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Abstract.

Polar amplification will result in amplified temperature changes in the Arctic with respect to the rest of the globe making
the Greenland ice sheet particularly vulnerable to global warming. While the ice sheet has been showing an increase mass
loss in the past decades, its contribution to global sea level rise in the future is of primary importance since it is at present
the largest single source contribution behind the thermosteric contribution. The question of the fate of the Greenland and
Antarctic ice sheets for the next century has recently gathered various ice sheet models in a common framework within the
Ice Sheet Model Intercomparison Project for CMIP6. While in a companion paper we present the GRISLI-LSCE contribution
to ISMIP6-Antarctica, we present here the GRISLI-LSCE contribution to ISMIP6-Greenland. We show an important spread
in the simulated Greenland ice loss in the future depending on the climate forcing used. The contribution of the ice sheet to
global sea level rise in 2100 can be thus as low as 20 mmSLE to as high as 160 mmSLE. The CMIP6 models produce much
larger ice sheet retreat than their CMIPS counterparts. Low emission scenarios in the future drastically reduce the ice mass
loss. The mass loss is mostly driven by atmospheric warming and associated ablation at the ice sheet margin while oceanic

forcing contributes to about 10 mmSLE in 2100 in our simulations.

1 Introduction

The relative contribution of land ice to global mean sea level rise has considerably increased in the recent decades, now larger
than the thermosteric effect (Nerem et al., 2018). Amongst the different contributions, the Greenland and Antarctic ice sheets
have the largest potential to raise substantially the global mean sea level, with a most-likely amplitude exceeding 1 metre in
2100 (Bamber et al., 2019). While observational datasets show a dramatic increase in mass loss over the last decades for both
ice sheets (Mouginot et al., 2019; Rignot et al., 2019), there is an urgent need for robust assessment of future sea level rise

projections obtained with numerical models.

Most of the time, these projections involve comprehensive ice sheet models that compute the ice thickness change that results
from changing boundary conditions such as climate change. On top of uncertainties related to future climate evolution, there are

important differences amongst existing ice sheet models, and these differences represent a major source of uncertainty for the
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fate of the ice sheets in the future. First, in order to save computing time, most of the ice sheet models use various asymptotic
approximations (e.g. the shallow ice and shallow shelf approximations or higher-order models) even if more recently models
that account explicitly for all the stress components of the Stokes equation at the ice sheet scale have emerged (e.g. Seddik
et al., 2012). This difference in term of ice sheet model complexity is a source of uncertainty for future projections. Second,
ice sheets respond to a wide spectrum of timescales, from sub-annual to multi-millenial. As a result, diverse methodologies
to initialise the models for projection purposes have been developed. For Greenland ice sheet models, these differences in
methodologies lead to an even larger uncertainty for future projections than model complexity and explain most of the multi-
model spread (Goelzer et al., 2018). A last source of uncertainty lies in poorly known processes, such as sub-glacial processes,
or processes that are not included in models due to their complexity or too fine spatial scale, such as outlet glacier dynamics or
fracturing. Large international intercomparison exercises are a useful way to quantify these different uncertainties and to infer

robust sea level projections into the future.

The Ice Sheet Model Intercomparison Project for CMIP6 (ISMIP6, Nowicki et al., 2016), endorsed by the Coupled Model
Intercomparison Project — phase 6 (CMIP6), aims at investigating the role of dynamic Greenland and Antarctic ice sheets in
the climate system and to reduce the uncertainty in ice sheet contribution to global sea level rise in the future. Within this
framework, stand-alone ice sheet model experiments have recently been carried out by world-wide research groups. Many
model experiments using both CMIP5 and CMIP6 climate forcing scenarios until 2100 were conducted with ice sheet mod-
els spanning a range of model complexities and using different initialisation techniques. To date, this is the most ambitious
intercomparison exercise dedicated to the fate of the Greenland and Antarctic ice sheets in the future. At the Laboratoire des
Sciences du Climat et de I’Environnement (LSCE), we participated to this stand-alone intercomparison with the GRISLI model
(Quiquet et al., 2018). This model uses the shallow ice and shallow shelf approximations and is relatively inexpensive in term
of computational cost. We were thus able to perform all the different experiments of ISMIP6. The aim of this paper is to discuss
the role of the forcing uncertainties for future projections of the Greenland ice sheet contribution to global sea level rise when
using our model. This individual model response can be put in perspective with respect to the multi-model spread discussed in

Goelzer et al. (2020). A companion paper (Quiquet and Dumas, submitted) describes the results for the Antarctic ice sheet.

In Sec. 2 we describe briefly the GRISLI ice sheet model as well as the procedure used for its initialisation. We also provide in-
formation on the ISMIP6-Greenland forcing methodology and we provide an overview of the different experiments performed.
In Sec. 3 we discuss the results for the different experiments in term of geometry and dynamical changes. We discuss these

results in a broader context in Sec. 4 and we conclude in Sec. 5.
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2 Methods
2.1 Model and initialisation

For this work, we use the GRISLI ice sheet model. The model is a 3D thermo-mechanically coupled ice sheet model that solve
the mass and momentum conservation equations. The model is fully described in Quiquet et al. (2018) and we only provide
here a brief overview of its characteristics.

Assuming incompressibility, the mass conservation equation for a grid element is:

OH _

E:BM—V(UH) M
with H the local ice thickness, BM the mass balance and U the vertically averaged horizontal velocity vector. V (UH) is
thus the ice flux divergence.

The Stokes momentum equation is solved using asymptotic zero-order approximations. For the whole domain, we assume that
the total velocity is simply to superposition of the two main approximations: the shallow ice approximation (SIA) in which the
horizontal derivatives of the stress tensor are neglected (vertical shear driven deformation) and the shallow shelf approximation
(SSA) in which the vertical derivatives of the stress tensor are neglected (longitudinal stresses predominant). Practically, this
means that we use the SSA equation as a sliding law (Bueler and Brown, 2009). Grounded cold base and floating shelves
are special cases for which there is infinite, respectively none, friction at the base. Elsewhere, friction is assumed to follow a

Weertman (1957) power law with a till that allows viscous deformation:

™ =—F Up ()

where 7, is the basal drag, 3 is the basal drag coefficient and Uy, is the basal velocity. The basal drag coefficient is spatially

variable but constant in time (except in specific cases such as during the inversion procedure).

Similarly to what has been done with GRISLI for the initMIP-Greenland experiments (Goelzer et al., 2018), we used here an
inverse procedure to initialise the model at the start of the historical experiment. We mostly followed the iterative method of
Le clec’h et al. (2019b) which consists at yielding the map of the basal drag coefficient 5 that minimises the ice thickness error
with respect to observations. To this aim, we first run a 30 kyr experiment with fixed topography and perpetual present-day
climate forcing in order to compute the thermal state of the ice sheet in agreement with the boundary conditions. From this, we
do multiple 200-yr long experiments under constant present-day climate forcing but with an evolving topography. During the
first 20 years of these experiments, we adjust the basal drag coefficient to minimise the ice thickness mismatch with respect to
the observations. Each iteration starts from the exact same initial condition, except that the basal drag coefficient is different.
Also, the ice thickness error at the end of the 200-yr long experiment is used to facilitate convergence towards the observed
ice thickness through a local basal drag modification. This modification on the basal drag consist in finding an ice flux on the
simulated topography as close as possible to the balance ice flux on the observed topography. After a few 200-yr experiments,

we repeat the thermal equilibrium computation so that it accounts for the newly inferred basal drag coefficient. For this work
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we performed more than ten thermal equilibrium experiments, each one followed by five iterations of 200 years.

At the end of the iterative process, we use the last inferred basal drag coefficient together with the corresponding thermal state
to run a short relaxation experiment of 20 years. The end of this relaxation experiment defines our initial state which is used to

begin the historical experiment hist and the control experiment ctrl (see Sec. 2.3).

Our ice thickness and bedrock topography of reference is the BedMachine v.3 (Morlighem et al., 2017). This dataset is used
as a target for our iterative procedure to infer the basal drag coefficient. It is also used as the starting topography for the short
relaxation that defines our initial state. Our present-day climate forcing, namely annual near-surface air temperature and annual
surface mass balance, comes from the MAR v3.9 (Fettweis et al., 2013, 2017) forced at its boundary by MIROCS, averaged
over the 1994-2015 period. On top of this climate forcing, we also add a strongly negative surface mass balance term of -
15 m yr'! outside the present-day ice mask in the observational dataset in order to avoid inconsistencies between the climate
forcing and the initial ice sheet geometry. The model is run on a Cartesian grid at 5 km resolution covering the Greenland ice

sheet using a stereographic projection.
2.2 ISMIP6-Greenland forcing methodology

The ISMIP6-Greenland working group distributed atmospheric and oceanic forcings to drive individual ice sheet models. They
also suggest a forcing methodology so that participating models are run using a common framework. Full description of the

methodology is available in Nowicki et al. (2020) and only a summary is presented here.

For the atmospheric forcing, MAR v3.9 has been run from 1950 until 2100 forced at its boundaries by a selection of CMIP5
and CMIP6 general circulation model (GCM) outputs. To force the ice sheet models, yearly anomalies of near-surface air
temperature and surface mass balance are provided. These anomalies were constructed as the difference of a given yearly
value with the climatology over the reference period 1960-1989. In addition, to account for the surface elevation feedback on
temperature and surface mass balance, yearly values of atmospheric gradients for these two variables are also provided. These

spatially variable gradients were evaluated with the MAR model with the method of Franco et al. (2012).

Ice—ocean interactions for the Greenland ice sheet is most of the time poorly represented amongst ISMIP6-Greenland partici-
pating models. This is mostly due to the fact that the spatial scale needed to represent such interactions is out of reach for most
models. This is also the case for GRISLI, where the 5 km resolution grid is too coarse to capture marine-terminating outlet
glaciers. To cope with this problem, retreat masks for outlet glaciers have been available in ISMIP6-Greenland. They were
obtained with simple parametrisations calibrated and tested against observational datasets (Slater et al., 2019). These masks
provide, for a given resolution, the fraction of the grid that becomes ice free and they are used to impose a specific retreat rate
of the marine front. For each climate forcing, three retreat masks are available for different oceanic sensitivities (low, medium

and high). Since our model does not account for partially glaciated grid cell, the fractional information given by the retreat
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masks is used to reduce the local ice thickness with respect to a reference ice thickness (i.e. the ice thickness evolution for
the outlet glaciers is imposed). The reference ice thickness could have been chosen as the ice thickness at a specific time (e.g.
the ice thickness at the end of the historical experiment). However, in doing so, we may create strong discontinuities in ice
thickness when the retreat mask is used for the first time. For this reason, we choose instead the value of the local ice thickness

at the time when the imposed retreat starts to play as a reference ice thickness.

2.3 List of experiments

The ice sheet state inferred at the end of the initialisation procedure (Sec. 2.1) is used as initial condition for the historical
experiment hist. In our case, the historical experiment starts in January 1995 and ends in December 2014. For this historical
experiment, we use the climate forcing of MAR forced at its boundary by the MIROCS climate model. The projection experi-
ments described in the following are all branched to the end of the year 2014 of this historical experiment and span 2015-2100
(86 simulated years).

ISMIP6-Greenland listed a large ensemble of experiments to be performed with individual ice sheet models (Tab. 1). The
ensemble of experiments is large enough to assess: ice sheet sensitivity to the chosen climate forcing, CMIP5 with respect
to CMIP6, sensitivity to the greenhouse gas emissions scenarios, the respective role of oceanic forcing with respect to atmo-
spheric forcing, and to quantify the uncertainty regarding the oceanic forcing.

The core experiments consist (Tier 1) in a selection of three CMIP5 climate models (MIROCS, NorESM and HadGEM?2-ES)
run under the RCP8.5 scenario for greenhouse gases. In addition, MIROCS5 was chosen to be run with a different RCP scenario
(RCP2.6) and using different oceanic sensitivities (high and low in addition to medium). Tier 2 has two subsets: an extended
ensemble with three additional CMIP5 models using RCP8.5 and an other with four CMIP6 models. Amongst CMIP6 models,
CNRM-CMS6 has been run under two scenarios: a pessimistic (SSP585) and an optimistic (SSP126) scenario. Tier 3 has also
two subsets. The first one aims at quantifying the respective role of the oceanic forcing with respect to atmospheric forcing,
running the ice sheet models only with one of this forcing at a time. Three climate models were selected (MIROCS, CSIRO-
Mk3.6 and NorESM) and as in Tier 1, MIROCS was run for two greenhouse gases scenarios and different oceanic sensitivities.
Finally, the second subset of Tier 3 contains the ten climate models (CMIPS and CMIP6) each time run with the two addi-
tional oceanic sensitivities (high and low). CNRM-CMB6 is the only one in this subset that has run under two emission scenario

(SSP585 and SSP126). We performed all these experiments with the GRISLI ice sheet model.

In addition to the these projection experiments, we also perform two control experiments in which the climate forcing remains
unchanged, being our reference climate forcing used during the initialisation procedure (zero anomaly). The control experiment
ctrl starts from the initial state resulting from our initialisation procedure and covers the 1995-2100 period (106 years). The
ctrl_proj experiment starts in January 2015, alike the projection experiments, and runs for 86 years under a constant climate

forcing.
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3 Results

We aim here at providing a detailed description of the historical experiment hist and the model response under the various
forcings of the projection experiments. While some information is given in this section, the reader is invited to refer to Goelzer

et al. (2020) to compare in details the response of GRISLI to other participating models.
3.1 Present-day simulated ice sheet

At the end of the historical experiments hist, with a value smaller than 30 m, GRISLI shows the lowest ice thickness root mean
squared error (RMSE) with respect to the observations of Morlighem et al. (2017) amongst the ISMIP6-Greenland participat-
ing models (Goelzer et al., 2020). This is a result of the initialisation procedure we use (Sec. 2.1) that includes only a short
relaxation of 20 years. With an historical experiment of 20 years only, the model has no time to depart strongly from the obser-
vations. The map of the ice thickness difference with respect to observations is shown in Fig. 1a. The model shows a very good
agreement with the observations for most of the ice sheet, except at specific locations at the margin. In particular, South-East
Greenland is the least well reproduced with local errors greater than 200 metres. In the region of Kangerdlugssuaq and Helheim
glaciers, there is an ice thickness overestimation near the glacier termini and an underestimation upstream. These differences
with the observations can be due to the fact that this area is particularly difficult to model since it has a complex surface mass
balance pattern with very strong horizontal gradients and also a rough topography that is not necessary well captured at 5 km

resolution.

Some of the ice thickness mismatch with respect to the observations can be partly explained by error related to ice dynamics.
GRISLI has indeed an ice velocity RMSE with respect to the observations (Joughin et al., 2016) of about 35 m yr'!, making
the model the sixth worst model out of 21 (Goelzer et al., 2020). Our initialisation procedure favours a good match of the
simulated ice thickness with respect to observations but it does not include any constraints on the ice velocity. It is thus not
particularly surprising that GRISLI performs best in term of ice thickness than in term of ice velocity. Since ice velocity is a
very heterogeneous variable, it is sometimes convenient to use the logarithm of the velocity instead of the absolute velocity.
In doing so, the RMSE is about 0.55 (eleventh worst value out of 21). In using the logarithm of the velocity, GRISLI slightly
improves compared to the other participating models, meaning that the errors are mostly localised in areas of high velocities.
Fig. 2a shows the absolute simulated velocity, to be compared to the observations in Fig. 2b. The pattern is generally well
reproduced and the model is able to reproduce the localisation of the major existing ice streams. However, the velocity of the
ice streams is not always in agreement with the data. The Northern and Western ice streams are generally too slow with an
underestimation reaching more than 500 m yr'! for the Jakobshavn, Petermann and North East Greenland ice stream (NEGIS)
glacier termini (Fig. 2¢). On the contrary, the South East glaciers, Kangerdlugssuaq and Helheim, are too slow in the model.
For the northern and western regions, the errors in ice thickness are small meaning that the ice velocity mismatch there cannot
be reduced within our initialisation procedure which only minimises the ice thickness error. This is somewhat different for

the South Eastern region, where there are important errors in ice thickness. However, there is an important positive bias in
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ice thickness at the ice sheet margin that tends to produce very high ice flow (very low basal drag coefficient to reduce this
bias). Since the SSA equation is elliptic, the low basal drag at the margin has a regional impact on ice flow, which tends to
produce an underestimation of the ice thickness further inland. While we strongly overestimate the velocity in this area, the
ice thickness at the margin is still overestimated. This suggests that the surface mass balance used in our reference climate is

probably overestimated in this region.

The ice sheet model drift can be assessed by examining Fig. Ic. The ice thickness drift in the control experiment ctrl_proj
is generally very small (lower than 10 metres) with only a few regions with higher values. Here again, the Kangerdlugssuaq
and Helheim glacier regions show the largest model drift with a local increase in ice thickness of more than 100 metres near
the glacier termini. Overall the ice volume drift is negligible over the duration of the control experiment (86 years), also
because of some compensating biases (see also Fig. 3). In addition to a the ice thickness drift, the model simulates a drift in
velocities during the duration of the control experiment (Fig. 2d). For most of the ice sheet the velocity change is small and
only reaches more than 1 m yr'! at the ice sheet margins. The largest changes concern the glaciers in South-East Greenland
such as the Helheim and the Kangerdlugssuaq glaciers where locally, at the termini, there can be an acceleration by more than
1000 m yr'.

3.2 Ice sheet evolution projections
3.2.1 Sensitivity to climate forcing

Amongst the different experiments, we start by the description of the simulated ice sheet evolution under the RCP8.5 sce-
narios for the 6 available CMIP5 models (Tier 1 and Tier 2). The simulated volume evolution over the 1995-2100 period is
shown in Fig. 3 (expressed in total ice volume and in contribution to global sea level rise). In 2100, the total ice loss ranges
from about -15000 km? to -35000 km?. This translates to a Greenland ice sheet melt contribution to global sea level rise of
35 mm of sea level equivalent (mmSLE) to 80 mmSLE. The spread amongst the different climate forcings of about 20000 km?
(or 45 mmSLE) is thus larger than the ice volume change yielded with the GCM providing the smallest ice sheet response
(CSIRO-MK3.6). The evolution of ice loss over the 86 simulated years is not linear, with an acceleration for all climatic sce-

narios. However, we can not distinguish any tipping point over the next century.

CMIP6 models show generally a much larger climate sensitivity than their equivalent in the former CMIPS5 generation (Forster
et al., 2020). This has important consequences on the projected Greenland ice sheet. The ice volume evolution for the four
CMIP6 models under SSP585 scenario is shown in Fig. 4. The CMIP6 models produce systematically higher ice loss than the
CMIP5 models. The two most sensitive CMIP6 models (UKESM1-CM6 and CESM2) almost double the ice loss with respect
to the most sensitive CMIP5 models (IPSL-CM5-MR and MIROCS5). The ice loss thus reaches -60000 km? (140 mmSLE) by

the end of the century.
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Two climate models have been run under two scenarios for the evolution of future atmospheric greenhouse gases. The ice loss
for the two scenarios of the climate models is shown in Fig. 5. The CMIPS (MIROCS) and CMIP6 (CNRM-CMG6) responses
to the change in greenhouse gas scenario (RCP8.5 to RCP2.6 and SSP585 to SSP126 respectively) is very similar. There are
very small differences for the first half of the century but after 2060 the pessimistic scenario produces substantial additional
mass loss with respect to the optimistic scenarios. By the end of the century, the pessimistic greenhouse gas scenario produces
roughly -25000 km? (55 mmSLE) of additional ice loss with respect to the optimistic scenario. The future evolution of atmo-

spheric greenhouse gas mixing ratio is thus a major driver for the Greenland ice mass at the century time scale.

The spatial pattern of ice loss by the end of this century is shown in Fig. 6. For this figure we have chosen four projection
experiments that show contrasted integrated ice mass loss by 2100: the CISRO-Mk3.6 under RCP8.5 which produces a small
integrated ice loss (Fig. 6a), the MIROCS under RCP8.5 which produces an important mass loss (Fig. 6b), the MIROCS un-
der RCP2.6 to show the impact of low emission scenario (Fig. 6¢c) and UKESM-CM6 under SSP585 with a high oceanic
sensitivity which produces the highest mass loss amongst all the different experiments (Fig. 6d). While the amplitude of ice
thickness change is drastically different amongst these experiments, the spatial pattern is similar. The major signal is a substan-
tial widespread ice thickness decrease at the margin of the ice sheet. If the ice thickness decrease is about 50 m for the least
sensitive model (CSIR-MK3.6), it can reaches more than 200 m for the most sensitive model (MIROCS or IPSL-CM5-MR).
The south-western region shows the largest ice sheet thinning. On the contrary, the central region shows a slight increase in ice
thickness which can reach about 50 m at places for the most sensitive climate scenario. This increase in ice thickness is related
to the slight increase in precipitation simulated by some GCMs in the course of the century. The central eastern region shows
only limited ice thickness changes regardless of the climate forcing used. The use of the RCP2.6 emission scenario reduces

drastically the ice thickness changes.

3.2.2 Importance of the oceanic forcing

The uncertainty that arises from the oceanic forcing can be evaluated thanks to the different glacier retreat scenarios (low,
medium and high sensitivity to oceanic forcing). In Fig. 3 is represented on the right-hand side the uncertainty that arises from
the oceanic forcing for the individual CMIP5 models. In 2100 the ice volume loss difference between the low and high oceanic
sensitivities is generally of about -5000 km? (less than 10 mmSLE). Without being negligible, the oceanic sensitivity for a given
climate scenario is nonetheless relatively small compared to the spread amongst the different CMIP5 climate models used. For
the CMIP6 experiments, the uncertainty that comes from the oceanic forcing is almost doubled with respect to the CMIP5
experiments, with about 10000 km? (~20 mmSLE) of ice loss difference from the low to high oceanic sensitivity (Fig. 4) but

these CMIP6 models also produce much greater ice loss.

We also performed experiments in which we isolate the response of the model that arises from the atmospheric forcing only

(first subset of Tier 3). For the atmosphere only (AO) experiments, we do not impose a retreat rate for the outlet glaciers and
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only the atmospheric perturbation is taken into account. Conversely, for the ocean only (OO) experiments, there is no atmo-
spheric perturbation (as in the control ctrl_hist experiment) but we do impose a retreat rate for the outlet glaciers. The ice
volume evolution for these experiments is shown in Fig. 7. The OO experiments produce almost identical ice volume evolu-
tions amongst the different GCMs. This means that even if the glacier retreat is subject to uncertainties, with the methodology
of Slater et al. (2019) it is nonetheless only weakly sensitive to the differences in the climate forcing used to elaborate it.
Fig. 7 also shows that the atmospheric forcing is the main driver for ice loss for the GCMs that produce important ice loss.

Also, the sum of the ice loss of AO and OO experiments approximate closely the ice loss simulated when using the full forcing.

3.2.3 Change in ice dynamics

Climate forcing, and its associated ice sheet geometry change, leads to a change in the dynamics of the Greenland ice sheet.
Fig. 8a shows the change in the simulated surface velocities at the end of the century with respect to the year 2015 for a given
climate forcing. On the one hand, consistently with what has been found in previous studies (e.g. Peano et al., 2017; Le clec’h
et al., 2019a), there is a decrease in simulated velocities related to ice thinning at the margins. On the other hand, the increase

in surface slopes due to ice thinning at the margin leads to increased velocities further upstream.

The change in ice dynamics can also be assessed by investigating the different terms of the mass conservation equation. The
integration in time of Eq. 1 over 2015-2100 suggests that the integrated ice flux convergence is the difference between the
ice thickness change from 2015 to 2100 and the integrated mass balance (surface and basal mass balance and calving) over
this period . Fig. 8b shows the difference in ice flux convergence in 2100 for a selected climate forcing with respect to the
control ctrl_proj experiment. This can be considered as the dynamical contribution to ice thickness change. The pattern mostly
follows the one of velocity change (Fig. 8a). There is an important ice flux convergence at the margins that tends to partially
compensate the decrease in surface mass balance. Conversely, upstream regions show a slightly negative convergence. This

pattern is similar amongst the different climate forcings.

4 Discussion

In order to minimise the initial error in ice thickness with respect to the observations, we have used an inverse procedure
that optimally tune the basal drag coefficient. In doing so, we produce a simulated ice sheet that is in quasi-equilibrium with
the climate forcing (minimal ice thickness drift). In reality, the Greenland ice sheet is far from being at equilibrium with
present-day climate since it has been loosing ice at an accelerated rate over the last four decades (Mouginot et al., 2019).
This means that, by constructions, our simulations underestimate the Greenland ice sheet contribution to future sea level rise.
Some promising alternatives exist, for example using data assimilation of observed velocities in a transient ice sheet simulation

(Gillet-Chaulet, 2020). These methods require however a complex data assimilation framework, currently not implemented in
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our ice sheet model. Instead, we plan to modify the inverse procedure of Le clec’h et al. (2019b) by incorporating the ice thick-

ness change inferred by gravimetry as an additional constraint in order to improve on the initial state of the Greenland ice sheet.

In addition, the inferred basal drag coefficient during the initialisation procedure is left unchanged for the duration of the his-
torical and projection experiments. This is probably an important and unjustified approximation since the basal conditions are
susceptible to respond to changes in ice geometry and, eventually, basal hydrology. To assess the importance of basal drag
coefficient changes for our projections, we perform a new set of experiments using the MIROCS climate forcing under RCP8.5
with a medium oceanic sensitivity. For these simulations, we apply a spatially uniform modification factor to reduce or increase
the value of the basal drag coefficient after the year 2045. The ice volume difference in 2100 with respect to the experiment with
no modification of the basal drag coefficient is shown in Fig. 9a,b. The ice volume change in response to small perturbations
of the basal drag coefficient is relatively linear and limited. Thus, a perturbation of 20% results in less than 5000 km® volume
change, which translates to less than 10 mmSLE. This means that it is unlikely that basal condition changes in the future could
produce a drastically different ice volume change in 2100. This also suggests that a slightly different basal drag coefficient in-
ferred during our initialisation procedure will produce a similar ice volume evolution in the projection experiments. We repeat
this kind of sensitivity experiment for the enhancement factor (Fig. 9c,d). Here again, the response in term of ice volume is

small and relatively linear.

One additional limitation of the inverse procedure is that it does not take into account the impact of the last glacial cycle on ice
temperatures. Our internal temperature field is the result of a long thermo-mechanical equilibrium under perpetual present-day
forcing and as such, it is necessarily overestimated. In addition to an underestimated ice viscosity, this has also consequences on
the simulated basal temperature and, as a result, on the regions where sliding occurs. This might affect the dynamical response
of the model to future climate change. If earlier studies have already identified these limitations (e.g. Rogozhina et al., 2011;
Yan et al., 2013; Seroussi et al., 2013; Le clec’h et al., 2019b), our inverse procedure does not allow for a quantification of
these limitations. Given the relatively low computational cost of GRISLI, one alternative would be to perform muti-millenial
palaeo integrations to infer the initial state used for the projections. This strategy generally leads to a larger ice thickness error
with respect to present-day observations but has the advantage to have a thermal state consistent with the model physics and
with the palaeo temperatures. While the ISMIP6-Greenland participating models either choose one or the other initialisation
technique (Goelzer et al., 2020), it would be very informative to have two drastically different initialisation methods for a given

ice sheet model.

Finally, the forcing methodology used for ISMIP6-Greenland does account for the vertical elevation feedback on temperature
and surface mass balance. However, other feedbacks are at play for the future evolution of the Greenland ice sheet. Notably,
the MAR model used to compute the forcing fields does not account for topography and ice mask changes. The effect of these
changes is probably limited for moderate ice sheet retreat (Le clec’h et al., 2019a). However, since CMIP6 models produce a

much greater retreat, they could also induce more important feedbacks if MAR was bi-directionally coupled to an ice sheet
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model. In addition, the effect of Greenland ice loss on the ocean is also not taken into account with the forcing methodology
followed. While, the oceanic forcing seems not to be the major driver for future Greenland ice loss, glacier retreat in the future
should ideally take into account the oceanic circulation changes in the fjords related to freshwater discharge from ice sheet

melting.

5 Conclusions

In this paper we have presented the GRISLI-LSCE contribution to ISMIP6-Greenland. Independently from the climate forcing
used to drive the ice sheet model, we have shown that the Greenland ice sheet is systematically loosing ice in the future.
However, the magnitude of the mass loss by 2100 is very sensitive to the climate forcing. Under a business as usual scenario
for the greenhouse gas emission (RCP8.5 or SSP585), the mass loss translates into a Greenland ice sheet contribution to global
sea level rise that ranges from 35 to 160 mmSLE. However, with an optimistic greenhouse gas emission scenario (RCP2.6
or SSP126) the mass loss can be significantly reduced. The CMIP6 models tend to produce much larger ice loss due to their
higher climate sensitivity with respect to the one of the CMIP5 models. While the oceanic forcing contributes to ice loss by
about 10 mmSLE in 2100, the Greenland ice mass loss in the future is mostly driven by a larger ablation at the ice sheet margin
in the future. This suggests that this process should be carefully implemented in ice sheet models aiming at simulating the

Greenland ice sheet evolution at the century scale.

6 Data availability

The GRISLI outputs from the experiments described in this paper are available on the zenodo repository with digital object
identifier 10.5281/zenodo.3784665. The outputs in the zenodo repository are the standard GRISLI outputs on the native 5 km
grid and, as a result, they may slightly differ from the post-processed outputs available on the official CMIP6 archive on the
Earth System Grid Federation (ESGF). In order to document CMIP6’s scientific impact and enable ongoing support of CMIP,
users are obligated to acknowledge CMIP®6, the participating modelling groups, and the ESGF centres (see details on the CMIP
Panel website at http://www.wcrp- climate.org/index.php/wgcm-cmip/about-cmip). The forcing datasets are available through

the ISMIP6 wiki and are also made publicly available via https://doi.org/xxx.

Acknowledgements. We thank the Climate and Cryosphere (CliC) effort, which provided support for ISMIP6 through sponsoring of work-
shops, hosting the ISMIP6 website and wiki, and promoted ISMIP6. We acknowledge the World Climate Research Programme, which,
through its Working Group on Coupled Modelling, coordinated and promoted CMIP5 and CMIP6. We thank the climate modeling groups
for producing and making available their model output, the Earth System Grid Federation (ESGF) for archiving the CMIP data and provid-
ing access, the University at Buffalo for ISMIP6 data distribution and upload, and the multiple funding agencies who support CMIP5 and
CMIP6 and ESGFE. We thank the ISMIP6 steering committee, the ISMIP6 model selection group and ISMIP6 dataset preparation group for
their continuous engagement in defining ISMIP6. This is ISMIP6 contribution No X.

11



10

15

20

25

30

35

https://doi.org/10.5194/tc-2020-139
Preprint. Discussion started: 2 June 2020 The Cryosphere
(© Author(s) 2020. CC BY 4.0 License. Discussions

References

Bamber, J. L., Oppenheimer, M., Kopp, R. E., Aspinall, W. P., and Cooke, R. M.: Ice sheet contributions to future sea-level rise from
structured expert judgment, Proceedings of the National Academy of Sciences, 116, 11 195-11 200, doi:10.1073/pnas.1817205116, 2019.

Bueler, E. and Brown, J.: Shallow shelf approximation as a “sliding law” in a thermomechanically coupled ice sheet model, Journal of
Geophysical Research: Earth Surface, 114, FO3 008, doi:10.1029/2008JF001179, 2009.

Fettweis, X., Franco, B., Tedesco, M., van Angelen, J. H., Lenaerts, J. T. M., van den Broeke, M. R., and Gallée, H.: Estimating the Greenland
ice sheet surface mass balance contribution to future sea level rise using the regional atmospheric climate model MAR, The Cryosphere,
7, 469489, doi:10.5194/tc-7-469-2013, 2013.

Fettweis, X., Box, J. E., Agosta, C., Amory, C., Kittel, C., Lang, C., As, D. v., Machguth, H., and Gallée, H.: Reconstructions of
the 1900-2015 Greenland ice sheet surface mass balance using the regional climate MAR model, The Cryosphere, 11, 1015-1033,
doi:https://doi.org/10.5194/tc-11-1015-2017, 2017.

Forster, P. M., Maycock, A. C., McKenna, C. M., and Smith, C. J.: Latest climate models confirm need for urgent mitigation, Nature Climate
Change, 10, 7-10, doi:10.1038/s41558-019-0660-0, 2020.

Franco, B., Fettweis, X., Lang, C., and Erpicum, M.: Impact of spatial resolution on the modelling of the Greenland ice sheet surface mass
balance between 1990-2010, using the regional climate model MAR, The Cryosphere, 6, 695-711, doi:https://doi.org/10.5194/tc-6-695-
2012, 2012.

Gillet-Chaulet, F.: Assimilation of surface observations in a transient marine ice sheet model using an ensemble Kalman filter, The
Cryosphere, 14, 811-832, doi:https://doi.org/10.5194/tc-14-811-2020, 2020.

Goelzer, H., Nowicki, S., Edwards, T., Beckley, M., Abe-Ouchi, A., Aschwanden, A., Calov, R., Gagliardini, O., Gillet-Chaulet, F., Golledge,
N. R., Gregory, J., Greve, R., Humbert, A., Huybrechts, P., Kennedy, J. H., Larour, E., Lipscomb, W. H., Le clec’h, S., Lee, V., Morlighem,
M., Pattyn, F., Payne, A. J., Rodehacke, C., Riickamp, M., Saito, F., Schlegel, N., Seroussi, H., Shepherd, A., Sun, S., Wal, R. v. d., and
Ziemen, F. A.: Design and results of the ice sheet model initialisation experiments initMIP-Greenland: an ISMIP6 intercomparison, The
Cryosphere, 12, 1433-1460, doi:10.5194/tc-12-1433-2018, 2018.

Goelzer, H., Nowicki, S., Payne, A., Larour, E., Seroussi, H., Lipscomb, W. H., Gregory, J., Abe-Ouchi, A., Shepherd, A., Simon, E., Agosta,
C., Alexander, P., Aschwanden, A., Barthel, A., Calov, R., Chambers, C., Choi, Y., Cuzzone, J., Dumas, C., Edwards, T., Felikson, D.,
Fettweis, X., Golledge, N. R., Greve, R., Humbert, A., Huybrechts, P, Clec’h, S. L., Lee, V., Leguy, G., Little, C., Lowry, D. P., Morlighem,
M., Nias, ., Quiquet, A., Riickamp, M., Schlegel, N.-J., Slater, D., Smith, R., Straneo, F., Tarasov, L., Wal, R. v. d., and Broeke, M. v. d.:
The future sea-level contribution of the Greenland ice sheet: a multi-model ensemble study of ISMIP6, The Cryosphere Discussions, pp.
1-43, doi:https://doi.org/10.5194/tc-2019-319, 2020.

Joughin, I., Smith, B. E., Howat, I. M., Moon, T., and Scambos, T. A.: A SAR record of early 21st century change in Greenland, Journal of
Glaciology, 62, 62-71, doi:10.1017/jog.2016.10, 2016.

Le clec’h, S., Charbit, S., Quiquet, A., Fettweis, X., Dumas, C., Kageyama, M., Wyard, C., and Ritz, C.: Assessment of the Greenland ice
sheet—atmosphere feedbacks for the next century with a regional atmospheric model coupled to an ice sheet model, The Cryosphere, 13,
373-395, doi:10.5194/tc-13-373-2019, 2019a.

Le clec’h, S., Quiquet, A., Charbit, S., Dumas, C., Kageyama, M., and Ritz, C.: A rapidly converging initialisation method to simulate
the present-day Greenland ice sheet using the GRISLI ice sheet model (version 1.3), Geoscientific Model Development, 12, 2481-2499,
doi:10.5194/gmd-12-2481-2019, 2019b.

12



10

15

20

25

30

35

https://doi.org/10.5194/tc-2020-139
Preprint. Discussion started: 2 June 2020 The Cryosphere
(© Author(s) 2020. CC BY 4.0 License. Discussions

Morlighem, M., Williams, C. N., Rignot, E., An, L., Arndt, J. E., Bamber, J. L., Catania, G., Chauché, N., Dowdeswell, J. A., Dorschel,
B., Fenty, 1., Hogan, K., Howat, 1., Hubbard, A., Jakobsson, M., Jordan, T. M., Kjeldsen, K. K., Millan, R., Mayer, L., Mouginot, J.,
Noél, B. P. Y., O’Cofaigh, C., Palmer, S., Rysgaard, S., Seroussi, H., Siegert, M. J., Slabon, P., Straneo, F., van den Broeke, M. R.,
Weinrebe, W., Wood, M., and Zinglersen, K. B.: BedMachine v3: Complete Bed Topography and Ocean Bathymetry Mapping of
Greenland From Multibeam Echo Sounding Combined With Mass Conservation, Geophysical Research Letters, 44, 2017GL074 954,
doi:10.1002/2017GL074954, 2017.

Mouginot, J., Rignot, E., Bjgrk, A. A., Broeke, M. v. d., Millan, R., Morlighem, M., Noél, B., Scheuchl, B., and Wood, M.: Forty-six
years of Greenland Ice Sheet mass balance from 1972 to 2018, Proceedings of the National Academy of Sciences, 116, 9239-9244,
doi:10.1073/pnas.1904242116, 2019.

Nerem, R. S., Beckley, B. D., Fasullo, J. T., Hamlington, B. D., Masters, D., and Mitchum, G. T.: Climate-change—driven accelerated sea-
level rise detected in the altimeter era, Proceedings of the National Academy of Sciences, 115, 2022-2025, doi:10.1073/pnas.1717312115,
2018.

Nowicki, S., Payne, A. J., Goelzer, H., Seroussi, H., Lipscomb, W. H., Abe-Ouchi, A., Agosta, C., Alexander, P., Asay-Davis, X. S., Barthel,
A., Bracegirdle, T. J., Cullather, R., Felikson, D., Fettweis, X., Gregory, J., Hatterman, T., Jourdain, N. C., Kuipers Munneke, P., Larour,
E., Little, C. M., Morlinghem, M., Nias, 1., Shepherd, A., Simon, E., Slater, D., Smith, R., Straneo, F., Trusel, L. D., Broeke, M. R. v. d.,
and Wal, R. v. d.: Experimental protocol for sealevel projections from ISMIP6 standalone ice sheet models, The Cryosphere Discussions,
pp. 140, doi:https://doi.org/10.5194/tc-2019-322, 2020.

Nowicki, S. M. J., Payne, A., Larour, E., Seroussi, H., Goelzer, H., Lipscomb, W., Gregory, J., Abe-Ouchi, A., and Shepherd, A.: Ice Sheet
Model Intercomparison Project (ISMIP6) contribution to CMIP6, Geosci. Model Deyv., 9, 4521-4545, doi:10.5194/gmd-9-4521-2016,
2016.

Peano, D., Colleoni, F., Quiquet, A., and Masina, S.: Ice flux evolution in fast flowing areas of the Greenland ice sheet over the 20th and 21st
centuries, Journal of Glaciology, 63, 499-513, doi:10.1017/jog.2017.12, 2017.

Quiquet, A. and Dumas, C.: The GRISLI-LSCE contribution to ISMIP6, Part 2: projections of the Antarctic ice sheet evolution by the end
of the 21* century, The Cryosphere Discussion, submitted.

Quiquet, A., Dumas, C., Ritz, C., Peyaud, V., and Roche, D. M.: The GRISLI ice sheet model (version 2.0): calibration and validation for
multi-millennial changes of the Antarctic ice sheet, Geoscientific Model Development, 11, 5003-5025, doi:10.5194/gmd-11-5003-2018,
2018.

Rignot, E., Mouginot, J., Scheuchl, B., van den Broeke, M., van Wessem, M. J., and Morlighem, M.: Four decades of Antarctic Ice Sheet
mass balance from 1979-2017, Proceedings of the National Academy of Sciences, 116, 1095-1103, doi:10.1073/pnas.1812883116, 2019.

Rogozhina, I., Martinec, Z., Hagedoorn, J. M., Thomas, M., and Fleming, K.: On the long-term memory of the Greenland Ice Sheet, Journal
of Geophysical Research: Earth Surface, 116, doi:10.1029/2010JF001787, 2011.

Seddik, H., Greve, R., Zwinger, T., Gillet-Chaulet, F., and Gagliardini, O.: Simulations of the Greenland ice sheet 100 years into the future
with the full Stokes model Elmer/Ice, Journal of Glaciology, 58, 427-440, doi:10.3189/2012JoG11J177, 2012.

Seroussi, H., Morlighem, M., Rignot, E., Khazendar, A., Larour, E., and Mouginot, J.: Dependence of century-scale projections of the
Greenland ice sheet on its thermal regime, Journal of Glaciology, 59, 1024-1034, doi:10.3189/2013J0oG13J054, 2013.

Slater, D. A., Straneo, F., Felikson, D., Little, C. M., Goelzer, H., Fettweis, X., and Holte, J.: Estimating Greenland tidewater glacier retreat
driven by submarine melting, The Cryosphere, 13, 2489-2509, doi:https://doi.org/10.5194/tc-13-2489-2019, 2019.

Weertman, J.: On the Sliding of Glaciers, Journal of Glaciology, 3, 33-38, doi:10.3189/S0022143000024709, 1957.

13



https://doi.org/10.5194/tc-2020-139
Preprint. Discussion started: 2 June 2020 The Cryosphere
(© Author(s) 2020. CC BY 4.0 License. Discussions

Yan, Q., Zhang, Z., Gao, Y., Wang, H., and Johannessen, O. M.: Sensitivity of the modeled present-day Greenland Ice Sheet to climatic
forcing and spin-up methods and its influence on future sea level projections, Journal of Geophysical Research: Earth Surface, 118,
2012JF002 709, doi:10.1002/jgrf.20156, 2013.

14



https://doi.org/10.5194/tc-2020-139

Preprint. Discussion started: 2 June 2020
(© Author(s) 2020. CC BY 4.0 License.

Table 1. List of ISMIP6-Greenland experiments performed in this work.

exp_id scenario GCM Ocean

exp05 RCP8.5 MIROCS Medium

exp06 RCP8.5 NorESM Medium

exp07 RCP2.6 MIROCS Medium Core )
exp08  RCPS.S  HadGEM2ES  Medium Poimone™
exp09 RCP8.5 MIROCS High Ter 1
expl0 RCP8.5 MIROCS Low

expa0l  RCP8.5 IPSL-CM5-MR Medium  Extended
expa02  RCP8.5 CSIRO-MK3.6 Medium  ensemble —
expa03  RCP8.5 ACCESS1.3 Medium  Tier 2
expb0l  SSP585 CNRM-CM6 Medium

expb02  SSP126 CNRM-CM6 Medium CMIP6
expb03  SSP585 UKESM1-CM6 Medium  extension —
expb04  SSP585 CESM2 Medium  Tier 2
expb05  SSP585 CNRM-ESM2 Medium

expc01 RCP8.5 MIROCS AO Medium

expc02  RCP8.5 MIROCS OO Medium

expc03  RCP8.5  CSIRO-Mk3.6 AO  Medium

expc04 RCP8.5 CSIRO-Mk3.6 00 Medium  Ocean only
expc05  RCP2.6 MIROCS5 AO Medium  (OO) and
expc06  RCP2.6 MIROCS OO Medium  Atmos. only
expc07  RCP8.5 NorESM AO Medium  (AO) — Tier 3
expc08  RCP8.5 NorESM OO Medium

expc09  RCP8.5 MIROCS AO Low

expcl0  RCP8.5 MIROCS5 OO High
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exp_id scenario GCM Ocean
expd0l  RCP8.5 NorESM High
expd02  RCP8.5 NorESM Low
expd03  RCP8.5 HadGEM2-ES High
expd04  RCP8.5 HadGEM2-ES Low
expd0S  RCP8.5 MIROCS High
expd06  RCP8.5 MIROCS Low
expd07 RCP8.5 IPSL-CM5-MR  High
expd08 RCP8.5  IPSL-CM5-MR Low
expd09  RCP8.5 CSIRO-MK3.6 High
expdl0  RCP8.5 CSIRO-MK3.6 Low
expdll  RCP8.5 ACCESS1.3 High OCBE.H’? .
expdl2  RCP8.5 ACCESS1.3 Low se.ns1t1v1ty -
expdl3  SSP585 CNRM-CM6 High Tier 3
expdl4  SSP585 CNRM-CM6 Low
expdl5  SSP126 CNRM-CM6 High
expdl6  SSP126 CNRM-CM6 Low
expdl7  SSP585 UKESM-CM6 High
expdl8  SSP585  UKESM-CM6 Low
expdl9  SSP585 CESM2 High
expd20  SSP585 CESM2 Low
expd2l  SSP585 CNRM-ESM2 High
expd22  SSP585 CNRM-ESM2 Low
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Figure 1. Ice thickness difference: (a) end of the historical experiment hist respective to the observations (Morlighem et al., 2017); (b) end

of the control experiment ctrl_proj respective to the end of historical experiment hist.
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Figure 2. Surface velocity magnitude: (a) simulated at the end (2011-2015) of the historical experiment ist; (b) in the observational datasets

of Joughin et al. (2016); (c¢) difference between (a) and (b). The surface velocity magnitude change from 2011-2015 to 2096-2100 in the

control experiment ctrl_proj is shown in d. We use a 5 year mean for the simulated velocity to reduce the impact of interannual variability.
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Figure 3. Simulated ice volume change for the historical simulation hist (1995-2015), the control experiments ctrl (solid grey lines) and
ctrl_proj (dashed grey lines) and the projections under the different CMIPS forcings using the RCP8.5 scenario and the medium oceanic
sensitivity: (a) total ice volume change and (b) ice volume contributing to sea level rise. For each projection experiment the right-hand side

vertical bar shows the minimal and maximal volume change associated with the oceanic forcing uncertainty (low and high scenarios).
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Figure 4. Simulated ice volume change for the historical experiment hist (1995-2015) and the projections under the different CMIP6 forcings
using the SSP585 scenario and the medium oceanic sensitivity: (a) total ice volume change and (b) ice volume contributing to sea level rise.
For each projection experiment the right-hand side vertical bar shows the minimal and maximal volume change associated with the oceanic

forcing uncertainty (low and high scenarios). The grey lines are the volume change under the CMIP5 forcings shown in Fig. 3.
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Figure 5. Simulated ice volume change for the historical experiment hist (1995-2015), the control experiments ctrl (solid grey lines) and
ctrl_proj (dashed grey lines) and for the projections using two climate models run under a pessimistic greenhouse scenario (solid lines,
RCP8.5 for MIROCS and SSP585 for CNRM-CM6) and an optimistic greenhouse scenario (dashed lines, RCP2.6 for MIROCS and SSP126
for CNRM-CM6) with a medium oceanic sensitivity, expressed as: (a) total ice volume change and (b) ice volume contributing to sea level
rise. For each projection experiment, the right-hand side vertical bar shows the minimal and maximal volume change associated with the

oceanic forcing uncertainty (low and high scenarios)
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Figure 6. Simulated ice thickness change (2100 - 2015) for: (a) CSIRO-Mk3.6 (RCP8.5); (b) MIROCS (RCP8.5); (¢) MIROCS (RCP2.6)
and; (d) UKESM-CMG6 (SSP585) climate forcing. The medium oceanic sensitivity has been used for this figure, except for UKESM-CM6

(d) for which we use the high oceanic sensitivity.
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Figure 7. Simulated ice volume change for the historical experiment hist (1995-2015), the control experiments ctrl (solid grey lines) and
ctrl_proj (dashed grey lines) and the projections under different CMIP5 forcings using the RCP8.5 scenario. For the projections, the solid
lines stand for experiments under atmospheric forcing change only (no imposed outlet glacier retreat, AO) while the dashed lines stand for
experiments under oceanic forcing change only (no change in surface mass balance, OO). The volume change is expressed as: (a) total
ice volume change and (b) ice volume contributing to sea level rise. The medium oceanic sensitivity has been used for the oceanic only

experiments (OO).
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Figure 8. (a): Simulated surface velocity change during the projection run (2096-2100 with respect to 2015-2019) using MIROCS forcing
under RCP8.5 with a medium oceanic sensitivity. (b): change in the dynamic contribution to ice thickness change in 2100 (see text for
definition) for this same experiment. For both panels, we corrected the changes by the ones simulated in the control experiment ctrl_proj

over the same period.

20



https://doi.org/10.5194/tc-2020-139
Preprint. Discussion started: 2 June 2020
(© Author(s) 2020. CC BY 4.0 License.

Q0

10000
04
-10000 -
-20000 |
-30000 -
-40000 -
g —50000 -
-60000 -
-70000 -

Change in total ice volume (km?3)

100 80 60 40 20 0 -20

Basal drag coefficient perturbation (%)

(1]

10000 \

-10000 | °

o
L

-20000 -
-30000 - °
—-40000 -

-50000 -

Change in total ice volume (km?3)

-60000

80 -100

1 2 3 4
Enhancement factor

Figure 9. Change in ice volume for a modification of the basal drag coefficient ((a) and (b)) and different values of the enhancement factor
((c) and (d)). In this figure, each dot represents the ice volume difference in 2100 with respect to the standard projection experiment (no
basal drag coefficient perturbation and enhancement factor at 1). The climate forcing used for this figure is MIROCS under RCP8.5 with a
medium oceanic sensitivity. The perturbation is applied starting at year 2045. The difference is expressed in total ice volume ((a) and (c))

and ice volume contributing to sea level rise ((b) and (d)).
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