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ABSTRACT

The Greenland Ice Sheet (GIS) contains enough water volume to raise global sea level
by over 7 meters. It is a relic of past glacial climates that could be strongly affected by
a warming world. Several studies have been performed to investigate the sensitivity of
the ice sheet to changes in climate, but large uncertainties in its long-term response still
exist. In this thesis, a new approach has been developed and applied to modeling the GIS
response to climate change. The advantages compared to previous approaches are (i) that
it can be applied over a wide range of climatic scenarios (both in the deep past and the
future), (ii) that it includes the relevant feedback processes between the climate and the
ice sheet and (iii) that it is highly computationally efficient, allowing simulations over very
long timescales.

The new regional energy-moisture balance model (REMBO) has been developed to
model the climate and surface mass balance over Greenland and it represents an improve-
ment compared to conventional approaches in modeling present-day conditions. Further-
more, the evolution of the GIS has been simulated over the last glacial cycle using an
ensemble of model versions. The model performance has been validated against field ob-
servations of the present-day climate and surface mass balance, as well as paleo information
from ice cores. The GIS contribution to sea level rise during the last interglacial is esti-
mated to be between 0.5-4.1 m, consistent with previous estimates. The ensemble of model
versions has been constrained to those that are consistent with the data, and a range of
valid parameter values has been defined, allowing quantification of the uncertainty and
sensitivity of the modeling approach.

Using the constrained model ensemble, the sensitivity of the GIS to long-term climate
change was investigated. It was found that the GIS exhibits hysteresis behavior (i.e., it
is multi-stable under certain conditions), and that a temperature threshold exists above
which the ice sheet transitions to an essentially ice-free state. The threshold in the global
temperature is estimated to be in the range of 1.3-2.3 °C above preindustrial conditions,
significantly lower than previously believed. The timescale of total melt scales non-linearly
with the overshoot above the temperature threshold, such that a 2 °C anomaly causes the
ice sheet to melt in ca. 50,000 years, but an anomaly of 6 °C will melt the ice sheet in less
than 4,000 years. The meltback of the ice sheet was found to become irreversible after a
fraction of the ice sheet is already lost — but this level of irreversibility also depends on the
temperature anomaly.
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ZUSAMMENFASSUNG

Das gronlédndische Inlandeis (GIS) besteht aus einem Wasservolumen das ausreicht, um
den globalen Meeresspiegel um 7 Meter ansteigen zu lassen. Es ist ein Relikt der ver-
gangenen Eiszeit, das in einer zunehmend warmer werdenden Welt stark in Mitleiden-
schaft gezogen werden konnte. In der vorliegenden Dissertation ist ein neues Verfahren
zur Modellierung des Antwortverhaltens des Inlandeises auf Klimadnderungen entwickelt
und angewendet worden. Die Vorteile des neuen Verfahrens im Vergleich zu den bisherigen
Verfahren sind, (i) dass es tiber einen groen Bereich von Klimaszenarien (sowohl fiir die
ferne Vergangenheit als auch fiir die Zukunft) anwendbar ist, (i) dass es die wesentlichen
Riickkopplungsprozesse zwischen Klima und Inlandeis enthélt und (iii) dass es wegen seiner
guten Rechenzeiteffizienz Simulationen iiber sehr lange Zeitskalen erlaubt.

Das neue Modell (REMBO) ist fiir die Modellierung des Klimas und der Massenbilanz
an der gronlandischen Oberflache entwickelt worden und stellt ein verbessertes Verfahren
im Vergleich zu den bisherigen dar. Die Entwicklung von GIS iiber den letzten glazialen
Zyklus ist mittels eines Ensembles von verschiedenen Modellversionen simuliert worden.
Anschlielend ist die Tauglichkeit der Modellversionen durch Vergleich mit Beobachtungs-
daten des gegenwartigen Klimas und der Oberflaichenmassenbilanz, sowie mit paleokli-
matischen Rekonstruktionen von Eisbohrkernen verifiziert worden. Der Anteil von GIS
am Meeresspiegelanstieg wahrend des letzten Interglazials ist im Bereich von 0.5 bis 4.1
m berechnet worden, was konsistent mit bisherigen Schatzungen ist. Von den Ensem-
blesimulationen sind diejenigen ausgewahlt worden, deren Ergebnisse gut mit den Daten
iibereinstimmen. Durch die Auswahl von geeigneten Modellversionen sind gleichzeitig die
Unsicherheiten der Parameterwerte begrenzt worden, so dass sich nun mit dem neuen Ver-
fahren die Sensitivitat von GIS auf Klimadnderungen bestimmen lasst.

Mit den ausgewahlten Modellversionen ist die Sensitivitdat von GIS auf langfristige
Klima-anderungen untersucht worden. Es zeigt sich, dass das GIS ein Hystereseverhal-
ten besitzt (d.h., eine Multistabilitdt fiir gewisse Klimazustdnde) und dass ein Temper-
aturschwellwert existiert. Bei Uberschreiten des Schwellwertes bleibt das GIS nicht erhal-
ten und wird langsam eisfrei werden. Der Temperaturschwellwert der globalen Mitteltem-
peratur relativ zur vorindustriellen Mitteltemperatur ist im Bereich 1.3-2.3 °C ermittelt
worden und liegt damit deutlich niedriger als bisher angenommen. Die Zeitdauer bis zum
volligen Abschmelzen zeigt ein nichtlineares Verhalten hinsichtlich einer Erwarmung tiber
den ermittelten Schwellwert. Eine Erwarmung von 2 °C relativ zur vorindustriellen Zeit
fiihrt zu einem Abschmelzen nach 50.000 Jahren, aber eine Erwarmung um 6 °C lasst
das Inlandeis bereits nach 4.000 Jahren abschmelzen. Ein weiteres Ergebnis ist, dass der
Abschmelzvorgang irreversibel werden kann, nachdem ein gewisser Anteil des Inlandeises
abgeschmolzen ist — jedoch ist die Irreversibilitat eines Abschmelzvorganges auch von der
Temperaturanomalie abhangig.
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1. INTRODUCTION

The overall aim of this thesis is to improve our current understanding of the sensitivity
of the Greenland Ice Sheet to changes in climate. This task requires modeling work that
extends both into the deep past and the potential future of the ice sheet under global
warming. The central chapters of the thesis, comprised of articles that are either already
published or in review, include the appropriate context of the work and the obtained results.
This introduction provides a brief overview of the general understanding of the Greenland
Ice Sheet, the state of the art in modeling efforts, motivation for the work and an overview

of the publications.

1.1 The Greenland Ice Sheet

The Greenland Ice Sheet (GIS) is one of only two large-scale ice sheets that presently exist
on Earth, containing enough ice mass to raise sea level by over 7 meters. The volume of
the GIS is 2.91 million km? and it covers 80% of the land area of Greenland (1.71 million
km?). Tt extends roughly 1000 km from West to East and over 2000 km from South to
North (see Fig.[[LT)). The underlying bedrock topography is relatively low-lying over central
to northern Greenland, whereas a high elevation mountain range exists to the East and
down the southeastern edge. The weight of the ice sheet has depressed the bedrock in the
central regions significantly because it is over three kilometers thick at the summit (Fig.
[[2). This results in a relatively smooth “desert plain” at high elevations in the center and
steep slopes towards the margins. Additionally, several deep and narrow fjords exist near
the margins, through which outlet glaciers discharge ice into the ocean.

Greenland likely first experienced glacial inception during the Pliocene-Pleistocene tran-
sition (ca. 3-3.5 million years ago), which may have resulted from a drop in atmospheric
COy levels around this time leading to colder temperatures (Lunt et all, 2008). During
the last several glacial cycles, the GIS was part of a group of ice sheets in the northern
hemisphere that covered large areas of North America, Scandinavia and Asia. The size
and coverage of these largely land-based ice sheets have changed in the past in response
to changes in the magnitude and distribution of solar radiation as a result of a changing
orbital configuration (orbital forcing). Over the past several hundred thousand years, the
Earth has transitioned between glacial and inter-glacial conditions with a period of roughly
100,000 years (see Fig. [L3)).

Because of the deep ocean surrounding Greenland, the ice sheet has largely been con-
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Figure 1.1: (left panel) Map of Greenland with the ice sheet relief shaded from grey to white
(300 m contour intervals). Locations where surface observations have been recorded
over the past several decades are shown for two data sets: DMI (filled circles) and GC-
NET (open diamonds). (right panel) The uplifted, ice-free bedrock of Greenland.
The dark blue regions in the ocean indicate where deep ocean begins (500 m below sea
level and deeper). Topography and bathymetry data are from Bamber et al. (|2DDJJ)
and [Smi | (1997), respectively.

3000

2500

2000

1500

Elevation (m)

1000 |

500

-600 -400 -200 0 200 400 600

Distance (km)

Figure 1.2: A cross section of the GIS approximately crossing through the summit (-73N, 38W).
The depressed bedrock topography is represented by the lower grey shaded region.
The surface elevation of the ice sheet (solid line) and the unweighted, bedrock eleva-
tion (dashed line) are also shown. Data are from Bamber et al! (2001).
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Figure 1.3: The global sea level relative to present day for the past several glacial cycles, as
inferred from §'80 proxy data from the SPECMAP project (Imbrie et al., 1984). The
large changes in sea level reflect changes in the volume of the world’s ice sheets.

strained to the area on or above the continental shelf (see the right panel of Fig. [LT]).
Thus, although during glacial times, the volume of the northern hemispheric ice sheets
increased dramatically, the GIS could not grow much larger than the area of the island.
Conversely, when the majority of ice coverage disappeared during the warmer interglacial
periods, Greenland generally remained ice covered to some extent. Evidence from ice cores
show that the ice sheet only partially deglaciated during the last interglacial period (Alley
et al., 2010) and the last time that Greenland was completely ice free may have been over
400 ka before today (Willerslev et all, [2007). During this particularly long interglacial pe-
riod, positive temperature anomalies of perhaps only a couple of degrees relative to today
lasted for more than 20,000 years (Alley et all, 2010).

The GIS lies in the high latitude region of the North Atlantic, near the deep-water
formation site of the Atlantic thermohaline circulation (THC). Freshwater from melting of
ice and iceberg discharge from outlet glaciers can affect the strength of the THC, which
transports heat northwards. Increasing freshwater generally reduces overturning, which in
turn, leads to cooler temperatures over the North Atlantic and Europe (Rahmstorf, [1995).
Unlike the Antarctic Ice Sheet, which experiences almost no melt at the surface, the GIS
extends into lower latitudes and experiences warmer summer temperatures over large areas.
In summertime, regions near the margin of the ice sheet are exposed to temperatures well
above 0 °C, producing large amounts of surface runoff (Box et all, 2009; van den Broeke
et al., 2009). Thus, this land-based ice sheet both interacts with the ocean and is also
strongly affected by the regional climate.

The total mass balance of the ice sheet dictates its overall size. Best estimates from
observations (Bales et al), 2009) and from modeling studies (e.g., [Ettema et all, 2009)

indicate that the incoming mass to the ice sheet from precipitation ranges between ca.
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560-750 Gt/a. For perspective, this is equivalent to roughly 2 mm of sea level equivalen.
At present, approximately 50% of the incoming mass contributes to a positive surface
mass balance (i.e., mass gain of the ice sheet), while the remaining 50% is converted into
runoff via melting at the surface (Lemke et all, [2007). Additionally, ice discharge through
calving into the ocean means that while the ice sheet gains mass in the interior due to
accumulated precipitation, it loses mass at the margins. By monitoring these processes,
the total mass balance of the ice sheet can be estimated. Ice loss by calving has been
estimated to be about 300 Gt/a (Lemke et al., 2007), essentially balancing the positive
surface mass balance. Therefore, over the past several decades, the total mass balance has

been close to zero, meaning the GIS has been in a state fairly close to equilibrium.

1.2 Modeling the GIS

Three-dimensional, thermomechanical ice sheet models have only been developed and ap-
plied for studies of the GIS in the last few decades (e.g., llenssen, [1977). An ice sheet can
be modeled using the principles of continuum mechanics, in particular, the laws of con-
servation of momentum, energy and mass. Development of the first comprehensive model
of the GIS at high resolution was a major step forward in understanding the ice sheet’s
dynamics and the processes important to its evolution (Huybrechts et all, [1991). Today
there are several models available for large-scale ice sheet modeling (e.g., Huybrechts et al.,
1991); Ritz et al., 11997; |Greve, 19974 [Tarasov and Peltier, 1999) based on approximations
of the fundamental governing equations. In an attempt to refine the ice sheet’s represen-
tation, higher order models (accounting for more stress terms in the momentum balance)
have been developed in the last several years (e.g., Pattyn, 2003; [Bueler and Brown, 2009;
Hubbard et all, 2009; [Pollard and Decontd, 2009). Such models are especially important
for studying an ice sheet like Antarctica that has floating ice shelves and several large,
fast-flowing ice streams. However, higher order models come with a higher computational
cost, so when possible, it is advantageous to apply simplifying assumptions.

The most common approximation used for large-scale ice sheet modeling is the shallow
ice approximation (SIA), which is a good approximation for ice sheets that are grounded
and much broader than they are thick (Hutter, 1983). Using this approximation, the ice
sheet is assumed to deform under simple shear stress in planes parallel to the surface. STA
is not valid directly under the ice dome or when the surface or basal slope is large (Greve
and Blatter, 2009). For the most part, the GIS can be considered “shallow”, in that it
is several hundred kilometers wide, but only 3 km thick at the summit. Neglecting stress
terms can become problematic when ice flow is fast (i.e., in ice streams) and in regions
of variegated bedrock topography (i.e., in mountainous regions and fjords). It is clear
from a longitudinal cross-section (Fig. [[2)) that the assumptions likely break down in some

regions, especially near the margins. Thus, when modeling the large-scale ice sheet with

11 mm sea level equivalent = 362 Gt of ice
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an SIA model, it generally makes sense to apply a relatively smooth topography and a grid
spacing greater than 10 km. Since Greenland has relatively little area with fast ice flow
or floating ice, STA models are considered valid for the large-scale representation of the ice
sheet and are especially useful for longer timescale simulations. For the current work, the
SIA ice sheet model SICOPOLIS was used (Greve, [1997a/b). A detailed description of the
relevant ice sheet model equations is presented in the Appendix.

To drive an ice sheet model, boundary conditions are needed at the base (bedrock ele-
vation, basal temperature, basal velocity) and at the surface (surface mass balance, surface
temperature) of the ice sheet. Very few observations exist for ice sheets that can aid in
quantifying and modeling the boundary conditions. Thus, irrespective of the degree of com-
plexity of the ice sheet model, contemporary modeling efforts include imperfect boundary
information. This likely represents the largest source of uncertainty in the models.

For context, the equation for the time-dependent evolution of ice thickness is provided
below:

OH

where H is the ice thickness, m is the vertically-integrated mass flux of the ice, B is the
surface mass balance (accumulation minus ablation) and S is the basal melt rate. Equation
(L) generally holds for ice sheet modeling and is not specific to STA models. It is obtained
from integration of the continuity equation (V - v = 0) and kinematic boundary conditions.
It is clear from Eq. (1) that the change in ice thickness at a given location depends only
on the horizontal ice flux (Q,,Q,), the addition or removal of mass at the surface and any
melting that occurs at the base.

It is the term B, or the annual surface mass balance (SMB) that we are most con-
cerned with in this work. The annual SMB is defined as the net accumulation of mass at
the surface minus the net melt, summed over one year. This quantity modifies the driving
stress of the ice sheet, which depends on ice thickness and surface slope (see Appendix).
Greenland’s harsh, isolated arctic environment makes it difficult to obtain detailed obser-
vations of surface conditions. Nonetheless, in ice-free coastal regions and several locations
on the ice sheet itself, observational time-series over the last century are available from
the Danish Meteorological Institute (Cappelen et all, 2001). In addition, the Greenland
Climate Network (GC-NET) has been in operation since 1996, collecting data from auto-
matic weather stations (AWS) from several additional locations on the ice sheet (Steffen
et al.,[1996). Together these datasets comprise an inhomogeneous temporal picture at over
50 locations on the ice sheet (shown in Fig. [[T)). Even with the limited temporal range
and spatial resolution of these observations, the data are invaluable for validating and im-
proving models of the surface of the GIS. Their sparseness, however, makes it difficult to
perform comprehensive model validation.

To model the surface of the GIS, studies performed over the past two decades (e.g.,
Huybrechts et _all, [1991; ICalov_and Hutter, 1996; Ritz et al., [1997; |Greve, 2000) have

generally employed some form of a semi-empirical surface mass balance method based
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on observations of temperature, accumulation and melt rates (Braithwaitd, 1980; Reeh,
1991). Typically, mean July and annual temperatures are obtained by making a bilinear
fit of temperature observations to latitude and elevation:
T, = Cq — Ka® — Vo
- ) (1.2)
Ty = ¢j — Kj¢ — 5%

Here, T, and T} are the mean annual and mean July temperature, respectively, ¢ is the
latitude and z is the surface elevation. ¢, ¢;, kq, ki, 7, and 7; are positive constants tuned
to minimize the error with observations (Reel, 1991). From the equations, it becomes
apparent that temperatures decrease with increasing latitude — as would be expected given
the lower levels of solar radiation at higher latitudes. Furthermore, temperatures also de-
crease with increasing elevation. From the July (maximum) and annual mean temperature
at each point on the ice sheet, a sine curve can be used to generate a seasonal cycle between
the winter and summer means.

Given a monthly mean temperature, a Gaussian distribution is used to mimic diurnal,
intra- and inter-annual temperature variations, such that a sum of all days with tempera-
tures above freezing (i.e., 0 °C) can be obtained (Reeh, 1991). Observations of melting on
the ice sheet have shown that there is a strong correlation between this sum of “positive
degree days” (PDDs) and the melt rate at a given location (Reeh, 1991)). These PDDs can
be converted into melt rates for snow and ice using empirically derived constants.

With this method, the SMB of the ice sheet can be estimated using inputs of only the
monthly temperature and annual accumulation rate, which are often the only quantities
available. Given that even these data are sparse, it provides at least a plausible way to force
ice sheet models at the surface. In addition, the approach is simple and computationally
efficient, thus allowing long integration times of ice sheet models. The disadvantages are
that several important processes are ignored or poorly represented and that it is empirically
based. This makes it difficult to justify using this approach under different climatic or
topographic conditions.

More advanced coupled climate-ice sheet approaches have been applied in recent years.
Calov et all (2005) used an energy balance approach to produce SMB fields for the north-
ern hemispheric ice sheets. The approach relied on various climatic variables including
wind velocity and radiation fluxes, which were obtained from a global climate model. The
simulations successfully reproduced fluctuations of ice sheet extent during glacial cycles
(Calov et al., 2005; |Ganopolski et al., 2010) and hysteresis behavior of the northern hemi-
sphere ice sheets (Calov and Ganopolski, 2005). Still, the resolution of this approach is too
coarse to apply to a smaller domain like that of the GIS. van den Berg et al) (2008) used a
simplified equation for the surface energy balance to model the Eurasian ice sheet through
the last glacial cycle. Melt on the ice sheet was considered to result from either incoming

short-wave radiation or long-wave temperature-dependent radiation. Reducing complexity
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in this way improves the model’s computation time, while still solving for the most im-
portant terms in the energy balance. Both of the above coupled approaches improve the
representation of surface boundary conditions for ice sheet models, although neither have
yet been applied to investigate the evolution of the GIS at high resolution.

A separate line of development has been taking place more recently in the form of re-
gional climate models (RCMs). These models have mainly been developed as diagnostic
tools to provide more realistic and detailed climatic information above and around the
ice sheet and, until now, none have been coupled directly with an ice sheet model. Be-
cause they include atmospheric dynamics and a full energy balance at the surface of the
ice sheet, a much more realistic representation of the climate and surface conditions is
possible. Indeed, these models capture seasonal and inter-annual variability substantially
better than simplified approaches, providing climatic and surface variables that agree well
with observations (Box et all, 2006; Fettweis, 2007; [Ettema et al., 2009). However, these
improvements come at a high computational cost. Generally, only simulations of less than
100 years are feasible, while most large-scale ice sheet modeling studies require simulations

on the order of several thousand years.

1.3 The GIS and future climate change

Given large-scale changes to the GIS in the past, directly resulting from changing climatic
conditions (Alley et all,2010), it is likely that anthropogenic climate change will also have a
strong impact on the ice sheet. Several sets of observations already confirm that conditions
on the GIS are changing and that the ice sheet is shifting out of balance (Lemke et al.,
2007). Most recent estimates put the rate of mass loss in the last decade near 200 Gt/a (or
a rate of sea level rise of 0.5 mm/a, Wouters et al., 2008; van den Broeke et al., [2009). Over
the 20" century, sea level rose at a rate of about 1.4 mm/a, whereas in the last two decades,
this rate has doubled to about 3 mm/a (Lemke et al), [2007). Based on these estimates,
mass loss from Greenland contributes 15% to the current rate of sea level rise. The satellite
measurements of gravitational changes around Greenland, used to estimate its mass loss,
show that the rate of loss has been accelerating in the last decade (Velicogna, 2009). Both
melting at the surface and ice discharge into the ocean from outlet glaciers are increasing
(Rignot et al., [2008; van den Broeke et al.,[2009). The record of the latter only extends back
for the last decade, so it is not yet known if this trend will continue. The outlet glaciers
in direct contact with the ocean may increase discharge further as temperatures warm,
leading to thinning and further retreat (Rignot and Kanagaratnam, 2006). If the ice sheet
retreats from the margins and loses contact with the ocean, however, it is possible that
the outlet glacier flux would also diminish. Even without large-scale retreat, modeling has
shown that the currently observed acceleration in discharge could be a short-term response
to boundary forcing and that it may only produce significant discharge on short timescales
(Nick et al., 2009).
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On longer timescales, melting at the surface will play the larger role in determining the
overall mass balance of the GIS and its equilibrium size. Remote sensing from satellites
has been used to quantify changes in the melt extent on the ice sheet since the 1970s
(Abdalati and Steffen, 2001; Mote, 2007; Bhattacharya et all, 2009). A positive linear
trend exists across various melt metrics (e.g., cumulative melt extent, average melt extent),
which indicate that the area of the ice sheet experiencing melt is increasing. This can be
attributed to the recent increase in summer temperatures around Greenland, which had
shown minimal trends in the last century but have begun to catch up with global trends
in the last two decades (Hanna et al), 2008; Box et al), 2009). As this trend has only
been observed over a short period, it is still possible that the associated melt is due to
natural variability. Nonetheless, there is no inherent negative feedback in the climate-ice
sheet system that would counteract the warming and thus reduce the melt area. As long
as temperatures continue to increase in the region, the melt extent is expected to increase
as well.

It is possible that a temperature threshold exists for the GIS, above which the ice
sheet cannot maintain its current size and would, therefore, eventually melt completely
(Huybrechts et all, 11991). This follows from the mass balance argument. A positive
surface mass balance is the only mechanism that contributes to mass gain of the ice sheet
(i.e., snow and frozen rain accumulating at the surface). For an ice sheet in equilibrium,
any mass gain of the ice sheet must be balanced by calving at the margins. Above a certain
temperature threshold, the surface mass balance turns negative because the overall rate of
melt becomes higher than the rate of accumulation. Although precipitation would increase
in a warmer climate, this is likely not enough to counter the strong melt rates. Under such
conditions, the ice sheet would be losing mass overall and it could eventually disappear
(Gregory and Huybrechts, 2006).

Recently, the GIS was classified as a so-called tipping element in the Earth system
(Lenton et all, 2008). When nearing the tipping point, tipping elements need only a rather
small perturbation in forcing to shift them towards a new state. For the GIS, it is assumed
that a warmer climate could trigger a shift in the GIS equilibrium towards an ice-free state,
due to two important feedback processes: the albedo and elevation feedbacks. The albedo
(reflectivity of the surface) feedback results from changes in the surface properties. Dry
snow reflects close to 80% of the solar radiation it receives, much more than melted snow
or ice (Paterson, 1994). As the temperature at the surface increases, the snow begins to
melt, lowering the albedo and, thus, increasing the absorption of solar radiation, which in
turn induces more melt. The elevation feedback is active on longer timescales, as the ice
sheet topography evolves. As the ice sheet melts, the surface elevation decreases bringing
the surface into contact with warmer air, which produces stronger melt rates. Both of
these feedback processes can contribute to an irreversible decline of the ice sheet.

Several studies have investigated how the GIS would respond to a changing climate.

The earliest comprehensive study used a three-dimensional ice sheet model coupled to a
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semi-empirical surface mass balance approach (Huybrechts et all, [1991)). The mass budget
of the GIS as quantified by this classical study have largely been confirmed by later work
(e.g., Box et al., [2006; Fettweis, 2007). The study also presented a threshold estimate of
2.7 °C above preindustrial, above which the surface mass balance would turn negative. In
a complementary study, [Letréguilly et all (1991)) investigated the GIS equilibrium response
for various levels of warming. This study not only showed that the ice sheet would melt
completely for a 6 °C temperature anomaly, it was the first to show that the GIS exhibits
hysteresis behavior. Starting from ice-free conditions, colder temperatures were needed to
regrow the ice sheet than those needed to melt it.

In later work, Huybrechts and de Wolde (1999) performed experiments using an ice
sheet model coupled to a two-dimensional climate model to investigate the dynamic aspect
of ice sheet decline. They found that surface melting played the largest role in volume
reduction, and that ice dynamics could act to slow the process on the century timescale,
by causing the ice to thicken near the margins and reduce melt. Over longer periods,
however, ice dynamics and the overall reduction in elevation induced more melt, causing
higher mass loss. The most advanced study to date was performed using an atmosphere-
ocean general circulation model (AOGCM) coupled to an ice sheet model (Ridley et al.,
2005). The present-day ice sheet was forced by a scenario of four times the preindustrial
atmospheric CO, concentration. Under those conditions, the GIS melted completely in
a period of just over 3,000 years. The reduction in elevation and change in the surface
type induced local and regional climate changes as well. Ridley et al. (2009) used partially
melted ice sheet configurations from the high COs scenario to see if the GIS could regrow
when temperatures were returned back to preindustrial levels. They found that in some
cases a threshold was crossed, after which full or partial mass loss became inevitable.

The tipping point, or threshold in temperature, that would initially lead to such a
decline has not yet been well determined for the GIS. The more advanced studies have
focused on high CO, scenarios, while older studies were unable to incorporate the relevant
feedback processes or climatic changes in a robust way. The accepted estimate for the
threshold, as reported by the IPCC (Meehl et al., 2007), is rather uncertain and lies in
the range of 1.9-4.6 °C above preindustrial temperatures. To make this estimate, the
surface mass balance of the GIS was calculated, using the semi-empirical PDD model,
for temperature anomalies determined by simulations of AOGCMs under various global
warming scenarios (Gregory and Huybrechts, 2006). The GIS topography was kept fixed
and the threshold leading to GIS deglaciation was defined as the temperature at which
the SMB turned negative. They provided a probabilistic estimate of the threshold and
the study represents a major advancement in the understanding of how the GIS and the
climate may interact in the future. Further improvements could be made, however, given
a model that accounts for the relevant feedbacks in the system (i.e., both albedo and

elevation changes) coupled to a dynamically changing ice sheet model.
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1.4 Motivation

The aim of this thesis is to improve the representation of the surface forcing of the GIS
and to study the sensitivity of the ice sheet to long-term changes in climate. This entails
coupled climate-ice sheet model simulations, in which the most important processes and
feedbacks are explicitly represented. At the same time, the approach must be computa-
tionally efficient, to allow simulations over very long timescales. This novel approach is
needed for two reasons.

First, though only limited observations of the boundary conditions for modeling the
GIS exist, their accurate representation is critically important for modeling its evolution.
This is especially true at the surface, because the GIS is particularly vulnerable to warmer
climatic conditions through surface melt.

The second reason is that existing methods are either too simple or too complex for
coupled simulations on long timescales. For almost two decades, the majority of ice sheet
models used some form of the conventional PDD approach (Reel, [1991) for surface bound-
ary conditions. Indeed, this approach produces fairly accurate forcing of the ice sheet un-
der present-day conditions with minimal computational cost. However, it is questionable
whether a parameterization based solely on present-day observations holds under differ-
ent climatic or topographic conditions. Meanwhile, the shortcomings of semi-empirical
approaches are addressed by complex RCMs that include all of the relevant physical pro-
cesses to a high degree of complexity (e.g., Fettweis, 2007; [Ettema et all, [2009). However,
the high computational demand of such models limits their applicability to short-term
diagnostic studies, rather than long-term coupled simulations.

In this thesis, we developed a new approach to incorporate the advantages of both
existing methods. The regional energy-moisture balance model (REMBO) developed here
provides a simple, yet physically-based, representation of the surface boundary conditions
of the ice sheet. The key advantage of this approach is that it is computationally efficient,
while capturing the most important climate-ice sheet feedbacks in the system. This allows
long timescale simulations of the past and future evolution of the GIS and, thus, to address

several unresolved scientific questions:

Can the surface conditions of the GIS and its regional climate be accurately
captured by a simple, yet physically-based approach?

This is the first fundamental question to be answered. As an approach of this type has
not been applied to the GIS until now, it is not certain a prior: that such an intermediate
complexity model can be built successfully. Proving that such a model can reproduce
physical variables accurately, and react to physical forcing in a realistic way is a prerequisite
to further study. In addition, the success of such a model can give insight into the dominant

physical processes that determine the climate and surface conditions of Greenland.



1.5. Overview 11

Can model parameters be constrained and uncertainties reduced using available
present-day and paleo data?” What was the contribution of the Greenland Ice
Sheet to the sea level high-stand during the Eemian Interglacial?

The past evolution of the GIS, particularly during warm, interglacial periods, is not
well known or constrained by data. It is important to investigate, both to help better
understand the sensitivity of the GIS to future climate changes, but also to develop our
understanding of the processes important to the ice sheet on glacial timescales. Several
studies have estimated past changes to the GIS during the Eemian (the most recent in-
terglacial period), but conclusions remain highly uncertain. The previous studies used
modeling approaches fundamentally different from that applied in this thesis, so it may be
possible to reduce or at least quantify the uncertainty of such estimates. Thus, the goal
of this study is to reduce the uncertainty in model performance and, in doing so, improve
our understanding of the past. By applying constraints different from those used so far,
it may be possible to reduce uncertainty and improve our overall understanding of the
processes and timescales important to the evolution of the GIS. In addition, this can also
improve the predictive capability of the model by providing a constrained range of model

parameters.

What is the long-term sensitivity of the GIS to future climate change? What
is the temperature threshold that would lead to complete melting of the GIS?
At what point would such a disappearance become irreversible?

These questions are highly relevant to our future as a whole and by addressing them,
the impact of human behavior on the planet can be quantified more precisely. Until now,
these questions have largely been addressed indirectly, by inferring long-term behavior from
diagnostic estimates for short-term changes, or through studies unable to systematically
map the long-term response because it is computationally prohibitive. Simulations through
the glacial cycles are needed to prescribe the initial conditions of the ice sheet and a reliable
method to produce surface forcing is essential. Here the prerequisites for such a long-term
study are fulfilled, preparing ground for a systematic analysis of the stability and thresholds
of the GIS.

1.5 Overview

This thesis is organized around three published (or in review) scientific articles based on
this work. Each paper provides its specific motivation and background. Topics addressed in
each of them are the model description, validation of its performance through simulations
of the past and an application of the model to scenarios of future warming. Following the
articles is a discussion of the work in a broader context and its relevance to climate change
science and ice sheet modeling. Here a list of each article is given, with a brief description

of its contents and the work contributed by each author.
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Article 1: An efficient regional energy-moisture balance model for simulation
of the Greenland Ice Sheet response to climate change

Alexander Robinson, Reinhard Calov, Andrey Ganopolski

The first published article (Chapter Two) describes the regional climate and surface
mass balance model developed in this study. The theoretical fundamentals and governing
equations of the energy-moisture balance and melt model are explained in detail. Further-
more, the new approach is compared to conventional methods, RCMs and observational
data. This article thus provides a proof of concept by introducing and justifying the mod-

eling approach.

Alexander Robinson wrote and developed the complete model code of REMBO, while
Reinhard Calov and Andrey Ganopolski supervised this work, providing feedback and
suggestions for improvement. All simulation and data processing tasks were performed
by Alexander Robinson and all three authors contributed to the analysis of the results
and the conclusions reached. Alexander Robinson wrote the first draft of the paper and
several iterations of changes and improvements between all three authors produced the

final version.

Article 2: Greenland Ice Sheet model parameters constrained using simulations
of the Eemian Interglacial

Alexander Robinson, Reinhard Calov, Andrey Ganopolski

The second published article (Chapter Three) presents the model validation using obser-
vational data to constrain several model parameters. Here, both present-day observations
and paleo data from the Eemian are used to constrain model performance for a broad range
of climatic and topographic conditions. Parameter combinations that do not agree with
the constraints are eliminated and model uncertainty is thus both quantified and reduced.
The GIS contribution to the sea level high-stand during the Eemian Interglacial is also

examined.

Alexander Robinson modified the REMBO code to work for glacial cycle simulations,
including input and processing of boundary forcing data. Alexander Robinson performed
the simulations and prepared the large data sets and designed the plots for this article. The
large number of simulations and data output required automatic pre- and post-processing
tools, which were developed by Alexander Robinson. Reinhard Calov and Andrey Ganopol-
ski supervised the study and provided feedback and suggestions for improvement. All three
authors contributed to the analysis of the results and the conclusions reached. Alexander
Robinson wrote the first draft of the paper and several iterations of changes and improve-

ments between all three authors produced the final version.

Article 3: Multistability and critical thresholds of the Greenland ice sheet
Alexander Robinson, Reinhard Calov, Andrey Ganopolski

The third article, submitted for publication (Chapter Four), presents results using the
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validated modeling approach. In this article, the critical thresholds and possible multi-
stable characteristics of the ice sheet are investigated. Models versions that were valid for
glacial cycle simulations are used to perform simulations into the future under varying levels
of global warming. The critical thresholds (or tipping points) of the GIS are quantified
with more certainty and the irreversibility of large-scale ice sheet decline is explored.
Alexander Robinson performed the simulations, analyzed and prepared the large data
sets and designed the plots for this article. Reinhard Calov and Andrey Ganopolski super-
vised the study and provided feedback and suggestions for improvement. All three authors
contributed to the analysis of the results and the conclusions reached. Alexander Robin-
son wrote the first draft of the paper and several iterations of changes and improvements

between all three authors produced the submitted version.
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2. AN EFFICIENT REGIONAL ENERGY-MOISTURE
BALANCE MODEL FOR SIMULATION OF THE
GREENLAND ICE SHEET RESPONSE TO CLIMATE
CHANGE!

Abstract

In order to explore the response of the Greenland ice sheet (GIS) to climate change on long
(centennial to multi-millennial) time scales, a regional energy-moisture balance model has
been developed. This model simulates seasonal variations of temperature and precipita-
tion over Greenland and explicitly accounts for elevation and albedo feedbacks. From these
fields, the annual mean surface temperature and surface mass balance can be determined
and used to force an ice sheet model. The melt component of the surface mass balance
is computed here using both a positive degree day approach and a more physically-based
alternative that includes insolation and albedo explicitly. As a validation of the climate
model, we first simulated temperature and precipitation over Greenland for the prescribed,
present-day topography. Our simulated climatology compares well to observations and
does not differ significantly from that of a simple parameterization used in many previous
simulations. Furthermore, the calculated surface mass balance using both melt schemes
falls within the range of recent regional climate model results. For a prescribed, ice-free
state, the differences in simulated climatology between the regional energy-moisture bal-
ance model and the simple parameterization become significant, with our model showing
much stronger summer warming. When coupled to a three-dimensional ice sheet model
and initialized with present-day conditions, the two melt schemes both allow realistic sim-

ulations of the present-day GIS.

2.1 Introduction

Modeling the future evolution of the Greenland Ice Sheet (GIS) has attracted consider-
able attention in recent years, due to a potentially significant contribution of the GIS
to future sea level rise (Lemke et all, 2007). Over recent decades, significant GIS mass

losses have been diagnosed by on-site measurements (Abdalati and Steffen, 2001), InSAR

! Robinson, A., Calov, R., and Ganopolski, A.: An efficient regional energy-moisture balance model
for simulation of the Greenland Ice Sheet response to climate change, The Cryosphere, 4, 129-144,
doi:10.5194 /tc-4-129-2010, 2010.
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velocity measurements (Rignot and Kanagaratnam, 2006; Rignot et al), 2008), GRACE
satellite measurements of gravity changes (Velicogna and Wahu, 2005; Ramillien et al.,
2006; [Velicognal, [2009) and regional modeling (Box et all, 2006). While it is expected that
only a rather small portion of the GIS can melt over the 215 century (Lemke et al., 2007),
modeling studies (van de Wal and Oerlemans, |1994; Huvbrechts and de Wolde. [1999; Ri-
dley et al., 12005; |Charbit et al., 2008) show that on the millennial time scale, the GIS can
melt completely if temperatures stay above a certain threshold.

For the 21% century, a number of coupled general circulation model (GCM) runs for
several emission scenarios are available and can be used to force ice sheet models. The
use of high-resolution, regional models driven by GCMs could additionally improve the
representation of climate change over Greenland (Box et all, [2006; [Fettweis, 2007; Ettema
et al., 2009). However, for longer time scales, coupled GCMs are not only computationally
expensive, but gradual changes in the topography and ice sheet extent should also be
taken into account. This requires bi-directional coupling between climate and ice sheet
models, which makes these models even more computationally expensive. So far, only a
few experiments of this sort have been performed, using rather coarse resolution GCMs
(e.g., Ridley et al., 2005; [Mikolajewicz et all, 2005, 2007; Vizcano et al., 2008).

Most studies of the short- and long-term response of the GIS to global warming use a
rather simple approach, in which a simulated temperature anomaly field or a constant tem-
perature offset is added to the modern climatological temperatures and a simple correction
for elevation change is employed (e.g., \Greve. 2000; [Huvbrechts et all. |2004; Parizek and
Alley, 2004; |Gregory and Huybrechts, 2006). While such an approach is justified for short-
term predictions, it becomes less applicable on longer time scales, when the GIS can change
dramatically. Changes in ice sheet extent and elevation will lead to pronounced changes
in temperature and precipitation patterns. In particular, the reduction in surface albedo
due to a retreat of the ice sheet would cause a large temperature change that would not
be captured by a simple elevation correction. These changes would also affect the spatial
and seasonal distribution of precipitation, as well as the relative amount of precipitation
falling as snow.

The representation of accumulation over the ice sheet using the annual observational
field suffers further limitations, in that (1) estimates of the present-day annual accumula-
tion rate are derived from a rather sparse observational network (Bales et _al., 2009), and
(2) real precipitation over Greenland exhibits significant seasonality. Since most precipita-
tion over the GIS currently occurs in the form of snow, the use of an annual accumulation
field has been assumed to allow a reasonable approximation for modeling the surface mass
balance (SMB). Depending on the time of year, however, new snow can have a strong
effect on surface albedo. In addition, precipitation over the GIS is, to a large extent, to-
pographically controlled. Changes in the elevation (let alone a complete disappearance of
the GIS) would have a pronounced effect on the distribution of precipitation and snow-

fall over Greenland. To overcome some of the limitations of the conventional approach to
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representing the climate over the GIS, particularly when used for long-term simulations
of the GIS, we developed a new approach based on a regional energy and moisture bal-
ance model. Though relatively simple compared to regional climate models (RCMs), our
approach accounts for most essential physical processes. It should therefore be considered
as a physically-based downscaling technique, rather than a regional climate model on its
own. This approach can be used to determine realistic temperature and precipitation fields
over Greenland, given topographic and climatic conditions that are dramatically different
from today. Importantly, it is also computationally efficient enough to permit long-term
simulations of the response of the GIS to climate change. The model is evaluated here for
both present-day and ice-free topographic conditions.

Furthermore, in most previous modeling studies, surface ablation has been simulated
using the positive degree day (PDD) method. Besides several applications on a smaller
scale (e.g., Braithwaite, [1980), the PDD method has also been utilized to calculate surface
ablation in large-scale models of the GIS (e.g.. Reehl. 11991: Huvbrechts et all. 11991: Calov
and Hutter, 1996; Ritz et all, [1997; |Janssens and Huybrechts, 2000; Huybrechts et al., 2004;
Ridley et al), 2005). In this method, surface melt is explicitly determined from surface air
temperature alone. The effect of albedo on surface melt is accounted for implicitly, via
different empirical coefficients for snow and ice. Although the method has been successfully
tested against present-day empirical data, its applicability to future climate change may be
compromised, since the relationship between temperature and albedo will be different under
global warming induced by greenhouse gases. van de Wal (1996) performed a comparison
between the PDD method and an energy balance model for Greenland, finding that the
sensitivity of the two approaches to climate change varied considerably.

In contrast to the PDD method, another simplified method for computing surface abla-
tion explicitly includes the effects of both temperature and insolation. It has recently been
employed by ivan den Berg et al) (2008) to simulate ice sheet changes through glacial cy-
cles. Such a parameterization, introduced early on by [Pollard (1980), found its application
to the simulation of the evolution of ice sheets during the ice ages (Esch and Herterich,
1990; IDeblonde et al., [1992; Peltier and Marshall, [1995) and is nowadays becoming more
prevalent in ice sheet modeling (e.g., Hebeler et all, 2008). However, this method is still
not as widely used or accepted as the PDD method. For convenience, we will call it the
insolation-temperature melt (ITM) method. ITM requires essentially the same input as
the PDD method, although an additional parameterization of surface albedo is needed.
It is also computationally efficient, allowing its use for long-term simulations. As it is
not known a priori which melt calculation method provides more realistic ice sheet forc-
ing, a comparison of both methods to each other and to RCM results could help quantify

uncertainties in future predictions related to the choice of the surface mass balance scheme.
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2.2 Model description

The model used here to compute the surface boundary conditions over the GIS consists
of two parts: (1) the regional energy-moisture balance orographic model (REMBO) that
computes surface air temperature and precipitation; and (2) the surface interface, which
provides surface ice temperature and surface mass balance to the ice sheet model. Both
REMBO and the surface interface calculate daily fields, which allow seasonal variations in
surface albedo to affect the climate and melt rate. This provides an important positive
feedback, since changes in planetary albedo (via changes in surface albedo) affect the com-
puted temperature and surface mass balance. In turn, changes in topography, simulated
by the ice sheet model, affect the simulated climatology via elevation and slope effects (see
section 2.1).

The REMBO model is coupled via the surface interface to the ice sheet model SICOPO-
LIS version 2.9 (Greve, 1997a). SICOPOLIS is a three-dimensional polythermal ice sheet
model, which is based on the shallow-ice approximation (SIA). This type of model is the
standard for modeling large ice sheets, as the STA method neglects longitudinal stress gra-
dients, providing significant computational advantages. Its main difference to other ice
sheet models is the treatment of the temperate basal ice layers, in which the total heat flux
and the diffusive water flux are calculated assuming a mixture of water and ice (Greve,
1997b). The cold ice regions are treated in a similar way to other thermomechanical
ice sheet models via a temperature/energy balance equation including vertical diffusion,
three-dimensional advection and dissipation terms.

While REMBO calculates climate fields on a low resolution grid (100 km), surface
boundary conditions are computed via the surface interface on the grid of the ice sheet
model, which has a spatial resolution of 20 km. This allows the surface interface to better
resolve the rather narrow ablation zone on the margin of the ice sheet. We also performed
equilibrium experiments with a spatial resolution of 10 km for the ice sheet model and
surface interface and found minimal difference between the results obtained for the two
grids. Therefore, all simulations presented hereafter were performed using the 20 km
grid. The topography and albedo computed on the 20 km grid are aggregated to the 100
km grid of REMBO and are then used in the computations of surface temperature and
precipitation. In turn, surface temperature and precipitation computed by REMBO are
bilinearly interpolated onto the 20 km grid to provide input for computing the surface
boundary conditions for the ice sheet model. To compute the daily surface mass balance,
we used a simple snowpack model combined with one of the melt models mentioned in the
introduction (PDD and ITM). In section 3, we will compare results obtained using these

two approaches.
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2.2.1 Regional energy-moisture balance model

The energy balance model follows a familiar form, first employed by Budykad (1969) and
Sellers (1969), and reviewed by North et al! (1981), and still found in most simplified
climate models. The equation for the atmospheric moisture budget, similar to that for
temperature, was later added to energy balance models to simulate precipitation (e.g.,
Fanning and Weaver, 1996). Unlike most energy and moisture-balance models of the cli-
mate, which are global, the model employed in this study is regional and only applied
over Greenland. Compared to conventional climate parameterizations used for forcing the
long-term simulation of GIS evolution, the REMBO model provides a number of impor-
tant advantages, because it explicitly accounts for the ice-albedo feedback, the effect of
continentality (namely, enhanced seasonal temperature variations over the central part of
Greenland as compared to the coastal areas) and the orographic effect on precipitation.

REMBO is based on two-dimensional, vertically integrated equations for energy (tem-
perature) and water content in the atmosphere. The two prognostic variables are sea level
temperature and specific humidity. The temperature and moisture balance equations are
only solved over Greenland. Over the boundary ocean, surface air temperature and relative
humidity are prescribed, either from climatology or GCM results. The governing equations
are based on a number of assumptions. First, it is assumed that the lateral exchange of
energy and moisture can be described in terms of macroturbulent diffusion, which implies
the dominance of synoptic-scale processes over mean horizontal advection. Second, we as-
sume that changes over Greenland do not affect the climate outside it, i.e., we consider only
uni-directional interaction. Third, vertical temperature and humidity profiles are assumed
to have a universal structure (e.g., [Petoukhov et al., 2000). Finally, the heat capacity of
the active soil or snow/ice layer is neglected, as well as changes in cloud cover.

The vertically-integrated energy balance for the total atmospheric column is written in

terms of the sea-level temperature Ty, as

ppat Pl = DrV*Tsr, + (1 — o) S — [A+ BT +

, (2.1)
LwPu) + LsPs - LsMs,net + R (COQ)

where the first term on the right side of the equation represents the horizontal diffusion of
the temperature, second — absorbed solar radiation, third — outgoing long-wave radiation,
fourth to sixth — latent heat related to condensation of liquid water, snow formation and
surface melting of snow/ice, respectively, and the last term — radiative forcing of COq
relative to the preindustrial state (set to zero in this study), ¢, is the air heat capacity,
pa is the air density, H, is the atmospheric height scale, Dy is the coefficient of horizontal
energy diffusion, S is the insolation at the top of the atmosphere, o, is the planetary
albedo, A and B are empirical coefficients in Budyko’s parameterization of outgoing long-
wave radiation, P, and P; are precipitation in liquid and solid form, M ,,.; is the net surface

melt rate (including refreezing), and L,, and L, are the latent heats of condensation and
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snow formation, respectively. The surface temperature, T', is then related to the sea-level

temperature by surface elevation zg, multiplied by the free atmospheric lapse-rate, v,
T = TSL + Ya<s- (22)

Next, the moisture balance equation is written as

o)
paHea—Cf = DoV?Q — P, (2.3)

where () is the surface air specific humidity, H, is the water vapor scale height, Dy is the
coeflicient of horizontal macroturbulent moisture diffusion and P is the total precipitation.
To make the model applicable to the simulation of different climate states, outside of the
modeling domain we prescribed relative humidity rather than specific humidity, since the
former is less sensitive to temperature changes than the latter. Therefore, the boundary

value for specific humidity is computed from the formula

Q = Qsat (T) T, (24)

where 7 is the relative humidity and Qg (7') is the saturation specific humidity, which
is described by the Clausius-Clayperon function of air temperature. The total amount of
precipitation is computed, following an approach similar to that of [Petoukhov et al. (2000)

and |Calov et all (2005), as
Q

P:(L+MV%D(—). (2.5)
T

Here |Vz,] is the module of the gradient of surface elevation, 7 is the water turnover time
in the atmosphere (set to 5 days), and k is an empirical parameter. Note that Eq. (23]
is also similar to that used by van den Berg et al. (2008), in that precipitation is strongly
dependent on the surface gradient.

The amount of snowfall at each point is calculated as a fraction of the total precipitation,

where the fraction, f, depends on the surface temperature. Below a minimum temperature,
this fraction is 1 (all precipitation falls as snow), and above a maximum temperature, this
fraction is 0 (no snow). The fraction follows a sine function from 1 to 0 between the
minimum and maximum temperatures, which were set to -7 °C and 7 °C, respectively, as
these were found to provide a reasonable ratio between total snowfall and precipitation,
and follow estimates from empirical data over Greenland (Calanca et al., 12000; Bales et al.,
2009).

The diffusion coeflicients, Dg and Dy, in Egs. (2.I)) and (2.3), both decrease linearly
with latitude ¢ (in degrees), and Dy also increases linearly with surface elevation z; (in
meters):

DQ = (1 - 001(;5) *kQ, (27)
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Figure 2.1: (a) Monthly ERA-40 data of outgoing long-wave radiative flux versus temperature,
shown with a linear fit to all data. Monthly ISCCP data, Apr-Sep (dark points) and
Oct-Mar (light points), of (b) planetary albedo versus surface albedo with a linear
fit to the months Apr-Sep, and (c) transmissivity versus elevation with a linear fit to
the months Apr-Sep. All points are from data over Greenland.

Dr = (1+0.00125z2,) (1 — 0.019) - K, (2.8)
where kg and kp are the diffusion constants for moisture and temperature, respectively.
The decrease of diffusion with latitude accounts for reduced synoptic activity from the
middle to high latitudes, while the dependence on elevation assumes that wind increases
with elevation. The latter dependence was necessary for the model to produce the seasonal

cycle of temperature correctly over the central part of Greenland.

Outgoing long-wave radiation is parameterized as a linear function of surface air tem-
perature. The values of parameters A and B were found using values for upward long-wave
radiation and surface temperature over Greenland from the European Center for Medium
(ECMWF) Reanalysis 40 (ERA-40) data set

, shown in Fig. 2.Th. Monthly climatological data over the entire year were used, and
the best fit to these data gave parameter values close to those used by Budykd (IL%(J)
These and other important numerical parameters of the model are summarized in Table

21

Planetary albedo is parameterized as a linear function of surface albedo (Fig. 2Ib).
The fit was found from values of surface and planetary albedo, derived from monthl
International Satellite Cloud Climatology Project (ISCCP) radiation data m

), and is given by

Y

Range Weather Forecasts
m)

a, = 0.35 + 0.39a. (2.9)
Only summer values (April-September) were used to obtain the fit, since at high latitudes,
insolation in winter is insignificant, thus the winter albedo is not relevant. Surface albedo,

s, is calculated as a function of ground albedo (ice or bare soil) and the snow thickness,

similar to that proposed by ), and more recently used by Bi
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Table 2.1: Selected parameters used in REMBO and the two melt models, PDD and ITM.

Parameter Units Best value Description
REMBO parameters
KT W/K 2.8e12 Temperature diffusion constant
cp J/(K kg) 1000  Air heat capacity
B W/(m? K) 1.97 Long-wave radiation parameter
A W /m? 222.3 Long-wave radiation parameter
Ya K/m 0.0065 Free atmospheric lapse rate
KQ keg/s 9.8e5 Moisture diffusion constant
k - - 50 Precipitation parameter
T days 5 Water turnover time
H, m 8600 Atmospheric scale height
H, m 2000 Water vapor scale height
PDD parameters
o K 5 Standard deviation of temp. normal distribution
bs mwe/(day K) 0.003 Degree-day factor for snow
b; mwe/ (day K) 0.008 Degree-day factor for ice
ITM parameters
c W /m? -55  Short-wave radiation and sensible heat flux constant
A W/(m? K) 10 Long-wave radiation coefficient
Trmaz -- 0.6 Refreezing fraction

(2002) and ivan den Berg et all (2008),

s = min <ozg + ﬁ (s maz — Q) ,as,max) ) (2.10)
The maximum snow albedo, o ez, has a value of either 0.8 or 0.6, representing either a
dry-snow or wet-snow covered surface, respectively. The value is chosen based on whether
any melting has occurred at that location on that day. The ground albedo, «, has a value
of 0.4 for ice and 0.2 for ice-free land. If no snow is present, the surface albedo equals
the ground albedo. Comparison with the ISCCP satellite data for radiation at the surface
shows that this parameterization provides a quite realistic range of values of surface albedo
for Greenland.

To prescribe boundary conditions for temperature and humidity, we used ERA-40 data
(Uppala et all, 2005), since the ECMWF reanalysis data sets have been shown to be quite
realistic in representing important climate variables for the Greenland region (Hanna and
Valdes, 2001; Hanna et _al), 2005). Monthly climatological fields (averaged from 1958 to
2001) of temperature and relative humidity from the 2.5° ERA-40 grid were bi-linearly
interpolated to the Cartesian 100 km grid used in REMBO. In addition, temperature fields
were corrected for elevation differences (Hanna et all, 2005) between ERA-40 and REMBO
using, for simplicity, the free atmospheric lapse rate 7, = 0.0065 K/m.

The equations for temperature and moisture (Eqs. (2] and (22])) are solved using an
alternating-direction implicit discretization scheme, which allows a larger time step than a
standard explicit scheme. Still, for numerical stability reasons, the time step used to solve
the energy balance equations is quite small, on the order of 1/10 of a day and, therefore,
the REMBO model is more computationally demanding than the ice sheet model. This
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does not present a problem for short-term (decadal to centennial time scale) simulations,
but for millennial and longer simulations, asynchronous coupling between REMBO, the
surface interface and the ice sheet model was used. In the equilibrium runs described
below, the surface mass balance interface was only called for every ten ice sheet model
years and REMBO was called for every one hundred ice sheet model years. This calling
frequency would affect the transient behavior of the GIS somewhat, but not the simulated

equilibrium state reached after several thousand years.

2.2.2 Surface mass balance

The annual surface mass balance is computed using a simple snowpack model through

equations of snow (hy) and ice (h;) thickness in water equivalent, calculated daily over the

year:
dh
— Py — My, hy € (0, hynas) (2.11)
dt
; M, h
th _ 'STf, s >0 ’ (2.12)
dt min (P; — M;,0), hs=0

where Mj is the potential surface melt rate and r; is the refreezing fraction. Snow cover
thickness is not allowed to exceed an arbitrary maximum height of 5 m (in water equiv-
alent). At each time step, any excess of snow thickness above this limit is added to the
ice thickness computed by Eq. ([2I2), and snow thickness is reset to 5 m. The refreezing
fraction is equal to zero in the absence of snow, while for 0 < hy < 1 m, it is defined

following [Janssens and Huybrechts (2000) as

where f (7T) is the fraction of snow of the total precipitation, and 7., is equivalent to
the “PMAX” factor originally described by Reell (1991), which indicates the maximum
fraction of snow that is able to refreeze. For snow thickness hy, > 1 m, refreezing is set to
1, i.e., for the thick firn layer, surface melt does not contribute to runoff, but converts into
ice at the bottom of the firn layer. This difference in parameterization of the refreezing
from the standard PDD model does not affect the surface mass balance of the ice sheet
in equilibrium but plays an important role for the transient response of the GIS surface
mass balance on decadal to centennial time scales. Finally, the annual mean surface mass
balance of the ice sheet is computed at the end of each year as the difference between the
final and initial thickness of the ice.

The surface ice temperature used as a boundary condition for the ice sheet model is
determined as T; = min (7, 0) 4+ 29.2h; 4,p, where T;, is the mean annual temperature and
hi sup is the amount of superimposed ice (m.w.e.) resulting from refrozen snow and rain
during the year (Reeh, 1991). To initialize the surface interface, the snow height is set to

the maximum everywhere. Then REMBO and the surface interface are run interactively
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for 200 years until the melt variables and the snow height reach approximate equilibrium

values.

Positive degree day (PDD) method

The PDD method is the conventional approach used to determine the melt potential of
a given year, using calculated positive degree days from a seasonal cycle of temperature.
It was initially introduced for the simulation of local glaciers by Braithwaitd (1980) and
was further developed by [Reeh (1991). It has been described by several others and is
consistently used for ice sheet model surface forcing (e.g., Ritz et all, 1997; Cuffey and
Marshall, 2000; [Huybrechts et all, 2004; (Charbit et al., 2008). To account for inter- and
intra-annual variability, an “effective” daily temperature, T¢s¢, is calculated from the daily

temperature, 7,,, as

Terr =

\}Q_/Texp (%W) dT (2.14)

The value of the standard deviation, o, was set to 5 °C, as in many previous studies, and
T.r¢ was numerically calculated according to the method described by |Calov _and Greve
(2005). Usually, the annual positive degree days (PDDs) are computed as the sum of the
effective temperature over the year. In our case, since the model resolves the seasonal
cycle, the effective temperature is used to compute daily potential melt rate in much the

same way, as
M = bTeyy, (2.15)

where the empirical coefficient by = 0.003 mwe/(day K) for snow and b; = 0.008 mwe/(day

K) for ice (and mwe = meters water equivalent).

Insolation-temperature melt (ITM) method

The ITM method is based on the work of [Pellicciotti et al. (2005) and ivan den Berg et al.
(2008). In this method, the potential daily surface melt rate is determined from surface
air temperature and absorbed insolation:

At

Ms:p 7 [Ta (1 — ) S+ c+ N, (2.16)

where 7, is the transmissivity of the atmosphere (i.e., the ratio between downward short-
wave radiation at the land surface and at the top of the atmosphere), L,, is the latent
heat of ice melting, oy is the surface albedo, S is the insolation at the top of the atmo-
sphere, At is the day length in seconds and A and c¢ are empirical parameters. Unlike the
PDD method, this method explicitly accounts for shortwave radiation, and the difference

between snow and ice is expressed in Eq. (Z16) via different surface albedo values.
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Based on the summer (April-September) ISCCP radiation data, transmissivity over

Greenland was prescribed as a function of elevation, with values ranging from about 0.4
to 0.7 (Fig. 2dk). The linear fit was provided by

7o = 0.46 4 0.0006z,, (2.17)

where z; is the surface elevation in meters. The winter data were again not used for the
fit, because such low values of incoming radiation increase the data spread, making any
trend indiscernible. While more complex radiation schemes exist (e.g., [Konzelmann et al.,
1994), this equation provides a reasonable range of transmissivity values without the need
for additional inputs. It should be noted that, at lower elevations, where the short-wave
radiation term in the melt equation is more significant, the value of transmissivity is similar
to the value of 0.5 used by van den Berg et all (2008).

The parameter A was set to 10 W/(m? K), equal to that used by ivan den Berg et al.
(2008), while ¢ was used as a free parameter. The latter can range from -40 W/m? to -60
W /m? and still produce acceptable melt values for the present-day GIS, indicating large

uncertainty in the choice of this value. This is discussed further below.

2.3 Modeling results

In order to evaluate the performance of REMBO and the melt models, we first performed
simulations with the fixed, present-day topography of Greenland and modern climatolog-
ical lateral boundary conditions. These results were compared with observations and a
conventional parameterization of climate forcing used in the European Ice Sheet Modeling
Initiative intercomparison project (Huybrechts, 1998, EISMINT,) and many recent pub-
lications (e.g., Ritz et al., [1997; Janssens and Huybrechtd, 2000; Grevd, 2005), in which
temperature is parameterized as a function of elevation and latitude. Ablation and the
surface mass balance of the GIS were also diagnosed from these experiments and compared
with existing empirical and modeling estimates. REMBO was then coupled with the ice
sheet model SICOPOLIS to simulate the equilibrium ice sheet under present-day climate
conditions. The equilibrium simulations were performed using both the PDD and ITM

surface melt approaches.

2.3.1 Simulations of climatology and surface mass balance with fixed topography

For diagnostic simulations of the present-day climatology and surface mass balance of the
GIS, we used the 5 km resolution gridded topography from Bamber et al. (2001), aggregated
to the resolution of the ice sheet model (20 km). Temperature and accumulation fields
obtained from REMBO for the present-day Greenland topography have been compared
to best estimates from observational data sets (correcting for elevation differences via the
free atmospheric lapse rate). Several coastal observations were obtained from Technical
Report 00-18 of the Danish Meteorological Institute (Cappelen et all, 2001), which provides
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Figure 2.2: (a) Average and standard deviation of monthly residuals of REMBO (blue) and EIS-
MINT (red) temperatures compared to station data at 52 locations. (b) Monthly
temperatures from REMBO (solid blue line) and the EISMINT temperature parame-
terization (dashed red line), orographically-corrected and compared with DMI station
data (thick grey line) for one high- and one low-elevation station on Greenland.

long-term means (1958-1999) of various climatic variables taken from automatic weather
stations. Other observations were obtained from the GC-Net program for locations on
the ice sheet itself (Steffen et all, [1996). Although the earliest GC-Net observations only
began in 1995, they are the best resource available currently. The combination of these
datasets provided mean monthly observations from 52 station locations, although due to
their temporal inhomogeneity, we consider agreement with these observations only as a

simple validation.

Temperatures from REMBO agree well with the observations, with an annual mean
residual of -0.16 + 2.48 °C. Temperatures obtained from the EISMINT parameterization
(corrected for elevation differences via the parameterization’s lapse rates) also match ob-
servational data almost perfectly in the annual mean, with a residual of 0.03 4+ 3.62 °C.
However, this agreement in annual mean masks some systematic seasonal biases, which
are not present in REMBO simulations (Fig. 222h). REMBO temperatures around the
Greenland coast are determined by the boundary ERA-40 reanalysis temperatures over
the ocean, so the consistency of the REMBO temperatures with empirical data around the
coast is not surprising. The EISMINT temperatures are directly based on coastal tem-
perature data, but nonetheless show a slight warm bias at low elevations, as exemplified
by the DMI station at Daneborg (id 4330), shown in Fig. Z2b. At higher elevations on

the ice sheet, where REMBO-simulated temperatures have more freedom to evolve away
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Figure 2.3: REMBO model output of (a) mean annual temperature and (b) mean summer (JJA)
temperature. Difference between REMBO and EISMINT for (c) mean annual tem-

perature and (d) mean summer (JJA) temperature. Elevation contours are shown at
300m intervals.

from the boundary conditions, the observed seasonal temperature variability is reproduced,
except for a small cold bias. An example GC-NET high elevation station at Summit (id
06) is given in Fig. 2Z2b. The EISMINT parameterization matches summer temperatures

reasonably well, but winter temperatures are usually underestimated (a similar conclusion
was reached by lvan der YQQDL bﬂﬂj)

The actual annual and summer temperatures predicted using REMBO can be seen in
Figs. 2.3k and 2.3b, respectively. The differences between these temperatures and those
obtained via the EISMINT parameterization are shown in Figs. 23k and 2.3d. Both the
annual and summer temperatures are quite comparable, although there are notable differ-
ences in the annual mean temperature at high elevation in the South and for high latitudes.
The biases in the annual EISMINT temperatures are due to the choice of latitudinal and
elevation gradients optimized to improve the fit in warmer months. This results in a worse
annual fit in the North and at high elevations in the South. This difference has little prac-
tical effect on ice sheet modeling for present day, given that temperatures in these regions
remain well below freezing in the winter. The summer temperatures compare especially
well around the coast and margin of the ice sheet, where temperature is most important
for diagnosing melt. Figure 2.4l shows annual accumulation and total precipitation pat-
terns simulated by REMBO, as well as the most recent estimates obtained from station
data and several ice core samples, compiled by [Bales et al. (IZDQd) The simulated fields
agree reasonably well with observations in large-scale patterns, despite local discrepancies.
Particularly, low accumulation in the north and on the highly elevated central part of the

GIS is reproduced well, and high accumulation values can be found along the Southeast

coast. In REMBO, the gradient of elevation mainly determines how much precipitation
will occur, implying that it is a result of orographic uplifting. Notably, however, REMBO
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Figure 2.4: Greenland accumulation fields from (a) present-day data, (b) REMBO for present-
day topography and (c) REMBO for ice-free, uplifted bedrock topography. Total
precipitation fields for the same are shown in (d), (e) and (f), respectively. Elevation
contours are shown at 300m intervals.

produces too much precipitation on the southwest coast and not enough on the southern
tip of Greenland — an indication that local circulation may play a role that is not accounted
for here. The annual accumulation total for the GIS simulated by REMBO is ca. 560 Gt/a,

which matches the best estimate from |B_aJﬂs_e:c_aJ_J (IZDQd) and is within the range of several
recent regional climate model studies (see Table 2.2)).

Given the accumulation and temperature fields, it is then possible to diagnose the
surface mass balance of the ice sheet (Figs. 2.5h and 2.5b). Using the fixed, present-
day topography, REMBO was coupled with each melt model. Using both approaches,
the overall area of melt predicted is fairly consistent; however, using the ITM approach,
the area of melt is rather sensitive to the choice of the free parameter c. Here we chose
c = —55 W/m? to simulate surface melt at similar levels to the PDD model. In Fig. 2.6]
melt obtained from the I'TM approach is plotted versus melt obtained from PDDs. For
low levels of melt (at high elevation), the models tend to agree, with the ITM approach

producing somewhat more intense values. At low elevation, the PDD approach produces
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Table 2.2: REMBO diagnosed mass balance components for the present-day ice sheet compared
to the range of RCMs, composed of results from PolarMM5 (Box et all, [2006), MAR
(Fettweid, 2007) and RACMO2/GR (Ettema et all, [2009). All values are in Gt/a.

Precip Snow Melt Runoff Refreezing SMB
PDD 598 564 358 290 102 307
ITM 597 564 337 302 68 295
Range RCMs 600-743 578-697 249-580 232-307 35-295 287-469

considerably higher levels of melt compared to the I'TM approach, indicating that the
former has a stronger dependence on elevation. Both van de Wal (1996) and Bougamont
et al. (2007) showed a similar relationship existed when comparing the PDD approach to
an energy balance model. Furthermore, the I'TM approach tends to show higher values of
melt at high latitudes (difference shown in Fig. 2.5k), a tendency also shown by the energy
balance model used by van de Wal (1996). This indicates that the ITM approach likely
captures the first-order behavior of an energy balance model and produces a more realistic

representation of melt.

In cumulative terms, any difference between the models is difficult to discern. A sum-
mary of surface mass balance components using REMBO with both melt models is com-
pared to results from RCMs in Table 2.2 For individual components, our approach is
generally able to perform well within the range of RCM results. Figure 2.7 shows the
surface mass balance versus elevation for REMBO using PDD and ITM compared to out-
put from two RCMs: the RACMO2/GR model for 1958-2008 (Ettema et al), 2009) and
the PolarMM5 model for 1988-2004 (Box et all, 2006). The four panels show results for
the GIS as divided into four quadrants, with the origin near Summit (-39 °E, 72 °N). Re-
sults from the RCMs have been binned to reduce the number of points in the plot, with
darker boxes indicating a higher density of points (i.e., where darker blue squares overlap
with darker red squares, the RCMs agree). The trends produced using the PDD and ITM
methods in all regions tend to fall in the range of the RCM results, although there are
some differences. Both the PDD and I'TM models produce higher maximum melt values
in the North, and particularly in the Northeast, REMBO produces more accumulation
than either of the RCMs. Nonetheless, these differences are minor, since accumulation
values there are small. In the South, all models agree better. RACMO2/GR generally
produces a much wider range of accumulation values, due to the high resolution (11 km)
of topographic features (Ettema et al., 2009). The wider spread in the RCM surface mass
balance also likely results from a more detailed representation of precipitation, which can
vary based on regional processes, whereas precipitation in REMBO is inherently smoother.
This comparison shows that for present-day conditions, both the PDD and I'TM approach
produce melt values that fall in the range of RCM results, and that they can also align
with each other, depending on parameter choices. As mentioned before, the surface mass

balance simulated by I'TM is very sensitive to the parameter c. A higher value of ¢ shifts
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Figure 2.5: Diagnosed surface mass balance for fixed, present-day topography using REMBO
with ablation determined by (a) PDD and (b) ITM. Panel (c) shows the difference
between the two. Elevation contours are shown at 300 m intervals.

the snow line to higher elevations. Also, there is a gap in the near-zero negative SMB
values for the I'TM model. This stems from the discontinuity in surface albedo that occurs
when surface melt begins (when switching from the dry snow albedo of 0.8 to the wet snow

albedo of 0.6). This gap, however, has little effect on overall SMB, since it occurs only for
very low melt values.

To evaluate the sensitivity of REMBO to climate change, using different melt param-
eterizations, we performed experiments under uniform (in space and time) warming of 1
and 3 °C with present-day insolation, and warming of 3 °C with insolation corresponding
to Eemian orbital parameters. In these experiments (referred to in Table 23 as “equil.”),
REMBO coupled to the snowpack model was run at least for 200 years, ensuring full equi-
librium of the SMB was reached with the perturbed boundary conditions. When comparing
two different melt schemes, it is important that they have similar present-day surface mass
balance values (Table 22]), because simulated anomalies strongly depend on the tuning of
the models. Results presented in Table 2.3] show that the equilibrium response of SMB

to regional temperature change is rather similar for both melt schemes. In units of sea

Table 2.3: Diagnosed equilibrium (equil.) and instantaneous (inst.) change in surface mass bal-
ance for the GIS from present day, under 1 °C and 3 °C of warming with present-day
insolation and 3 °C ofwarming with Eemian insolation (EE). All values are in Gt/a
and are relative to a present day estimate of ca. 300 Gt/a (see Table [2.2)).

F1°C +3°C +3°C (EE)

PDD (equil.) -90 -365 -407
ITM (equil.)  -94  -378 696
PDD (inst) -65 -224 - -
ITM (inst) -39  -113 -
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Figure 2.6: Annual melt rate calculated using the I'TM approach vs. annual melt rate calculated
using the PDD approach at each point on the ice sheet.

level rise, the changes in SMB for present-day conditions correspond to ca. 0.3 mm/(a
°C), which is again in line with the findings of van de Wal (1996). A similar sensitivity
of Greenland SMB to temperature was found by |lJanssens and Huybrechts (2000) who
only used the annual PDD approach. However, this number is considerably higher than
in simulations using output of coupled GCMs (e.g., Huybrechts et all, 2004). This makes
sense because, in transient GCM experiments, simulated warming over the ablation zone is
considerably lower than the average temperature change over Greenland, while the latter

is used to calculate the sensitivity of SMB to regional temperature change.

Obtaining rather similar values for SMB sensitivity to warming obtained using both the
PDD and ITM approaches is in apparent contradiction to [Bougamont. et all (2007), who
found that the PDD scheme predicts much larger changes in Greenland SMB as compared
to a physically-based energy-balance model in a transient warming scenario. At least
partly, this discrepancy can be explained by differences in equilibrium and transient SMB
sensitivities to temperature change. The standard PDD scheme (calculated as an annual
sum, as opposed to our daily scheme) does not include an evolving snowpack, which means
it has no memory of previous years and, therefore, always simulates equilibrium SMB. In
reality, the gradual rise of the snowline with a temperature increase will lead to slow melting
of the thick snowpack at higher elevations, which will mostly refreeze and will not contribute
to the mass loss of GIS. Since our simulations include a snowpack model which has memory;,
we can illustrate this effect via the instantaneous SMB response to the temperature rise, i.e.,
the change in SMB that occurs after the first year of applying the temperature anomaly
(see the lower rows in Table 23] labeled “inst.”). For our PDD scheme, the simulated
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Figure 2.7: Diagnosed surface mass balance versus elevation by region for two RCMs and REMBO
using the PDD and ITM approaches. The regions are defined as quadrants on Green-
land with the origin near Summit (-39 °E, 72 °N). RACMO2/GR results (Ettema
et al., 2009) and PolarMMS5 results (Box et all, [2006) were binned to reduce data
density, with darker squares indicating a higher density of points. Trendlines and the
slopes are shown for the negative points of the PDD and I'TM approaches.

instantaneous response of SMB to an increase in temperature is appreciably smaller than
that obtained in equilibrium. For the ITM scheme, the instantaneous response is less than
half of the equilibrium response. The I'TM scheme reacts more slowly initially, because it
is not driven by temperature changes alone, but also by decreasing albedo as the snowpack
melts. In both cases, for transient global warming scenarios, the sensitivity of SMB to an
increase in temperature can be expected to lie between the instantaneous and equilibrium
response and thereby should be considerably smaller than the equilibrium one. Therefore,
our equilibrium results support the notion that the standard (annual) PDD approach does
tend to overestimate the rate of GIS mass losses.

When considering the SMB response of these melt models to past climate change
during the Eemian interglacial (including an increase in insolation), the ITM scheme
shows a stronger equilibrium response. Since orbital variations occur on a multi-millennial
timescale, one can expect that, in this case, the response of SMB to climate change can

be considered to be in equilibrium. To mimic climate conditions during the Eemian, we
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Figure 2.8: Summer (JJA) temperatures for ice-free, uplifted bedrock topography minus those
of present-day, ice-covered conditions for (a) the EISMINT temperature parameter-
ization and (b) REMBO. Difference in seasonality (June-July-August temperature
minus December-January-February temperature) for the uplifted, ice-free topography
compared to present-day, ice-covered conditions using (c) the EISMINT temperature
parameterization and (d) REMBO.

again apply the uniform temperature anomaly of 3 °C, along with changes in insolation
corresponding to Earth’s orbital parameters at 126 kaBP (kiloyears before present). While
Eemian temperature anomalies likely exhibit strong seasonal variations, only summer tem-
peratures are important for the SMB simulations and the 3 °C warming is consistent with
empirical and modeling estimates of summer temperature changes around the GIS (e.g.,
Otto-Bliesner et al., M) SMB changes computed with the PDD scheme differ only
slightly from the response to 3 °C warming (due to additional warming over the Green-
land interior simulated by REMBO). However, the SMB change simulated with the ITM
scheme increases dramatically due to the increased insolation. Thus, the Eemian change
in SMB simulated by the ITM scheme is more than 50% greater than that simulated by
the PDD scheme. These results indicate that changes in insolation are of comparable

importance to temperature changes on orbital timescales and, therefore, the PDD scheme

likely underestimates the past ice sheet response to climate warming via insolation changes
considerably.

To assess the ability of REMBO to simulate the climate under boundary conditions
radically different from the present, we performed simulations with a fixed topography
of ice-free Greenland with corresponding uplifted bedrock (i.e., equilibrium bedrock after
isostatic rebound). This test provides insight into the sensitivity of the REMBO climate
to the presence of the ice sheet and can be compared with similar GCM simulations. It is
also noteworthy to compare REMBO results with the EISMINT parameterization, which
clearly demonstrates the advantages of a more physically-based approach.

Figure panels2.8h and 2.8b show the difference in the mean summer (Jun-Jul-Aug) tem-
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perature between the ice-free and present-day Greenland simulations, obtained with the
EISMINT parameterization and with REMBO, respectively. Both modeling approaches
produce qualitatively similar warming patterns associated with the lowering of elevation
over currently ice-covered Greenland. However, there are significant quantitative differ-
ences. REMBO shows a surface air temperature increase of 18 °C in summer and only
10 °C in winter over the central part of Greenland. These numbers agree favorably with
the results of simulations performed with GCMs for ice-free Greenland (Toniazzo et all,
2004; ILunt et al), 2004). Meanwhile, the EISMINT approach produces less warming in
summer, but stronger warming in winter. As a result, REMBO shows that the magnitude
of seasonal temperature variation over central Greenland increases by ca. 8 °C for ice free
conditions (Fig. 2.8c), while the EISMINT parameterization shows a decrease of 6 °C (Fig.
2.8d). The increase of seasonality and stronger summer warming in the REMBO model
can be attributed to the additional warming caused by a lower albedo for ice free condi-
tions during summer, while winter albedo remains practically unaffected by the removal
of the ice sheet. The result is stronger warming in the summer and, therefore, an increase
in seasonality. The opposite, unrealistic effect produced by the EISMINT parameteriza-
tion is explained by the higher lapse rate used in winter. As a result, the decrease in
elevation leads to a reduction of the temperature difference between summer and winter
and a decrease in seasonality. Due to the large increase of summer temperature, positive
surface mass balance (not shown) is only diagnosed over highly elevated areas in eastern
and southern Greenland. This has implications for the possible existence of two (or more)

equilibrium states under current climate conditions, which will be addressed in a separate

paper.

2.3.2 Coupled simulations of equilibrium state

For the next step of model validation, we performed equilibrium simulations of the GIS
with constant (present-day) climatological conditions at the lateral boundaries of the model
domain. The REMBO model and the surface interface were coupled bi-directionally and
asynchronously with SICOPOLIS, which was run for 100,000 years, ensuring all relevant
characteristics reached equilibrium state. As an initial condition, we used present-day data
for the GIS elevation and bedrock (Bamber et al., 2001), and the ice temperature was set
to 0 °C. The geothermal heat flux was constant and set to 60 mW/m?. Since the longest
time scale of GIS response is comparable with orbital time scales, an assumption about
GIS equilibrium forced only by present-day conditions is not very accurate and, instead,
a simulation over several glacial cycles would be a more appropriate procedure. However,
because here we are primarily interested in understanding the sensitivity of the simulated
GIS to the different methods for determining the surface boundary conditions, we prefer
the simpler approach of using constant climatological forcing.

Given the good agreement between the surface mass balance partition estimates de-

termined using PDD or I'TM, it is not surprising that using either melt scheme produces
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Figure 2.9: Equilibrium simulated GIS elevations using REMBO with (a) PDD ablation and (b)
ITM ablation, compared with (c) the actual GIS elevation from observations

quite similar results (shown in Figs. 2.9 and 2.9b). In both cases, the simulated equi-
librium ice sheet covers almost the entire area of Greenland, which also occurs in other
GIS simulations using similar approaches (Letréguilly et al., |l&9_l| @Mﬂdﬂlﬁ&ﬂ |l&9d
|BJLZj_t_al.| |l9_9_ﬂ bma—‘J |2_(E_d) The largest discrepancies with observations appears in
the southwest and the Northeast, where using the REMBO climatology results in more

extended ice coverage. This is mainly due to the overestimation of accumulation in those
places by REMBO. Using the ITM approach does significantly improve the agreement with
observations in the North, which follows from the stronger diagnosed melt in this region. In
our simulations, the volume of the GIS is overestimated by ca. 10-15%. In other words, it
was not possible to simulate an ice sheet, which has both the right geometry and the right
surface mass balance components. This may be related, not so much to the deficiencies
of the model used for simulation of the surface mass balance, but rather to an intrinsic
problem of ice sheet models based on the shallow ice approximation. Since such models do
not properly incorporate fast ice transport by ice streams, they require too much contact
between the ice sheet and the ocean to produce a considerable amount of ice calving. In
reality, the areas where the GIS is in direct contact with the ocean are rather small and
yet, ice calving constitutes roughly half of the total ice loss from the GIS. Furthermore,
simulating the ice sheet through past glacial cycles would likely improve the present-day

representation, a topic that will be addressed in future work.

2.4 Conclusions

A regional energy-moisture balance model (REMBO) has been developed, which simulates
temperature and precipitation over Greenland. The model is simple and very computation-

ally efficient. Furthermore, it is physically based and includes an explicit representation of
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seasonal changes in albedo — attributes that are crucial for simulation of climate conditions
considerably different from present day.

Simulated temperature fields agree well with observational data and, particularly, im-
prove the representation of the seasonal cycle as compared to the EISMINT temperature
parameterization. Moreover, for ice-free conditions, REMBO and the EISMINT param-
eterization predict rather different changes. REMBO simulates a large summer warming
and enhanced magnitude of seasonal temperature changes, while the EISMINT parame-
terization shows decreased seasonality. In this respect, the results from REMBO are more
consistent with GCM experiments. Simulated precipitation matches observations in large-
scale patterns, as well as the annual sum. However, regional deficiencies exist that cannot
be eliminated unless more processes are included in the model.

Two different melt parameterizations were evaluated: the PDD approach and the I'TM
approach, with the latter explicitly accounting for the effects of temperature and inso-
lation on snow and ice melt. The melt models were used to force a simple snowpack
model with a daily time step. With the appropriate choice of model parameters, both
methods produce similar total ablation rates for present-day conditions, but they differ in
regional details. Both schemes also exhibit rather similar equilibrium SMB sensitivity to
temperature changes. However the instantaneous SMB sensitivity to temperature change
is different for each model and, therefore, each can be expected to produce different SMB
changes in transient global warming experiments. For climate conditions that mimic the
Eemian interglacial, even the equilibrium response of Greenland SMB differs considerably
between the two schemes, with the ITM model simulating a more than 50% greater change
in SMB.

Equilibrium simulations of the present-day GIS with REMBO coupled to the three-
dimensional, polythermal ice sheet model SICOPOLIS demonstrate that both melt models
allow us to simulate a reasonably realistic GIS. However for both methods, the simulated
volume and spatial extent of the GIS are overestimated. Therefore, the present-day surface
mass balance and GIS extent and volume do not provide sufficient criteria for a choice be-
tween PDD and I'TM methods. Nonetheless, the I'TM method looks preferable for transient

and paleo simulations.
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3. GREENLAND ICE SHEET MODEL PARAMETERS
CONSTRAINED USING SIMULATIONS OF THE
EEMIAN INTERGLACIAL?

Abstract

Using a new approach to force an ice sheet model, we performed an ensemble of simulations
of the Greenland Ice Sheet evolution during the last two glacial cycles, with emphasis on
the Eemian Interglacial. This ensemble was generated by perturbing four key parameters
in the coupled regional climate-ice sheet model and by introducing additional uncertainty
in the prescribed “background” climate change. Sensitivity of the surface melt model
to climate change was determined to be the dominant driver of ice sheet instability, as
reflected by simulated ice sheet loss during the Eemian Interglacial period. To eliminate
unrealistic parameter combinations, constraints from present-day and paleo information
were applied. The constraints include (i) the diagnosed present-day surface mass balance
partition between surface melting and calving, (ii) the modeled present-day elevation at
GRIP; and (iii) the modeled elevation reduction at GRIP during the Eemian. Using
these three constraints, a total of 270 simulations with 90 different model realizations
were filtered down to 47 simulations and 20 model realizations considered valid. The
paleo constraint eliminated more sensitive melt parameter values, in agreement with the
surface mass balance partition assumption. The constrained simulations result in a range
of Eemian ice loss of 0.4-4.1 m sea level (m.s.l.) equivalent, with a more likely value of
about 4.1 m.s.l. if the GRIP 6O isotope record can be considered an accurate proxy for

the precipitation-weighted annual mean temperatures.

3.1 Introduction

Prediction of the future response of the Greenland Ice Sheet (GIS) to global warming is
of great practical importance since the GIS can contribute up to 7 meters to global sea
level rise. On short (centennial) timescales, the response of GIS is primarily controlled
by changes in surface mass balance (which can now be modeled relatively accurately)

and by changes in fast flow (which is still poorly understood). On millennial timescales,

2 Robinson, A., Calov, R., and Ganopolski, A.: Greenland Ice Sheet model parameters constrained using
simulations of the Eemian Interglacial, Climate of the Past Discussions, 6, 1551-1588, doi:10.5194/cpd-6-
1551-2010, 2010, in discussion.
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when the GIS can lose a considerable portion of its volume, the situation is additionally
complicated by a number of climate-ice sheet feedbacks. Explicit simulation of all of these
processes requires the use of fully-coupled, high resolution Earth system models, which is
still impractical on this time scale. In addition, the information of the present-day GIS
does not provide sufficiently strong constraints on its long-term evolution. Therefore, a
study of past climate changes, and the response of the ice sheet to these changes, could

help improve and better constrain the ice sheets models.

The Eemian Interglacial (ca. 130-115 kaBP) was characterized by high maximum sum-
mer insolation and warmer conditions in the high latitudes of both hemispheres. Paleo
data suggest that sea level was higher than today by 4-6 meters (Overpeck et all, 2006),
or even as much as 6-8 meters (Kopp et all, 2009). These numbers suggest a considerable
contribution from both the Greenland and Antarctic ice sheets. At the same time, the
presence of Eemian and older ice in several ice cores indicate that a large portion of the
GIS survived the Eemian Interglacial. Moreover, the isotopic composition of Eemian ice
from the Greenland summit can be interpreted to show that the height of the summit
was not much lower during the Eemian compared to the present day. These data can

potentially provide useful constraints for ice sheet models.

A number of attempts to simulate the response of the GIS to Eemian climate condi-
tions have been made with different models and approaches (Cuffey and Marshall, 2000;
Huybrechts, 2002; [Tarasov and Peltier, 2002, 2003; |Greve, 2005; Lhomme et al., 2005; Otto-
Bliesner et al.,2006). These works reveals large uncertainties in the simulated contribution
of the GIS to the sea level high-stand during the Eemian Interglacial, ranging from almost
no contribution to over 5 m sea level (m.s.l.). The main problem with simulating the ice
sheet’s evolution during the Eemian Interglacial is the definition of surface boundary con-
ditions for the ice sheet model. At a minimum, the ice sheet models require prescription
of the seasonal variations of temperature and precipitation when using the standard pos-
itive degree day approach. However, not only do the Greenland ice cores lack continuous
records of temperature and precipitation through the entire Eemian Interglacial, they also
do not extend any further back in time. Simulation of the GIS response to Eemian climate
conditions also requires data from the previous glacial cycle to properly initialize the ice
sheet. In addition, even the existing record only provides information about precipitation-
weighted temperatures (annual mean temperatures weighted more heavily for months with
higher precipitation), while models require annual mean and, even more importantly, sum-
mer temperatures. Several attempts have been made to construct the temporal evolution
of climatic forcing by combining Greenland climate reconstructions for the last glacial cy-
cle and Antarctic ice core records for the penultimate glacial cycle (Cuffey and Marshall,
2000; [Huybrechts, 2002; [Tarasov and Peltier, 2003; (Greve, 2005). Although the Greenland
and Antarctic temperature record do bear a certain similarity, this is still a rather crude
approach, since both the magnitude and temporal dynamics of temperature changes in the

high latitudes of the northern and southern hemispheres differed considerably. Moreover,
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the most crucial characteristic of summer temperature anomalies are not well constrained
by the existing ice core records. In particular, the 680 content of Eemian ice may have
been affected by both changes in surface elevation and the seasonality of precipitation
(Jouzel et all, 1997). This approach also does not explicitly account for the additional
effect of insolation changes, which is of comparable importance to temperature changes on
the surface melting of ice for this period (Robinson et al., 2010a). A coupled climate model
(with an additional downscaling procedure) can provide all necessary climate information
needed to force an ice sheet model, but running coupled GCMs through the whole glacial
cycle, or even just for the interglacial period, is still computationally too expensive. Until
now, only a time slice simulation has been used to force a model of the GIS in this way
(Otto-Bliesner et al), [2006). However, the GIS has a multi-millennial time scale response
to climate change and the climate did not remain constant during the interglacial. Such
an approach also does not solve the problem with the initialization of the GIS at the onset
of the Eemian Interglacial.

Earth system models of intermediate complexity (EMICs, [Claussen et _all, 2002) are
useful tools for the study of the evolution of ice sheets on millennial to orbital timescales,
since some of them (like CLIMBER-2, Petoukhov et all, 2000) are computationally effi-
cient enough to be run through the glacial cycles (e.g.. Bonelli et al., 2009; Ganopolski
et al., 2010) and the only required boundary conditions are readily available information:
Earth’s orbital parameters and the atmospheric concentration of greenhouse gases. The
problem is, however, that this type of model has a very low spatial resolution and it can
neither accurately simulate the regional climate over the GIS, nor the feedbacks associated
with the melting of the ice sheets. To overcome this problem, we developed a regional
energy and moisture balance model (REMBO, [Robinson et _all, 2010a), which produces
a physically-based downscaling of the climate over the GIS using a present-day climatol-
ogy, and anomalies simulated by a coarse resolution climate model. Unlike most previous
studies, we replace the traditionally used positive degree day (PDD) melt scheme with a
surface melt scheme that explicitly accounts for changes in insolation. The latter is crucial
for simulation of the Eemian Interglacial when summer insolation was much higher than
at present.

The aim of this study is to investigate whether existing paleo data from the Eemian
Interglacial, in conjunction with present-day data about the GIS and its mass balance,
provide sufficient constraints on the choice of model parameters and the GIS contribution
to the sea level high-stand during the Eemian Interglacial. To this end, we performed an
ensemble of simulations of the GIS over the last two glacial cycles by varying two ice sheet
model parameters, one melt scheme parameter and one regional climate model parameter
(four model parameters in total). In addition, we vary the magnitude of the Eemian
background warming. Present-day observations and paleoclimate data are use to select

the subset of model versions that is consistent with empirical constraints.
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3.2 Model setup and experimental design

The coupled REMBO-ITM-SICOPOLIS model used in this study is identical to that de-
scribed by [Robinson et al) (2010a), except for a slight modification to the surface albedo
parameterization (see Appendix A). A brief description of the main components is provided
below.

REMBO (Regional Energy-Moisture Balance Orographic model) produces daily cli-
matological fields of temperature and precipitation for Greenland with 100 km resolution.
Monthly ECMWF Reanalysis data (ERA-40) of 2-meter temperature and relative humidity
(Uppala. et al.; 2005), averaged over the period 1958-2001 and linearly interpolated in time
to produce daily fields, are used as boundary conditions around Greenland. In a previous
analysis, [Robinson et all (2010a) show that REMBO is able to capture the present-day
seasonal cycle of temperatures over Greenland and that it improves the fit with observa-
tions as compared to conventional bilinear parameterizations. While the precipitation field
mismatches observations in several local areas, the large-scale field is correct and sufficient
enough for long timescale simulations. This lends confidence to the idea that present-day
climatic forcing is fairly accurate, and that the energy reaching the surface determined by

the model would not be far from reality.

The daily temperature and precipitation output from REMBO is used to determine the
surface mass balance of the ice sheet and the evolution of surface albedo via the surface mass
balance model ITM (Insolation-Temperature Melt). I'TM represents a computationally effi-
cient alternative to the commonly used PDD (Positive Degree Day) approach (Braithwaite
and Olesen, [1989; Reel, 1991)). Similar to PDD, the ITM model is also semi-empirical.
However it has two advantages: it explicitly accounts for short-wave radiation (while PDD
does implicitly, via different melt coefficients for snow and ice); and, since it incorporates a
simple snowpack model, it has a memory which the standard PDD scheme does not. The
I'TM model is tuned to use climatological fields of temperature, precipitation and insolation
at the top of the atmosphere and is driven by the elevation-corrected output of REMBO.
ITM simulates surface mass balance and mean annual ice sheet surface temperature on the

same grid used by the ice sheet model.

The ice sheet model used for these simulations is SICOPOLIS, version 2.9. It is a 3D
thermomechanical ice sheet model based on the shallow ice approximation (SIA) and it
includes a physically-based treatment of the temperate layer at the base of the ice sheets
via explicit calculation of the water content of the temperate basal ice (Greve, 1997a/b).
This model has been used in numerous studies of ice sheet evolution both in the past and
future (e.g., \Greve, 2000, 2005; (Calov et al., 2002, 2005) and is comparable to other STA
models (e.g., Huybrechts et all, [1991). It is run on a 20 km resolution grid and is forced
from above by the annual surface mass balance and surface temperature fields obtained
from REMBO. At the base of the ice sheet, geothermal heat flux is prescribed, and the
lithosphere deforms locally with a time lag of 3 ka.
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Figure 3.1: Examples of forcing used for simulations of the last two glacial cycles: (a) maxi-
mum solar insolation at 65 °N; (b) equivalent CO4 concentration; (c) global sea level
anomaly from SPECMAP; (d) Summer (June-July-August averaged) temperature
anomaly prescribed at the boundaries of Greenland.

In this study, we use results of transient simulations of the last two glacial cycles
performed with the intermediate complexity model CLIMBER-2 to drive REMBO. The
model and experimental setup is identical to that described by |Ganopolski et all (2010),
except that here we only apply the results from the last two glacial cycles. CLIMBER-
2 (Petoukhov et all, 2000) is a coarse-resolution EMIC that has been shown to produce
a realistic present-day climate, climate sensitivity (Ganopolski et al., 2001) and changes
in climate over the last glacial cycle (Ganopolski et al), 2010). The CLIMBER-2 simu-
lation was forced by variations in Earth’s orbital parameters, computed following Berger
(1978), and by a prescribed time series of the equivalent atmospheric CO5 concentration.
The resulting global temperature anomaly time series agrees well with paleoclimate recon-
structions, in that, for example, the Greenland annual temperature at the Last Glacial
Maximum (LGM) is approximately 20 °C cooler than today and the Eemian Interglacial

is ca. 2 °C warmer than today.
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To force the transient simulations performed here, we used the same insolation at the
top of the atmosphere (July insolation at 65 °N is shown in Fig. Bk as an illustration) and
equivalent CO4 concentration (Fig. BIb) as in the CLIMBER-2 run. The boundary tem-
perature field of REMBO was modified by adding the spatially uniform, regional monthly
temperature anomaly computed by CLIMBER-2 to the present-day climatological fields
(the anomaly time series is shown in Fig. B.Id). We assumed no changes (compared to
the present day) in relative humidity at the Greenland borders. The anomalies from the
CLIMBER-2 simulation provide us with self-consistent, regionally relevant time-series and

enable us to avoid problems involved with relying on discontinuous oxygen isotope records.

Changes in sea level were prescribed using an appropriately scaled SPECMAP time
series (Imbrie et al); 11984), shown in Fig. BIk. We found that while this allowed more
ice to grow during the glacial periods, the inclusion of sea level changes played only a
small role in the evolution of the ice sheet in warmer periods. Nonetheless, we include
sea-level adjustments to the margin to allow for its effect on total volume. Note that sea
level changes modeled by CLIMBER-2 agree favorably with the SPECMAP reconstruction
and, in principle, could instead have been used to drive the ice sheet model without any

appreciable differences.

All simulations began at 250 kaBP and were run until the present. The ice sheet model
was initialized with the present-day GIS topography from Bamber et all (2001) and the
standard set of model parameters as initial conditions. Since the model was run for more
than 100 ka before the Eemian Interglacial, there should be no dependence on the choice

of initial conditions.

3.3 Modern and paleo empirical constraints

Assuming that the climate obtained from REMBO is fairly well represented, but other
processes (such as fast flow in the ice sheet model) are ignored, we believe that there are
then at least two aspects of the ice sheet that are possible to model with reasonable uncer-
tainty and that can provide information about the sensitivity of various model parameters:
the diagnosed, present-day partition of GIS mass balance between surface melting and ice
discharge into the ocean, and the elevation (and elevation changes) of the summit of the
GIS. Arguably, both of these characteristics are less affected by the lack of fast ice streams

and low resolution than the spatial extent and the volume of the GIS.

In addition, we would like to explore the possibility of using available paleoclimate
information from the Eemian Interglacial to further reduce the range of possible combina-
tions of model parameters. This leads to the three constraints used in this study, described

below.
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3.3.1 Present-day surface mass balance partition

The first constraint is the estimate of the present-day partition between GIS surface mass
balance (SMB) and ice discharge into the ocean, for the fixed topography of present-day
Greenland. As we do not explicitly model calving, we use the ratio of diagnosed surface
mass balance to the total precipitation over the GIS, assuming the remaining mass is lost
to ice discharge (calving). The benefit of using this ratio is that (1) it eliminates biases
in the absolute values that result from different ice sheet surface area masks, (2) allows
an analysis of the reasonable sensitivity range of the surface mass balance model without
incorporating additional uncertainty from the ice sheet model or paleoclimate forcing and
(3) keeps the focus on the partition between surface mass balance and calving. We believe
the last consideration is especially important for properly estimating the correct sensitivity
of the ice sheet to long-term climatic forcing.

For the present-day GIS, several estimates from regional climate models (RCMs) show
that positive surface mass balance should account for about 50% (ranging from 48-63%)
of the total incoming precipitation (Box et all, 2000; Fettweis, 2007; Ettema et al., 2009),
while the remaining incoming mass is lost via calving or ice discharge into the ocean. These
results do not necessarily encompass the range of all possible values, and furthermore our
approach does not account for all physical processes at the surface (e.g., blowing snow or

evaporation). Thus, we allow for additional uncertainty by choosing the range 40-65%.

3.3.2 Present-day GRIP elevation

The present-day summit elevation at GRIP (73N, 38W, 3230 m) is a robust feature of
the ice sheet that provides a useful constraint for our ensemble. Because it is located in
the middle of the ice sheet at essentially the thickest location, changes in this elevation
reflect large-scale changes in the ice sheet surface mass balance, rather than highly dynamic
changes that occur near the margins (Alley et all, 2010). [Raynaud et all (1997) indicate
that even with margin position varying in the range of 100-200 km, no more than 100 m
elevation difference is modeled. A similar sensitivity is also reflected in our own simulations.
Although biases in simulated accumulation at the summit can affect the modeled elevation,
the precipitation field obtained from REMBO agrees best with observations for the large-
scale field over the interior of the ice sheet. Indeed with several combinations of model
parameters, it is possible to model the summit location and elevation correctly. Thus, as a
second constraint, we assume that the present-day GRIP elevation should be obtained to
within +/- 100 m.

3.3.3 Eemian GRIP elevation

The ice core drilled at the Greenland Ice Sheet summit (GRIP, 1993) provides important
information that can be used to further constrain the paleo simulations. A reliable time

reference for this ice core cannot be determined for ice older than ca. 100 ka, likely due
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to stratigraphic folding of the ice (Alley et all, 1995). However, the total gas content
in the ice core indicates isotopically warmer conditions (Raynaud et al., 1997). Because
these values are comparable to those of the Holocene, the minimum elevation of the GRIP
location during the Eemian must have been no more than a few hundred meters less than
that of present day (Cuffey and Marshall, 2000). It is difficult to determine an exact
correspondence of the GRIP elevation to the total gas content, so we apply the somewhat
conservative constraint that the elevation at GRIP was at most 400 m below present day.
We also test the effect of choosing different values for this constraint, in case it plays an
important role in eliminating ensemble members.

Using the three constraints outlined above, we are able to determine which model
simulations are more likely to be realistic, and more important for the future stability of

the ice sheet, which model parameter combinations should be considered valid.

3.3.4 Additional possible paleoclimate constraints

It could also be possible to further constrain the ensemble using information from other ice
core locations, such as Camp Century (77N, 61W, 1890 m) or DYE-3 (65N, 43W, 2490 m).
However, our model’s resolution, lack of fast processes and spatially-constant boundary
temperature anomaly means we have less confidence in our ability to accurately capture
the behavior of the ice sheet in these locations. This is complicated by the fact that little is
known with certainty about regions closer to the margin. For example, DYE-3 may or may
not have remained ice-covered during the Eemian Interglacial (Jansen et al., 2007; Alley
et al., 2010). Eemian ice layers do exist at the base, however older ice has not been found.
Meanwhile, §'80 anomalies indicate an elevation difference of perhaps 500 m (Johnsen
et al., 2001; INGRIP, 2004), and DNA evidence from the silty layers beneath the ice sheet
indicate that plant growth only occurred much earlier, perhaps during MIS11 (Willerslev
et al., 2007). The latter does not rule out the possibility of ice-free, permafrost conditions
at this location, as opposed to only a reduced-thickness ice sheet. In light of the existing
controversy and our model’s poor representation of these locations, we do not consider
data from them as hard constraints. Nonetheless, we will comment on the results from

different model versions for these locations.

3.4 Perturbed model parameters

Four of the most influential parameters in REMBO, I'TM and SICOPOLIS were considered
as likely to contribute significant uncertainty to modeling the evolution of the GIS through
the glacial cycles: (1) the geothermal heat flux field at the base of the ice sheet, (2) the basal
sliding coefficient, (3) a free parameter in the melt equation, and (4) the moisture diffusion
constant in REMBO (that affects the strength of large-scale precipitation). In addition
we considered possible uncertainties in temperature anomalies simulated by CLIMBER-

2. Namely, we changed the magnitude of warming around Greenland during the Eemian
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Table 3.1: All parameter values used to generate the ensemble of model versions.

Parameter Units Values Description
Qgeo mW /m? 50, 60, 70 Geothermal heat flux
Vs m/(a Pa) 10, 15, 20 Sliding law coefficient
c W /m? -45, -50, -55, -60, -65 ITM constant
KQ kg/s 8.4e5, 9.8eb Moisture diffusion constant
I - - 1.0, 1.5, 2.0 Paleo anomaly factor

Interglacial. These areas of uncertainty are discussed in detail below, and Table 3.l provides

a list of the parameters and the values used in this study.

3.4.1 Geothermal heat flux

The geothermal heat flux (the lower boundary condition of the ice sheet model in the
bedrock) was set to a constant value everywhere. Little is known about the exact values
underneath the ice sheet, but the large-scale field is likely to be fairly uniform and recent
estimates put the value near 50 mW /m?, with some variation around the margins (Shapiro
and Ritzwoller, 2004; Vinther et all, 2009). It cannot be ruled out, however, that this
value is significantly larger in some localized areas below the GIS. To account for the
uncertainty in the broad sense, we chose geothermal heat flux values of 50, 60 and 70
mW /m?. The geothermal heat flux is one factor that determines how much of the ice sheet
base is temperate (at the pressure melting point) and thus is sliding at the base. In this

way, it can be used as a way to tune the shape and size of the ice sheet in general.

3.4.2 Sliding coefficient

The sliding law used in this study,
vy = vspgH |Vh|* Vh, (3.1)

is a Weertman-type equation with a third-order dependence on the gradient of elevation,
where vy is the ice sliding velocity, H is the ice thickness, p is the density of ice, g is the
gravitational force and h is the surface elevation. For our purposes, the constant v, was
chosen as the uncertain parameter varied in this study. Increasing this parameter has the
effect of increasing the ice velocity at the base of regions of temperate ice. Mostly this
should occur around the margins and it acts to adjust the slope of the ice sheet. Higher

values of sliding also generally decrease the total volume of ice.

3.4.3 Melt model parameter, c

Surface melt of snow and ice is calculated in I'TM from a simple energy balance equation
(van_den Berg et all, [2008),

Jy_hMl_aQS+c+Aﬂ, (3.2)

M, =
PuwLim
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where the potential melt rate, M, is assumed to largely derive from two main contribu-
tions. In the first term, representing incoming short-wave radiation at the surface, S is
the incoming solar radiation at the top of the atmosphere, 7, is the transmissivity of the
atmosphere and « is the surface albedo. The transmissivity is assumed to be a linear func-
tion of elevation (Robinson et all, 20104) and the surface albedo is calculated following the
method described in the Appendix. The second term ¢ + AT is a linear parameterization
of the long-wave radiation and turbulent heat flux, where T is the daily mean temperature
and A\ and ¢ are constants. The choice of A derives from the empirical value of long-wave
radiation absorbed by snow and ice, which corresponds to a melt rate of 3 mm w.e. per
degree (analogous to the choice of degree day factor in the PDD approach, see Reel, 1991).
The remaining term, ¢, is then assumed to be a free constant parameter, the value of which
can vary widely depending on the domain in question (van den Berg et all, [2008) and the
albedo parameterization used.

Robinson et al. (2010a) determined that for modeling present-day conditions over
Greenland, ¢ = —55 W/m? gives the best partition of surface mass balance components.
When performing equilibrium simulations fully coupled to an ice sheet model, however, it
was found that several values of ¢ could still produce a reasonable present-day ice sheet.
Therefore, in this study we chose to incorporate melt model uncertainty into the ensemble
via the parameter c, allowing a range of —45 to —65 W/m?.

We further considered that the parameterization of surface albedo (as described by
Robinson_et_al., 2010a) is also imperfect and is likely the source of large uncertainty.
However, several simulations combining various values of the melt parameter ¢ with changes
to the surface albedo scheme show that the first order changes to surface albedo can be

captured simply by changing the value of c.

3.4.4 Atmospheric moisture diffusion coefficient

Uncertainty in the climatic forcing likely plays the key role in determining both the past and
future stability range of the GIS. The parameters used in REMBO to determine temper-
ature are tuned to match present-day observations, with both annual mean temperatures
and the seasonal cycle well reproduced (Robinson et all, [2010a). Therefore, no uncertainty
was considered in the temperature equation itself; rather, uncertainty in the temperature
forcing is represented via the paleo factor (see below). To introduce uncertainty in the
representation of precipitation by REMBO, we chose to vary the strength of the overall
precipitation field. This was achieved via the moisture diffusion constant. By decreasing
this value, less moisture at the boundaries is able to diffuse inward, decreasing the to-
tal amount of precipitation. Although this does not improve the local deficiencies of the
model, it does allow adjustment of the large-scale field (especially over the interior of the
ice sheet), which plays a role in determining the total volume and the maximum elevation
of the ice sheet.
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Figure 3.2: Summer temperature anomalies during the Eemian for the applied paleo modification
factors of 1 (black), 1.5 (purple) and 2 (red).

3.4.5 Paleo climate forcing

When performing paleo simulations using an anomaly approach, large uncertainty can
exist depending on the choice of anomaly forcing. In REMBO, changes in precipitation are
controlled by changes in temperature and elevation, while relative humidity is prescribed.
This means that aside from the prescribed variations in CO5 equivalent radiative forcing,
the only anomaly forcing needed as input is for the temperature field. We chose to prescribe
a spatially-uniform monthly temperature anomaly to the boundaries of Greenland. The
anomaly temperatures were determined in the glacial cycle simulations of CLIMBER-2 by
Ganopolski et al. (2010). We obtained temperatures by averaging values from the two
CLIMBER-2 grid cells that encompass Greenland for each month and interpolating these
into daily values for input to REMBO.

Our approach does not account for possible regional differences in temperature changes
around Greenland, which would introduce additional uncertainties into the analysis. GCM
simulations of the Eemian disagree about both the pattern and magnitude of warming. In
the absence of more information, and to be consistent with previous modeling studies, we
therefore apply a spatially constant anomaly to the boundary temperature field.

The maximum Eemian summer temperature anomaly in the “Greenland” grid cells
simulated in CLIMBER-2 is just under 2 °C (Fig. B). Due to its coarse spatial resolution,
it is likely that CLIMBER-2 underestimates the amount of local warming over the GIS
at that time. The CAPE project (CAPE, 2006) compiled a map of Eemian summer
temperature anomalies obtained from marine sediment cores for several locations in the
Arctic region. Most data show that warming was anywhere from 2-5 °C compared to pre-
industrial values. Several coupled GCMs used to performed Eemian climate simulations
give the range of 2.5-5 °C for summer temperature anomalies over the GIS as well (Masson-

Delmotte et al., [2010). To account for potentially higher Eemian warming than simulated
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by CLIMBER-2, we choose to apply a scaling factor to the positive temperature anomalies.
Negative anomalies were not modified in any way, since the negative temperature anomalies
during glacial periods are well simulated and also much less important. This approach
is intended to provide a reasonable adjustment to the climate anomalies to account for
uncertainty. As shown by (Cuffey and Marshall (2000), it is not so much the duration of the
warm period that determines the mass loss during the Eemian, but rather the maximum
temperature anomaly. Therefore, we apply factor values of 1, 1.5 and 2, resulting in
maximum prescribed Eemian summer warming around Greenland of 1.7, 2.5 and 3.4 °C,
respectively. The resulting Eemian temperature anomaly time series for summer are shown
in Fig. B2

3.5 Transient simulations of the GIS

Permuting the above five parameters using the values in Table B.1] produced 270 simula-
tions, which correspond to 90 independent model versions (since the paleo factor only mod-
ifies the boundary forcing and, thus, does not produce additional model versions). Figure
[B.3lshows the temporal evolution of ice volume and area computed in the ensemble of model
simulations over the last two glacial cycles. During glacial periods, different model versions
produce rather similar results, which is not surprising since under cold climate conditions,
the GIS occupies the whole land area and surface melt is essentially absent. However, it
appears that any reasonable combination of parameter values (based on present-day tun-
ing) can result in dramatically different evolution histories for the GIS. With some model
versions, the GIS melts entirely during the Eemian and with others, minimal changes occur
for the same period (see Fig. B4]). Similarly, simulated precipitation-weighted mean an-
nual temperatures over the summit remain very close in all model versions over the glacial
period, but during the Eemian, they differ by up to 15 °C which is much larger than the
differences imposed by using different temperature anomalies around Greenland (i.e., dif-
ferent paleoclimate factors). This large range in simulated temperatures is explained by
both changes in surface elevation and changes in surface albedo (in the model versions
where a substantial portion of GIS melts away during the Eemian).

In Fig. B4 the simulated present-day distribution of ice (a-e) and the Eemian minimum
extent (f-j) is shown for each value of the melt parameter ¢ (maintaining v, = 15, f, = 1.5
and Qgeo = 50 mW/m?). For the present day, all simulations have a similar distribution of
ice, covering almost the entire land area. The total present-day volume is simulated to be
2% smaller than present to up to 35% larger, mainly due to the additional ice at the margin.
The interior distribution of ice in all simulations reflects the present day reasonably well,
in terms of elevation and surface slope. By contrast, the minimum volume simulated for
the Eemian Interglacial differs drastically between the five model versions. Depending on
the melt parameter ¢, the GIS can experience minimal changes or melt almost completely.

The age at which the minimum volume is reached is related to the total amount of ice
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Figure 3.3: Temporal evolution of (a) the volume and (b) the surface area of the GIS, as well
as (c) the precipitation-weighted annual temperature anomaly at GRIP, as simulated
by the ensemble of model versions. Lighter lines correspond to “invalid” simulations.
Each color band is determined by the melt parameter ¢, as explained in the caption

of Fig.

melted and can vary between 123 kaBP and 121 kaBP. When more volume is lost, this

state is maintained longer and the minimum is reached later in time.

Figure shows the precipitation-weighted annual temperature distribution for the
same simulations at the Eemian minimum extent. Over the ocean, the temperature
anomaly is prescribed, however the inland distribution is largely affected by the distri-
bution of ice. In the cases where a large portion of ice disappeared, anomalies of up to
18 °C can persist long after the boundary warming has decreased. This is partly due
to elevation changes, but the explicit representation of surface albedo also reinforces this
warming.

It is interesting that model versions which produce more realistic present-day GIS

distributions (less ice volume and area, e.g., ¢ = —45 W/m?) simulate an almost complete

disappearance of the GIS during the Eemian, even under very modest warming anomalies
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Figure 3.4: GIS distribution for different values of the melt parameter ¢, as simulated for (a-e)
the present and (f-j) the Eemian minimum volume. The locations of GRIP (G) and
DYE-3 (D) are plotted as shaded circles.
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Figure 3.5: Precipitation-weighted annual temperature anomaly at the Eemian minimum extent
for each of the five simulations (f-j) in Fig. 3.4
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Figure 3.6: Schematic table of constraints applied to the paleo simulations of the Greenland Ice
Sheet. Each color band contains 54 simulations, corresponding to the choice of melt
parameter ¢, where lighter shades correspond to more sensitive secondary parameter
combinations for added distinction (this color scheme is used for all plots). Each
row corresponds to a specific constraint — so if a simulation is consistent with the
constraint, it is plotted in that row (otherwise, white regions indicates rejected simu-
lations). The last row shows the simulations that were consistent with all constraints
and thus are considered valid.

= 1). This is unrealistic, but in line with arguments presented by |Bglbmsgm_e1_alj
%E) Due to the lack of fast processes and/or model resolution, too much surface melt
is required to model the GIS extent close to the observed one. This violates the observed
partition between surface melt and calving, and shifts the model much closer to an instable
threshold than it should be in reality. Therefore the “realistic” (in the traditional meaning
of this term) simulations of the modern GIS provide no constraints on the magnitude of
Eemian melting. However, as we discuss below, other constraints indeed help to narrow

the range of valid model parameters.

3.6 Constraining the model parameters

Figure is a schematic representation of the constraints as they apply to all simulations
in the ensemble. Using this plot, we are able to identify which constraints are responsible
for rejecting different simulations. For example, the present-day surface mass balance
partition serves to eliminate the most and least sensitive melt parameter values (—45 and
—65 W/m?), whereas the Eemian summit constraint generally only eliminates the more
sensitive melt parameter values. This is discussed in more detail below.

It is important to distinguish between the set of simulations and the set of different
models in the ensemble. This distinction arises because each model version produced three
simulations, corresponding to the modified Eemian climate (via the paleo factor, f,,). Thus,
a simulation is considered valid if it does not violate any constraints. A model version is
considered valid if at least one of its simulations has been considered valid.

Figure B.7a shows that the dependence of the modern surface mass balance partition
on the melt parameter c is essentially linear. In our ensemble, only the moisture diffusion

constant, kg, and the melt parameter ¢ can affect the diagnosed SMB partition, since it



54 Greenland Ice Sheet model parameters constrained using the Eemian
SMB partition (%) a 3.4 | GRIP elevation (km), b 051" GRIP elevation (km), c
70 present-day Eemian - present-day
0.0
RACMO2/GR 33 a !‘
60 7 Actual -0.5
o elevation
PolarMM5 2 g; 1.0
50 o 4
VARL 54 P 1.5
40} o 30 20
25
30 29
65 60 55 50 45 50 60 70 65 60 55 50 -45
ITM, ¢ (W/m?) Geothermal heat flux (mW/m?) ITM, ¢ (W/m?)

Figure 3.7: Ensemble results for the three constraints versus the most influential parameter in
each case: (a) diagnosed SMB partition for the present-day GIS, compared to results
from regional climate models (PolarMM5: Box et al., 2006; MAR: Fettweis et al.,
2007; RACMO2/GR: Ettema et al., 2009); (b) simulated present-day GRIP elevation
versus the prescribed geothermal heat flux at the base of the ice sheet; (¢) maxi-
mum reduction in the modeled GRIP elevation for the Eemian Interglacial relative
to the modeled present-day elevation. Darker circles and lighter crosses correspond
to “valid” and “invalid” simulations, respectively, and the grey lines show the outer
limits used for each constraint.

is determined for a fixed ice sheet topography. For each value of ¢, two points are present
— one for each modeled value of kg. Changing the latter parameter modulates the total
precipitation in a minor way relative to the effect of changing c. It is also clear that the
more extreme values of ¢ produce either too much or too little melt, and thus do not reflect
the present-day mass balance partition. With an acceptable partition range of 40-65%,
the remaining valid ¢ values for our model setup fall between —50 and —60 W/m?. As
shown in the first row of Fig. [3.6] the partition constraint essentially sets an upper and
lower bound on the sensitivity of the surface mass balance model by eliminating the most

extreme values.

Figure B.7b shows the present-day GRIP elevation versus geothermal heat flux (Qge,)-
Of the five parameters varied, the geothermal heat flux plays the largest role in determining
the elevation at GRIP. In fact, with a value of 60 mW /m?, already only one simulation
is able to obtain a present-day GRIP elevation greater than 3200 m. The more likely
valid choice for @, would thus be 50 mW /m?, which conforms to recent estimates (e.g.,
Shapiro and Ritzwoller, 2004; Vinther et al., 2009). NGRIP (75N, 42W, 2920 m), which
lies only a few hundred kilometers away along the ice divide, shows a similar relationship
to geothermal heat flux, although some more simulations using 60 mW /m? are able to
produce the right elevation. For comparison, we also looked at the present-day elevations at
Camp Century and DYE-3, however for reasonable simulations, no systematic relationship
between ()4, and elevation can be found. The second row in Fig. shows that this

constraint filters out simulations with high values of geothermal heat flux.

Figure B.7c shows the difference between the modeled minimum Eemian and present-
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day elevation at GRIP. The melt model sensitivity is the strongest factor that determines
the Eemian GRIP elevation reduction, followed by the sliding coefficient. For many simu-
lations, all ice is lost at GRIP and these are clearly too sensitive. In fact, none of the model

2 and only a few with ¢ = —50 W/m? satisfy this constraint.

versions with ¢ = —45 W/m
Therefore, we are able to exclude essentially the same subset of the most sensitive model
versions as excluded by the constraint on the present-day SMB partition. It does not af-
fect models with a small response of the GIS to Eemian warming. Data from §'*O records
indicate that the annual mean temperature at GRIP (or, more precisely, the precipitation-
weighted mean annual temperature) was 4-6 °C warmer than at present (Johnsen et al.,
2001). Using this information would additionally reduce the number of valid simulations
(primarily by only permitting runs with high paleoclimate forcing and excluding model
versions with a low sensitivity to Eemian warming). It is very encouraging that both pa-
leoclimate constraints and the modern constraint on the SMB partition are consistent in
the simulations that are eliminated. However, even for the reduced range of valid model

runs, a wide range of possible GIS responses to Eemian warming remains.

3.7 Discussion

From 270 simulations, the above three constraints reduce the ensemble to just 47 valid
simulations and 20 valid combinations of model parameters. In Fig. [B.4] showing the
transient evolution of the GIS, the lighter colored lines indicate “invalid” simulations.
From the color bands, it can be seen that the melt parameter ¢ dominantly determines the
sensitivity of the ice sheet to the climate. Furthermore, the applied constraints are able to
eliminate the most sensitive cases and reduce the valid range of Eemian melt. Figure [3.§]
shows the fraction of the ice sheet that melted during the Eemian versus the maximum
warming experienced at GRIP for the same period (invalid results are shown by the much
lighter crosses). For the ensemble of valid simulations, the range of ice lost during the
Eemian is 5-55% (or 0.4-4.1 m.s.1.), relative to the present-day modeled values.

If we consider an additional constraint on the Eemian temperature anomaly at the
boundaries, the number of “realistic” simulations and valid parameter combinations can
be further reduced. This is because the range of Eemian ice loss has an important de-
pendence on the assumed warming at the boundaries. In Fig. B.8 the cluster of valid
points can be separated into 3 lines going from minimum to maximum ice loss. Each of
these lines corresponds to a different choice of the paleo factor used to increase the Eemian
temperature anomaly at the boundaries. As the paleo factor, f,, increases from 1.0 to
2.0, the maximum ice loss increases from about 45% to 55%, and the minimum estimate
increases from 5% to 25%. Thus, if it is true that the annual boundary warming during
the Eemian reached temperatures of up to 4 °C, this would imply a range of ice loss of
25-55% (or 1.9-4.1 m.s.l.). Furthermore, the ice core record at GRIP implies that annual

temperatures reached an anomaly of 5 °C (Johnsen et al., [2001). Even assuming relatively
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Figure 3.8: Maximum percent of Eemian ice loss versus the maximum precipitation-weighted
temperature anomaly experienced at GRIP during the Eemian. The percent loss is
also converted into sea-level equivalent, assuming 100% corresponds to the present-
day volume of the GIS. Darker circles and lighter crosses correspond to “valid” and
“invalid” simulations, respectively. The valid range corresponding to each choice of
the paleo factor, f,, is indicated by the dark lines.

high boundary warming, the only simulations that present an anomaly at GRIP close to 5
°C are those that have a lower GRIP elevation and lost more volume. Therefore, it becomes
more likely that the volume lost during the Eemian was closer to 55% (or 4.1 m.s.1.). This
reinforces earlier results (see lJansen et all, 2007) in a robust way.

We also checked the effect of using different values for the paleo constraint, by limiting
the Eemian elevation loss at GRIP to 300 m and 500 m. Using 300 m or the original
value of 400 m for the limit results in a similar maximum amount of ice loss during the
Eemian (53% and 55%, respectively), whereas using 500 m allows cases with 5% more ice
loss (corresponding to an additional 0.4 m.s.l.). This difference is rather small compared
to the overall range of uncertainty.

Previous estimates of ice loss from Greenland during the Eemian are generally consistent
with the results presented here, even though other mass balance schemes were applied. In
at least three cases, the annual PDD approach was applied and a wide range of climatic
forcing was tested: Cuffey and Marshall (2000) provide a plausible range of 4.0-5.5 m.s.l.
and Huybrechts (2002) provided a similar maximum contribution. [Tarasov and Peltier
(2003) estimate a range of 2.7-4.5 m.s.l. using a similar approach to that of Cuffey and
Marshall (2000), but they include additional constraints based on 'O tracers at the ice
core locations. In a more recent study, using an ice sheet model and climate time slices
from a Global Circulation Model, (Otto-Bliesner et all (2006) estimate a range of 2.0-3.5

m.s.l. All estimates fall within a similar range, and highlight the fact that without more
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information, it may be difficult to provide a narrower estimate.

In terms of other locations on the ice sheet, the constrained model ensemble produces
various results. Most simulations considered valid by our three chosen constraints maintain
ice at DYE-3 throughout the Eemian Interglacial. The range of elevation loss is quite large,
however, ranging from almost no change to a 1500 m decrease for the most extreme cases
(or total loss of DYE-3 ice in 3 cases). If the DYE-3 elevation did decrease by 1500 m and,
correspondingly, the GRIP elevation decreased by the maximum allowed amount of 400 m,
the relative elevation change between the two locations would be over 1000 m. This would
imply an additional 6 °C of Eemian warming at DYE-3, which would not be consistent
with 610 record here. Nonetheless, it is worth mentioning that in our model it is possible

to melt a significant portion of the GIS while maintaining reduced-thickness ice at DYE-3.

3.8 Conclusions

Simulations of the evolution of the Greenland Ice Sheet have been performed for the last
250 kaBP using a coupled regional climate-ice sheet model that is physically-based and
applicable for a wide range of climatic and topographic change scenarios. Several key
model parameters were perturbed to produce an ensemble of model versions, which were
then constrained using information about the ice sheet for the Eemian Interglacial and the
present day.

The stability of the GIS is predominantly determined by the surface mass balance, and
particularly, by the sensitivity of the melt equation to external climatic changes. Other pa-
rameters, such as the geothermal heat flux and sliding coefficient, play appreciable but less
significant roles in determining the past evolution and present geometry of the simulated
GIS (as found by others, e.g., Ritz et al., [1997).

Combined information about the present day and the Eemian helps to reduce the
range of valid parameter combinations and model simulations considerably. The modern
and paleo constraints produce consistent and, in some respects, mutually complimentary,
limitations of the model parameters. Using both modern and paleo constraints together
reduces the number of valid model versions to 22% of the initial subset (20 out of 90).
Without the use of additional information about the range of Eemian temperature changes,
the estimate of the contribution of the GIS to Eemian sea level rise is rather uncertain.
From our study, an acceptable range of Eemian melt is 5-55% mass loss (0.4-4.1 m.s.1.).
However, when additional constraints on the boundary warming are considered, the likely
range narrows to 25-55% mass loss (1.9-4.1 m.s.1.). The highest value in this range is the
most likely, given the estimate of up to 5 °C warming at GRIP. These numbers are, of
course, only rough estimates, given the poor representation of the ice sheet at the margins.
But assuming that the Eemian high stand was 6-8 m above present, this estimate for
Greenland melt still requires a considerable contribution to sea level rise from the Antarctic
Ice Sheet.
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None of our model versions produce a sufficiently realistic present-day GIS in terms
of volume and spatial extent to choose a best set of parameter values. The most “realis-
tic” simulations of the modern GIS (less volume and surface area) were obtained in the
experiments that produced completely unrealistic simulations of the Eemian GIS (almost
complete melting). At the same time, many model versions that satisfy the Eemian pa-
leo constraint are also consistent with the modern constraint on the GIS mass balance
partition. This would support the idea that in view of the imperfectness of existing ice
sheet models, the latter constraint (criterion) is more appropriate for the selection of model
parameters for past and future simulations of the GIS — at least, on the millennial time
scale.

Finally, in spite of limitations of the model used and remaining uncertainties, our work
indicates that using past and present constraints together, it is possible to rule out both
too sensitive and too insensitive model versions, which enhances the credibility of modeling

the stability of the GIS under global warming scenarios.
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3.9 Appendix A

3.9.1 Surface albedo parameterization

Surface albedo is parameterized, following van den Berg et al) (2008), as

d

a, = min (ag + —
dcrit

(Qsmaz — Q) ,a&m(w) , (3.3)
where o mqz 1S the maximum snow albedo (0.8 for dry snow; 0.6 for wet snow), «, is the
ground albedo (0.4 for ice; 0.2 for bare ground), and d is the snow depth. If no snow is
present, the surface albedo equals the ground albedo, while up to a critical snow depth,
derit, albedo increases linearly until the maximum albedo is reached. This parameterization
produces the right range of albedo values for the given surface types, however, using the
original formulation, it was found to prolong the melt season. Because the surface albedo
of ice-free grid points was that of land, melt tended to be overestimated and snow was
prevented from growing until much colder conditions were reached. In reality, the transition
to snow cover is not smooth, and in one snow storm, the albedo of the region can change
dramatically. To allow the model to develop snow-covered regions in a more realistic way;,
we first assume that the minimum ground albedo is that of ice (since if there is no snow or
ice present, there is nothing to melt anyway). After melt is calculated, using this albedo
in the ITM equation, and a new snow depth determined, the albedo is calculated as in the
original formulation to provide an estimate for the planetary albedo used in the energy-
moisture balance equations of REMBO (since the albedo of land would play a role here).

Furthermore, we modified the critical snow depth in Eq. (B3) to depend on the type
of vegetation that would be present. To do so, we calculate the available positive degree
days based on temperature and convert this to a land type.

We tested the effect of changing the albedo parameterization via the critical snow
depth and the minimum ground albedo, along with variations to the I'TM parameter c.
These three parameters are interrelated and changing one can offset the effects of the
other. However, to simulate realistic glacial cycles (in that the ice sheet regrows completely
during cold periods), it was necessary to increase the minimum ground albedo (as described
above) to that of an ice-covered surface (0.4). In the annual average, the model produces

comparable results to those presented by [Robinson et al! (2010a).
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4. MULTISTABILITY AND CRITICAL THRESHOLDS
OF THE GREENLAND ICE SHEET®

Many recent studies have focused on the contribution of the Greenland Ice
Sheet (GIS) to sea-level rise on the centennial timescale, yet little is known
about the long-term stability of the ice sheet. While the existence of multiple
equilibria for the ice sheet was proposed decades ago, the temperature thresh-
old leading to a complete collapse of the GIS is not accurately known. The
accepted estimate of this threshold, 1.9-4.6 °C above the preindustrial climate
(Meehl et al., 2007), is based on the modelled surface mass balance of the ice
sheet turning negative given the present-day topography. Here, using a re-
gional energy-moisture balance model bi-directionally coupled to an ice sheet
model, we show that the GIS does posses hysteresis behaviour and is likely
to be significantly more sensitive to long-term climate change than previously
thought. We estimate that the threshold in global temperature anomaly lead-
ing to a monostable, essentially ice-free state is in the range of 1.3-2.3 °C. The
time needed to melt the GIS completely strongly depends on how much the
temperature anomaly exceeds the threshold value. Furthermore, by testing
the ability of the GIS to regrow after partial mass loss, we found that an in-
termediate equilibrium state is possible, and that for sufficiently high initial
temperature anomalies, total loss of the ice sheet becomes irreversible.

Like many components of the climate system, ice sheets are believed to exhibit hysteresis
behaviour (Oerlemans and Van Den Dool, [1978; [Letréguilly et all, [1991; (Crowley and Baum,
1995). The theoretical foundation for the possibility of bifurcations between different states
rests on the existence of the strongly positive elevation and albedo feedbacks. As an ice
sheet begins to melt around the margin, the local elevation decreases and temperatures
warm. A decrease in area of the ice sheet additionally contributes to warming through
a reduction in surface and planetary albedo. This results in further melting inward and
further warming until a new equilibrium is reached. The level of warming needed to melt the
ice sheet completely is considered to be a critical threshold, or tipping point (Lenton et al.,
2008). Although precise knowledge of this threshold may not aid in centennial timescale
predictions of sea level rise, it is important for assessing the probability of irreversible

changes to the cryosphere given the extremely long life-time of anthropogenic CO, in the

3 Robinson, A., Calov, R., and Ganopolski, A.: Multistability and critical thresholds of the Greenland
Ice Sheet, submitted.
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atmosphere (Archer et al., [2009).

Coupled climate-ice sheet models have been used in paleo simulations to show that the
Antarctic Ice Sheet exhibits hysteresis behaviour for varying levels of the atmospheric COq
concentration (DeConto and Pollard, 2003) and that multiple stable states exist for the
continental Northern Hemisphere ice sheets under different levels of orbital forcing (Calov
and Ganopolski, 2005). For the GIS, it has been shown that irreversible melt back is likely
beyond a certain temperature threshold (Toniazzo et al., [2004; (Charbit et al., 2008). Using
a three-dimensional ice sheet model coupled to an AOGCM, Ridley et al. (2005) showed
that under high COs-induced warming, the GIS would melt away completely, with strong
regional effects on the climate. In another study (Ridley et al., [2009), the authors conclude
that not only is Greenland bi-stable for present-day temperatures, but there may be other

intermediate equilibrium states resulting from climate-ice sheet interactions.

Thus, previous studies support the idea of multi-stable behaviour of the GIS, but the
critical temperature leading to the transition to an ice-free Greenland remains highly un-
certain. For example, the last IPCC report gives the range 1.9-4.6 °C for the global mean
temperature change leading to total loss of the GIS (Meehl et all, 2007). These estimates
are determined using the modelled surface mass balance of the modern GIS (with a fixed
topography — i.e., no ice sheet model), assuming that a transition to a negative surface
mass balance implies a loss of stability (Gregory and Huybrechts, 2006). Although this
criterion is indeed reasonable as a sufficient condition for melting the GIS, it has never
been demonstrated that it is also a necessary condition. Moreover, in previous studies, a
relatively simple, semi-empirical approach has been used to determine the melt rate. This
method allows simulation of the present-day GIS with a sufficient degree of accuracy, but
it remains unclear how appropriate it is for the simulation of the GIS under very different
climate conditions (Bougamont et all, 2007). To study the long-term response of the GIS to
rising temperatures, we used an intermediate complexity, regional climate model (Robinson
et al., 20104) coupled to an ice sheet model (Greve, [1997a — see Methods). As a first step,
we evaluated the sensitivity of the model to a wide range of model parameter combinations
through simulations of the GIS for present-day and last interglacial conditions (Robinson
et_al., 2010b). Unrealistic parameter combinations were eliminated by observational and
paleo data constraints. The state of the simulated ice sheet proved to be especially sensitive
to a free parameter in the surface mass balance scheme (see Supplementary Information).
Thus, for this study we selected three values of this parameter, which represent cases of
high, medium and low sensitivity of the GIS to temperature changes. All three chosen
model versions are consistent with observational and paleoclimate constraints. With this
approach, we cannot claim that we span the whole possible range of valid parameter com-
binations. We rather demonstrate that even such a relatively narrow range of uncertainty
in the surface mass balance scheme leads to significant differences in the response of the
GIS to climate change and its critical temperature thresholds. To trace the stability of the

GIS relative to temperature changes, we used the technique routinely used to analyse the
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stability of the Atlantic meridional overturning circulation (Rahmstorf, 1995) — namely, we
applied a temperature anomaly changing very slowly in time (i.e., at a rate, much slower
than the response time of the ice sheet), so as to maintain a quasi-equilibrium state at
all times. We used the present-day GIS obtained from paleo simulations (Robinson et al.,
2010b) to initialize the ice sheet. We applied the slowly-increasing temperature anomaly
until complete deglaciation was achieved; the anomaly was then decreased slowly until
regrowth completed, thus tracing both branches of the stability diagram. Each simulation
was run for at least 1 million years to ensure that the GIS was always close to equilibrium.
For the sake of simplicity, the applied temperature anomaly was spatially and seasonally
uniform outside of Greenland (the temperature over Greenland is computed by the regional
climate model). In a set of additional experiments (not shown here), we found that the GIS
response to temperature change is dominated by the summer temperature changes. Cli-
mate models suggest that the summer temperature response over Greenland is less than the
local annual mean and more close to the global mean (Christensen et al), 2007). Therefore,
to the first approximation, the applied regional temperature anomaly can be considered as
the global mean temperature anomaly, although this is likely to be conservative estimate.
Furthermore, data suggest that the mean summer temperature around Greenland for the
period 1958-2001 (used for the boundary conditions of the regional climate model) was not
considerably higher than preindustrial (most of the warming in this region took place in
the last decade, [Box et all, [2009), so the temperature anomalies used in this study can be

considered as relative to preindustrial temperatures rather than present day.

The results from these experiments can be seen in Fig. 4.1k, which shows three separate
stability curves, corresponding to the high, medium and low sensitivity cases for varying
levels of the temperature anomaly. The temperature threshold leading to a collapse in each
case is between 1.3-2.3 °C. Hysteresis behaviour is apparent in all cases, in that the ice
sheet will only regrow for a temperature approximately 1.3 °C colder than needed to melt
it. For the medium sensitivity case, the ice sheet is stable until an anomaly of 1.8 °C, above
which it transitions to an essentially ice-free state (ca. 10% of the modern GIS volume).
Our results indicate that the GIS is already rather close to this threshold and could cross
it within the next several decades, highlighting the importance of understanding both the
timescale and irreversibility of the meltback.

We address the question of irreversibility by mapping the basins of attraction towards
the stable branches of the hysteresis diagram (for the central case). Following a methodol-
ogy from previous work (Ridley et all, 2009), we produced a set of reduced-volume ice sheet
configurations from a transient experiment, by applying a constant temperature anomaly
just above the deglaciation threshold. Using a reduced-volume configuration as initial con-
ditions, we then applied a different constant temperature anomaly and ran the model until
equilibrium was reached. When a temperature anomaly outside of the multi-stable region
is applied for any initial conditions, the GIS inevitably evolves towards one of the two

hysteresis branches shown in Fig. [.Ib; namely, for temperatures above the deglaciation
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Figure 4.1: Stability analysis. a, Stability diagrams of the GIS for the low (blue), medium

(black) and high (red) sensitivity cases. The thicker lines show the GIS quasi-
equilibrium volume when the temperature anomaly was increasing, starting from
the complete ice sheet; thinner lines show the volume when the temperature anomaly
was decreasing, starting from ice-free conditions. b, Stability diagram of the medium
sensitivity case, also showing the modelled “basins of attraction” within the multi-
stable region. Simulations that start with a given volume for a temperature anomaly
in the red region inevitably approach the lower branch of the diagram in equilibrium.
Simulations that start in the pink region eventually reach an intermediate equilib-
rium volume, and those that start in the white region fully regrow to reach the upper
branch of the diagram. The dashed line corresponds to the intermediate equilibrium
branch. The open circles labelled E1, E2 and E3 correspond to the equilibrium states
shown in Fig.

Figure 4.2: Equilibrium states of the GIS. Three equilibrium states of the GIS obtained for

the medium sensitivity model version and a temperature anomaly of 1 °C. These
states correspond to those denoted by the open circles in Fig. [ETb.
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threshold, the GIS melts completely (e.g., state E3 in Fig. EIb and Fig. L2]) and for tem-
peratures below the deglaciation threshold, the GIS approaches its full size (e.g., state E1
in Fig. AIb and Fig. [1.2)). For temperatures inside the multi-stable range, the equilibrium
state of the GIS is strongly dependent on the initial conditions. A reduced-volume ice sheet
that initially lies within the dark red area for a given temperature anomaly (Fig. 1b) will
eventually approach the lower branch of the diagram (i.e., almost complete deglaciation).
Ice sheet configurations that are initially located within the pink region evolve towards in-
termediate equilibrium states (e.g., state E2 in Fig. d1b and Fig. .2)). Therefore, as long
as the GIS volume remains in the attraction domain of the lower branch of the stability
diagram, it will continue to melt irreversibly, even if the temperature anomaly gradually

decreases.

Crossing the deglaciation threshold, however, does not imply a rapid collapse of the ice
sheet. In fact, the closer temperatures are to the threshold, the slower the response time
of the GIS is, as shown in Fig. [£3h. The time needed to melt a significant portion of the
GIS is strongly dependent on the level of warming. For 2.0 °C, which is just above the
deglaciation threshold for the central case, complete melting of GIS takes about 50,000
years. In contrast, with warming of 4.0 °C, the ice sheet needs ca. 8000 years to melt
completely, and for warming of 8.0 °C, 20% of the ice sheet melts in just 500 years and the
entire ice sheet melts within ca. 2000 years.

The temperature threshold for deglaciation of the GIS found here (1.3-2.3 °C above
preindustrial) indicates a much stronger sensitivity of the ice sheet to climate change than
previously thought. This discrepancy can at least partly be explained by differences with
the criterion of reaching zero surface mass balance used to determine the previous estimate
(Gregory and Huybrechts, 2006). Figure £.3b shows the transient evolution of the surface
mass balance (SMB) for temperature anomalies of 0.0-6.0 °C. Simulations that exhibit
negative SMB within the first few centuries (purple) certainly lead to a disappearance of
the GIS, indeed making this criterion sufficient to confirm that the threshold temperature
has been crossed. However, several other simulations (red lines) also result in strong GIS
decline, yet they do not exhibit negative mass balance throughout the first millennia.
Therefore, consistent with previous findings, we find that a zero surface mass balance of
the GIS will be achieved for 3-4 °C global warming, but the actual threshold temperatures
leading to a collapse of the ice sheet are significantly closer to the preindustrial climate state.
Our study shows that the global temperature already lies near to the critical threshold for
melting the GIS. Of course, crossing the critical threshold does not imply “instantaneous”
melting of the GIS and its long-term future depends strongly on the magnitude and the
duration of the temperature overshoot above the critical threshold. For a sufficiently large
temperature anomaly, a significant portion of the ice sheet may be lost within several
centuries, and the GIS will continue to melt even if temperatures later drop below the
threshold value. Therefore, if anthropogenic COs emissions in the coming century drive

the temperature considerably above the deglaciation threshold, irreversible total loss of the
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Figure 4.3: Transient GIS evolution. a, Relative GIS volume change in transient simulations

over the next 10,000 years. Each line corresponds to either the low (dotted lines),
medium (dashed lines) or high (solid lines) sensitivity case with an applied constant
temperature anomaly (blue: 2 °C, purple: 4 °C, pink: 6 °C, red: 8 °C). b, The
modelled transient GIS surface mass balance (SMB) for the medium sensitivity case
with an applied constant temperature anomaly ranging from 0.0-6.0 C. Simulations
are separated into those that melt the ice sheet completely and exhibit negative SMB
within the first 200 years (purple), those that melt completely but do not exhibit
negative SMB in the first 200 years (red) and those that do not melt substantially
(blue). The grey inset shows a time slice of the surface mass balance after 200
years versus the applied temperature anomaly in each case. Two hundred years was
chosen because it corresponds to the equilibration time of the snowpack model, but
to minimal changes in the ice sheet topography.
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GIS would be difficult to avoid, ensuring continued substantial sea level rise for millennia.

4.1 Methods

The regional energy-moisture balance model REMBO (Robinson et al), 2010a) simulates
daily temperature and precipitation fields over Greenland. It is coupled bi-directionally to
the three-dimensional, polythermal ice sheet model SICOPOLIS (Greve, 1997a), via a sur-
face interface used to determine the surface mass balance of the ice sheet. As the boundary
condition for the regional climate model, we use ERA-40 reanalysis climatological temper-
ature outside of the Greenland. The model variables, including surface mass balance,
snowpack thickness and surface temperature, are calculated daily in order to track changes
in surface albedo. In transient simulations, the climate and surface mass balance fields
are updated every 10 years to provide surface forcing to the ice sheet, while in the quasi-
equilibrium simulations, the climate is updated every 100 years. This model compares well
to state of the art results from regional climate models and, most importantly, explicitly
captures elevation and albedo feedbacks in the climate-ice sheet system at relatively high

resolution (20 km).
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4.2 Supplementary Information
4.2.1 Insolation-temperature melt

The equation used in this study to determine the potential melt rate at the surface (van den
Berg et al., 2008), M, is

At
 pwlm

M [Ta (I —ag) S+ c+ AT, (4.1)
where At is the conversion factor for the time-step (seconds per day), p, is the density
of water and L,, is the latent heat of melting. The short-wave radiation reaching the
surface is calculated from S, the insolation at the top of the atmosphere, and o, and 7,
the surface albedo and atmospheric transmissivity, respectively. Surface albedo is obtained
via a simple parameterization based on the type of ground surface present and the snow-
thickness (Robinson et al., 2010b). Transmissivity is a linear function of elevation, but the
average value of 7, is around 0.5 near the margins (Robinson et all, 2010a). The long-wave
radiation is calculated from the near surface air temperature, 7', and the empirical factor

A, leaving ¢ as a tuneable constant parameter.

4.2.2 Simulations of the basins of attraction

The approach originally presented by Ridley et al. (2009) was used as the basis for our
simulations of Greenland Ice Sheet (GIS) regrowth after partial loss of volume and area.
The question addressed here is: when a portion of the GIS has melted away and the bound-
ary temperature is returned to a lower value (e.g., by eventually reducing the atmospheric
COg concentration), will the ice sheet regrow, find a new equilibrium or continue to decline
irreversibly? These simulations were performed for the medium sensitivity version of our
model (¢ = —55 W/m?). The climate and surface mass balance fields were updated every
10 years to account for feedbacks and changes in the ice sheet topography. To obtain
the initial reduced-volume ice sheet configurations, the present-day GIS resulting from a
paleo simulation (Robinson et all, 2010b) was prescribed as the initial ice sheet, and an
instantaneous, constant temperature anomaly of 2 °C was applied. As the ice sheet lost
volume, the simulated ice sheet state was saved at intervals of 5% of volume loss (several
states are shown in Fig. [£.4a-f). In this way, 17 different ice sheet configurations were pro-
duced, which were then used as initial conditions to determine the domains of attractions
of different equilibrium branches of the hysteresis curve.

The fractional states ranging from 15-95% were used to test how applying a tempera-
ture anomaly (much lower than the deglaciation threshold) to a reduced-volume ice sheet
would affect the final equilibrium state. Ridley et al. (2009) tested one case, with the tem-
perature anomaly equal to 0.0 °C (preindustrial conditions). We extended this experiment
by testing several temperatures in and near the multi-stable region of the stability diagram

(at intervals of 0.1 °C). Every simulation was allowed to run for at least 200 ka to ensure
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Figure 4.4: Snapshots of GIS corresponding to different volumes obtained in transient experi-
ments with applied constant temperature anomalies of 2 °C (a-f) and 6 °C (g-1).

equilibrium was reached. This is especially important for temperatures near a bifurcation
point, where the timescale for changes is extremely slow (Calov et all, [2009).

Figure shows the transient volume evolution for several cases, with each panel cor-
responding to a different temperature anomaly. Outside of the multi-stable region, the
simulations produce the expected results — for temperature anomalies below the threshold
for regrowth (panel a), all simulations regrew to the “full volume” state and for temper-
ature anomalies above the threshold for decay, all simulations result in almost complete
melting of the ice sheet (i.e., less than 20% remaining, panel ). Between these two limits,
intermediate equilibrium states can exist, and these depend on the temperature anomaly
applied (panels b-e). Our simulations corroborate previous results (Ridley et all, 2009)
rather well, although new and systematic responses are also revealed from testing multiple
temperature anomalies. We find an intermediate equilibrium branch (with ca. 40-60% of
the present-day ice volume) that can be traced in much the same way as the upper and
lower branches. For lower temperature anomalies, e.g. 1 °C, the intermediate equilibrium
state has about 60% of the present-day ice volume. As the temperature increases, this
state reduces in volume until about 45% at 1.5 °C, after which this state also collapses to
the ice-free equilibrium state.

Figure[d.6l provides additional information to Fig.[4.Ib. Here the final equilibrium states
of all reduced-volume runs are also plotted as crosses. Grey crosses show simulations that

reached to within 10% of one of the branches of the stability diagram, otherwise the crosses
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Figure 4.5: Temporal evolution of ice sheet volume for different temperature anomalies (shown
at the top of the panels) and different initial volumes. Each color corresponds to a
different initial volume (relative to the present-day state), from 95% (red) to 15%
(purple), and a gradually varying colour spectrum between.

are green (indicating simulations that equilibrated to intermediate states). The choice of
this cut-off percentage is somewhat arbitrary, since several states denoted by grey crosses
did not reach the upper branch of the diagram. These minor differences between several
equilibrium states and continuous quasi-equilibrium solution are explained by a relatively
coarse spatial resolution of the model. Simulations that start with a large volume fraction
for low temperature anomalies (white region of Fig. [.6]) equilibrate to the upper branch
of the stability diagram. Figure shows an example of this equilibrium state for 1 °C
(labelled E1), which is representative of the state of the present-day ice sheet (i.e., fully
ice-covered Greenland).

Conversely, simulations that start with a very low volume for a low temperature
anomaly eventually equilibrate to the lower branch of the stability diagram at around
20% volume fraction, as found by others (Ridley et all, 2009). Depending on the tem-
perature anomaly, the lower branch varies between volumes of 15-20%, yet we would still
consider these cases as representing one equilibrium state, because the distribution of ice is
quite similar in each case. As a representative example of this state, Fig. 2 shows the equi-
librium ice distribution for the case that started with 15% volume for an applied anomaly
of 1 °C (labelled E3). It consists of ice limited to the high elevation mountainous regions

in the Southeast, and a small ice cap in the South.

An intermediate state is also found, with a volume of approximately 40-50% of the
present-day volume (Fig. 2, labelled E2). This state exists for temperature anomalies in
the range of 0.5-1.5 °C. In this case, the ice is distributed into one ice sheet occupying
the southern half of Greenland, and the northern regions remain ice free. This occurs
because after melting large portions in the North, lower albedo and low precipitation

prevents regrowth of ice in these areas. As the temperature anomaly increases to 1.5 °C,
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Figure 4.6: Basins of attraction for the medium sensitivity model (the same as Fig. [4.1b), along
with the locations of equilibrium states (grey and green crosses) obtained by long-
term simulations for different temperature anomalies and different initial conditions.
Grey crosses correspond to equilibrium states that are close to the main branches
obtained by continuous tracing of the stability diagram. Green crosses correspond
to the intermediate equilibrium states and the dashed line shows the intermediate
branch of the stability diagram.

the intermediate ice sheet reaches an unsustainable condition and collapses to the lower
branch of the stability diagram.

The three equilibrium states found in this study do not necessarily reflect all possible
equilibria. For example, although the intermediate state (E2) is qualitatively rather similar
to that found in a previous study (IB.MM, M), it is not identical. Nonetheless, this

study demonstrates that for the underlying complex Greenland topography, intermediate

states are possible within a certain range of temperature anomalies. Moreover, our stability
analysis show that for higher temperature anomalies, less of the ice sheet needs to be melted
before the decline becomes irreversible (e.g., for a boundary temperature anomaly of 1 °C,
the decline is irreversible after 70% of the ice sheet melts, whereas for a boundary anomaly
of 1.6 °C, the decline is irreversible after only 20% of the ice sheet melts).

We also repeated the above experiments using intermediate states as initial conditions
that were obtained by melting the ice sheet with a much higher temperature anomaly of
6 °C (assuming a climate sensitivity of 3 °C per doubling of COs, this corresponds to four
times the preindustrial concentration), which was also used by Ridley et al. M) For
the same volume, these initial states differ considerably from those obtained in the 2 °C
experiment (Fig 4. In spite of these differences, simulated domains of attraction were

rather similar, which support robustness of the results shown in Fig. EIb.
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5. DISCUSSION

In this thesis, a new intermediate complexity modeling approach for simulating the GIS
response to climate change has been presented. A discussion of each of the main ques-
tions addressed with this research, in the context of the broader scientific implications, is

presented below.

Can the surface conditions of the GIS and its regional climate be accurately
captured by a simple, yet physically-based approach?

In the new setup developed here, a regional climate and surface mass balance model
provides surface boundary conditions to an ice sheet model. This intermediate complexity
model, REMBO, has been validated against present-day climate and surface mass balance
observations and other modeling approaches. The simulated seasonal cycles of tempera-
ture and precipitation over the ice sheet compare favorably to observations. In addition,
cumulative quantities, such as precipitation, snowfall, melt and refreezing summed over the
area of the GIS, agree well with estimates from regional climate models. The dependence
of melt on elevation as determined by more detailed energy balance models is, to a first
order approximation, produced by REMBO.

The good performance of REMBO can partly be attributed to the accuracy of the
prescribed ERA-40 boundary data (Uppala et _all, [2005). The energy diffusion equation
determines the temperature over Greenland, but the boundary data provides temperatures
over the surrounding ocean. This means the model has less freedom to evolve near the
coasts. For present-day conditions, this is where most melt occurs and, thus, the boundary
temperature is a critical parameter. The approach used by REMBO has only become
feasible in recent years, as global data reanalysis products have become available. As data
for various climatic scenarios from regional climate models becomes available in the future,
it should be possible to account for more complex changes taking place at the boundaries
(e.g., due to shifting storm tracks).

We found that the modeled surface mass balance depends most on a proper representa-
tion of the temperature forcing. The surface mass balance is highly sensitive to the amount
and distribution of surface melt, which strongly depends on insolation, surface albedo and
air temperature. Insolation can be calculated with a high degree of accuracy (Berger, 1978)
and the albedo parameterization used here agrees well with satellite data. Air temperature,
the final and most influential prerequisite for an accurate SMB, is also properly simulated
by REMBO, matching observations quite well. In fact, the fundamental assumption — that

the temperature at sea level can be obtained via atmospheric diffusion and then adjusted
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for elevation changes using the free atmospheric lapse rate — proved to be valid over this
domain. Indeed, this successful proof of concept was crucial for the remaining work.

Detailed modeling of the precipitation generally played a less critical role in achieving a
realistic representation of the surface mass balance. Still, it is important to correctly pro-
duce the large-scale precipitation pattern — after all, this is the positive term in the surface
mass balance. Consistent with the available observations, REMBO produces precipitation
rates below 500 mm/a for over 80% of the GIS area. Over the coastal mountain ranges
of the southeast, REMBQ’s precipitation rates are less accurate, reaching a maximum
of roughly 1100 mm/a, while regional modeling shows that highly localized precipitation
rates can reach over 4000 mm/a (Ettema et al), [2009). Nevertheless, REMBO is able to
reproduce the large-scale distribution of precipitation well, which is the most important
aspect for ice sheet model forcing, since the ice flow acts to smooth out any local variations
over time.

In addition to the present-day representation of climatic and surface variables, their
sensitivity to changes in GIS topography or climate forcing was found to be similar to
that of more complex approaches. Over an ice-free Greenland, for example, precipitation
patterns are largely similar to present-day patterns, but the amount of snowfall is greatly
reduced due to warmer temperatures. Only the mountainous regions in the south maintain
a positive surface mass balance. Furthermore, for such conditions, changes in summer
temperatures are higher than changes in winter temperatures, since a lower summer albedo
tends to increase temperatures even more. These results agree well with the few advanced
GCM studies available for comparison (Toniazzo et al., 2004; Lunt et al.,[2004). The ability
to realistically model drastically different conditions on Greenland provides strong support
to the notion that REMBO can be used for long timescale simulations through the glacial
cycles and into the future.

Another fundamental result of this work is that a more advanced melt model can have
a strong impact on the results. For comparison, we performed simulations using both the
newer ITM equation and the more conventional PDD melt equation (see Chapter Two).
The ITM approach showed an over 50% stronger response than the PDD approach, when
forced with conditions similar to those of the Eemian Interglacial. The warm temperature
anomalies during the Eemian mainly resulted from increased solar insolation compared to
today. The PDD approach is a function of temperature only, and only considers albedo
implicitly, while the I'TM approach accounts for changes in the solar insolation and albedo
explicitly. This can explain the discrepancy between the two models, and it highlights the
practical advantage of using the ITM approach for simulating the GIS on orbital timescales.
This does not exclude the possibility of using the PDD approach for this type of study, but
it does imply that it is more difficult to ensure it provides realistic forcing under strongly

different climatic conditions.
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Can model parameters be constrained and uncertainties reduced using available
present-day and paleo data?” What was the contribution of the Greenland Ice
Sheet to the sea level high-stand during the Eemian Interglacial?

Although REMBO realistically simulates the surface conditions of the ice sheet, large
uncertainty still existed in the choice of model parameters. For this reason, an ensem-
ble approach was used to systematically evaluate the sensitivity of the model to various
parameters and to determine a realistic range of their values. Performing ensemble simu-
lations has become prevalent in global climate modeling as a means of understanding and
reducing uncertainty (e.g., Meehl et all, [2007), however such a systematic analysis is more
difficult to achieve on the long timescale necessary for ice sheet modeling. The superior
computational performance of REMBO enables a rigorous sensitivity analysis of several
parameters in the coupled climate-ice sheet model to be performed.

From testing and previous experience, we found four model parameters to be particu-
larly influential: the geothermal heat flux at the base of the ice sheet, the magnitude of
basal sliding for temperate ice, the strength of the large-scale precipitation field and a free
parameter in the I'TM surface mass balance scheme. In addition to these four parameters,
we varied the amount of anomaly warming prescribed for the Eemian Interglacial, as this is
both influential and not well defined. Several influential model parameters were modified
to make an ensemble of 270 simulations in total. Thus, an ensemble of 270 simulations
were performed using the fully coupled climate-ice sheet model, running over the last two
glacial cycles (250,000 years).

An additional innovation applied here was to force the model with anomaly fields of
temperature, CO, and insolation obtained from a global modeling study over several glacial
cycles (Ganopolski et al., 2010). These fields can be considered fully self-consistent, in con-
trast with the anomalies applied in previous studies based on 680 records from Greenland
and Antarctica. In practical terms, the boundary forcing from the model is not that much
different, but it does extend over the entire time period of the simulations and is relevant
to the region in question. As global glacial cycle simulations become more detailed and
produce more metrics for comparison to available data, using their output to force regional
simulations will become more prevalent.

The results of the ensemble of simulations were compared both to present-day data
and to paleo data available for the Eemian Interglacial (130-115 ka before present), when
global temperatures were warmer by several degrees and sea level perhaps rose 6-8 m higher
than today (Kopp et al., 2009). Uncertainty in the surface mass balance model parameter
affected the sensitivity of the GIS to climate change most, while other parameters such as
the geothermal heat flux and the basal sliding factor had only secondary effects.

In contrast to most previous studies, we did not use accurate modeling of the present-
day volume and area of the GIS as a constraint for realistic model performance. Using
the shallow-ice approximation ice sheet model at 20 km resolution, it was not possible to

accurately simulate the ice sheet margins and apply realistic surface boundary conditions.
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The new constraint applied in this study, based on the present-day ratio of positive surface
mass balance to precipitation, proved powerful in limiting the acceptable range of melt
model sensitivity to climate change. Combining this constraint with information about
the summit of the ice sheet, we were able to eliminate most model versions ( 80%) as
unrealistic. Furthermore, many of the same model versions were eliminated by each of the
different constraints, which is an encouraging indicator that these constraints are consistent
with each other. By combining present-day and paleo climate constraints, it was possible to
significantly reduce the range of valid model parameter combinations and, thus, to reduce
the uncertainty obtained for future model predictions.

The sensitivity of the ice sheet to climate change is reflected by the modeled mass loss
during the Eemian. According to our simulations, the GIS contribution to the Eemian
sea-level high-stand falls within the range of 0.5-4.1 m. By additionally considering paleo
data about the temperature anomaly at the summit to be robust, then a value approach-
ing the upper boundary becomes most likely. This corresponds to a little over half of the
current mass of the ice sheet. This confirms previous estimates of the possible range of
the GIS contribution to sea level during the Eemian from a different perspective. Most
previous estimates were based on simulations that used the semi-empirical PDD and bi-
linear temperature approach to obtain surface forcing. Here we achieved realistic model
performance based more directly on physical principles. It is not surprising, however, that
we were unable to reduce the range of uncertainty in this estimate. Very little additional
information about this time period is available that can be used to constrain model per-
formance. Furthermore, our ensemble approach explored a wide range of uncertainty in
the model parameters, including melt model uncertainty that had not been accounted for
previously. Our results indicate that by addressing the uncertainty in the melt model,
significant reductions in the uncertainty of estimates for the past and predictions for the
future of the GIS could be achieved.

Climatic conditions of the Eemian are not analogous to the expected future climate,
however the behavior of the GIS during this warm period can provide insight into its general
sensitivity to warming. Summer insolation was higher during the Eemian, but the average
summer temperature around Greenland was likely not more than a few degrees higher
than today. In our simulations, the maximum summer temperature anomaly applied to
the simulations over the glacial cycles was 3.4 °C relative to preindustrial temperatures.
Even in simulations with warming of only 1.7 °C, the GIS lost significant mass. In fact, had
the Eemian warm period lasted longer, the GIS would have continued losing mass, which
indicates that the ice sheet had likely already crossed a threshold. In a broader sense, this
study confirms that it is possible to melt substantial portions of the GIS under relatively

modest warming.
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What is the long-term sensitivity of the GIS to future climate change? What
is the temperature threshold that would lead to complete melting of the GIS?
At what point would such a disappearance become irreversible?

The constrained ensemble of model versions obtained from the paleo simulations was
used to investigate the stability of the GIS under potential anthropogenic climate change.
A key aim of this study was to determine the temperature forcing that would cause the
GIS to melt completely. This is a highly relevant and important question for society, but in
general, very little is known about what thresholds exist for the ice sheet (both for growth
and decline), and whether the ice sheet is bi-stable or multi-stable. In previous studies,
it was proposed that the GIS may exhibit hysteresis behavior, in that if the ice sheet
melts completely for a given temperature, much lower temperatures are needed to regrow
it (Letréguilly et all, [1991). Given such hysteresis, another important question concerns
the possibility of irreversibility in the system: how much ice sheet melt is needed for the
decline to become irreversible?

To answer these questions, the constrained model versions were forced with slowly in-
creasing temperature anomalies until the GIS melted completely. In the paleo simulations,
we found that the melt model parameter (the free parameter ¢, see Chapter Two) largely
dictates the sensitivity of the overall ice sheet to climate change. Here we chose three
values of this parameter to represent low, medium and high sensitivity model versions and
we found that the threshold leading to the decline of the GIS is 1.3, 1.8 and 2.3 °C above
preindustrial levels, respectively. The previous estimate of this threshold had a range of
1.9-4.6 °C (Gregory and Huybrechts, 2006). Thus, our results indicate that the GIS is
more sensitive to warming in the long-term than currently assumed.

The simulations performed for this study also show that the cumulative SMB does not
provide an accurate estimate of the threshold for GIS decline in the long-term response.
The cumulative SMB of the GIS simulated using REMBO turns negative for temperatures
within a range of about 3-4 °C, which is consistent with previous estimates (Gregory and
Huybrechts, 2006). However, several simulations maintained a positive SMB of the GIS
for several thousand years, even though the volume of the ice sheet declined substantially.
This can be attributed to the relatively high precipitation rates in the Southeast and
Greenland’s unique topography. When the SMB is calculated cumulatively (summed over
the whole ice sheet), these high precipitation rates can offset significant melt occurring
over the majority of the ice sheet. In addition, a significant portion of the mass gain in
the mountainous regions continues to discharges into the ocean. Meanwhile, the strongly
positive albedo and elevation feedbacks ensure that a large part of the ice sheet melts away.

We also confirm that the shift in equilibrium states from ice-covered to ice-free (and
vice-versa) is “abrupt” in the temperature-forcing phase space, in the sense that the ice
sheet approximately maintains its full present-day volume until reaching the threshold
temperature. A shift of the temperature less than a tenth of a degree warmer than this

threshold starts the decline of the ice sheet towards the essentially ice-free equilibrium
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state. These results confirm that the GIS is indeed a tipping element in the Earth system,
and furthermore, that the threshold leading to its decline is relatively near to present-day
conditions.

We should note that while the shift in equilibrium is abrupt in terms of the temperature
forcing applied, it is certainly not abrupt in time. The timescale of complete decline can
vary from hundreds of thousands of years, when the temperature is near the bifurcation
point, to just several hundred years, when the temperature overshoots the threshold by
several degrees. Therefore, if temperatures continue to rise, a shorter time to melt the ice
sheet will be needed.

From a more theoretical perspective, the existence of such a threshold confirms the
expected equilibrium response of a land-based ice sheet to increased temperatures. Using
our approach, we were also able to perform the opposite experiment — namely, starting from
ice-free conditions, we determined the temperature threshold that would lead to regrowth
of the ice sheet. For each model version, hysteresis behavior was confirmed. The ice
sheet needed boundary temperatures at least 1.3 °C lower than the threshold, in order
for regrowth of the GIS to occur. Regrowth occurs on a slower timescale than melting,
however it is still abrupt in terms of the temperature forcing — only a small shift to lower
temperatures triggers regrowth. This abruptness results from the albedo and elevation
feedbacks working in reverse. Once the ice sheet begins to grow, the albedo and elevation
increase, both leading to cooler temperatures and less melt, thus promoting further growth.
According to our results, only the most sensitive model version predicts that the GIS is
bi-stable for pre-industrial temperatures.

Given the abrupt nature of the GIS response to temperature forcing and the bifurcation
in equilibrium states, a natural question arose: is complete melting of the GIS irreversible?
Using a coupled climate-ice sheet model for Greenland, Ridley et all (2009) found at least
one intermediate state, and in some cases, the complete melting of the ice sheet was
irreversible. They tested the case when temperatures were reverted to preindustrial levels.
In this thesis, a systematic analysis of the irreversibility of the system was performed.
The ice sheet was partially melted under a temperature anomaly of its critical threshold.
Then a cooler temperature was applied to determine if the reduced-volume ice sheet would
continue to decline, or regrow to its full size. This method was applied to a range of
partially melted ice sheets (in 5% intervals) and to every temperature anomaly inside of
the hysteresis loop (at 0.1 °C intervals). This methodology allowed us to roughly map the
basins of attraction of the bifurcation diagram for the first time.

Depending on the amount of ice loss that was permitted to occur and the subsequent
equilibrium temperature anomaly applied, both irreversibility in the system and the exis-
tence of an intermediate equilibrium state of the GIS were confirmed. The intermediate
state can exist with approximately 50% of the current ice volume, and is largely a result of
the complex bedrock topography of Greenland. The high elevation mountains ensure that

some small regions of Greenland maintain positive mass balance, and for different levels of
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mass loss, there are corresponding levels of bedrock uplift (see the Appendix for details).
The result is that a partially melted GIS can find equilibrium with the southern portion
of the ice sheet largely intact, and the northern portion of the ice sheet missing.

For higher temperature anomalies, the decline of the ice sheet became irreversible. In
cases where more than 20% of the ice sheet has melted and the equilibrium temperature
is less than 0.2 °C below the temperature threshold, the GIS melts irreversibly (see Fig.
[4.1)). The limit of irreversibility (i.e., the basin of attraction) rapidly declines with lower
temperatures, allowing ice sheet configurations that have lost up to 60% of the original
volume to regrow. However, in any case, the ice sheet should maintain at least 70-80% of
its original volume to allow regrowth to a fully ice-covered state. When the volume drops
below this threshold, the attraction domain leads either to the intermediate or ice-free
equilibrium state.

Examining the irreversibility of the climate-ice sheet system improves our understanding
of the sensitivity of the ice sheet to climate change. The stability diagram produced
from this work is a two-dimensional simplification of several complex, interacting systems.
However, it provides insight into the balance between competing mechanisms. Indeed,
whether as a result of increased insolation in the past or from anthropogenic forcing now,
temperature forcing at the surface is the most important factor influencing the long-term
behavior of the ice sheet. Fundamentally, this work provides further confirmation that the
actions of humanity in the coming years may have significant consequences on the future

evolution of the Earth System for millennia to come.
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5. Discussion




6. CONCLUSIONS AND OUTLOOK

In this thesis, a new model, REMBO, was developed to study the GIS under different
climatic conditions in the past and future. It fills a gap between semi-empirical ap-
proaches and more advanced (but computationally intensive) regional climate models. The
most significant advantage of the approach is that it is both computationally efficient and
physically-based, incorporating key climate-ice sheet feedbacks that affect the evolution of
the ice sheet. Three complementary studies have been presented that provide new insight
into questions of the long-term stability of the GIS.

The first study served as a proof of concept that such a modeling approach is possible
and, additionally, provides several advantages over previous methods. REMBO uses a set
of energy-moisture balance equations to produce the daily distribution of temperature and
precipitation over Greenland. The daily timestep allows the model to account for seasonal
changes in surface albedo, melt rates, refreezing and the snowpack thickness, which play
a role in the evolution of the climate. In comparison with simpler approaches for present-
day conditions, REMBO improves the representation of the climate and the surface mass
balance. Crucially, realistic changes to these variables are also simulated when conditions
are different, for example, in warmer climates or for an ice-free Greenland.

In the second study, REMBO coupled to the ice sheet model SICOPOLIS was used
to simulate the evolution of the GIS over the last two glacial cycles. An ensemble of
simulations with varied model parameters was performed and information about the GIS
during the Eemian Interglacial and today was used to constrain the parameter values
to realistic ranges. The systematic sensitivity analysis revealed that uncertainty in the
melt model most strongly affected the evolution of the ice sheet. This, combined with
uncertainty in the boundary temperature anomaly, added uncertainty to the estimate of the
GIS contribution to the high sea level during the Eemian. The range of 0.5-4.1 m estimated
here is consistent with the general consensus. In addition, the applied constraints served to
limit the model parameter uncertainty, providing realistic model versions for simulations
into the future.

In the third study, the constrained ensemble of model versions was applied to inves-
tigate the future stability of the GIS under potential anthropogenic climate change. A
temperature threshold leading to complete disappearance of the GIS was found, confirm-
ing the hypothesis that the GIS is a tipping element in the Earth system. For low, medium
and high sensitivity model versions, the threshold leading to complete meltback was de-

termined to be 1.3, 1.8 and 2.3 °C above preindustrial levels, respectively. In addition, the
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GIS exhibits hysteresis: when starting from ice-free conditions, a temperature 1.3 °C lower
than the threshold is needed for the GIS to regrow. Depending on the amount of ice loss
that occurs and the equilibrium temperature anomaly applied, an intermediate equilibrium
state of the GIS can also exist with approximately 50% of the current ice volume.

This thesis is the first study to identify the critical thresholds of the GIS using a
fully coupled regional climate-ice sheet model of intermediate complexity, and to assess
an associated uncertainty range. Most importantly, it shows that the critical threshold in
global temperature for melting the GIS likely lies closer to the preindustrial temperature
than was previously reported. It was also shown that the timescale of GIS melt is roughly
inversely proportional to the overshoot of the critical temperature threshold. Although
this timescale is rather long, in view of the long lifetime of CO5 in the atmosphere, the
probability of irreversible collapse of the GIS will depend strongly on the anthropogenic
COs emissions in the next century.

The ability to perform reliable long timescale simulations of the GIS will provide an
opportunity to investigate several additional scientific questions related to the stability
of the ice sheet in the future. For example, the temperature threshold identified in this
study showed an uncertainty range of 1 °C. By examining the physical characteristics of
the surface mass balance response to climate change in scenarios that cause the GIS to
decline, it may be possible to identify a more accurate indicator of GIS stability that can
be measured in the real world (e.g., changes to the equilibrium line altitude or cumulative
melt area — both of which can be monitored by satellite). In addition, by including inter-
annual variability in the climatic forcing of the model, it would be possible to analyze how
climatic changes besides a simple increase in the mean temperature affect the ice sheet.
It is possible that climatic variability will increase with global warming, which has a non-
linear effect on the cryosphere (i.e., warm years melt more ice than can be regained in
cold years). This could increase the sensitivity of the GIS to climate change and reduce
the mean temperature threshold leading to its decline. To answer these questions, it
is necessary to have a model such as REMBO that includes natural variability and can
perform a large number of simulations reliably, under a wide range of physical situations
and on long timescales.

While the current version of REMBO simulates the climatic forcing over Greenland well
compared to conventional approaches, further improvements to the model could also aid in
reducing uncertainty. The surface mass balance interface currently includes a simple one-
layer snowpack model and the melt equation does not explicitly include radiative terms. To
include these in the model would imply changes to the governing atmospheric equations as
well, and thus, an increase in the computational cost of running the model. In the concrete
implementation, a balance between computational efficiency and model complexity must be
maintained. With this in mind, it should be possible to include several additional processes
(radiative forcing, more complex snowpack, sublimation, etc.) and improve the model’s

capabilities. Moreover, this would allow a more detailed comparison of this approach to
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more advanced regional climate models, leading to a further reduction in model uncertainty.

Overall, it will be important to continue to use all data resources available for model
validation and to recognize the advantages of the intermediate complexity approach. Al-
though observations are sparse, data sets produced by regional climate modeling provide
a rich source of validated quantities for comparison. Furthermore, satellite data is con-
tinuously increasing and new algorithms are developed to translate the information into
usable data. As REMBO is refined and validated against other approaches, it facilitates
understanding of the GIS on different timescales. REMBO is a tool that can provide a link

between near-term, diagnostic information and the long-term evolution of the ice sheet.
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6. Conclusions and outlook




7. APPENDIX

7.1 Ice sheet model field equations

An ice sheet can be considered to evolve as a continuum under the principles of creeping
flow — namely, that viscous forces are large relative to inertial forces. Neglecting the upper
boundary snow and firn layers that compress over time, the ice sheet can also be assumed
to be incompressible. The equations used to determine the fully coupled velocity and
temperature distributions of the ice are obtained using the laws of conservation of energy,
momentum and mass. Gravity is the only body force present, which balances with stress
acting on the ice. Given the above assumptions, the momentum balance can be expressed
as (Greve and Blatter, [2009):

Vr+f=0, (7.1)

where 7 is the stress tensor and f represents the body forces. The horizontal components
fe = f, =0, while f, = pg, where p is the density of ice (910 kg/m?) and g is acceleration
due to gravity (9.81 m/s?). Although Eq. (Z.I)) represents a much simplified form of the
full Navier-Stokes equation, it is still demanding to solve numerically.

At this point, SIA can be applied to eliminate some stress terms by assuming a small
aspect ratio of the ice sheet geometry. Combined with the hydrostatic approximation, the
result is that the horizontal shear stress (7., 7,,) simply equals the product of the overlying

hydrostatic pressure and the surface gradient:

Toz = —pg(h — 2) (72)
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Tyz = _pg(h - Z)

where h is the surface elevation. The longitudinal and vertical stress components are
eliminated and, in this way, the maximum stress (and flow direction) is always aligned
with the steepest surface slope (Greve and Blatter, 2009).

To determine velocities from the stress terms, a relation between stress and strain is
needed. Most ice sheet models use a relation following the form of the empirically-derived
“Glen’s flow law” (Glen, 1955), which reads

€ =FEBAT)m 7, (7.3)

e

where € is the strain rate tensor, 7. = pg(h — z)|Vh| is the effective stress and 7’ is the

deviatoric Cauchy stress tensor. The exponent of the flow law n is typically taken as 3 for
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ice, although other values are possible (Paterson, 1994). F is the flow-enhancement factor,
which can be considered to account for softening of the ice from impurities or anisotropy
(Greve and Blatten, 2009). For northern hemispheric ice sheets such as the GIS, E = 3,
however its value can be considered as a source of uncertainty (Ritz et al., 1997). A(7") is
the rate factor, which is usually considered to only depend on the homologous temperature
T’ — this is the temperature of the ice corrected for the change in melting point due to
pressure — via the Arrhenius relation. In SICOPOLIS, special treatment of the ice is also
considered when the homologous temperature is at the melting point. In this case, the rate
factor is instead dependent on the water content of the ice (Greve, [19974).

The horizontal components of the velocity field follow from the above assumptions and

can be written as,

Vo = Upe — 2(pg)" |VA" T 2L [FA(T')(h — 2)"dz

, (7.4)
) = Vb — 2 (pg)" [VHI" ™ 22 [£ A(T') (h — 2)d

v

and by vertically integrating the continuity equation (V - v = 0), the vertical component

S (0v,  Ovy\
Vy; = VUpz — /b (% + a_y) dz (75)

Thus, the horizontal velocity depends on the surface elevation gradient, the overlying

can be obtained,

hydrostatic pressure, the ice temperature (via the flow rate factor A(7”)) and the velocity at
the base. The vertical velocity component is a function of the horizontal flux, a direct result
of applying the continuity equation. The time-dependent evolution of ice thickness can be
obtained from the continuity equation (V-v = 0) and kinematic boundary conditions,

such that
oH

ot
where H is the ice thickness, Q is the vertically-integrated mass flux of the ice, B is the

—-V-Q+B-5, (7.6)

surface mass balance (accumulation minus ablation) and S is the basal melt rate. Thus,
the change in ice thickness at a given location depends only on the horizontal ice flux
(Q4,Qy), the addition or removal of mass at the surface and any melting that occurs at
the base. Equation (Z.0) generally holds for ice sheet modeling and is not specific to SIA
models.

The surface height evolution additionally depends on changes to the bedrock elevation
(8_h _ o4
ot~ ot
ice sheet — a process that occurs on a similar timescale to that of the ice sheet’s evolution.

+ %). The underlying bedrock elevation, b, should evolve under the weight of the

Therefore, it is important to include isostatic adjustment. Various approaches of differing
complexity exist, but the simplest representation is achieved via a locally deforming, elastic
lithosphere resting on a viscous asthenosphere (Greve and Blatter, 2009), such that

op b (bo-2H)

= - . (7.7)
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b is the bedrock elevation, by is the unweighted bedrock elevation, p, is the density of the
asthenosphere (3300 kg/m®) and 7, is the assumed time lag of the asthenospheric response
(e.g., 3000 years).

Temperature in the ice is obtained from conservation of energy. The use of the shallow
ice approximation allows the assumption that horizontal thermal diffusion is small com-
pared to the vertical component. The time-dependent temperature evolution in the ice is
thus a function of vertical diffusion, advection via ice flow and strain dissipation heating,
described as o7 2T .

prilir i VT + p—cptr(‘ré), (7.8)
where £ is the thermal diffusivity and ¢, is the specific heat capacity of the ice (Greve and
Blatter, 2009). The velocity v appears in the temperature equation, while temperature
is also needed to determine v and € (via Eq. (Z3)). Thus, the temperature and velocity

equations must be solved simultaneously.

7.2 Boundary conditions

The ice sheet model requires boundary conditions at the base (bedrock elevation, basal
temperature, basal velocity) and at the surface (surface mass balance, surface temperature).

The topography of the GIS is well mapped, both from numerous local expeditions and
from remote sensing (Bamber et al., [2001), which can provide a reasonable representation
of the initial bedrock elevation for present day (Fig. [Tl and [[2). The bedrock elevation
can then be allowed to evolve under the weight of the ice sheet (e.g., via Eq. (7.1)).

At the base of the ice sheet, it is assumed that generally the ice is frozen to the bedrock
and a no-slip condition applies (vp, = vy, = 0). However, when the temperature of the
ice is at the pressure melting point, the ice sheet is permitted to slide and a basal velocity
must be calculated. The magnitude of the basal sliding velocity depends on the material
present (e.g., deformable sediments or smooth bedrock, etc.), however it is practically
impossible to obtain reliable observations of this aspect of the ice sheet. To overcome this
problem, empirical studies have shown that a sliding law can be formulated that relates
the basal velocity, basal shear stress and water pressure (Paterson, [1994). [Weertman
(1957) proposed two mechanisms for ice flow at the base of the ice sheet over bumps,
namely regelation (transfer of heat upstream due to pressure and temperature differences)
and enhanced plastic flow (increase in the rate of flow due to additional stress). Several
forms of sliding equations are derived from these principles. In SICOPOLIS, the following
Weertman-type equation is applied to determine the basal sliding velocity for regions where

the basal ice is at the melting point (Greve, 1997a):
vy = YopgH |Vh|* Vh. (7.9)

which shows a third-order dependence on the gradient of elevation and a first-order depen-

dence on the ice thickness. 7, is the sliding coefficient, which can be considered as a free
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parameter.
The temperature of the ice at the base is computed by balancing the energy flux through

the ice-bedrock interface with the frictional heating at that interface, such that

oT TR
[P S Nt S R 1
0z |z7b R 02 |z7b b Vb, (7 0)

where T is the temperature in a thick bedrock layer (e.g., 5 km thickness is used SICOPO-
LIS) and k and kg are the thermal conductivities of ice and rock, respectively. The temper-
ature in the bedrock is determined via a heat equation in the bedrock layer and the lower
boundary condition of this layer is given by the geothermal heat flux. This means that
the temperature at the base of the ice sheet can be calculated via a coupled ice-bedrock
temperature model, but the geothermal heat flux is needed as an input value (Huybrechts
et al., 1991; |Greve and Blatter, [2009). (Greve (2005) approached the problem using an in-
verse method. Because the temperature at the base of the ice sheet was known in locations
where ice cores had been drilled, it could be used as a constraint to limit the geothermal
heat flux. In a different approach, a global harmonic model has been used to make es-
timates consistent with observations of the large-scale geothermal heat flux (Shapiro and
Ritzwoller, 2004). Although the estimates are consistent with observations, very few ob-
servations at the base of the GIS actually exist (only those obtained from ice core drilling
efforts) and there could be localized variations that are important, yet unknown.

At the surface, the annual surface temperature and the surface mass balance (SMB)
are needed as boundary conditions. Unlike the base of the ice sheet, the temperature at
the surface of the ice can be determined directly from the near surface air temperature.
Observations have shown that beneath the firn layer, the surface temperature of the ice
can be approximated as a function of the mean annual air temperature, 7, and the amount
of refreezing in the firn, h; g, (Reeh, [1991),

T; = min (15, 0) + 29.2h; . (7.11)

The remaining boundary condition, annual surface mass balance, has been discussed
at length within the thesis.
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