greenland with 8◦C or more, the ice sheet
completely disappears, meaning that under temperature conditions resembling the
Eemian interglacial, there is a risk of loosing the GrIS all together. However more
complex models are needed to investigate the sensitivity of the ice sheets and to de-
termine how quickly the mass loss can occur.

PISM is able to recreate something resembling the ice extent during the LGM, but has
a hard time forming an ice bridge between Greenland and Canada. This is probably
due to the fact, that the precipitation from the RACMO regional climate model that is
used to force the PISM model does not match the glacial precipitation pattern, where
more snow might have fallen in the north.
This missing precipitation in the north results in a complete retreat of the Eemian ice
sheet from the northern part of Greenland, which is not in agreement with the data
found by [MacGregor et al., 2015] and [NEEM community members, 2013], where ev-
idence of Eemian has been found in the northern part of Greenland at present day.
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At the end of the Eemian, the ice sheet has a hard time growing towards the north
again. This most likely because the bedrock has not fully rebounded, from being
pressed down by the previous glacial ice sheet, meaning that the temperature is to
high for the ice to evolve in this direction due to increased surface melting..
Since there is precipitation missing in the north, we do not see a significant difference
when including Canada in computational domain, compared to when we do not. This
is because without snow fall in the north, the connection between the two ice sheets
does not reach a size or thickness that is significant enough too have an impact on the
later ice retreat.
The model is also not able to recreate the present day ice sheet, after running through a
glacial cycle. This is again most likely due to the higher temperatures associated with
the lack of rebound of the bedrock.
It could also be related to our glacial ice sheet to be too big, and thereby causing more
sinking of the bedrock. We conclude that in order to model the evolution of the Green-
land ice in the interglacial periods, the preceding glacials must also be considered due
to their significant and delayed effect on the bedrock height.

To further investigate the evolution of the Eemian ice sheet and the present day ice
sheet under warmer conditions, there would be a need for a precipitation field of a
higher spacial resolution than the RACMO data. This data set does not capture the
complexity of the precipitation over Greenland, resulting in a map with no rain or
snow fall in the north.
This higher resolution precipitation map will also be a necessity in any further investi-
gations of the importance of including Canada in the computational domain, because
it will require a more accurate snow fall pattern for northern Greenland and Canada.

Another problem was related to the calving mechanism.. The model runs presented
in this thesis used the option ”float kill”, where floating ice is removed. This option
results in these blobs of ice growing out from the coast of Greenland, that are not in
agreement with how we believe the ice sheet would evolve. There is a need for a more
comprehensive study of the different calving parameters of PISM and when to use
these to get the most natural ice sheet growth.
Furthermore PISM would need to be coupled with a climate model, that could model
the feedback mechanisms between the ice sheet and the rest the rest of the climate
systems. The climate system of Earth is much more complicated than described in
this thesis and than PISM can model it as a stand-alone model. Without the feedback
mechanisms from the ocean and atmosphere, the ice sheet can just evolve freely, not
taking into account that temperature and precipitation changes drastically, when the
ice sheet grows or retreats. This should be the main focus of future studies.

This project has yielded some interesting results regarding the evolution of GrIS under
warmer conditions. The models show that only a few degrees increased temperature
over Greenland can result in a drastic mass loss, where the ice sheet retreats away from
the coast line all together.. The loss of mass from the ice sheet can result in increasing
sea levels all around the globe and could result in less or no fresh water flux into the
Atlantic ocean. Meaning a risk of turning of the North Atlantic Current all together.
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Appendices

Appendix A - SIA stress balance regime run

The command line for the SIA only stress balance regime run described in section 6.1.
1 mpiexec -n 20 pismr \

2 -i topgrafy.nc -bootstrap -Mx 221 -My 333 \

3 -Mz 101 -Mbz 11 -z_spacing equal -Lz 4300 -Lbz 2000 \

4 -skip -skip_max 10 \

5 -grid.recompute_longitude_and_latitude false \

6 -grid.registration corner \

7 -ys -5000 -ye 0 \

8 -atmosphere yearly_cycle ,elevation_change \

9 -atmosphere_yearly_cycle_file atmosphere.nc \

10 -atmosphere.elevation_change.file atmosphere_elevation_change.nc \

11 -temp_lapse_rate 6.5 \

12 -surface pdd \

13 -calving float_kill \

14 -sia_e 3.0 -stress_balance sia \

15 -ts_file ts_outfile.nc -ts_times -5000:1:0 \

16 -extra_file ex_outfile.nc -extra_times -5000:10:0 \

17 -extra_vars diffusivity ,velsurf_mag ,thk ,topg ,usurf ,velbase_mag \

18 -o outfile.nc

Appendix B - Hybrid stress balance regime run

The command line for the hybrid stress balance regime run described in section 6.2.
1 mpiexec -n 20 pismr \

2 -i topgrafy.nc -bootstrap -Mx 221 -My 333 \

3 -Mz 101 -Mbz 11 -z_spacing equal -Lz 4300 -Lbz 2000 \

4 -skip -skip_max 10 \

5 -grid.recompute_longitude_and_latitude false \

6 -grid.registration corner \

7 -ys -5000 -ye 0 \

8 -atmosphere yearly_cycle ,elevation_change \

9 -atmosphere_yearly_cycle_file atmosphere.nc \

10 -atmosphere.elevation_change.file atmosphere_elevation_change.nc \

11 -temp_lapse_rate 6.5 \

12 -surface pdd \

13 -calving float_kill \

14 -sia_e 3.0 -stress_balance ssa+sia \

15 -pseudo_plastic -pseudo_plastic_q 0.5 \

16 -ts_file ts_outfile.nc -ts_times -5000:1:0 \

17 -extra_file ex_outfile.nc -extra_times -5000:10:0 \

18 -extra_vars diffusivity ,velsurf_mag ,thk ,topg ,usurf ,velbase_mag \

19 -o outfile.nc
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Appendix C - Lapse rate run

The command line for the laps rate correction run described in section 6.3.
1 mpiexec -n 20 pismr \

2 -i topgrafy.nc -bootstrap -Mx 221 -My 333 \

3 -Mz 101 -Mbz 11 -z_spacing equal -Lz 4300 -Lbz 2000 \

4 -skip -skip_max 10 \

5 -grid.recompute_longitude_and_latitude false \

6 -grid.registration corner \

7 -ys -5000 -ye 0 \

8 -atmosphere yearly_cycle ,elevation_change \

9 -atmosphere_yearly_cycle_file atmosphere.nc \

10 -atmosphere.elevation_change.file atmosphere_elevation_change.nc \

11 -temp_lapse_rate 6.5 \

12 -surface pdd \

13 -calving float_kill \

14 -sia_e 3.0 -stress_balance ssa+sia \

15 -pseudo_plastic -pseudo_plastic_q 0.5 \

16 -ts_file ts_outfile.nc -ts_times -5000:1:0 \

17 -extra_file ex_outfile.nc -extra_times -5000:10:0 \

18 -extra_vars diffusivity ,velsurf_mag ,thk ,topg ,usurf ,velbase_mag \

19 -o outfile.nc

Appendix D - Till friction run

The command line for the till friction run described in section 6.4.
1 mpiexec -n 20 pismr \

2 -i topgrafy.nc -bootstrap -Mx 221 -My 333 \

3 -Mz 101 -Mbz 11 -z_spacing equal -Lz 4300 -Lbz 2000 \

4 -skip -skip_max 10 \

5 -grid.recompute_longitude_and_latitude false \

6 -grid.registration corner \

7 -ys -5000 -ye 0 \

8 -atmosphere yearly_cycle ,elevation_change \

9 -atmosphere_yearly_cycle_file atmosphere.nc \

10 -atmosphere.elevation_change.file atmosphere_elevation_change.nc \

11 -temp_lapse_rate 6.5 \

12 -surface pdd \

13 -calving float_kill \

14 -sia_e 3.0 -stress_balance ssa+sia \

15 -pseudo_plastic -pseudo_plastic_q 0.5 \

16 -topg_to_phi 15.0 ,40.0 , -300.0 ,700.0 \

17 -till_effective_fraction_overburden 0.02 \

18 -tauc_slippery_grounding_lines \

19 -ts_file ts_outfile.nc -ts_times -5000:1:0 \

20 -extra_file ex_outfile.nc -extra_times -5000:10:0 \

21 -extra_vars diffusivity ,velsurf_mag ,thk ,topg ,usurf ,velbase_mag \

22 -o outfile.nc
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Appendix E - Present day steady state run

The command line for the present day steady state runs described in section 7.1.
1 mpiexec -n 20 pismr \

2 -i topgrafy.nc -bootstrap -Mx 221 -My 333 \

3 -Mz 101 -Mbz 11 -z_spacing equal -Lz 4300 -Lbz 2000 \

4 -skip -skip_max 10 \

5 -grid.recompute_longitude_and_latitude false \

6 -grid.registration corner \

7 -ys -20000 -ye 0 \

8 -atmosphere yearly_cycle ,elevation_change \

9 -atmosphere_yearly_cycle_file atmosphere.nc \

10 -atmosphere.elevation_change.file atmosphere_elevation_change.nc \

11 -temp_lapse_rate 6.5 \

12 -surface pdd \

13 -calving float_kill \

14 -stress_balance.sia.max_diffusivity 50000 \

15 -sia_e 3.0 -stress_balance ssa+sia \

16 -pseudo_plastic -pseudo_plastic_q 0.5 \

17 -topg_to_phi 10.0 ,30.0 , -300.0 ,300.0 \

18 -till_effective_fraction_overburden 0.02 \

19 -tauc_slippery_grounding_lines \

20 -ts_file ts_outfile.nc -ts_times -20000:10:0 \

21 -extra_file ex_outfile.nc -extra_times -20000:100:0 \

22 -extra_vars diffusivity ,temppabase ,tempicethk_basal ,bmelt ,tillwat ,

velsurf_mag ,mask ,thk ,topg ,usurf ,hardav ,velbase_mag ,tauc \

23 -o outfile.nc

Appendix F - Glacial steady state runs

The command line for the Glacial steady state runs described in section 7.2.
1 mpiexec -n 20 pismr \

2 -i topgrafy.nc -bootstrap -Mx 111 -My 167 \

3 -Mz 101 -Mbz 11 -z_spacing equal -Lz 6000 -Lbz 2000 \

4 -skip -skip_max 10 \

5 -grid.recompute_longitude_and_latitude false \

6 -grid.registration corner \

7 -ys -50000 -ye 0 \

8 -atmosphere yearly_cycle ,elevation_change \

9 -atmosphere_yearly_cycle_file atmosphere.nc \

10 -atmosphere.elevation_change.file atmosphere_elevation_change.nc \

11 -temp_lapse_rate 6.5 \

12 -surface pdd \

13 -calving float_kill \

14 -stress_balance.sia.max_diffusivity 50000 \

15 -sia_e 3.0 -stress_balance ssa+sia \

16 -pseudo_plastic -pseudo_plastic_q 0.5 \

17 -topg_to_phi 10.0 ,30.0 , -300.0 ,300.0 \

18 -till_effective_fraction_overburden 0.02 \

19 -tauc_slippery_grounding_lines \

20 -ts_file ts_outfile.nc -ts_times -50000:10:0 \

21 -extra_file ex_outfile.nc -extra_times -50000:100:0 \

22 -extra_vars diffusivity ,temppabase ,tempicethk_basal ,bmelt ,tillwat ,

velsurf_mag ,mask ,thk ,topg ,usurf ,hardav ,velbase_mag ,tauc \

23 -o outfile.nc
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Appendix G - Eemian runs

The command line for the Eemian runs described in section 7.3.
1 mpiexec -n 20 pismr \

2 -i topgrafy.nc -bootstrap -Mx 111 -My 167 \

3 -Mz 101 -Mbz 11 -z_spacing equal -Lz 6000 -Lbz 2000 \

4 -skip -skip_max 10 \

5 -grid.recompute_longitude_and_latitude false \

6 -grid.registration corner \

7 -ys -140000 -ye 0 \

8 -atmosphere yearly_cycle ,elevation_change ,delta_T ,frac_P \

9 -atmosphere_yearly_cycle_file atmosphere.nc \

10 -atmosphere.elevation_change.file atmosphere_elevation_change.nc \

11 -atmosphere_delta_T_file temperature_change_file.nc \

12 -atmosphere_frac_P_file precipitation_change_file.nc \

13 -temp_lapse_rate 6.5 \

14 -surface pdd \

15 -ocean constant -sea_level constant ,delta_sl \

16 -ocean_delta_sl_file sealevel_change_file.nc \

17 -calving float_kill \

18 -stress_balance.sia.max_diffusivity 50000 \

19 -sia_e 3.0 -stress_balance ssa+sia \

20 -pseudo_plastic -pseudo_plastic_q 0.5 \

21 -topg_to_phi 10.0 ,30.0 , -300.0 ,300.0 \

22 -till_effective_fraction_overburden 0.02 \

23 -tauc_slippery_grounding_lines \

24 -ts_file ts_outfile.nc -ts_times -140000:10:0 \

25 -extra_file ex_outfile.nc -extra_times -140000:1000:0 \

26 -extra_vars diffusivity ,temppabase ,tempicethk_basal ,bmelt ,tillwat ,

velsurf_mag ,mask ,thk ,topg ,usurf ,hardav ,velbase_mag ,tauc \

27 -o outfile.nc
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