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Abstract. The long-term evolution of the Greenland Ice Sheet (GrIS) remains a major source of uncertainty in projections of

future sea-level rise. Recent advances in coupled climate–ice sheet models provide new opportunities to investigate the role of

feedbacks between the ice sheet and the climate system, yet substantial divergence persists across climate-ice sheet model pro-

jections. Here, we present results from the Greenland Ice sheet Coupled Model Intercomparison Project (GrICMIP), using three

coupled climate–ice sheet models to simulate GrIS evolution under multiple emission scenarios to the year 4000 CE. While5

projected sea-level contributions remain modest by 2100 (0.03–0.11 m), they diverge strongly on longer timescales, reaching

up to 3.5 m by 2500. Under the high-emission scenario, full GrIS disintegration is projected as early as 3000 CE. By means of

targeted sensitivity experiments, we identify the dominant sources of diverging GrIS trajectories. Across all models, changes

in surface mass balance (SMB), and in particular net surface melt, control the long-term ice-sheet retreat. Differences in SMB

formulation, especially in the underlying energy balance models, together with differences in the simulated climate, outweigh10

the influence of initial ice-sheet geometry. This establishes a hierarchy of uncertainties in which atmospheric processes and

their representation within the model systems propagate non-linearly into ice-sheet evolution. Our results demonstrate that

reliable long-term projections of the GrIS critically depend on improving the representation of climate and SMB, rather than

on refining initial conditions alone.

1 Introduction15

Rising global sea level, with substantial contributions from mass loss of the major ice sheets in Greenland and Antarctica,

poses a challenge with far-reaching socio-economic consequences (Kirezci et al., 2020; Depsky et al., 2023). Since 1990, the

overall mass loss of the Greenland ice sheet (GrIS) has changed from a near zero contribution to ∼250 Gt/yr or ∼0.7 mm/yr

sea-level equivalent (SLE) in the 2010s (Mankoff et al., 2021). This accelerating ice mass loss trend is likely to continue over

the coming decades and centuries, with high-end sea-level rise projections from the GrIS reaching beyond 3 m SLE by 230020

(Goelzer et al., 2025). While ice-ocean interactions and ice dynamics play a non-negligible role for the GrIS mass balance on
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decadal timescales, the dominant driver for future mass loss of the GrIS is expected to be a changing surface mass balance

(SMB, Fürst et al., 2015; Aschwanden et al., 2019; Goelzer et al., 2020). Since changes in the SMB are tightly linked to

changes in near-surface air temperature, the importance of the SMB is even enhanced for higher emission scenarios and longer

centennial to millennial timescales. In such scenarios, the margins of the GrIS retreat rapidly, reducing the contact area between25

the ice and the ocean, and turning the GrIS effectively into a land-terminating ice sheet (Fürst et al., 2015).

Typically, GrIS projections have been performed with stand-alone ice-sheet models (e.g. Fürst et al., 2015; Calov et al., 2018;

Aschwanden et al., 2019; Goelzer et al., 2020; Rahlves et al., 2025) that largely omit feedbacks between the climate and ice

sheets. The recent emergence of coupled climate-ice sheet models now allows to explore the importance of climate-ice sheet

feedbacks for the future evolution of the GrIS. However, their high computational costs has restricted the application horizon of30

coupled climate-ice sheet models almost exclusively to timescales of up to year 2300, with a strong focus on high-end emission

scenarios (e.g. Mikolajewicz et al., 2007b; Vizcaino et al., 2015; Muntjewerf et al., 2020; Madsen et al., 2022). Because of

the long response time of ice sheets relative to other components of the climate system, such as the atmosphere or the ocean,

the 300 year timescale is insufficient to deduce the importance of climate-ice sheet interactions on the global climate as well

as the ice-sheet evolution (Vizcaino et al., 2015; Haubner et al., 2026). To date, coupled projections on millennial timescales35

have been limited to regional model configurations (Paice et al., 2026). As the field of climate-ice sheet modelling is still in

its infancy, explanations for the substantial differences in the future evolution of the GrIS using such coupled models have not

been explored. For example, Madsen et al. (2022) and Muntjewerf et al. (2020) performed the same forcing experiment with

EC-Earth-PISM and CESM2.1-CISM2.1, respectively. Both models start off the forcing experiment with an almost identical

integrated SMB. However, at the end of their 300-year long simulations, the SMBs vary by a factor of four.40

Here, we build upon these findings and present the results of the Greenland Ice sheet Coupled Model Intercomparison Project

(GrICMIP). We use three different coupled climate-ice sheet models, specifically tailored towards millennial timescales, to

investigate the future response of the GrIS to different emission scenarios. We go beyond previous studies by exploring the

climate evolution until year 4000 CE. In addition, we perform targeted sensitivity simulations that allow us to disentangle

the driving mechanisms behind changes in the SMB across the different models. The paper is structured as follows: In the45

methods section, we introduce each of the three climate-ice sheet models and underlying energy balance models (EBMs)

used to calculate the SMB and provide a detailed description of the performed experiments. The results section bridges the

gap between global and regional scales, starting with the global climate evolution before zooming into Greenland, and then

illuminates the drivers behind differences in the simulated SMB. The paper closes with a discussion and conclusion.

2 Methods50

For our analysis, we use two comprehensive Earth System Models (ESMs) and one Earth System Model of Intermediate

Complexity (EMIC), which all include an interactive GrIS. All three models are designed for millennial-scale simulations.

This comes at the expense of spatial resolution, preventing the explicit representation of small-scale climatic processes, such as
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katabatic winds. Each model system uses a different approach to calculate the SMB. In the following, we provide a description

of each coupled model system and highlight differences between them.55

2.1 Model description

The models differ in their atmosphere, land and ocean components as well as in additional modules that are used to simulate

changes in the bathymetry, land-sea mask and/or icebergs. All climate-ice sheet models or their sub-components have widely

been used for paleo and future applications (Ackermann et al., 2020; Mikolajewicz et al., 2025; Niu et al., 2024, 2025; Willeit

et al., 2024) and participated in a variety of model intercomparisons (Fettweis et al., 2020; Kageyama et al., 2021; Renoult60

et al., 2020). The most relevant information on the model systems in terms of their individual components is given in Table 1.

Additional parameter values for the ice sheet and solid Earth models are listed in Table A1. Details on the utilized EBMs are

described in Section 2.1.4.

2.1.1 CLIMBER-X

We use the fast Earth system model CLIMBER-X (Willeit et al., 2022, 2023, 2024) with the ice-sheet model SICOPOLIS65

(Greve, 1997) applied to the GrIS domain. CLIMBER-X includes the frictional-geostrophic 3D ocean model GOLDSTEIN

(Edwards et al., 1998; Edwards and Marsh, 2005), the semi-empirical statistical-dynamical atmosphere model SESAM (Willeit

et al., 2022), the dynamic-thermodynamic sea-ice model SISIM (Willeit et al., 2022), the land-surface model with interactive

vegetation PALADYN (Willeit and Ganopolski, 2016) and the ocean biogeochemistry model HAMOCC6 (Ilyina et al., 2013;

Mauritsen et al., 2019). The comprehensive carbon cycle in the model computes the atmospheric CO2 and CH4 evolution70

interactively, while accounting for slow processes associated with permafrost, marine sediments and chemical rock weathering,

which are important on millennial time scales. All components of the climate model have a horizontal resolution of 5◦×5◦.

The dynamics of the GrIS in SICOPOLIS is represented at a horizontal resolution of 16 km, coupled to the climate model via

the physically-based surface energy and mass balance interface SEMIX (Willeit et al., 2024) with a coupling time step of one

year. We employ a parametrisation of sub-grid ice discharge into the ocean from unresolved narrow outlet glaciers dynamics75

(Calov et al., 2015). The basal melt of floating ice shelves is computed from simulated ocean temperature and salinity (Willeit

et al., 2024). The viscoelastic solid Earth model VILMA (Klemann et al., 2008; Martinec et al., 2018; Bagge et al., 2021)

computes the glacial isostatic adjustment and relative sea-level changes. Simulated changes in the ice sheet have an impact on

climate through changes in elevation, surface albedo, river directions, meltwater and calving fluxes into the ocean, and land-sea

mask (Willeit et al., 2024). The climate model is described in detail in Willeit et al. (2022), the carbon cycle model in Willeit80

et al. (2023) and the ice-sheet coupling in Willeit et al. (2024). The Antarctic ice sheet is held constant and prescribed from

present-day observations. In the following, the coupled climate-ice sheet model is referred to as CLIMBER-X.
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2.1.2 AWI-ESM

We further use the Alfred Wegener Institute Earth System Model version 2 (AWI-ESM2) including the Parallel Ice Sheet

Model (PISM) for the GrIS domain. The atmospheric component of AWI-ESM2 is the sixth generation of the European Centre85

for Medium-Range Weather Forecast Model Hamburg ECHAM6 (Stevens et al., 2013). It includes the dynamic vegetation

model JSBACH (Reick et al., 2021) and a hydrological discharge model (Hagemann and Dümenil, 1997) that also accounts for

changes in the land orography and river directions (Riddick et al., 2018) in response to ice sheet changes. The model resolution

used is T63 ( 1.9°) in the horizontal domain with 47 vertical levels. The ocean component of AWI-ESM2, is the second version

of the Finite volumE Sea ice-Ocean Model (Danilov et al., 2017, FESOM2,). The model uses an unstructured, multi-resolution90

grid with horizontal resolutions ranging from around 120 km in the subtropics to around 20 km in the high latitudes (Sein et al.,

2016), with high resolution at critical regions, for example near coastlines. PISM 1.2.1 (Winkelmann et al., 2011; Martin et al.,

2011) is used for the GrIS domain with a horizontal resolution of 5 km. The climate and ice sheet components run iteratively

and are fully coupled with coupling time step of one year. The diurnal EBM (Krebs-Kanzow et al., 2021, dEBM,) is used

with output from the atmosphere component ECHAM6 to provide the SMB for the ice sheet. The ice sheet further receives95

averaged ocean salinity and temperature fields at the ocean-ice sheet interface to compute basal melt underneath ice shelves.

The coupling from the ice sheet to the climate components includes changes in orography, surface albedo, and freshwater fluxes

due to changes in the total ice mass balance. The Antarctic ice sheet is prescribed and held fixed at its present-day geometry.

Henceforth, the coupled climate-ice sheet setup is referred to as AWI-ESM.

2.1.3 MPI-ESM100

We additionally use the Max Planck Institute for Meteorology Earth System Model version 1.2 (MPI-ESM1.2) coupled to

the modified Parallel Ice Sheet Model (mPISM) (Ziemen et al., 2019) and the solid Earth model VILMA (Klemann et al.,

2008; Martinec et al., 2018). MPI-ESM1.2 uses the atmosphere general circulation model ECHAM6.3 (Stevens et al., 2013),

including the dynamic vegetation model JSBACH (Raddatz et al., 2007). The atmosphere model resolution is T31 (approx.

3.75°) in the horizontal domain with 31 vertical levels. As global ocean component, MPIOM1.6 is applied (Marsland et al.,105

2003; Mikolajewicz et al., 2007a). The MPIOM setup used here has a resolution of 3° on an Arakawa C grid (Arakawa and

Lamb, 1977), with grid poles over Greenland and Antarctica yielding a grid resolution between 391 km in the tropical Pacific

and 31 km near Greenland. The MPIOM version applied here contains an Eulerian iceberg module (Erokhina and Mikola-

jewicz, 2024). Ice sheets are represented by the thermomechanically coupled ice-sheet model mPISM (Ziemen et al., 2019)

based on PISM0.7.3. The polar stereographic grid has a resolution of 10 km in the Northern Hemisphere and for Antarctica.110

Note, that for the current study, the Antarctic ice sheet is prescribed from a pre-industrial (PI) control simulation. The model

system accounts for changes in the land orography and river directions (Riddick et al., 2018) and includes modules to change

the land-sea mask and ocean bathymetry (Meccia and Mikolajewicz, 2018) due to changes in local sea level. To calculate the

SMB, an EBM is used (Kapsch et al., 2021). Further, ocean salinity and temperature are extrapolated underneath ice shelves to

calculate the basal melt rates. The model and its sub-components are described in detail in Mikolajewicz et al. (2025), although115
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the one utilized here differs in terms of its parameter settings, its resolution of the ice-sheet model for Antarctica, and its ocean

grid. Details regarding these changes are described in Andernach et al. (2026). Here, a coupling time step of one year between

MPI-ESM1.2 and mPISM/VILMA is used. The coupling scheme is sequential. In the following, we refer to the coupled model

system as MPI-ESM.

2.1.4 SMB calculation120

Here, we present the main characteristics of the EBMs that are applied within the three model systems to calculate surface

melt, refreezing, and and accumulation. Although the EBMs substantially differ in their approach, they have all been tuned for

historical climate conditions (see also Fettweis et al., 2020).

CLIMBER-X

CLIMBER-X uses the surface energy and mass balance interface SEMIX to compute the SMB of the ice sheet. SEMIX125

is largely based on the ideas in Calov et al. (2005), but with notable modifications and improvements. The climate model

fields needed by SEMIX are first bilinearly interpolated from the coarse-resolution climate model grid (5°×5°) onto the high-

resolution ice sheet model grid, where SEMIX operates. Subsequently, near-surface air temperature, humidity, and radiation

fields are elevation corrected. For temperature a constant lapse rate of 5◦C/km is used. There is no orographic correction in the

precipitation downscaling. Snow albedo depends on snow grain size and the concentration of dust in snow, which is computed130

from the simulated dust deposition flux. The surface energy balance equation is then solved to compute surface melt and

refreezing, and the SMB is finally derived accounting for snowfall, rainfall, sublimation and runoff. SEMIX is described in

detail in Appendix B of Willeit et al. (2024).

AWI-ESM

AWI-ESM uses the diurnal EBM (dEBM, Krebs-Kanzow et al., 2021), which requires monthly means of longwave and short-135

wave radiation, near-surface air temperature, precipitation, and cloud cover. These climate fields are bilinearly interpolated

from the coarse-resolution atmosphere grid onto the high-resolution ice sheet grid with a lapse-rate correction applied to the air

temperature. For the near-surface air temperature a constant lapse rate of 5◦C/km is used. No orographic correction is applied

for the precipitation downscaling. The dEBM resolves sub-daily variability by partitioning monthly forcing fields into distinct

clear-sky and cloudy-sky regimes, and, for clear-sky conditions, by separately computing daytime surface melt and nocturnal140

refreezing. The melt period is defined as the fraction of the diurnal cycle during which incoming shortwave radiation exceeds

outgoing longwave radiation. This separation is derived analytically from the location- and time-dependent solar geometry

based on orbital parameters. The melt period mean temperature is parameterised using the Positive degree days method (PDD,

Calov and Greve, 2005). Different albedo values are assigned to new snow, dry snow, and wet snow, for both fair and cloudy

conditions.145
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MPI-ESM

In MPI-ESM, the SMB is calculated by an EBM that calculates surface melt and accumulation rates from hourly atmospheric

fields (Kapsch et al., 2021). The atmospheric fields are linearly interpolated onto elevation classes. To account for height dif-

ferences between each elevation class and the surface elevation of the atmospheric model, a height correction is applied to

near-surface air temperature, humidity, dew point temperature, precipitation, downward longwave radiation and near-surface150

density fields. Temperatures are corrected using a constant lapse rate of 4.7 Km−1. Precipitation is corrected for elevations

above 2000 m, taking into account the height desertification effect. Details on the applied height correction are described

in Section 2.1.1 of Kapsch et al. (2021). To obtain surface melt rates, the EBM computes the energy balance at the atmo-

sphere–snow interface as the sum over the radiative and turbulent as well as rain-induced and conductive heat fluxes. The

albedo parameterisation in the EBM is based on the parameterisation by Oerlemans and Knap (1998) and considers snow155

ageing, snow depth and the influence of cloud coverage. The obtained 3-D fields of surface melt, accumulation and SMB are

then vertically and horizontally interpolated onto the actual ice-sheet topography.

2.2 Experiments

To investigate the recent and future response of the GrIS to warming, we performed transient simulations with all three coupled

climate-ice sheet models under historical (1850-2015) forcing and three different extended socio-economic pathways (SSPs)160

that extend almost 2000 years into the future (2016-4000). All three models started their simulations from a near-equilibrium

state for PI. In addition, we conducted several sets of sensitivity simulations that allow us to disentangle the driving mechanisms

behind changes in the SMB across the different models.

2.2.1 Projections

For the future projections, we applied all model systems under SSP2-4.5, SSP4-6.0 and SSP5-8.5 transient greenhouse gas165

forcing, branching off from historical experiments that range from 1850 to 2015 CE. As forcing, we utilized time-varying CO2

and CH4 levels from emission driven scenarios with CLIMBER-X. For details on the emission scenarios refer to Fig. 1 and

the Supplementary Information of Kaufhold et al. (2025). The greenhouse gas N2O is held constant at PI concentrations in all

simulations. Solar insolation varies through changes in the Earth’s orbital parameters, calculated following the algorithm of

Berger and Loutre (1991) (MPI-ESM, AWI-ESM) and Laskar et al. (2004) (CLIMBER-X). The simulations are summarized170

in Table 1, along with other model-specific information. More details on the initialization methods can be found in Table A3.

In the following, we discuss changes until year 2100, 2300, 2500, 3000 and 4000, which are defined as mean over the years

2071–2100, 2201–2300, 2401–2500, 2901–3000, and 3901–4000, respectively. The changes are calculated relative to the PI

control period, here computed as mean over 1850–1949.
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Model Model resolution Surface mass balance scheme Climate

sensitivity

Emission

scenarios

Simulation

years

CLIMBER-X Atmosphere: 5°

Ocean: 5°

Ice sheet: 16 km

SEMIX (Willeit et al., 2024) 3.1°C SSP2-4.5

SSP4-6.0

SSP5-8.5

1850–4000

AWI-ESM Atmosphere: 1.9°

Ocean: 20-120 km

Ice sheet: 5 km

dEBM (Krebs-Kanzow et al.,

2021)

3.1°C

MPI-ESM Atmosphere: 3.75°

Ocean: 31-391 km

Ice sheet: 10 km

EBM (Kapsch et al., 2021) 4.1°C

Table 1. Simulation setup for the three model systems, including the resolution of individual model components, the energy balance model,

the model’s equilibrium climate sensitivity, the applied emission scenarios, as well as simulation lengths for the future projections. The

equilibrium climate sensitivity is derived following the method by Gregory et al. (2004).

2.2.2 Sensitivity simulations175

A variety of sensitivity experiments were performed to investigate the mechanisms driving differences in SMB between the

model systems. We focus on three key contributions: (i) from the EBMs described in Section 2.1.4, (ii) the climate forcing

produced by the respective climate models, and (iii) the underlying ice-sheet topography arising from differences in the climate

and ice-sheet response between models (Table 2). The sensitivity experiments are performed with the different EBMs in a stand-

alone mode. The simulations all cover the period from 2000–4000. For the analysis, we focus on the time slice 2100, because180

over this period climate and SMB changes relative to PI are already considerable, but changes in ice-sheet topography remain

modest.

Energy Balance Model

To explore the influence of the choice of the EBM on the SMB, we have performed a set of simulations that utilize the same

climate forcing and surface topography but differ in regards to the used EBM. For this, we used the atmospheric fields and185

the surface topography from the MPI-ESM simulations as forcing for each respective EBM. A comparison of these three

experiments allows us to examine how much impact the different methods and parameterisations used in the EBMs have on

the calculated SMB.

Climate forcing

To disentangle the effect of the atmospheric forcing on the SMB, we used the EBM of AWI-ESM. In these simulations, only190

the atmospheric forcing fields are interchanged between models while the EBM and the surface topography remains the one
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of AWI-ESM. The forcing fields were downscaled from their original grid to the 5 km grid used for the Greenland domain in

AWI-ESM (see section 2.1.4).

Ice-sheet topography

The impact of the simulated surface topography, which differs substantially between models, on the SMB has been investigated195

by three additional simulations. For this, we used the atmospheric fields from MPI-ESM for the years 2000 to 4000 and

calculated the SMB with the EBM of the MPI-ESM model system. The computed 3-D SMB was then interpolated onto the

surface topographies of each model system (see section 2.1.4 for details). Differences between these experiments allow us to

isolate the effect of the surface topography on the SMB.

Experiment ID EBM Climate forcing Topography

EA AWI-ESM MPI-ESM MPI-ESM




EBM effectEC CLIMBER-X MPI-ESM MPI-ESM

EM MPI-ESM MPI-ESM MPI-ESM

CA AWI-ESM AWI-ESM AWI-ESM




Climate forcing effectCC AWI-ESM CLIMBER-X AWI-ESM

CM AWI-ESM MPI-ESM AWI-ESM

TA MPI-ESM MPI-ESM AWI-ESM




Topography effectTC MPI-ESM MPI-ESM CLIMBER-X

TM MPI-ESM MPI-ESM MPI-ESM
Table 2. Overview of the sensitivity experiments aimed at disentangling the effects of different EBMs, ice-sheet topographies and climate

models on the simulated SMB of the GrIS. The experiment IDs are constructed by using the first letter of the sensitivity experiments category

and the first letter of the respective model system.

3 Results200

Forcing the climate-ice sheet models with the future scenarios affects the atmosphere, ocean, land and ice sheets in various

ways. Initially, we focus on the overall climate evolution and on regional changes over Greenland. We structure the analysis

from the global to the regional scale and commence with the global climate response, followed by the atmospheric fields

that determine the SMB of the GrIS. Collectively, these analyses lay the foundation for the key section in which we aim to

disentangle the drivers of differences in the ice-sheet response of our three model systems.205

3.1 Global and Greenland climate evolution

Global mean near-surface air temperatures respond strongly to the increasing greenhouse gas concentrations in all simulations

(Fig. 1a and b). Thereby, MPI-ESM shows the strongest and CLIMBER-X the weakest response. By 2100, global mean near-
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surface air temperatures show an increase of 2.4–2.8°C in SSP2-4.5, of 2.8–3.1°C in SSP4-6.0 and 3.6–4.3°C in SSP5-8.5 for

the three models and continue to increase thereafter. Although greenhouse gases are reduced after year 2200 in all scenarios,210

near-surface air temperatures only slowly respond and remain higher than present-day near-surface air temperatures in all mod-

els and across all scenarios, consistent with the higher prescribed atmospheric CO2 concentration. By year 4000, near-surface

air temperatures anomalies remain between 2.0–2.8°C in SSP2-4.5, 2.7–3.9°C in SSP4-6.0, and 6.7–11.0°C in SSP5-8.5 higher

than PI.

Due to the substantial initial warming, the Atlantic Meridional Overturning Circulation (AMOC) weakens under all SSPs and215

across all models (Fig. 1c). The amplitude of the initial weakening is similar for all models for the individual scenarios, despite

the difference in the resolution of the ocean model components. Only for SSP5-8.5 and CLIMBER-X, the AMOC enters a state

where it is persistently collapsed. In all simulations, except SSP5-8.5 in CLIMBER-X and to a lesser extent in MPI-ESM, the

AMOC slowly recovers over the course of the simulations and reaches nearly its initial strength. Despite the AMOC slowdown,

which reduces the heat transport from the lower to the higher latitudes, regional summer near-surface air temperatures over220

Greenland increase. At 2100, summer near-surface air temperature anomalies over Greenland are 3.11–3.25°C for SSP2-4.5,

3.33–3.77°C for SSP4-6.0, and 4.23–5.29°C for SSP5-8.5. Summer near-surface air temperatures over Greenland continue to

increase thereafter and remain higher than PI values throughout the entire length of the simulations, with temperature anomalies

of 2.8–4.8°C for SSP2-4.5, 3.9–8.1°C for SSP4-6.0 and 6.6–28.0°C in SSP5-8.5 at year 4000 (Fig. 1d). An exception presents

the SSP5-8.5 CLIMBER-X simulation. Here, summer near-surface temperature anomalies are even slightly lower than the in-225

termediate scenario SSP2-4.5 for AWI-ESM and MPI-ESM. The tapering-off in the summer near-surface temperature warming

in the CLIMBER-X SS5-8.5 scenario coincides with the AMOC transitioning into its collapsed state. In addition, the summer

near-surface temperature signal in SSP5-8.5 for AWI-ESM and MPI-ESM carries a strong warming signal induced by the

substantial lowering in elevation and changes in surface albedo in response to the complete disintegration of the GrIS.

Greenland precipitation increases in all simulations and remains higher throughout all simulations, except for SSP5-8.5 with230

CLIMBER-X (Fig. 1e). As for the summer near-surface temperature over Greenland, the start of the precipitation decrease in

the CLIMBER-X SSP5-8.5 simulation temporally aligns with the collapse of the AMOC. Precipitation changes in AWI-ESM

and MPI-ESM are very similar in terms of their magnitude and temporal evolution, although AWI-ESM shows a slightly weaker

precipitation increase for SSP2-4.5 than MPI-ESM. For these two models, precipitation increases most strongly under higher

emission scenarios. Only CLIMBER-X shows little difference in precipitation over Greenland between scenarios, except for235

SSP5-8.5 for which precipitation decreases after 2500. The latter can likely be associated with the collapse of the AMOC and

changes in regional precipitation patterns. As changes in the precipitation patterns directly affect accumulation over the GrIS

these results are further discussed in Section 3.4.

Both, the increase in near-surface air temperatures over Greenland and the increase in precipitation – liquid and solid – ulti-

mately affect the SMB and thereby the volume of the GrIS. Our models project a retreat of the GrIS under all scenarios, which240

is discussed through the next section.
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3.2 Greenland mass loss projections

Despite the different employed model spin-up procedures across the three climate-ice sheet models, which have in common

that they aim at producing an equilibrated ice sheet state under PI conditions, all of them produce an ice volume at year 2000

that is within 3% of the ice volume from BedMachine (Morlighem et al., 2017), a high resolution dataset that maps bedrock245

topography, ice thickness, and surface elevation. All models show a clear single dome structure. However, the maximum

elevation of the dome differs. In particular, CLIMBER-X starts off with a single-dome maximum elevation that exceeds the

maximum elevation of AWI-ESM and MPI-ESM by a few hundred meters (Figs. 2a,f,k, A2a,f,k, A3a,f,k). Regardless of

the emission scenario, all models show a mass loss trend for the GrIS. Sea-level rise contributions by 2100 remain moderate,

ranging from 0.03–0.06 m for SSP2-4.5, 0.03–0.08 m for SSP4-6.0, and 0.04–0.11 m SLE for SSP5-8.5. On timescales beyond250

2200, ice-mass loss trends accelerate with a sea-level rise contribution of up to 3.50 m by 2500 for SSP5-8.5 (Fig. 1f). This

is supported by the corresponding magnitude of ice sheet thinning, exceeding values of 100 m only at year 2300 and beyond.

For the highest emission scenario, a complete deglaciation by the year 3,000 is projected by MPI-ESM. Similar deglaciation

timescales have also been reported from stand-alone ice sheet simulations for a similar emission scenario (e.g. Aschwanden

et al., 2019). Of the three models, except for the SSP2-4.5 scenario, MPI-ESM shows the largest ice mass loss rates, while255

CLIMBER-X displays the smallest ice mass loss rates across all scenarios. Interestingly, the ice-thinning patterns for each

individual model are very distinct (Fig. 2). In AWI-ESM, the ice sheet starts to retreat from all ice-sheet margins but the south-

east region of the ice sheet, before the thinning propagates towards the interior of the ice sheet. In comparison, CLIMBER-X

shows similar thinning rates much later than AWI-ESM, in agreement with the reduced simulated ice-mass loss. Moreover, the

thinning in CLIMBER-X is moving towards the interior from the southern tip of the GrIS. However, in comparison to the other260

two models, the central dome of the GrIS in CLIMBER-X experiences little thinning, except in SSP5-8.5 after year 2300. In

MPI-ESM, the ice-sheet thinning begins at the western side of the ice sheet. From there, thinning propagates across the entire

width of the ice sheet in all emission scenarios and results in the separation of the ice sheet into a small ice cap covering the

southern tip of Greenland and a larger remnant in the north of Greenland. The different scenarios have a strong effect on the

amplitude, but the spatial patterns for the different models remain very similar (compare Fig. 2 with Figs. A2 and A3). To keep265

the paper concise, we focus here on scenario SSP2-4.5, because mass loss of the GrIS is most similar in all three models.

To investigate the drivers of these differences in the ice-sheet thinning patterns and the importance of individual components

of the integrated mass balance of the ice sheet, we use the following equation:

dM

dt
= SMB+BMB−C. (1)

Here, dM
dt is the overall ice mass change rate, SMB is the surface mass balance, C represents the calving discharge out of the270

ice-sheet domain, and BMB is the basal mass balance under ice shelves. We ignore contributions from basal melting under

the grounded portions of the ice sheet, as we deem them less important. Since the ice volume trend is small over the PI period,

we focus on analysing anomalies to the individual mass balance components (see Eq.1) relative to PI (see Figs. 3 and A4, A5).

Across all three models a coherent picture emerges that shows that the overall mass loss is dominated by changes in the SMB.

This is in agreement with results from previous studies (e.g. Fyke et al., 2014; Aschwanden et al., 2019; Muntjewerf et al.,275
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2020; Goelzer et al., 2020; Madsen et al., 2022; Rahlves et al., 2025). The smallest mass loss contribution is provided by basal

melting, mainly due to the very limited ice-shelf areas of the GrIS. Ice mass loss due to calving effectively reduces to zero

by the year 2300 relative to PI across all models. This reductions is primarily caused by a retreat of marine terminating outlet

glaciers onto land (Fig. 2), as the ice sheet retreats inland. The patterns are robust across the different emission scenarios with

the only difference being that the magnitudes of the individual mass balance components are enhanced under higher emission280

scenarios (Figs. A4, A5).

To zoom in further and identify the driving processes behind the SMB changes, we decompose the SMB into its individual

components: accumulation and net surface melt, defined here as the sum of surface melt and refreezing. Similar to the overall

mass budget, a clear picture emerges that SMB changes are primarily driven by changes in net surface melt. In all three

models and across all emission scenario, the changes in net surface melt closely track the changes in SMB, underlining the285

overwhelming importance of net surface melt evolution for the future of the GrIS. While net surface melt increases almost

immediately in all models and across all emission scenarios, the response of accumulation is more varied – both across models

but also emission scenarios (Fig. 3). The general trend, particularly for AWI-ESM and CLIMBER-X, but also in parts for

MPI-ESM, is an initial increase in accumulation. The duration of the increase varies from scenario to scenario, but tends

to persist for a longer period in the lower emission scenarios. For example, CLIMBER-X shows a positive accumulation290

anomaly throughout the SSP2-4.5 simulation, albeit of small magnitude, while at the other end of the spectrum the increase in

accumulation of MPI-ESM does not even last 100 years. The likely reason for this is that summer near-surface air temperatures

are close to the freezing point in MPI-ESM and even small increments of warming reduce the fraction of the precipitation that

falls as snow. The response of AWI-ESM lies somewhere in between the two end member models.

3.3 Comparison of SMBs with GrSMBMIP295

Considering the importance of the SMB as critical driver for the future evolution of the GrIS, we compare SMBs computed

by our three models with models that participated in the Greenland Ice Sheet Surface Mass Balance Intercomparison Project

(GrSMBMIP) for the time period 1980–2012 (Fettweis et al., 2020). GrSMBMIP compared SMB fields across 13 models of

different complexity, spatial resolution, and spatial coverage. Therefore, it provides a good benchmark for our coupled models.

Naturally, to keep computational demands manageable for millennial-timescale simulations, the native resolution of the forcing300

for the EBMs in the coupled climate-ice sheet models is much coarser than for regional climate models. Unlike regional climate

models, however, our global climate models provide a physically consistent framework and do not rely on external forcing at

the domain boundaries. Despite these significant differences, all three climate-ice sheet models are within the spread of the

mean SMB distribution with elevation (henceforth: hypsometric SMB) of the GrSMBMIP models (Fig 4a). While AWI-ESM

tends more towards the models of GrSMBMIP with strong melting, CLIMBER-X and MPI-ESM lie on the other end of the305

spectrum. This is also illustrated by the elevation threshold at which the mean SMB per elevation bin turns negative. Here,

AWI-ESM crosses this threshold at ∼1440 m, MPI-ESM at ∼850 m, and CLIMBER-X at ∼540 m. Moreover, it is noticeable,

both for our models but also for models of the GrSMBMIP, that there is little variation of the SMB at higher surface elevations

(>1,500 m, Fig 4a), where the SMB is dominated by accumulation and net surface melt is rare. The spread significantly widens
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in the ablation zone of the GrIS. This explains in large part the different future trajectories, as net surface melt is the dominant310

driver for the future evolution of the GrIS. Of course, the mean hypsometric SMB only provides an incomplete picture, as the

surface topography of the ice sheet as well as the extent of the ice sheet play important roles. Unlike in GrSMBMIP, we do

not interpolate the SMB onto a common surface topography and ice sheet mask. Hence, differences between our three models

and the GrSMBMIP models increase for the integrated hypsometric SMB per elevation bin (Fig. 4g), while the spread across

the GrSMBMIP models remains in a similar range. In comparison to the mean hypsometric SMB, differences in the integrated315

hypsometric SMB are not limited to the ablation zone of the GrIS, but, in particular for MPI-ESM and AWI-ESM, also

spread into higher surface elevations between 2000–2750 m. This corresponds to regions where surface topography between

MPI-ESM, AWI-ESM, and the GrSMBMIP models differs the most, demonstrating the effect of different ice sheet surface

topographies on the derived SMBs.

3.4 Potential drivers of different surface mass balance trajectories320

The SMB in coupled climate-ice sheet models is mainly determined by the climate forcing, the EBM, and the surface topogra-

phy of the ice sheet. First, we turn our attention to some of the key variables of the climate forcing, precipitation – liquid and

solid – and near-surface air temperatures. Particularly relevant for the GrIS are summer (JJA) near-surface air temperatures, as

these determine the length and intensity of the melt season. Starting from the large-scale perspective, global mean near-surface

air temperatures across the three models are very similar for the lower SSP2-4.5 and SSP4-6.0 emission scenarios. Only for325

the high SSP5-8.5 emission scenarios do differences across the models exceed the 1 °C threshold (Fig 1b). Similar trends

are visible in the mean summer near-surface air temperatures over Greenland, where differences become large (>20 °C) in

the SSP5-8.5 emission scenario. However, it is worth noting that most of these differences are due to the differing ice-sheet

extents and elevation across our models. Still, even though differences are smaller for SSP2-4.5 and SSP4-6.0, it is evident that

both AWI-ESM and MPI-ESM, the two models projecting larger GrIS mass loss, display higher mean summer near-surface330

air temperatures. At least for MPI-ESM, this pattern is corroborated by the 2D spatial pattern (Fig. 5). Here, MPI-ESM shows

the warmest summer near-surface air temperatures over the ice sheet, in agreement with the result that MPI-ESM also predicts

the largest ice-mass loss in the future. For the other two models, the analysis becomes more complicated. For example, despite

AWI-ESM projecting ice-mass loss of similar magnitude to MPI-ESM, AWI-ESM shows the coldest near-surface air tempera-

tures from all models over the interior of the ice sheet. However, it also exhibits the highest near-surface air temperatures of all335

models in the immediate vicinity of the ice sheet (Figs. 5, A8, A9). Qualitatively, this matches the near-symmetrical simulated

marginal ice-sheet retreat pattern in AWI-ESM (Fig. 2b-e). From the near-surface air temperature alone, it remains unclear why

CLIMBER-X simulates the smallest ice mass loss rates for the GrIS. A clear distinction of CLIMBER-X is that the ice-sheet

topography is several hundred meters higher than in AWI-ESM and MPI-ESM, especially in the interior of the ice sheet. The

overall proportion of the area located below an elevation of 2,000 m is distinctly lower for CLIMBER-X, than for MPI-ESM.340

AWI-ESM again is between these two end-member models. This results in less accumulation in the upper reaches of the ice

sheet over the course of the simulation, but more importantly limits the area exposed to net surface melt and consequently the

total amount of net surface melt. Ultimately, it becomes evident that the combination of climate forcing, EBM, and surface
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topography determine the overall SMB evolution. Nonetheless, because they all interact with each other, it is difficult to gauge

the individual importance of these three key factors based on the scenario projections. This is why we performed additional345

sensitivity experiments that are specifically tailored towards isolating the importance of each of these three key factors.

3.5 Isolating the importance of EBM, climate forcing, and surface topography for SMB evolution

With the aid of the additional sensitivity experiments described in section 2.2.2, we aim to determine the leading drivers for the

simulated changes in SMB. In total, we investigate three different effects: (i) different EBMs, (ii) different climate forcings,

and (iii) different surface topographies. The abbreviations of the sensitivity experiments are composed of the first letter of350

the category of the sensitivity experiment (EBM, climate forcings, topography) and the first letter of the respective model

system. For example, for the EBM sensitivity experiment with the AWI-ESM model the experiment ID is EA (see Table 2

and Figs. 7–9). The sensitivity experiments are performed by varying only one of the three input parameters (e.g. surface

topography) while keeping the other two parameters fixed (e.g. EBM and climate forcing). We restrict our analysis to the

SSP2-4.5 scenario, but the other scenarios are provided as Appendix Figures A6 and A7. Mostly, because the higher emission355

scenarios do not add any insights as they show similar results with enhanced magnitude compared to SSP2-4.5. Of the three

tested drivers, it becomes evident that different surface topographies cause the smallest differences in SMB. This holds true

for both the spread of the mean SMB per elevation bin, but also for the spread of integrated SMB per elevation bin (Fig. 6c,

i). The elevation threshold, at which the mean SMB per elevation bin crosses the zero-line, is within ∼85 m. In addition,

the spatial pattern of the SMB and its individual components, net surface melt and accumulation, also show almost identical360

spatial structures for the different surface topography simulations across the GrIS (Figs. 7, 8, 9). Using different EBMs or

climate forcings results in considerably larger differences in simulated SMB across models. The analysis of the hypsometric

profile reveals that different climate forcings show the strongest response, both in the mean and integrated SMB measures, but

also in the spread in elevation at which the mean SMB crosses the zero-line (Fig. 6). It covers an elevation range of ∼680 m for

the different climate forcings and ∼500 m for the different EBMs. The spatial patterns show much more variability across the365

SMB, net surface melt and even accumulation. Particularly, the CLIMBER-X climate forcing displays structural differences

in SMB and accumulation fields, consistent with the differences in near-surface air temperature and precipitation patterns (see

section 3.1). For the climate forcing simulation with MPI-ESM and AWI-ESM, this is restricted to the accumulation field.

Similar structural differences can be found in the simulated SMB fields from the sensitivity simulations with different EBMs.

Even with the additional sensitivity simulations, it remains challenging to distinctly conclude whether the EBM or the climate370

forcing are more critical for the SMB evolution. However, to provide a more concrete example about the potential magnitude of

the changes, we can compare the sensitivity experiment with the EBM, climate forcing, and surface topography of MPI-ESM

(Fig. 7g, EM) with the experiment that utilizes the CLIMBER-X EBM and climate forcing and surface topography from MPI-

ESM (Fig. 7d, EC). The only difference between the two sensitivity simulations is the choice of the EBM. By only switching

the EBM, we transition from a SMB field experiencing considerable net surface melt in the marginal regions of the ice sheet375

to a SMB field that shows almost no negative SMB regions across the ice sheet (Fig. 7d, g). In other words, by switching

the EBM, we change the SMB field from exhibiting the least positive integrated SMBs across all sensitivity simulations to
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the SMB field with the most positive integrated SMB of the sensitivity simulations. This illustrates the magnitude of changes

that different EBMs can cause for the SMB of the GrIS. By extending the analysis and comparing AWI-ESM (Fig. 7a) and

MPI-ESM (Fig. 7g) it becomes evident that the EBM of MPI-ESM shows larger net surface melting rates, particularly between380

500 and 2000 m (Fig. 6a). On the other side, the climate forcing from AWI-ESM (Fig. 7b) produces considerably stronger net

surface melting than the forcing from MPI-ESM (Fig. 7h). Thus, the differences in SMB due to climate forcing and EBM tend

to compensate each other.

4 Discussion

Ice sheets are a slow responding climate component, particularly in comparison to the atmosphere and the ocean. As a result,385

ice-sheet projections transition much more slowly mathematically from an initial value problem, dominated by the initial state

of the ice sheet, to a boundary value problem, dominated by climate forcing. This is relevant because it emphasises the initial

state of the ice sheet as a key uncertainty in future ice sheet projection (e.g. Arthern and Gudmundsson, 2010; Ad̄algeirsdóttir

et al., 2014; Aschwanden et al., 2021). As long spin-up simulations typically lead to differences between simulated and ob-

served ice-sheet geometries, data assimilation techniques are often preferred over spin-up techniques, especially for projections390

spanning only a few centuries (Goelzer et al., 2018). However, the results of our sensitivity simulations show that at least the

initial geometry, a key component of the initial ice-sheet state, plays a minor role relative to the choice of the EBM and the

climate forcing in coupled climate-ice sheet projections of the GrIS. Considering that data assimilation techniques typically

only capture memory effects that cover the extent of the observational period and show strong initial model drifts, the finding

that the initial geometry of the ice sheet seems to be less critical is encouraging, particularly for models covering millennial395

timescales. Moreover, it indicates that initial state uncertainty due to varying ice-sheet geometries is likely not the dominating

source of uncertainty in sea-level rise projections from coupled climate-ice sheet models. A distinct advantage of our model

simulations, particularly in light of the millennial timescales examined here, is that they do not make use of so called "anomaly

forcing" that is routinely employed in stand-alone ice sheet simulation (Aschwanden et al., 2019; Goelzer et al., 2020; Seroussi

et al., 2020; Goelzer et al., 2025; Rahlves et al., 2025), but has also been used in coupled climate-ice sheet simulations (Ridley400

et al., 2005; Mikolajewicz et al., 2007b; Vizcaíno et al., 2008; Ganopolski et al., 2010). The "anomaly" forcing effectively

bias-corrects relevant climate forcing fields against some baseline. This implicitly assumes that the underlying spatial pattern

of the bias correction does not change over the course of the simulation period. While this may be a justifiable assumption for

decadal to century timescales, it is likely invalid for simulations spanning several millennia involving major changes of the ice

sheet geometry.405

Broadly speaking, our sea-level rise projections until 2100 are in a similar range as reported from ISMIP6 (Goelzer et al.,

2018, 2025), and also from other ensemble simulations with stand-alone ice-sheet models (Aschwanden et al., 2019; Rahlves

et al., 2025). On this relatively short timescale, the maximum sea-level rise projection is 0.11 m for year 2100 and SSP5-8.5.

However, large-scale ice-sheet changes start to occur on timescales beyond 2100, in agreement with previous studies (Vizcaino

et al., 2015; Haubner et al., 2026). This suggests that the inherent timescale of large-scale ice-sheet changes for the GrIS is410
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more than a century. We therefore argue that ice-sheet climate interactions are likely to be less important for the global climate

evolution over the next century than on millennial timescales (Vizcaino et al., 2015; Haubner et al., 2026).

The projected mass loss of the GrIS in our simulations is controlled by the SMB (Fig. 3). More specifically, changes in net

surface melt determine the magnitude of ice-mass loss. The magnitude of net surface melt is closely linked to near-surface

air temperature over the GrIS. This is supported by the fact that for our model intercomparison, the model with the highest415

warming over Greenland also projects the largest ice-sheet mass loss (Fig. 1). Here, it is important to note that especially

for the lower emission scenarios SSP2-4.5 and SSP4-6.0, average global near-surface air temperature differences between the

models are small compared to the critical summer near-surface air temperature differences over Greenland. This indicates that

average global near-surface air temperature is not the best indicator for the expected ice-sheet response. In a similar vein,

the Equilibrium Climate Sensitivity (ECS) has been previously used to explain greater GrIS mass loss in the Coupled Model420

Intercomparison Project 6 (CMIP6) models compared to CMIP5 (Hofer et al., 2020). However, our simulations highlight that,

while ECS is certainly an important factor, it is by no means as overwhelmingly important as previously indicated. For exam-

ple, CLIMBER-X and AWI-ESM almost have identical ECS, but show very different GrIS ice-sheet responses. Unlike in most

stand-alone ice-sheet models or climate models without interactive ice sheets, the near-surface air temperature signal is mod-

ulated by the EBM implementation and tuning. As illustrated (Fig. 1), the EBM can offset several degrees of near-surface air425

temperature differences in specific cases and therefore still produce similar SMBs in coupled climate-ice sheet models for the

GrIS. The dominance of near-surface air temperature is further illustrated by the observation that the net surface melt closely

tracks the overall SMB evolution in all emission scenarios (Fig. 3). Particularly, in the high emission scenario SSP5-8.5, the

near-surface air temperature signal of more than 6°C in the global average, dominates the global climate response as well as

the ice-sheet response, underlining the critical role of the characteristics of the climate model for the future evolution of the430

GrIS. The strong near-surface air temperature signal in the SSP5-8.5 scenario largely overprints any potential climate-ice sheet

feedbacks. Even the simulated drastic AMOC slowdown in CLIMBER-X does not leave a global signal in the near-surface air

temperature evolution. However, it largely explains the regionally much different near-surface air temperature response over

the GrIS in comparison to MPI-ESM and AWI-ESM, where reduction in AMOC strength is much weaker and where AMOC

eventually slowly recovers to its initial strength. Considering the overwhelming importance of the climate in SSP5-8.5, we435

hypothesise that high-emission scenarios may not be ideally suited to investigate climate-ice sheet interactions for the GrIS.

This may also explain why a previous study using a coupled climate-ice sheet model found little difference in simulated climate

patterns with and without dynamic ice sheets (Haubner et al., 2026).

5 Conclusions

We have presented millennial-timescale projections of the GrIS with three different coupled climate-ice sheet models. While440

the contribution to sea-level rise projections across the models is small by 2100, ranging from 0.03-0.11 m, it is the timescales

beyond 2100, when sea-level rise projections start to diverge. At year 3,000, differences reach values as high as ∼4.4 m in

SSP5-8.5 across our models. This emphasises the value of simulations covering periods beyond 2100 and 2300, especially
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for the investigation of long-term climate-ice sheet feedbacks. All three coupled climate–ice sheet models identify the SMB,

particularly net surface melt, as the primary driver of future ice-sheet mass loss. However, the magnitude of the SMB-driven445

mass loss differs substantially among the models. Our dedicated sensitivity simulations reveal that climate forcing and choice

of EBM are more critical than ice-sheet topography after model spin-up in explaining the simulated diverging GrIS trajectories,

particularly on millennial timescales. Therefore, our results underline that reliable long-term projections of the GrIS critically

depend on improving the representation of the surface energy balance and climate forcing, rather than on refining initial ice-

sheet topography alone.450
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Figure 1. Timeseries of a) atmospheric CO2 concentration, b) global mean near-surface air temperature, c) maximum AMOC strength at

26.5°N as well as mean d) summer near-surface air temperature and e) total precipitation over the Greenland ice sheet and f) Greenland ice

volume for all models and all scenarios. The pink line in a) marks the PI CO2 concentration and in f) the present-day Greenland ice volume

as observed through BedMachine v3 (Morlighem et al., 2017). Anomalies relative to PI are shown in Appendix Fig. A1.
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Figure 2. Maps of ice thickness distribution for the Greenland ice sheet from (a) AWI-ESM, (f) CLIMBER-X, (k) MPI-ESM for the pre-

industrial (PI) period (1850–1949). RMSEs are calculated with respect to the Bedmachine v3 dataset (Morlighem et al., 2017). Ice thickness

changes relative to PI at specific time slices for (b-e) AWI-ESM, (g-j) CLIMBER-X, and (l-o) MPI-ESM for the emission scenario SSP2-4.5.

The orange line approximates the ice extent at the specific time slices. Note the non-linear colourscales. Model output is from decadal mean

data.
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Figure 3. Timeseries of changes for all models relative to PI for (a) ice mass budget components, as defined in Eq. 1, and (b) individual surface

mass balance components of the Greenland ice sheet for the emission scenario SSP2-4.5. The abbreviations are as follows: smb=surface mass

balance and bmb=basal mass balance under ice shelves. Note that the smb lines in (a) and (b) are equivalent for each of the three models.

Model output is from decadal mean data.
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Figure 4. Hypsometric profiles for the SSP2-4.5 scenario of the (a-c) mean surface mass balance (SMB), (d-f) surface area, and (g-i)

integrated SMB for the time slices 1980–2012, 2100, 3000, respectively. The integrated SMB (g-i) is the product of mean SMB (a-c) and

surface area (d-f). Blue shading in (a) and (g) show the spread of all models that participated in the GrSMBMIP intercomparison (Fettweis

et al., 2020). Note that there is no spread in (d), because all models of the GrSMBMIP used the same surface topography. Horizontal coloured

dashed lines approximate the elevation when the mean surface mass balance becomes negative for each model. The profiles are plotted using

100 m elevation bins. Model output is from decadal mean data.
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Figure 5. Maps of summer (JJA) near-surface air temperature over Greenland at selected time slices for the SSP2-4.5 emission scenario for

all three models. The black contour line marks where the near-surface air temperature is 0°C.
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Figure 6. Hypsometric profiles at year 2100 for (a-c) mean surface mass balance (SMB), (d-f) surface area, and (g-i) integrated surface mass

balance for different EBMs (left column), different climate forcings (middle column), and different surface topographies (right column).

Horizontal coloured dashed lines approximate the elevation when the mean surface mass balance becomes negative for each model. The

profiles are plotted using 100 m elevation bins. Note that in panels (d) and (e) all models use the same surface topography. The small

deviations in (d) are due to the different horizontal ice-sheet resolution used in CLIMBER-X. Model output is from decadal mean data.
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Figure 7. Maps of surface mass balance distribution for the Greenland ice sheet at year 2100 for the SSP2-4.5 emission scenario and for (a,

d, g) different EBMs, (b, e, h) different climate forcing, and (c, f, i) different surface topographies. The experiment ID is shown in the lower

left corner (see Table 2). The integrated surface mass balance is shown in the lower right of each subplot. Model output is from decadal mean

data.

23

https://doi.org/10.5194/egusphere-2026-3384
Preprint. Discussion started: 6 July 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 8. Similar to Fig. 7, but for net surface melt.
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Figure 9. Similar to Fig. 7, but for accumulation.
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Appendix A: Figures

Figure A1. Similar to Fig. 1, but shown are anomalies relative to PI except for the CO2 concentrations.
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Figure A2. Similar to Fig. 2, but for SSP4-6.0.
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Figure A3. Similar to Fig. 2, but for SSP5-8.5.
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Figure A4. Similar to Fig. 3, but for SSP4-6.0.
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Figure A5. Similar to Fig. 3, but for SSP5-8.5. The lines for MPI-ESM do not cover the entire simulation because the Greenland ice sheet

completely disintegrates before.
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Figure A6. Similar to Fig. 6, but for SSP4-6.0.

31

https://doi.org/10.5194/egusphere-2026-3384
Preprint. Discussion started: 6 July 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure A7. Similar to Fig. 6, but for SSP5-8.5.
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Figure A8. Similar to Fig. 5 but for SSP4-6.0.
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Figure A9. Similar to Fig. 5 but for SSP5-8.5.
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AWI-ESM CLIMBER-X MPI-ESM

Ice sheets

Basal sliding law pseudo-plastic power law Weertmann-type pseudo-plastic power law

Geothermal heatflux Shapiro and Ritzwoller (2004) 55 mW/m2 42 mW/m2

Calving Eigencalving and thickness

threshold calving

Thickness threshold calving Eigencalving and thickness

threshold calving

Basal hydrology none none Undrained plastic bed model

Ice flow law Glen’s flow law Glen’s flow law Glen’s flow law

Flow law exponent 3 3 3

GIA

Included No Yes Yes

Viscosity structure – 3D (Bagge et al., 2021) 1D (Mikolajewicz et al., 2025)

Initial topography BEDMAP (Bamber et al., 2001) RTopo-2 (Schaffer et al., 2016) RTopo-2 (Schaffer et al., 2016)
Table A1. Parameter table for ice sheet and solid Earth modelling components.

Scenario Year AWI-ESM CLIMBER-X MPI-ESM

SSP2-4.5

2100 0.06 0.03 0.06

2300 0.27 0.11 0.19

2500 0.47 0.18 0.34

3000 0.87 0.27 0.69

4000 1.57 0.38 1.52

SSP4-6.0

2100 0.08 0.03 0.07

2300 0.39 0.19 0.32

2500 0.75 0.38 0.64

3000 1.54 0.73 1.66

4000 2.81 1.36 4.23

SSP5-8.5

2100 0.09 0.04 0.11

2300 0.99 0.57 1.34

2500 2.36 1.30 3.50

3000 5.27 2.76 7.17

4000 7.31 4.33 7.29
Table A2. Volume changes of the GrIS relative to PI in m SLE for the three model systems and scenarios. Values are based on the periods

defined in Section 2.
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Model Spin-up strategy Spin-up length Coupling

frequency

CLIMBER-X coupled pre-industrial equilib-

rium with climate-ice sheet

model, followed by transient

spin-up

pre-industrial: 50,000 years (asyn-

chronous, climate accelerated by a

factor of 5);

transient: 1000–1849 CE (synchronous,

no acceleration)

annual

AWI-ESM separate spin-ups for climate

model from equilibrium pre-

industrial climate and ice sheet

model from BEDMAP (Bam-

ber et al., 2001), followed by a

coupled pre-industrial spin-up

ice sheet (standalone): 50,000 years;

climate model (standalone): 1,500

years;

coupled climate-ice sheet: 600 years

(asynchronous, factor 5);

coupled climate-ice sheet: 130 years

(synchronous)

annual

MPI-ESM coupled pre-industrial equilib-

rium spin-up with climate-ice

sheet model, followed by cou-

pled transient spin-up

pre-industrial: 38,800 years, (asyn-

chronous; factor 10);

transient: 1100-1849 CE (synchronous)

annual

Table A3. Simulation setup for the three model systems, including the spin-up strategy, spin-up length and the coupling frequency between

the climate and the ice-sheet models.
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