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A B S T R A C T

Projections of the contribution of the Greenland ice sheet to sea level rise comprise uncertainties that arise from
the imposed climate forcing and from the underlying mathematical and numerical description used by ice flow
models. Here, we present a comparative modelling study with the models SICOPOLIS, using the shallow ice
approximation (SIA) on a structured grid, and ISSM, using a higher-order (HO) approximation of the Stokes
equation on an unstructured grid. Starting from a paleoclimatic spin-up produced by SICOPOLIS, the models are
forced with two different, simplified warming scenarios based on RCP2.6 projections from climate models,
which are in line with the limit of global warming negotiated for the Paris Agreement. ISSM/HO produces lower
flow speeds at the glacier termini, but more acceleration in narrow outlet glaciers compared to SICOPOLIS/SIA.
This leads to a larger elevation reduction for ISSM/HO, and thus a positive feedback on the surface mass balance
(with that of ISSM/HO becoming ∼50 Gt a−1 more negative). Across the two models and scenarios, the pro-
jected mass loss by 2300 is ∼62–88mm sea level equivalent.

1. Introduction

A major consequence of climate change is global sea level rise,
which has just recently been shown to accelerate (Nerem et al., 2018).
The Greenland ice sheet has contributed about 20% to sea level rise
during the last decade (Rietbroek et al., 2016) and, holding in total an
ice mass of ∼7.36m sea level equivalent (SLE) (Bamber et al., 2013),
its future contribution poses a major societal challenge. The mass loss of
the ice sheet has two main contributions: changes in the surface mass
balance (SMB) and increasing discharge due to acceleration of outlet
glaciers. For the past decades, the relative contributions are estimated
to about 60% and 40%, respectively (van den Broeke et al., 2016).
Understanding the processes determining the future mass loss of the ice
sheet is essential for predicting its contribution to future sea level rise.

Previous efforts like SeaRISE (Bindschadler et al., 2013; Nowicki
et al., 2013), ice2sea (Gillet-Chaulet et al., 2012) and, most recently,
initMIP-Greenland (Goelzer et al., 2018) have revealed the sensitivity of
current ice sheet models to external forcing under standardized sce-
narios, which gives rise to large uncertainties. The differences in model
response are attributed to different ice dynamics approximations, nu-
merics, spatial resolution, and initialization methods. As a consequence,
projections for ice sheet evolution in the next 100–300 years still show

a wide spread, and hence limit subsequent impact analysis concerning,
e.g., regional sea level change and coastal erosion.

Comparisons targeting specifically the impact of different ice dy-
namics approximations on predictions of ice sheet contribution to sea
level rise are scarce and partly contradictory. Seddik et al. (2012) ap-
plied the ice flow models Elmer/Ice with full Stokes (FS) dynamics and
SICOPOLIS with the shallow ice approximation (SIA) to the entire
Greenland ice sheet, forced by scenarios from SeaRISE. They found that
the ice sheet mass loss is more sensitive with FS than with SIA for the
dynamical forcing (doubled basal sliding) experiment, but less sensitive
for the direct global warming scenario. Similarly, Seddik et al. (2017)
conducted a comparative regional modelling study of the Shirase
drainage basin, East Antarctica, with a single model (Elmer/Ice) oper-
ated in either FS or SIA mode. Forced by SeaRISE scenarios, they re-
ported a negligible difference in model response for the surface climate
experiment, while, for the increased basal sliding experiment, the ice
volume change is ∼30% larger for SIA than for FS. Fürst et al. (2013)
studied the centennial evolution of the entire Greenland ice sheet by
using five approximations to the force balance, ranging between SIA
and the Blatter–Pattyn higher-order (HO) approximation (Blatter, 1995;
Pattyn, 2003). Their results show that the inclusion of membrane stress
gradients actually reduces the volume loss by up to 20% compared to
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the SIA approach.
Here, we analyse the uncertainty arising from model physics, nu-

merical techniques and implementation in projections of the Greenland
mass loss up to the year 2300. For this purpose, we choose two different
ice dynamics approximations and two different discretization schemes,
realized in the models SICOPOLIS (Greve and Herzfeld, 2013; Greve
and Blatter, 2016) and ISSM (Larour et al., 2012). The scenarios are
based on the 2015 United Nations Climate Change Conference
(COP21), where it was negotiated to limit global warming to well below
2.0°C and, if possible, to 1.5°C above pre-industrial levels by the end of
this century (Paris Agreement). This is often interpreted as allowing for
a potential warming overshoot within this century, before settling at a
maximum of 1.5°C (Rogelj et al., 2015). The interim overshoot may
strongly affect the mass balance of the Greenland ice sheet. Whether or
not the political target will be met, it is expected that the ice sheet will
lose substantial mass (IPCC, 2018), and we aim at assessing the un-
certainty in mass loss projections arising from our two different models.
To achieve this goal, we construct simplified Representative Con-
centration Pathway (RCP) 2.6 forcing scenarios with and without in-
terim overshoot based on climate data output from general circulation
models (GCMs), and investigate the response of the two ice sheet
models to these scenarios.

2. Ice sheet models

2.1. SICOPOLIS

SICOPOLIS (SImulation COde for POLythermal Ice Sheets; www.
sicopolis.net) is a dynamic/thermodynamic ice sheet model that was
originally created by Greve (1997) for the Greenland ice sheet. Since
then, the model has been developed continuously, and the latest ver-
sion, used in this study, is 5-dev (“developmental”). It is based on finite-
difference solutions of the SIA for grounded ice (Hutter, 1983; Morland,
1984), the shallow shelf approximation (SSA) for floating ice (Morland,
1987; MacAyeal, 1989) and, optionally, hybrid SIA/SSA dynamics for
ice streams (Bernales et al., 2017). For this study, we use only the SIA
mode for grounded ice. The description given here follows Greve and
Herzfeld (2013) closely.

A particular feature of SICOPOLIS is its very detailed treatment of
ice thermodynamics. A variety of different thermodynamics solvers are
available, namely the polythermal two-layer method, two versions of
the one-layer enthalpy method, the cold-ice method and the isothermal
method. For the experiments of this study, we use the one-layer
melting-CTS enthalpy scheme (Greve and Blatter, 2016).

SICOPOLIS allows different options for the ice rheology. Here, we
use the regularized Glen flow law in the formulation by Greve and
Blatter (2009). The temperature-dependent rate factor for cold ice is by
Cuffey and Paterson (2010, Sect. 3.4.6), and the water-content-depen-
dent rate factor for temperate ice is by Lliboutry and Duval (1985). The
ice surface is assumed to be traction-free. Basal sliding under grounded
ice, vb, is described by a Weertman-type sliding law with sub-melt
sliding, similar to Greve and Herzfeld (2013):
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N

( ) ,T
p

qb b b
b

b

b

(1)

where p and q are the sliding exponents, Cb is the sliding coefficient, γ
the sub-melt-sliding parameter, b the basal drag (shear stress), the
basal normal stress (ice stress minus water pressure, counted positive
for compression) and T b the basal temperature relative to pressure
melting (in °C, always ≤ 0°C). In order to avoid unrealistically high
sliding velocities for almost floating ice, we do not allow to fall below a

minimum of 0.35 × the normal stress exerted by the ice load [Sato and
Greve (2012) used a limiting factor of 0.2 in a modelling study for the
Antarctic ice sheet; this was found to be insufficient here to keep the
velocities within a reasonable limit]. The physical parameters are listed
in Table 1.

The model domain for the Greenland ice sheet covers the entire area
of Greenland and the surrounding oceans. We use the EPSG:3413 grid,
based on a polar stereographic projection with the WGS 84 reference
ellipsoid, standard parallel 70 N and central meridian 45 W. The ste-
reographic plane is spanned by the Cartesian coordinates x and y, and
the coordinate z points upward. The bed topography is BedMachine v3
(Morlighem et al., 2017). Glacial isostatic adjustment (GIA) for the
paleoclimatic spin-up (see below, Sect. 3.1) is modelled by the local-
lithosphere–relaxing-asthenosphere (LLRA) approach with a time lag

= 3000 aiso (Le Meur and Huybrechts, 1996), while the lithosphere is
kept fixed (no GIA) for the future climate experiments of this study. The
geothermal heat flux is by Greve (2019), an update of the distribution
by Greve and Herzfeld (2013) based on a global representation by
spherical harmonics, combined with information from five Greenlandic
deep ice cores and three rock-borehole measurements. It is applied 2 km
below the ice base in order to account for the thermal inertia of the
lithosphere (Ritz, 1987).

The stereographic plane is discretized by a regular (structured) grid
with 5 or 10 km resolution. In the vertical, we use terrain-following
coordinates (sigma transformation) with 81 layers in the ice domain
and 41 layers in the thermal lithosphere layer below. The ice front can
advance or retreat freely on the available land area, but it is not allowed
to advance into the sea. Due to the SIA dynamics, a special boundary
condition at the ice front is not required.

2.2. ISSM

The second model applied here is the Ice Sheet System Model (ISSM;
Larour et al., 2012). As we want to focus on differences in model re-
sponse arising from the ice dynamics approximation and numerical
techniques/implementation (including grid resolution), we aim at

Table 1
Physical parameters used for SICOPOLIS and ISSM (largely following the
SICOPOLIS settings for initMIP-Greenland; Goelzer et al., 2018).

Quantity Value

Density of ice, ρ 910 kg m 3

Gravitational acceleration, g 9.81 m s 2

Length of year, 1 a 31 556 926 s
Power law exponent, n 3
Residual stress, 0 10 kPa
Flow enhancement factor, E 3
Melting temperature
at low pressure, T0 273.16 K
Clausius-Clapeyron gradient, β ×8.7 10 K m4 1

Universal gas constant, R 8.314 Jmol K1 1

Heat conductivity of ice, κ 9.828 e W m KT0.0057 [K] 1 1

Specific heat of ice, c + T(146.3 7.253 [K]) Jkg K1 1

Latent heat of ice, L ×3.35 10 Jkg5 1

Sliding coefficient, Cb 6.72 m a Pa1 1

Sliding exponents, p q( , ) (3,2)
Sub-melt-sliding parameter, γ 1 C
Asthenosphere density, a 3300 kg m 3

Density × specific heat of the
lithosphere, cr r 2000 kJ m K3 1

Heat conductivity of the
lithosphere, r 3 W m K1 1
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making the ISSM settings as similar as possible to that of SICOPOLIS
(Sect. 2.1). Among the several approximations to full Stokes flow
available in ISSM, we employ the Blatter–Pattyn HO approximation to
account for longitudinal and transverse stress gradients. Compared to
the SIA, this approximation is computationally more expensive, but
more appropriate for ice streams. For the ice thermodynamics, we also
choose an enthalpy scheme, with the basal boundary conditions as
developed and applied by Kleiner et al. (2015) and Bondzio et al.
(2017). The ice rheology is treated as in SICOPOLIS with a regularized
Glen flow law, a temperature-dependent rate factor for cold ice, and a
water-content-dependent rate factor for temperate ice. Contrary to the
finite difference implementation in SICOPOLIS, the ISSM model equa-
tions are solved numerically with the finite element method. Velocity,
enthalpy (temperature and microscopic water content) and geometry
fields are computed on each vertex of the mesh using piecewise-linear
finite elements.

Basal sliding follows the Weertman-type sliding law (1) rewritten as
a Neumann boundary condition (i.e., = …f v( , ))b b . The corresponding
parameters are chosen as listed in Table 1. Boundary conditions at the
lateral margins are the water pressure for marine-terminating glaciers,
and zero pressure for land-terminating glaciers. A traction-free
boundary condition is imposed at the ice/air interface. The spatial
pattern of the geothermal flux is the same as in SICOPOLIS (Greve,
2019).

The ISSM model domain for the Greenland ice sheet covers the same
area as in SICOPOLIS on the same EPSG:3413 grid. The bed topography
is also BedMachine v3 (Morlighem et al., 2017). For all simulations
performed with ISSM, the ice front is fixed in time, and a minimum ice
thickness (H) of 10m is applied. This implies that calving exactly
compensates the outflow through the margins, and initially glaciated
points are not allowed to become ice-free. However, regions that reach
the minimum thickness are assumed in the analysis to have retreated.
Contrary to SICOPOLIS, floating ice is allowed to develop, with a freely
evolving grounding line according to a sub-grid parameterization
scheme, which tracks the grounding line position within the element
(Seroussi et al., 2014). However, to ensure consistency with the
SICOPOLIS model, no basal melting is considered under developing
floating ice. No GIA model is applied.

Model calculations with ISSM are performed on a horizontally un-
structured grid. To limit the number of elements while maximizing the
spatial resolution in regions where physics demands higher accuracy,
the horizontal mesh is generated with a higher resolution of =l 1min km
in fast-flowing regions and a coarser resolution of =l 20max km in the
interior. The anisotropic mesh adaptation is based on the Hessian ma-
trix of the horizontal velocity field produced by the paleoclimatic spin-
up with SICOPOLIS (see below, Sect. 3.1). The vertical discretization
comprises 15 terrain-following layers, refined towards the base where
vertical shearing becomes more important. The complete mesh com-
prises 665 238 active elements, resulting in 1 961 775 degrees of
freedom.

3. Model experiments

A crucial prerequisite for projections is a reasonable initial state of
the ice sheet regarding ice geometry, surface velocities and englacial
temperature. Different methods are currently in use for initializing ice
sheets, with their various advantages and drawbacks (e.g., Goelzer
et al., 2018). In order to obtain a suitable present-day configuration of
the Greenland ice sheet with a well-constrained temperature field, it is
desirable to carry out a paleoclimatic spin-up over at least one full
glacial cycle. Since this is computationally almost prohibitive with a HO
model, we conduct the spin-up with the computationally cheaper
shallow-ice model SICOPOLIS only, and then interpolate the relevant
fields at the end of the spin-up to the ISSM grid.

The objective of this study is to assess the differences of the two
model responses arising from model physics, numerical techniques and

their implementation, rather than delivering projections based on
highly detailed climate forcing scenarios. Therefore, we resolve to
simplified RCP2.6-like scenarios with and without interim overshoot,
based on RCP2.6 peak-and-decline climate data output from GCMs, and
impose them as anomalies on the reference climate used in the spin-up
simulation. In doing so, we bypass inter-annual variability and skills of
individual GCMs to reproduce the distribution of the near-surface air
temperature and precipitation over Greenland. Further, to achieve the
goal mentioned above, we set up the modelling approach in a way that
both models use the same initial conditions, ice rheology, sliding law
and surface mass balance calculation.

3.1. Paleoclimatic spin-up with SICOPOLIS

For the present-day mean annual and July mean surface tempera-
ture, we employ the parameterizations by Fausto et al. (2009). These
parameterizations express the temperature distributions as linear
functions of surface elevation, latitude and longitude. However, the
parameterizations are valid for 1996–2006, whereas our reference year
(time =t 0) is 1990. In order to correct for this difference, we apply an
offset of −1°C to both parameterizations. This value was estimated
based on the data shown by Kobashi et al. (2011, Fig. 1 therein).

The main time-dependent driver for the paleoclimatic spin-up is the
surface temperature anomaly T t( ), assumed to be spatially uniform
over the Greenland ice sheet. It is based on the O18 record from the
NGRIP ice core (North Greenland Ice Core Project members, 2004) on
the GICC05modelext time scale (Wolff et al., 2010), converted to tem-
perature with the T/ O18 transfer factor of 2.4 C ‰ 1 by Nielsen et al.
(2018) (based on Huybrechts, 2002). Warming during the Eemian is
capped at = +T 4.5 C (otherwise, the Eemian Greenland ice sheet be-
comes unrealistically small). The record is extended into the penultimate
glacial by assuming =T 20 C at 140 ka before present and a linear
increase since then. For the most recent 4 ka, the surface temperature
anomaly derived for the GISP2 site by Kobashi et al. (2011) is used in-
stead of the NGRIP record. The resulting temperature anomaly is shown
in Fig. 1. In addition, we prescribe the sea level history, which is derived
from the SPECMAP marine O18 record (Imbrie et al., 1984).

For the present-day precipitation, we use monthly means for the
period 1958–2001, created with the regional energy and moisture bal-
ance model REMBO (Robinson et al., 2010). The horizontal resolution of
the original data is 100 km. For any other time t, we assume a 7.3%
change of the precipitation rate for every 1 C of surface temperature ( T )
change (Huybrechts, 2002). Conversion from precipitation to snowfall
rate (solid precipitation) is done on a monthly-mean basis using the
empirical fifth-order polynomial function by Bales et al. (2009). As in the
study by Greve and Herzfeld (2013), surface melting is parameterized by
Reeh's (1991) positive degree day (PDD) method, supplemented by the
semi-analytical solution for the PDD integral by Calov and Greve (2005).
The PDD factors are βice = 8 mm w. eq. d−1 °C−1 for ice melt and

Fig. 1. Surface temperature anomaly T t( ) that results from the combination of
the NGRIP record and that by Kobashi et al. (2011). See main text for details.
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βsnow = 3 mm w. eq. d−1 °C−1 for snow melt (Huybrechts and de Wolde,
1999). Furthermore, the standard deviation of short-term, statistical air
temperature fluctuations is = 5 C, and the saturation factor for the
formation of superimposed ice is chosen as =P 0.6max (Reeh, 1991). In
order to account for sub-grid-scale ice discharge into the ocean, we apply
the discharge parameterization by Calov et al. (2015), Eq. (3) therein
with the discharge parameter =c 370 m s3 1 for 5 km resolution and
1270 m s3 1 for 10 km resolution.

We start the paleoclimatic spin-up at =t 134 ka, where
=T 11.13 C, which is close to the mean anomaly T over the whole

period (Fig. 1). In detail, the spin-up consists of the following sequence
of four runs:

(1) = …t 134 9 ka, starting from the observed present-day topo-
graphy, horizontal resolution 10 km, free evolution of the ice
thickness. Basal sliding ramped up during the first 5 ka (prior to
−129 ka) as follows:
Introducing a non-dimensionalized time valid for the first 5 ka:

=t t t˜ ( 134 ka)
5 ka

(thus ˜ [0,1]) . (2)

Introducing a smoothly increasing quintic function:

= +f t t t t f t(˜) 10 ˜ 15 ˜ 6 ˜ (thus (˜) [0,1]) .3 4 5 (3)

Gradual increase of the sliding coefficient by the quintic function:

C f t C(˜) .b b (4)

After −129 ka, the full sliding coefficient Cb is used.

(2) = …t 0 100 a, starting from the observed present-day topography,
horizontal resolution 5 km, no basal sliding, isothermal at −10°C,
ice extent constrained to present-day extent. The purpose of this run
is to produce a slightly smoothed present-day topography (surface
h x y( , )target , bed b x y( , )target ) of the Greenland ice sheet that serves as
a target for the nudging technique of run (3).

(3) = …t 9 0 ka, horizontal resolution 5 km, reads the resolution-dou-
bled output of run (1) for =t 9 ka as initial condition. The com-
puted topography (surface h x y( , ), bed b x y( , )) is continuously
nudged towards the output of run (2) by applying the relaxation
equations

=h
t

h h
,target

relax (5)

=b
t

b b
,target

relax (6)

with a relaxation time of = 100 arelax . This nudging is equivalent to
applying an SMB correction (Aschwanden et al., 2013, 2016; Calov
et al., 2018), which is diagnosed by the model.

(4) = …t 1 0 ka, horizontal resolution 5 km, reads the output of run (3)
for =t 1 ka, free evolution of the ice thickness. The diagnosed
SMB correction of run (3) for =t 0 is employed as a temporally
constant, prescribed correction.

The dynamic ( t) and thermodynamic ( ttemp) time steps are
= =t t 1 atemp for the 10-km run (1) and = =t t 0.5 atemp for the 5-

km runs (2)–(4).

3.2. Interpolation of SICOPOLIS spin-up to ISSM

In order to start the future projections for both models with the

same initial conditions, the SICOPOLIS output at the end of the pa-
leoclimatic spin-up is interpolated from the regularly spaced 5 km fi-
nite-difference grid with 81 vertical layers to the unstructured finite-
element mesh of ISSM. This affects the 3D fields of temperature and
water content in temperate ice, as well as the 2D field of surface to-
pography. For the bedrock topography, we downsample the original
BedMachine v3 dataset to the ISSM mesh to keep the high-resolution
structure.

The 3D interpolation procedure is based on two steps. In the first
step, the SICOPOLIS fields on each of the 81 vertical layers are inter-
polated on the horizontal ISSM grid, using a first-order conservative
method. For each vertex of the horizontal ISSM grid, the profiles are
then interpolated on the 15 vertical layers of the ISSM grid, using a
piecewise cubic Hermite interpolation. 2D interpolation involves only
the first-order conservative method in the horizontal.

We then perform an initial relaxation run over ten years, assuming
no sliding and isothermal conditions of −10°C everywhere to avoid
spurious noise. The result of this relaxation run is used as the initial
state at the reference year 1990 (time =t 0) for all ISSM future pro-
jection runs presented below. All simulations are run with a time step of

=t 0.01 a.

3.3. Future climate forcing

For the future climate forcing, we construct simplified scenarios
based on results from three general circulation models (GCMs) within
the Inter-Sectoral Impact Model Intercomparison Project (ISIMIP2b;
Frieler et al., 2017). We select RCP2.6 (Moss et al., 2010) because it is
the lowest emission scenario considered within CMIP5 and roughly in
line with the 1.5°C–2°C limit of global warming relative to pre-in-
dustrial levels formulated in the Paris Agreement. The mean annual
near-surface temperature change relative to 1990 over Greenland is
shown in Fig. 2. The results of HadGEM2-ES and IPSL-CM5A-LR both
feature a significant Arctic amplification over Greenland (the tem-
perature change over Greenland is larger than the global mean tem-
perature change, which is also shown in the figure). By contrast,
MIROC5 produces less pronounced warming over Greenland that is
similar to the global mean warming. For this study, we construct two
simplified scenarios for the surface temperature anomaly over Green-
land (thick red and blue line in Fig. 2b). These scenarios are designed as
upper bounds of RCP2.6, based on the larger warming trends produced
by the GCMs HadGEM2-ES and IPSL-CM5A-LR. We construct a sim-
plified RCP2.6 scenario with overshoot as a spline interpolation of a few
target points. These targets points were set in order to represent pro-
nounced warming in the middle of this century and a decline after-
wards. For a scenario without overshoot, we adjusted the query point in
the middle of this century to suppress the overshoot. Both scenarios end
at the same temperature rise over Greenland by 2300. Additionally, we
define a control run to capture the drift of our two ice sheet models.
This leads to the following three experiments:

• Constant climate control run: The climate is held steady to the re-
ference temperature (year 1990).
• RCP2.6-like with overshoot: Relative to 1990, this produces an in-
terim overshoot of 2.7°C in the second half of the 21st century, and a
final warming of 2.2°C by 2300.
• RCP2.6-like without overshoot: Like above, but the interim over-
shoot has been eliminated. Thus, warming proceeds monotonically
until 2300 and settles at 2.2°C.

Note that the RCP2.6-like warming trends are applied over the
whole ice sheet, without spatial variations and interannual/decadal
variability. The simulations with SICOPOLIS and ISSM start at 1990,
indicated by the red dot in Fig. 2b. Initial conditions are provided by
the spin-up, as described in Sect. 3.1 for SICOPOLIS and in Sect. 3.2 for
ISSM. The simulations proceed until 2300, using the same time steps as
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reported in these sections. For the precipitation change, conversion to
solid precipitation and surface melting (PDD), the same assumptions as
for the paleoclimatic spin-up are made (see Sect. 3.1).

For the SICOPOLIS runs, the ice discharge parameterization used for
the spin-up sequence and the SMB correction prescribed for the last 1 ka
(step 4 of the spin-up sequence) are also employed for the future cli-
mate runs. For the ISSM runs, an ice discharge parametrization it is not
needed because of the higher horizontal resolution near the ice margin
that captures ice discharge into the ocean directly with sufficient ac-
curacy. Further, rather than using the SMB correction from SICOPOLIS,
we derive a different correction by carrying out an auxiliary constant
climate run over a single year. The resulting ice thickness imbalance,

H t/ , is used as the SMB correction for ISSM.
The SMB corrections applied to SICOPOLIS and ISSM are 221 Gt a−1

and 188 Gt a−1, respectively. As the spatially integrated values are
positive, mass is added to the total mass balance budget
M=SMB−BMB−D+SMBcorr. Here, SMB and BMB are the spatially
integrated surface and basal mass balance, respectively, and D the ice
discharge to the ocean. In doing so, the total mass balance budget is
closed in the control run for both models (compare Fig. 8). The SMB
corrections occur predominantly at marine-terminating ice margins and
ice streams. For these locations, the corrections can be considered as an
additional ice thinning or thickening due to dynamic discharge that is
not intrinsically simulated.

Due to the different complexity, the computational demand of the
two models is vastly different. For SICOPOLIS, the future climate runs
require ∼1 h each on a single CPU (Intel Xeon E5-2697 v2, 2.7 GHz). By
contrast, an ISSM future climate run requires ∼48 h on 720 CPUs (Intel
Xeon Broadwell E5-2697 v4, 2.3 GHz).

4. Results and discussion

4.1. Spin-up

The evolution of the ice volume and area for the 134 ka spin-up
simulation is shown in Fig. 3. During the Eemian, a pronounced
minimum occurs with an ice volume ∼2m SLE less than today's.
During most of the last (Weichselian) glacial period, the entire available
land area is glaciated, and on average ∼1m SLE more ice than today is
stored in the ice sheet. After =t 9 ka, both the volume and the area

drop rapidly, which is due to the nudging towards the (slightly
smoothed) present-day topography that starts at this time with run (3)
(see Sect. 3.1).

For the final time =t 0 (corresponding to the year 1990), the spin-
up produces a Greenland ice sheet with a volume of

= ×V 3.004 10 kmsim
6 3 (7.43 m SLE) and an area of

= ×A 1.856 10 kmsim
6 2. These numbers agree very well with their ob-

served counterparts, = ×V 2.96 10 kmobs
6 3 (7.36 m SLE) (Bamber et al.,

2013) and = ×A 1.801 10 kmobs
6 2 (Kargel et al., 2012). The good

agreement is mainly a consequence of the applied SMB correction in the
spin-up run (4).

Fig. 4 depicts the simulated and observed present-day surface ve-
locities. The simulation reproduces the general pattern very well, in
particular, the slow-flowing “backbone” of the ice sheet and the orga-
nization of the coastward flow in distinct drainage systems. Despite the
use of the SIA, even most of the fast-flowing ice streams and outlet
glaciers are resolved reasonably well by the simulation (see also Greve
and Herzfeld, 2013). Specifically, this holds true for Jakobshavn Ice
Stream, Helheim and Kangerdlussuaq glaciers. The agreement is not so
good for Petermann Glacier, likely because the real-world glacier has a
floating ice tongue that cannot be modelled by our grounded-ice-only
dynamics. A similar problem appears at the mouth of the North-East

Fig. 2. Mean-annual near-surface temperature change re-
lative to 1980–2000: (a) global, (b) over Greenland.
Simulated with the three GCMs HadGEM2-ES (green), IPSL-
CM5A-LR (yellow) and MIROC5 (black) from the ISIMIP2b
project (Frieler et al., 2017). The thick lines in the upper
panel (a) is a 30-year moving mean. Simplified scenarios for
Greenland: RCP2.6-like with (thick red) and without over-
shoot (thick blue); 1990 level indicated by vertical dashed
line.

Fig. 3. Ice volume (blue, in m SLE=metres of sea-level equivalent) and area
(red) for the spin-up simulation with SICOPOLIS: Run (1) before =t 9 ka, run
(3) between =t 9 and −1 ka, run (4) after =t 1 ka. Dashed lines indicate
present-day ( =t 0) values. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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Greenland Ice Stream (NEGIS), where the ice tongues of the two
northern outlet glaciers (79° North Glacier and Zachariæ Ice Stream)
are cut off by the simulation, whereas the grounded southern outlet
glacier (Storstrømmen Glacier) is reproduced well. A notable dis-
crepancy is that the distinctive inland extent of the NEGIS is less pro-
nounced in the simulation. This is likely due to unmodelled processes,
possibly the presence of a geothermal heat flux anomaly at the onset of
the NEGIS (Fahnestock et al., 2001) or sliding influenced by basal hy-
drology (e.g., Beyer et al., 2017; Calov et al., 2018), and deserves fur-
ther attention in future studies.

4.2. Future projections

4.2.1. Control experiment
In the constant climate control experiment, we investigate the

model response in the absence of additional forcing. The simulated sea
level contribution over time is shown in Fig. 5 (dash-dotted lines). For
both models, the drift is very small: during the 310 years integration
time, SICOPOLIS/SIA gains mass equivalent to ∼2mm SLE, while
ISSM/HO gains ∼4mm SLE.

Simulated surface velocities and basal temperatures for
SICOPOLIS/SIA and ISSM/HO for the year 2300 are shown in Fig. 6a, d

and Fig. 6b,e, respectively, and the corresponding differences between
the models in Fig. 6c,f. The simulated surface velocities of the two
models reveal in general a similar pattern. However, ISSM/HO tends to
produce lower velocities all around the ice margin for the outlet glaciers
(Fig. 6c), most notably in the south and east. Exceptions are the NEGIS
as well as Petermann and Humboldt glaciers, for which the ISSM ve-
locities are still lower directly near the termini, but clearly larger fur-
ther upstream.

The basal temperatures produced by both models (Fig. 6d and e)
reveal a very similar pattern, with extended areas at the pressure
melting point. Generally, ISSM/HO tends to produce a slight warming
of initially cold ice in the interior of the ice sheet (blueish areas in
Fig. 6f), while at the margins the ice base tends to become colder with
ISSM/HO (reddish areas in Fig. 6f), and locally even drops below the
pressure melting point.

We relate the somewhat differing results for the velocity and tem-
perature fields mainly to the different grid resolution and the imposed ice
dynamics approximation of the two models. The representation of fast-
flowing ice streams and outlet glaciers benefits from the unstructured grid
of ISSM/HO, leading to higher resolution in narrow troughs, and the
consideration of lateral drag by horizontal shear stresses that are neglected
in the SIA. As a consequence, the fast flow of outlet glaciers is more re-
stricted in ISSM/HO, while SICOPOLIS/SIA tends to overestimate their
flow due to missing lateral drag. Additionally, the slip ratio (ratio of basal
to surface velocity), v v/b s, reflects the different dynamical behaviour of
both models (Fig. 7). SICOPOLIS/SIA reveals more sliding compared to
ISSM/HO, particularly at the southern margins. We attribute this to the
basal shear stress, which is always equal to the full driving stress in the
SIA, but generally lower for fast-flowing ice in the HO. The consequence is
that the SICOPOLIS/SIA solution has higher basal stresses, and thus more
basal sliding, than ISSM/HO. The generally lower velocities produced by
ISSM/HO near the ice margin lead to reduced heat production (due to
volumetric strain heating and basal frictional heating). This process ex-
plains the lower temperatures near the margin, which reduce the basal
sliding even more via its strong temperature dependence due to the ex-
ponentially decaying sub-melt-sliding term in Eq. (1).

Fig. 8 depicts the components of the total mass balance of the ice sheet
(dash-dotted lines for the control experiment). In line with the small model
drift of both models, the SMB, the basal mass balance (BMB) and the ice
discharge in the surrounding ocean remain almost constant over the 310

Fig. 4. Surface velocity of the Greenland ice sheet. (a)
Result from the spin-up simulation for the year 1990 si-
mulated with SICOPOLIS. (b) Observed surface velocity
(mean of 1995–2015) (Joughin et al., 2016, 2018). Jak:
Jakobshavn Ice Stream, Hel: Helheim Glacier, Kan: Kan-
gerdlussuaq Glacier, Pet: Petermann Glacier, NEGIS:
North-East Greenland Ice Stream.

Fig. 5. Sea level contribution of the Greenland ice sheet simulated with
SICOPOLIS and ISSM for all conducted experiments.
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years of model time. Whereas the SMB has almost the same value for the
two models, the BMB of the SICOPOLIS control run is significantly larger
than the ISSM counterpart. However, in absolute terms, the BMB is much
smaller than the SMB and does not contribute much to the total mass
balance. The lower flow velocities produced by ISSM/HO for most ice
streams and outlet glaciers are reflected by the ice discharge, which is
about 75Gt a−1 less for ISSM/HO than for SICOPOLIS/SIA.

4.2.2. RCP2.6-like projections
For the two simulations with RCP2.6-like forcing, the simulated mass

losses (expressed as sea level contributions) as functions of time are
shown in Fig. 5 (solid and dashed lines). No matter whether an interim
overshoot takes place or not, both ISSM/HO and SICOPOLIS/SIA show
first a strongly increasing and later an abating sea level contribution. By
2300, the projected range (relative to the respective control run) is
∼62–88 cm. There is no latency in the response of the ice sheet to the
deviation of the two forcings from each other – the overshoot that sets in
around 2025 has an almost immediate effect on the mass loss.

For gaining an understanding of the drivers of mass loss, the

contributions of SMB, BMB and ice discharge to the total mass balance
of the ice sheet are presented in Fig. 8 (solid and dashed lines for the
RCP2.6-like scenarios). As expected, the SMB is immediately affected
by the temperature rise. The difference between the scenarios with and
without overshoot is here most striking: while no overshoot leads to a
monotonic approach to the new, smaller SMB level with only a minor
further decrease after 2150, the overshoot scenario clearly produces an
interim minimum around 2070, more than 100 Gt a−1 lower. Beyond
that, the SMB for the overshoot scenario recovers partly and approaches
that of the no-overshoot scenario at the end of the 23rd century. The
difference between SICOPOLIS/SIA and ISSM/HO is quite substantial,
reaching for both scenarios values of more than 50 Gt a−1 as warming
progresses.

The BMB is largely unaffected by the changes in atmospheric for-
cing. This behaviour is as expected because changes in the basal
thermal conditions can only occur with a significant lag due to the large
thermal inertia of the system. The ice discharge does not react to the
forcing as instantaneously as the SMB and exhibits more than a decade
of latency. For both models and both scenarios, it falls below the

Fig. 6. (a,b) Surface velocity and (d,e) basal temperature relative to pressure melting of the Greenland ice sheet for the constant climate control experiment,
simulated with (a,d) SICOPOLIS/SIA and (b,e) ISSM/HO for the year 2300. (c,f) Difference between SICOPOLIS/SIA and ISSM/HO (the results on the structured
SICOPOLIS grid were interpolated to the unstructured ISSM grid for comparison).
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respective 1990 levels. Contrary to the SMB, for the overshoot sce-
narios, the ice discharge does not show a pronounced minimum; rather,
it decreases essentially monotonically throughout the model time.
The difference between the ISSM/HO and the SICOPOLIS/SIA
results is pronounced, in that the discharge drop is much larger for
SICOPOLIS/SIA. This is likely a consequence of the different treatments
in the two models: while ISSM/HO computes discharge from outlet
glaciers into the surrounding ocean directly on the high-resolution grid,
SICOPOLIS/SIA employs an ice discharge parameterization to capture
sub-grid-scale discharge (see Sect. 3.3).

Fig. 9 displays the changes in ice surface velocities and thicknesses as
2300–1990 differences for the RCP2.6-like forcing with overshoot. (The
corresponding differences for the no-overshoot case are somewhat
smaller, but show similar spatial patterns, so they are not shown here.)
The response of the velocities (Fig. 9a and b) to warming is notably
different in both models. Along the west coast up to the north,
SICOPOLIS/SIA shows a deceleration at glacier termini. Further up-
stream, in the south and south-west acceleration is predominant. With
ISSM/HO, we find a similar pattern in some outlet glaciers; however,
along the north-western coast individual glaciers experience entirely
acceleration or deceleration. In this area, acceleration patterns extend far
inland, which we attribute to the resolution, as glacier valleys in this area
are quite narrow and thus not resolved well by the coarser grid of
SICOPOLIS. The region of the Jakobshavn Ice Stream shows a more
complex pattern for SICOPOLIS/SIA than for ISSM/HO, featuring an
acceleration that reaches much further upstream. Here, the differences
between the models are certainly affected by the treatment of lateral
shear, as HO is supposed to concentrate acceleration inside the main
trunks by forming shear zones. With narrow glacier valleys being present
in the south-east, the separation between glaciers is better represented by
unstructured grids and, consequently, ISSM/HO leads to acceleration
concentrated in narrow main flow troughs with high magnitude. At some
locations, we observe for the ISSM/HO simulations deceleration at gla-
cier termini, while further upstream acceleration is observed. This is due
to a flattening at the termini, which goes along with deceleration, while
steeper slopes propagate further upstream, leading to acceleration there.

In the north and north-east, at locations where floating ice tongues
are present in today's observed ice sheet that are missing in the simu-
lation results, both models respond differently. For the Petermann and
Humboldt glaciers, SICOPOLIS/SIA responds with deceleration, while
ISSM/HO facilitates the formation of shear margins. The NEGIS outlet
glaciers show a distinct pattern: for ISSM/HO, 79° North Glacier ac-
celerates, while Zachariæ Ice Stream slows down. For both models,
Storstrømmen Glacier accelerates strongly.

Despite these differences in the detailed, dynamic response, both
models show a similar pattern of ice thickness change: extensive mar-
ginal thinning and moderate thickening in the interior. In general, for
ISSM/HO, thinning reaches farther inland in the north and north-west,
while SICOPOLIS/SIA produces a wider extent of thinning in the south-
west. Specifically, ISSM/HO produces more mass loss at the margins of
the northern basins (e.g., NEGIS), while SICOPOLIS/SIA produces a
larger mass loss in the Jakobshavn area. The interaction of the SMB
with ice dynamics can explain the different behaviour as the relative
importance of outlet glacier dynamics decreases with increasing surface
melt. Increased ice discharge causes dynamic thinning further up-
stream, lowering the ice surface and thus intensifying surface melting
due to the associated warming. In turn, surface melting competes with
the discharge increase by removing ice before it reaches the marine
margin. However, the level of interaction between SMB change and ice
flow is very complex as the processes are mutually competitive. ISSM/
HO exhibits a localized thickening in the north of Jakobshavn Ice
Stream. On closer inspection, this originates from a shear margin that
becomes more pronounced over time in ISSM/HO, with a deceleration
outside the main fast-flow area, which piles up ice. In the south-east,
ISSM/HO produces thickening as a continuous band along the glacier
margins, even though the acceleration is concentrated in valleys. We
infer this pattern to be due to the dynamic feedback of the SMB, which
distributes the thinning laterally. ISSM/HO exhibits thickening just
upstream of the extent of acceleration.

As we have seen above, for both surface velocity and ice thickness
changes, using an unstructured grid and including higher-order stresses
is advantageous for capturing the detailed response of the Greenland ice

Fig. 7. Slip ratio (ratio of basal to surface velocity), v v/b s, of the Greenland ice sheet for the constant climate control experiment, simulated with (a) SICOPOLIS/SIA
and (b) ISSM/HO for the year 2300.
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sheet to warming scenarios. On the one hand, the general patterns of ice
thickness change produced by our two models agree well, and a clear
pro of the simpler approach using the SIA and the structured grid is the
drastically reduced computational demand. However, on the other
hand, the differences between the models accumulate to notable dif-
ferences in sea level contributions. In our simulations, the predicted
contributions of the ice sheet decay to sea level rise differ by about
18%, which is not a catastrophic disagreement, but still considerable.

Our approach only allowed assessing the uncertainties arising from
the different ice dynamics approximations and the different grids
jointly. This is a typical situation often encountered in model inter-
comparison studies like, e.g., initMIP-Greenland (Goelzer et al., 2018):
models with structured grids employing the SIA or an SIA/SSA hybrid
vs. models with unstructured grids employing HO or FS dynamics.
Other studies also aimed at assessing the differences arising from model
physics and discretization in climate forcing experiments. Seddik et al.
(2012) reported that the FS model Elmer/Ice, using an unstructured
grid, produces ∼61% less mass loss for the Greenland ice sheet after
100 years than SICOPOLIS used in a similar configuration like in our
study. By contrast, we found ISSM/HO to be ∼18% more sensitive
(larger mass loss) to climate forcing than SICOPOLIS. Seddik et al.
(2017) separated the effect of model physics from discretization and
implementation details by applying the same model Elmer/Ice in FS
mode and in SIA mode to the Shirase drainage basin of the Antarctic ice
sheet. They found that the change in ice volume for a climate forcing
experiment is nearly independent of the model physics, which high-
lights the effects of discretization and implementation. However, the

latter finding is of limited relevance in our context: in contrast to the
Greenland ice sheet, the sensitivity of the Antarctic ice sheet to direct
climate forcing is generally small, whereas it is more vulnerable to
ocean-induced sub-ice-shelf melting (e.g., Bindschadler et al., 2013).

5. Summary and conclusion

The ice flow models ISSM and SICOPOLIS were applied to the entire
Greenland ice sheet. SICOPOLIS employed the shallow ice approxima-
tion (SIA) on a structured grid with 5 km resolution, while ISSM used a
higher-order approximation (HO) of the Stokes equation on an un-
structured grid with a resolution varying from 1 to 20 km. Starting from
a paleoclimatic spin-up produced by SICOPOLIS, we forced the models
with two different, simplified RCP2.6-like warming scenarios derived
from the output of climate models, which are in line with the limit of
global warming negotiated for the Paris Agreement.

For the RCP2.6-like scenario with interim overshoot, by the year
2300, we computed a sea level contribution from the Greenland ice
sheet of ∼88mm with ISSM/HO and ∼73mm with SICOPOLIS/SIA.
The no-overshoot scenario led to lower numbers, ∼75mm with ISSM/
HO and ∼62mm with SICOPOLIS/SIA. (All numbers are given relative
to the respective constant climate control run.) Thus, for both models,
we have a ∼18% larger contribution due to the overshoot. Keeping in
mind that the amount of overshoot assumed here is only moderate, this
result highlights the potential of an overshoot to enhance mass loss of
ice sheets.

Compared to the impact of more severe warming scenarios on the

Fig. 8. Components of the total mass balance for all conducted experiments. (a) Surface mass balance (SMB). Positive values represent accumulation and negative
values ablation. (b) Basal mass balance (BMB). Positive values represent basal melting. (c) Discharge into the ocean.
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Greenland ice sheet, the above range of mass loss (62–88mm SLE after
310 years) is modest. One of the experiments of the recent initMIP-
Greenland initiative consisted of prescribing a schematic SMB anomaly
that corresponds to an upper-end climate change scenario like RCP8.5.
For this experiment (“asmb”), the simulated range of mass loss across
all participating models after only 100 years was 75–290mm SLE
(87–172mm SLE for the four different contributions using ISSM and the
two different contributions using SICOPOLIS) (Goelzer et al., 2018).
This demonstrates that meeting the targets of the Paris Agreement can
significantly reduce the risks and impacts of climate change.

However, neither our main focus, nor that of initMIP-Greenland, was
providing detailed projections; this will be deferred to future work within
the Ice Sheet Model Intercomparison Project for CMIP6 (ISMIP6; Nowicki

et al., 2016). Rather, we attempted to quantify the effects of different
model physics, numerical techniques and implementation on projections
of future mass loss, keeping all other settings of the two models as similar
as possible. For both the RCP2.6-like scenario with and without interim
overshoot, we found that ISSM/HO produces a bit more than 10mm SLE
additional mass loss compared to SICOPOLIS/SIA, while the general trends
are similar in both models. We attributed the larger sensitivity of ISSM/HO
to a larger discharge into the surrounding ocean and a lower SMB. These
two effects are connected because ISSM/HO produces more acceleration of
narrow outlet glaciers, leading to more discharge and dynamic thinning,
which, in turn, reduces the SMB. Due to the higher resolution of the un-
structured grid of ISSM near the ice margin and the HO dynamics, we
assess the ISSM results to be the more realistic ones. The different

Fig. 9. (a,b) Surface velocity changes and (c,d) ice thickness changes of the Greenland ice sheet for 2300–1990 and the RCP2.6-like scenario with overshoot,
simulated with (a,c) SICOPOLIS and (b,d) ISSM.
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sensitivities of our two models exemplify that, besides further efforts re-
quired to create realistic climate forcings, significant uncertainties in sea
level projections arise directly and indirectly – via feedbacks on the SMB –
from model physics and grid resolution.
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