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Simulations of the present state and future evolution
of the Greenland ice sheet with the model SICOPOLIS

b

Global warming and sea level rise

Global warming, also referred to as climate change, is
the observed rise in the average temperature of the Earth's
climate system and its related effects. It is established
scientific consensus that the climate system is warming,
and that human influence has been the dominant cause of
the observed warming since the mid-20th century. A major
consequence of global warming is sea level rise, currently
occurring at a rate of 3.2 = 0.4 millimetres per year.
The largest source is thermal expansion of ocean water,
followed by melting/discharge of ice sheets, ice caps and
glaciers. In the long term, the two ice sheets of Antarctica
and Greenland are the largest potential contributors to
global sea level rise because of their enormous volumes,
together amounting to ~ 65 metres of sea level equivalent.
The ice sheets are therefore the focus of intensive
observational as well as modelling efforts.

The Greenland ice sheet

The Greenland ice sheet is the second largest ice body
in the world, after the Antarctic ice sheet. Its volume
amounts to 7.36 metres of sea level equivalent, and it
covers an area of ~ 1.8 million square kilometres, 83% of
the entire surface of Greenland (including isolated glaciers
and ice caps not connected to the main ice sheet). It is
significantly warmer than the Antarctic ice sheet, and the
regions close to the ice margin experience a considerable
amount of surface melting during the summer season. This
makes the Greenland ice sheet very vulnerable to ongoing
global warming, and it will likely become the largest
contributor to global sea level rise over the next decades
and centuries.

Ice sheet model SICOPOLIS

SICOPOLIS(“SImulation COde for POLythermal Ice
Sheets”, www.sicopolis.net) is a computer model that
simulates the evolution, dynamics and thermodynamics of
ice sheets and ice caps (Fig.1). It was originally created by
the author in the mid-1990s in a version for the Greenland
ice sheet. Since then, SICOPOLIS has been developed
continuously and applied to problems of past, present
and future glaciation of Greenland, Antarctica, the entire
northern hemisphere, the polar ice caps of the planet Mars
and others. This led to more than 100 publications in the
peer-reviewed scientific literature. The model is available
as free and open-source software.

Frontier Ice and Snow Science Division Ralf Greve
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Figure 1: Sketch of the ice sheet model SICOPOLIS. The rectangular boxes denote
prognostic model components, while the ovals indicate required model input
(boundary conditions etc.).

Spin-up simulation

The Coupled Model Intercomparison Project Phase 6
(CMIP®6) is a major international climate modelling initiative
(tinyurl.com/wgcm-cmip6). As a part of this project, the Ice
Sheet Model Intercomparison Project for CMIP6 (ISMIP6)
brings together a consortium of ice sheet modellers to
explore the sea level rise contribution from the Greenland
and Antarctic ice sheets (tinyurl.com/clic-ismip6). An
early sub-project of ISMIP6 is InitMIP-Greenland, a model
intercomparison project focusing on initialization of the
Greenland ice sheet. Initialization means creating an
accurate present-day state of the ice sheet that serves
as an initial condition for simulating its future evolution.
Two different initialization methods are available: (1) In
spin-up procedures, the ice sheet model is run forward
in time from tens or hundreds of thousands of years ago
until today with reconstructed or modelled paleoclimatic
boundary conditions. (2) Data assimilation techniques
combine observations of geometry and surface velocity
with suitable inverse techniques to construct the present-
day state directly (without the need for a paleoclimatic
simulation). Both methods have their specific advantages
and disadvantages.

Here, we show the result of a spin-up simulation carried
out with SICOPOLIS for InitMIP-Greenland. It covers the
period from 140,000 years ago until today (reference
year 1990), thus simulating the ice sheet through the last
(Eemian) interglacial, the last (Weichselian) glacial and the
current (Holocene) interglacial periods. Figure 2 depicts
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Figure 2: Left: Surface velocity of the Greenland ice sheet that results from the spin-up
simulation for the year 1990 (in m/a = metres per year). Right: Observed surface velocity
(mean of 2000-2016; by Joughin and 3 others, 2016, doi: 10.5067/QUA5QISVMSJG).
Jak: Jakobshavn Ice Stream, Hel: Helheim Glacier, Kan: Kangerdlussuaq Glacier, Pet:
Petermann Glacier, NEGIS: North-East Greenland Ice Stream.

the simulated and observed present-day surface velocity.
The general patterns agree very well, and most of the fast-
flowing ice streams are reproduced by the simulation. An
exception is the North-East Greenland Ice Stream (NEGIS),
which is more pronounced in reality than in the simulation.
This problem deserves further attention.

Future climate simulations

InitMIP-Greenland also comprises two future climate
experiments over 100 years: “ctrl” is a constant (present-
day) climate control run, while “asmb” is forced by a
schematic surface mass balance anomaly that mimics the
impact of an upper-end climate-change scenario. Figure
3 shows the results of the simulations with SICOPOLIS.
For ctrl, the ice sheet is almost stable, while for asmb,
the volume loss after 100 years amounts to a sea-level
contribution of ~ 125 millimetres, and the area reduces by
~7%. Across all models contributing to InitMIP-Greenland,
the results show a significant spread (Goelzer and 30
others, 2018, Cryosphere 12, 1433-1460).
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Figure 3: InitMIP-Greenland future climate experiments: Simulated sea-level
contribution (due to ice volume change) and area of the Greenland ice sheet for
the runs ctrl (control) and asmb (schematic surface mass balance anomaly).

As an example of a longer-term scenario, let us assume
a spatially and temporally uniform warming of +10°C
over the Greenland ice sheet sustained for 1000 years.
This assumption might seem quite extreme. However, in

Figure 4: Thickness of the Greenland ice sheet. Left: Observed thickness (Bamber
and 10 others, 2013, Cryosphere 7, 499-510). Right: Simulated thickness 1000
years in the future for an assumed spatially and temporally uniform +10°C
warming over the ice sheet.

a “business-as-usual” world without efficient measures
for climate change mitigation, it is not unrealistic in the
longer term because of the process of Arctic amplification:
A mean global warming of, e.g., +4°C may well lead to
a warming of +10°C in Arctic regions like Greenland. As
shown in Fig. 4, the impact on the ice sheet is drastic: it
loses approximately two-thirds of its entire volume, which
corresponds to a global sea-level rise of ~ 5 metres.

Future work

Within the ISMIP6 initiative, we will define a set of future
climate scenarios by evaluating results of atmosphere-
ocean general circulation models (AOGCMs) over and
surrounding the Greenland and Antarctic ice sheets.
These scenarios will be used as forcings for ice sheet
models like SICOPOLIS to simulate the likely ice-sheet
response to climate change, along with a quantification
of associated uncertainties. Results will serve as input for
the Sixth Assessment Report (AR6) of the United Nations
Intergovernmental Panel on Climate Change (IPCC), due
for publication in the early 2020s.
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computing to calculate molecular structures and their
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experimental point of views. Therefore, my theoretical
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Figure 1. Computational chemists use quantum chemistry,
mathematical algorithms, and high-performance computing to calculate
molecular structures and their properties.
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My goals

Chemistry of the interstellar medium (ISM) is an
important area of research. The ISM harbours cosmic
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as solid nano-to-micrometre sized dust particles. There
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understand the origin of the ISM molecular species on
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Figure 2. An amorphous ice model in my computational studies.
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