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Abstract

The Greenland ice sheet (GrIS) is known to be very sensitive to climate change,
and persistent global warming only slightly higher than today could be enough to
completely melt it. However, the implications of a temporary crossing of this tem-
perature threshold for future GrIS mass loss remain unknown. Here we present
simulations of the next 10,000 years under different future anthropogenic emis-
sions scenarios, performed using a fully coupled Earth system model. We find
that long-term Greenland ice loss is determined by the peak global temperature
increase, which generally occurs within the next few centuries. The GrIS contri-
bution to sea-level rise after 10,000 years increases by ~1.5 m for each degree
of warming above a critical peak global warming threshold of ~1.5°C, which is
close to the GrIS equilibrium tipping point. This finding is robust for different
equilibrium climate sensitivities and across different scenarios. We also find that
accounting for changes in the Earth’s orbital parameters over the next 10,000
years substantially increases the sensitivity of the GrIS mass loss to anthropogenic
warming. Our results demonstrate how 21°% century climate policy will largely
determine the fate of the GrIS for millennia to come.
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1 Introduction

The Greenland Ice Sheet (GrIS) is the second-largest body of ice on Earth, holding an
ice volume of ~7 metres of sea-level equivalent [1]. Over recent decades, observational
data and climate models have provided increasing evidence of its vulnerability to
anthropogenic climate change, raising concerns about its long-term stability and its
contribution to future sea-level rise [2]. Recent studies indicate that the GrIS has
been experiencing accelerated mass loss over the past decades, primarily driven by
increasing surface melt and enhanced ice discharge from outlet glaciers [3-8], and this
trend is projected to continue into the future [9-12].

Most modelling studies of the GrIS response to global warming are limited to either
the current century or the next few centuries [13-17], with the results of these studies
reviewed in IPCC assessment reports [2]. However, due to the inertia of the GrIS and
the long atmospheric lifetime of anthropogenic CO4 [18-20], the GrIS will continue to
evolve for a very long time, even after the complete cessation of anthropogenic emis-
sions. Fewer studies have been devoted to the stability of the GrIS and its long-term
(millennial to multi-millennial) response to global warming. These studies generally
indicate that if warming exceeds a critical threshold, the GrIS could contribute several
metres to global sea-level rise over the coming centuries to millennia [21-28]. Model
simulations also show that a partial or complete melting of the GrIS would represent
an effectively irreversible commitment to multi-metre sea-level rise [23, 29, 30].

Idealised modelling studies indicate the presence of a tipping point for the GrIS,
with sustained global warming above ~1-3°C relative to pre-industrial conditions lead-
ing to complete melt of the ice sheet [23, 27, 31-35] due to strong positive feedbacks,
namely the ice—elevation and the ice—albedo feedbacks. The existence of this tipping
point is supported by palaeoclimate evidence suggesting that sustained temperatures
~2°C above pre-industrial levels could lead to significant ice-sheet retreat [36-38].

Here we use a fast Earth system model with a coupled GrIS and interactive atmo-
spheric CO; and CHy concentrations to explore the evolution of the GrlS over the
next 10,000 years with emission levels compatible with future policy-relevant scenarios.
Our results emphasise how the long-term GrlIS mass loss is related to the short-term
climate warming, and connect the transient response with the equilibrium response of
the ice sheet.

2 Results

2.1 Long-term future Greenland ice-sheet evolution

Due to the very long atmospheric lifetime of anthropogenic CO4 [18-20], the long-term
climate evolution over the next 10,000 years is largely determined by the anthro-
pogenic carbon emissions over the next few centuries. Here we force the fully-coupled
climate—carbon cycle-GrIS fast Earth system model CLIMBER-X [41-44] with differ-
ent Shared Socioeconomic Pathways (SSP) scenarios [45] extended for 10,000 years
into the future (Methods, Extended Data Fig. 1) and investigate the Earth-system
response, with a focus on the evolution of the GrIS. As changes in the orbital config-
uration of the Earth are important on multi-millennial time scales, they are explicitly
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Fig. 1 Future climate and GrIS evolution. Simulated (a—d) atmospheric CO2 and (e—h) CH4
concentrations, (i—1) global temperature changes relative to pre-industrial conditions and (m—p)
GrlS ice volume in metres sea-level equivalent (msle) in fully coupled climate-carbon cycle-GrIS
model simulations of the next 10,000 years under four selected SSP scenarios. The coloured solid
lines indicate the reference simulations with an ECS of ~3°C; the dark shaded area represents the
interquantile range and the light shaded area shows the full ensemble spread due to different ECS. The
black solid lines indicate the simulated evolution under natural conditions (i.e. without anthropogenic
forcing but with orbital forcing) and the dotted black lines represent a control simulation with constant
pre-industrial conditions. The thick grey lines show the observed historical evolution of COz (ref. [39]),
CHy4 (ref. [39]) and global temperature (ref. [40]). In panels m-p the simulated GrIS melt is compared
to previous studies as indicated by the legend in panel m. Simulations that produce a peak global
warming of more than ~15°C (i.e. simulations under SSP585 forcing with ECS larger than ~4°C) are
excluded from the figure.

considered in our experiments (Extended Data Fig. la-c). We account for uncertain-
ties in future climate response by running an ensemble of model simulations where the
radiative forcing of COs is scaled to effectively represent different equilibrium climate
sensitivities (ECS) in the ‘very likely’ IPCC range of 2-5°C (see ref. [46] and Meth-
ods for further details, and Supplementary Fig. S1 for a validation of the method).
We additionally investigate the sensitivity of our results to key ice-sheet surface mass
balance parameters (bare ice albedo and temperature lapse rate) and ice-sheet model
parameters (flow enhancement factor and reference basal friction; see Methods). The
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model performs well for the historical period (Supplementary Fig. S2), simulates a
realistic GrIS at present (Extended Data Fig. 2), and shows a sensitivity of the GrIS
surface mass balance to temperature changes that is consistent with estimates from
regional climate models (Extended Data Fig. 3).

In the simulations, the peak concentrations of atmospheric CO, and CHy are
generally reached in the next few centuries (Fig. la-h, Supplementary Fig. S3),
with a subsequent decrease following a gradual reduction of anthropogenic emissions
(Extended Data Fig. 1d,e) and continued net uptake of carbon by ocean and land.
The global temperature evolution largely follows the radiative forcing of these GHGs,
with an initial peak followed by a slow cooling trend (Fig. 1i-1). Different climate sen-
sitivities result in a wide spread of possible temperature evolutions for a given SSP
forcing scenario (Fig. 1i-1), with the range being further amplified by positive carbon-
cycle feedbacks [46]. The surface mass balance of the GrlS rapidly decreases as the
climate warms, but it remains positive for low emission scenarios. In high emission sce-
narios, surface mass balance can become negative depending on ECS (Supplementary
Fig. S4g-i).

The GrIS evolution over the next 10,000 years strongly depends on the consid-
ered emissions scenario, with negligible or little ice loss in low emissions scenarios
(e.g. SSP126), very uncertain ice loss in intermediate emission scenarios (e.g. SSP245
and SSP460) and complete loss of the GrIS in high emission scenarios (e.g. SSP585)
(Fig. 1m-p). The large spread in possible GrIS evolutions under intermediate scenarios
originates from the different ECS leading to very different global and regional climate
warming. This is particularly relevant considering that, at present, intermediate sce-
narios represent the most likely future pathways [47]. The simulated GrIS mass loss
in the next few centuries for different SSP scenarios is generally consistent with mod-
elling studies summarised by the latest IPCC report [2], showing up to ~1 msle of ice
melt by the year 2300 in the SSP585 scenario (Fig. 1p). The few studies that extended
the projections until the end of millennium show a relatively large spread of possible
GrIS melt (Fig. 1m-p), with results from ref. [26] generally in line with those shown in
this study, while ref. [24] shows a substantially higher sensitivity of the GrIS to warm-
ing. Under high emission scenarios, the GrIS completely melts within ~5000 years in
the reference runs, but as rapidly as ~500 years if ECS is high (Fig. 1p). This is con-
sistent with recent results from a coupled regional climate - ice sheet model showing
an almost complete GrIS melt by the year 3000 CE under SSP585 [28] (Fig. 1p), when
forced with large-scale climate change from a model with an ECS of almost 5°C.

2.2 Peak global warming crucial for fate of Greenland

The long-term GrIS volume loss can be approximately predicted from the peak global
temperature rise across the ensemble of experiments with different scenarios and ECS
(Fig. 2a). For peak warming below a critical value of ~1.5°C (i.e. AT;S;I() the com-
mitted sea-level rise from GrIS melt in 10,000 years is limited to less than 0.5 msle
(Fig. 2a). For peak warming above this critical threshold, ice loss in 10,000 years
rapidly increases with temperature, with a simulated sea-level rise from GrIS mass
loss of ~1.5 m for each additional °C of peak warming (Fig. 2a). For a peak global

warming of more than ~5°C, the GrIS melts completely in 10,000 years (Fig. 2a). In
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Fig. 2 Long-term Greenland ice loss as a function of peak global warming. a Simulated
GrIS volume in metres of sea-level equivalent in 1,000 years and in 10,000 years (relative to 2000 CE)
as a function of peak global warming relative to pre-industrial for all reference model simulations
with different extended SSP scenarios (colours) and with different ECS (grey-scale shading of symbol
outline). The best (in a RMSE sense) piecewise linear fits with automatic breakpoint detection are
shown by the dashed and solid lines, with the shaded red vertical lines indicating the breakpoints
for the 1,000 and 10,000 years time horizon. Simulations of the perturbed parameter ensemble are
shown as well as semi-transparent markers, according to the legend in the lower-left corner. The
magenta stars are estimates from idealised CO2 emission simulations from ref. [25]. b Similar to a but
additionally showing results from simulations with prescribed present-day orbital parameters (empty
circles). The critical temperature thresholds for increased sensitivity of GrIS mass loss in 10,000 years
to peak temperature for the cases with orbital forcing (ATS;i;k) and with fixed present-day orbit

(ATScr;i;k fixorh,) are identified at ~1.5°C and ~2.5°C, respectively, corresponding to the breakpoints

in the piecewise linear fit, reflecting the inflection point in the scatterplot towards higher mass losses.

1,000 years, the contribution of the GrIS to sea-level rise is substantially lower, with
~0.5 m for each °C of warming above ~ 3°C (Fig. 2a). The results of the perturbed
parameter ensemble confirm that the tight relation between long-term Greenland ice
loss and peak global warming is robust (Fig. 2a), while the value of the Angk and
the slope of the linear fit shows a weak dependency to model parameters, with a gen-
erally higher sensitivity to surface mass balance parameters compared to ice-sheet
parameters (Extended Data Fig. 4).

Given the tight relationship between GrIS volume and peak global warming in our
simulations, it is possible to approximately determine the state of the GrIS for different
levels of peak future global temperature rise and for different time horizons (Fig. 3).
The GrIS generally starts to retreat from the south and from the north-west, while the
ice over the western mountain ranges is the most resilient part of the GrIS (Fig. 3).

2.3 The impact of orbital forcing

While so far we have focused on the relation between Greenland mass loss and global
warming, it is clear that summer temperature over Greenland is more relevant for the
surface mass balance of the ice sheet as it controls the duration and intensity of the
melt season.
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within +0.5°C of the respective peak warming. The elevation contour lines are spaced by 500 m, with
the thick contour lines representing the 0, 1000, 2000 and 3000 m elevation isolines.

Due to polar amplification, the temperature response to changes in atmospheric
COg is generally larger over Greenland compared to the global mean. Specifically, the
Greenland summer temperature change is a factor ~1.2 larger than the mean global
annual temperature change (Supplementary Fig. S5), which is consistent with the
relation of 1.1940.3 found in other Earth system models [33].

On multi-millennial time-scales, it is additionally important to account for the
impact that changes in orbital parameters have on regional and seasonal climate. Over
the next 10,000 years, a change in Earth’s orbital parameters leads to an increase in
summer insolation at high northern latitudes (Extended Data Fig. 1¢), which results in
summer temperatures over Greenland that are up to ~1°C higher than under present-
day orbital parameters (Fig. 4a,e, Supplementary Fig. S4d-f), while global annual
temperatures are almost unchanged (Fig. 4a). In our simulations, up to ~1.5 m of
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Fig. 4 Global vs Greenland temperature evolution. a-d Simulated evolution of the global
annual temperature (blue) and the Greenland summer (JJA) temperature (green) over the next
10,000 years for different SSP scenarios and the reference ECS. The dashed lines indicate the natural
evolution in the absence of anthropogenic forcings. The shaded green area indicates the temperature
above the tipping point of the GrIS in terms of Greenland summer temperature (ATE}IS,JJA ~1.9°C,
dotted green line) in the model. The results are from model simulations with a prescribed present-
day GrlIS. e-h Difference between Greenland summer temperature and global annual temperature
for the different SSP scenarios (solid) and for the case without anthropogenic forcings (dashed).
The qualitatively different relation between global and Greenland temperatures in d,h is due to a
simulated shutdown of the Atlantic meridional overturning circulation in SSP585.

sea-level rise at the end of the simulations can be attributed to the changing Earth’s
orbital parameters, with the impact being generally larger under low-to-intermediate
emission scenarios (Extended Data Fig. 5).

As noted above, the critical peak global warming above which the GrlS starts
to show substantial ice loss is higher at 1,000 years compared to 10,000 years into
the future (~3°C and ~1.5°C respectively; Fig. 2a, Extended Data Fig. 6a). This
difference can be mainly attributed to the changes in orbital parameters and their
prominent effect on Greenland and global temperatures beyond a few millennia in
the future (Fig. 4). If the orbital parameters are kept constant at their present-

day values, the critical peak global warming level (ATgégk) shifts higher by ~1°C

to ATgéghﬁXOFb =~2.5°C (Fig. 2b, Extended Data Fig. 6b). Future orbital forcing
therefore acts to decrease the ’safe’ peak global warming level for the GrIS by ~1°C.

2.4 Relation with stability diagram

The stability diagram of the GrIS is often presented to show the presence of a tipping-
point in the GrIS response to warming. In our model, the global warming threshold
above which the GrIS is completely lost in quasi-equilibrium experiments with differ-
ent constant COs levels and present-day orbital parameters is ATgtllgb ~1.6°C (Fig. 5),
which falls within the previously estimated GrlS tipping-point range of ~1-3°C of
global warming [27, 31-34]. This tipping point is somewhat sensitive to model param-

eters, particularly to surface mass balance parameters (Fig. 5). Additionally, in some
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Fig. 5 Stability diagram of the GrIS. Equilibrium GrIS volume as a function of warming relative
to pre-industrial derived from 100,000 years long simulations for different prescribed constant COq
levels and present-day orbital parameters in the CLIMBER-X reference simulations (black) and for the
perturbed parameters ensemble (colored markers and lines). Greenland summer temperature change
is shown as an additional x-axis on top, using the relation between global annual temperature change
and Greenland summer temperature change shown in Supplementary Fig. S5. The abrupt decrease
in ice volume above ~1.6°C global warming shows the bifurcation (or tipping) point of the GrIS.
Some previous estimates of the critical warming level leading to a complete loss of the GrIS are also
shown at the top: in red from ref. [32] and in magenta from ref. [33], both originally defined by the
Greenland summer temperature, and in green from ref. [27], originally defined by global temperature.

cases an intermediate GrIS state with ~4.5 msle is stable for a range of global warming.
Intermediate states of the GrIS have also been found in previous studies [27, 32, 48].

Since this stability diagram in global temperature space is derived for present-
day orbital parameters, it is useful mainly for the interpretation of the future GrIS
evolution in our idealised simulations with fixed orbit. The diagram clearly shows
that, in the absence of orbital forcing, the GrIS could withstand a temporary global
temperature overshoot of ~1°C (AT o 4 — ATgtllgb) relative to its tipping-point
temperature without a significant mass loss (Fig. 2b). This resilience of the GrIS to a
temporary temperature overshoot is a result of the long time scale associated with the
ice-sheet response to warming [49] and is consistent with recent studies using idealised
carbon emissions or global warming scenarios, where it was found that centennial-scale
overshoots of the critical temperature threshold do not necessarily lead to substantial
ice loss [27, 33].

In the context of the long-term future evolution of the GrIS, when changing orbital
parameters become important, the stability diagram in Greenland summer tempera-
ture space is more appropriate as it also accounts for the effect of regional and seasonal
insolation changes. The tipping-point in terms of Greenland summer temperature is
AT&E’]’ gia ~1.9°C (Fig. 5), again consistent with previous studies that found values
between 1.0 and 2.4°C [32] or 1.8 and 2.5°C [33]. In our model, there is a tight lin-
ear relationship between the GrIS volume in 10,000 years and the average overshoot

of ATgﬁ, jia (Extended Data Fig. 7a). As a rule of thumb, the loss of half of the
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GrIS within the next 10,000 years requires an average temperature exceedance of the
tipping-point by ~1.2°C, while a complete melting of the GrIS requires temperatures
on average by ~2°C higher than the tipping-point (Extended Data Fig. 7a).

3 Discussion

The results of coupled climate—carbon cycle-GrIS model simulations for the next
10,000 years under different future emission scenarios show that the long-term mass
loss from the GrIS in 10,000 years can be predicted from peak global warming
(ATpeak), which is expected to be reached within the next few centuries. If peak warm-
ing is below ATgSjk ~1.5°C, the ice sheet will remain stable over this time period, and
would only show a weak linear response to warming. However, each degree of peak
warming above this threshold will cause ~1.5 metres sea-level rise (SLR) from GrIS
melt in 10,000 years:

SLRYEL  + 0.2 ATpeax if ATpeare < ATCH

SLRigkyx = pealc
T SLRY, + 0.2+ AT 415+ (ATpea — AT ) if ATpea > AT,

1)
with SLerlgf(yr ~ 0.2 being the natural sea level rise in 10,000 years originating from
the changing Earth’s orbital parameters alone. The fact that this emerging piecewise
linear relation holds across different emission scenarios and ECS is noteworthy and
substantially reduces the number of degrees of freedom for assessing the long-term
GrIS response to global warming.

A number of studies have shown a relation between Greenland ice loss and tem-
perature change in the short-term [11] and in the long-term [25, 50]. The fact that
the long-term ice loss in our simulations can be predicted from the short-term peak
warming relies on a robust relation between peak global warming and the average
temperature overshoot of the Greenland tipping point temperature ATgﬁ’ gia 1L9°C
(Fig. 4a-d and Extended Data Fig. 7b), which is valid as long as the negative carbon
emissions are temporary and limited, as is the case for the considered SSP scenar-
ios. A more aggressive and persistent deployment of carbon capture and storage
technologies, such as in the overshoot scenario SSP534-over, would decrease global
temperatures more rapidly after peak warming (Extended Data Fig. 8), affecting the
relation between short-term and long-term temperatures (Extended Data Fig. 7d).
Nevertheless, while the results for the overshoot scenario clearly deviate from the other
considered SSP scenarios, they are still reasonably close to the relation shown in Eq. 1
(Extended Data Fig. 9), suggesting that these results are actually relatively robust
even to scenarios with large, but temporally limited, CO5 removal.

Our findings also help to relate the long-term GrIS response to the GrIS tipping
point. The critical peak warming level above which significant long-term (10,000 years)

GrIS mass loss occurs (AT, ;é:k ~1.5°C) is very close to the equilibrium tipping point

temperature of the GrIS (ATgtligb ~1.6°C). This is not trivial; it is the result of the
resilience of the GrIS to temporary temperature overshoots [33, 49] being compensated
by enhanced melt following the increasing summer insolation at high northern latitudes
due to changing orbital parameters. For the multi-millennial future evolution and
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stability of the GrlS it is therefore important to account for the effect of changes in
Earth’s orbit.

Although peak temperature has yet to be realised, this work demonstrates how
215 century climate policy can have long-lasting consequences, with decisions made
today potentially driving the evolution of the GrIS for millennia to come.
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4 Methods

4.1 Earth system model

We use the fast Earth system model CLIMBER-X [41-43], including the frictional-
geostrophic 3D ocean model GOLDSTEIN [51, 52] with 23 vertical layers, the
semi-empirical statistical-dynamical atmosphere model SESAM [41], the dynamic-
thermodynamic sea-ice model SISIM [41], the land-surface model with interactive
vegetation PALADYN [53] and the ocean biogeochemistry model HAMOCCG6 [54-56].
The comprehensive carbon cycle in the model computes the atmospheric COs and CHy
evolution interactively, while accounting for slow processes associated with permafrost,
marine sediments and chemical rock weathering, which are important on millennial
time scales [20, 57]. All components of the climate model have a horizontal resolution
of 5°x5°. The dynamics of the GrIS is represented by the ice-sheet model Yelmo [44],
coupled to the climate model via the physically-based surface energy and mass balance
interface SEMIX [43]. To solve for dynamics, Yelmo uses the higher-order Depth Inte-
grated Viscosity Approximation (DIVA), interactive thermodynamics, a local (bucket)
basal hydrology model with a till drainage rate of 0.008 m/yr and effective pressure,
N, calculated as a function of the thickness of the basal water layer [58]. Basal friction
is represented with a regularized Coulomb sliding law,

™ =csN <|“b|>q — (2)

| +uo ) ]

where 1p=100m/yr and q=0.2, and ¢y is a non-dimensional, spatially variable field
that represents bedrock/till properties, defined as:

Cf ref, if Zp > 21,

cr = - _ (3)
max (Cf’ref - exp (zll’fzé) , Cf’min> , otherwise,

where ¢f 1er=0.1, ¢f min=0.01, 21=100m and zp=-100 m and z; is the bedrock elevation.
In this way, the friction coefficient becomes lower at lower elevations and varies between
¢t ret a0d ¢t min. We employ a parameterisation of sub-grid ice discharge into the ocean
for unresolved narrow outlet glaciers dynamics [59]. The horizontal resolution of the
ice-sheet model in the reference runs is 8 km, which is comparable to resolutions
typically employed in stand-alone GrIS modeling studies [13]. Sensitivity tests using
16 and 32km indicate that results are converging for resolutions finer than ~16 km
(Supplementary Fig. S7 and Supplementary Fig. S8), which is fully consistent with
previous results [24]. The viscoelastic solid Earth model VILMA [60-62] computes the
glacial isostatic adjustment and relative sea-level changes. For simplicity, Antarctica
is prescribed at its modern state. The climate model is described in detail in ref. [41],
the carbon cycle model in ref. [42] and the ice-sheet coupling in ref. [43].
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4.2 Ensemble with different climate sensitivities

The GrIS is known to be very sensitive to changes in climate, and in particular to the
air temperature during the summer season. Since the projected future temperature
evolution strongly depends on the poorly constrained ECS, in this study we use an
ensemble of CLIMBER-X simulations with different ECS following ref. [46] to cover
the broad range of uncertainties in the climate response to anthropogenic forcings.

We mimic different ECS in the model by scaling the radiative forcing of equivalent
atmospheric CO2 concentration and at the same time adjust the (negative) aerosol
forcing to match the historical temperature trends. A more detailed description of how
the ECS ensemble is generated is provided by ref. [46].

Ref. [46] have already shown that this approach works well in covering the range
of expected global warming levels, with differences in ECS among CMIP6 models
largely explaining the differences in future predicted global warming (Supplementary
Fig. Sla). Here we additionally show that our ECS-scaling approach also performs well
for the regional summer warming over Greenland (Supplementary Fig. S1), which is
the crucial climate variable controlling the surface mass balance of the ice sheet. We
are therefore confident that our ensemble with different ECS spans the uncertainty
range in future Greenland warming related to the uncertainties in ECS.

4.3 Sensitivity to model parameters

To further investigate the sensitivity of our results to uncertain model parameters
directly related to the representation of the GrIS we have created a perturbed param-
eter ensemble, which complements the ECS ensemble described above. We perturbed
surface mass balance scheme parameters (bare ice albedo (o) values of 0.3 and 0.5
compared to the default 0.4, and temperature lapse rate (I') values of 4°C/km and
6°C/km compared to the default of 5°C/km), and ice sheet model parameters (flow
enhancement factor values of 2 and 4 compared to the default of 3, and a perturbation
by £20% to the reference basal friction coefficient cf yef).

4.4 Model evaluation

In general, CLIMBER-X shows performance on many metrics that is comparable
with state-of-the-art CMIP6 models under different forcings and boundary conditions
[41, 42]. The model ensemble with different ECS reproduces the historical changes
in temperature and CO, and CHy4 concentrations [46] (Supplementary Fig. S2 and
Fig. S3).

Specifically for Greenland, the relation between simulated summer temperature
change and global temperature change in future scenarios compares well with results
from CMIP6 models (Supplementary Fig. S1). The non-linear dependence of surface
mass balance of the GrlIS to changes in temperature is also well captured by the
CLIMBER-X model, when compared to simulations from regional climate models
[12, 63] (Extended Data Fig. 3), providing support for the realistic response of the
surface mass balance to climate change in our model.

The simulated GrIS under pre-industrial equilibrium conditions agrees reason-
ably well with present-day observations (Fig. 2). The total simulated ice volume is
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~7.5 msle, and therefore somewhat larger than the estimated 7.4 msle [1], mainly as
the modelled ice sheets are thicker in the western part. The model also reproduces
the large-scale surface ice velocity patterns for the GrIS reasonably well, including
prominent fast-flowing regions (Fig. 2).

4.5 Experiments

Starting from the pre-industrial period, we performed model simulations into the
future using 6 different SSP scenarios [45], namely SSP119, SSP126, SSP245, SSP460,
SSP370 and SSP585.

For the historical period we apply standard forcings used also in the CMIP6 model
simulations, as described in ref. [41] and ref. [42]. Since our model simulations are
emission driven (for both COs and CHy), anthropogenic CO2 and CH,4 emissions are
prescribed instead of their concentrations.

Future anthropogenic CO5 emissions are prescribed from ref. [45] until the year
2500 CE, with zero emissions assumed afterwards. Anthropogenic CH,4 emissions are
prescribed from ref. [64] for the historical period, and from ref. [65] for the future. Emis-
sion scenarios end at 2100 CE and have been extended following ref. [45] and ref. [66],
with a linear decrease of non-agricultural emissions to zero by 2250 CE. Emissions
from agricultural sources stay constantly elevated beyond this time. Anthropogenic
N5 O concentrations are prescribed from ref. [45] until the year 2500 CE, and are kept
constant thereafter. Land use change is prescribed following ref. [67] until the year
2100 CE, and is kept constant afterwards. The 2D anomalies of SO?{ atmospheric
load relative to pre-industrial from the ensemble mean of CMIP6 models are applied
for the historical period, and for the different SSP scenarios until 2100 CE. After 2100
CE, the anomaly in SO?{ loading is anticipated to diminish, and is described by a lin-
ear decrease to zero by 2250 CE. The 3D O3 concentration from the ensemble mean of
CMIP6 models is prescribed for the historical period, and kept constant afterwards.

For multi-millennial time scales, changes in the orbital configuration of the Earth
around the Sun are important and therefore explicitly considered in our experiments
[68]. To test the role of changes in the orbital parameters for the future evolution
of the GrIS, we additionally repeated the SSP experiments with prescribed constant
present-day orbital parameters.

All external forcings applied to the model are shown in Extended Data Fig. 1.

All model simulations are initialised from a pre-industrial equilibrium state that
is obtained from a 100,000 year equilibrium spinup procedure of the carbon cycle as
described in ref. [42]. Additionally, the GrIS is equilibrated with the pre-industrial
climate in a spinup over 50,000 years starting from the present-day observed ice-
sheet state and an initial uniform ice temperature of -10°C. The ice-sheet spinup is
performed using a climate acceleration factor of 10. Since the ECS scaling procedure
and the aerosol forcing do not affect the pre-industrial climate, the pre-industrial
equilibrium state is the same for all ensemble members with different ECS. Separate
spinup simulations are performed for the perturbed parameter ensemble.

To determine the tipping point temperature above which the GrlIS is not stable
and completely melts in the model we performed a set of equilibrium (100,000 years)
simulations with prescribed constant CO2 concentrations between 280 and 460 ppm,
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sampled at steps of 10 ppm. This set of simulations used an acceleration factor of 10
for the climate component.

To derive the relation between global temperature change and regional summer
temperature change over Greenland in the model, we performed equilibrium simula-
tions of 5,000 years with constant CO5 levels and a prescribed present-day GrIS state.
We considered COy concentrations between 280 and 460 ppm, at steps of 10 ppm.
We also ran a simulation with fixed present-day ice sheets for the SSP245 scenario,
in order to compare the relation between ECS, global temperature and Greenland
summer temperature with CMIP6 models (Supplementary Fig. S1).

To determine the effect of changes in the orbital conditions on the summer temper-
atures over Greenland, we ran transient simulations with prescribed present-day GrIS
for natural conditions and for all extended SSP scenarios. This set of experiments was
performed only for the reference ECS.

To address the robustness of the results to extreme overshoot scenarios, We
additionally ran a set of simulations for the overshoot scenario SSP534-over.

A list of all performed model simulations is provided in Extended Data Table 1. All
together the simulations amount to 8 million simulation years for the climate model
and 29 million simulation years for the ice sheet model.
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Extended Data Table 1 List of the performed CLIMBER-X experiments. The 6 SSP scenarios include
SSP119, SSP126, SSP245, SSP370, SSP460 and SSP585. In total the simulations amount to 8 million simulation
years for the climate model and 29 million simulation years for the ice sheet model.

Control and natural scenarios
Simulation Model Forcings ECS GrlIS Orbital Simulation #Runs
par par years
R interactive 11,000 climate
Control Ref. None 3°C S km fixed PI 11,000 ice sheet 1
Natural . interactive . 11,000 climate
Ref Ref. None 3°C S km variable 11,000 ice sheet 1
a=0.3
a=0.5
'=4°Ckm~!
Natural I'=6°Ckm™! o interactive . 11,000 climate
par sens enh=2 None 3C 8km variable | 15 660 ice sheet 8
enh=4
cf,ref=0.08
cf,ref=0.12
SSP scenarios
Simulation Mpoa(iel Scenarios ECS GrIS O;l;l:al Sltr;zzliartslon #Runs
. interactive . 11,000 climate
SSP Ref Ref. 6 SSPs 2-5°C Skm variable 11,000 ice sheet 42
SSP fix orb Ref. 6 SSPs g | MMOREve | g py || LO00 climate 6
SSP fix ice Ref. 6 SSPs 3°C fixed PI variable 11,000 climate 6
o interactive . 11,000 climate
SSP 16 km Ref. 6 SSPs 2-5°C 16 km variable 11,000 ice sheet 42
R interactive . 11,000 climate
SSP 32 km Ref. 6 SSPs 2-5°C 32 km variable 11,000 ice sheet 42
a=0.3
a=0.5
I'=4°Ckm~!
SSP I'=6°Ckm™! . interactive . 11,000 climate
par sens enh=2 6 SSPs 25°C 8km variable |15 660 ice sheet 336
enh=4
cf,ref=0.08
cf,ref=0.12
. interactive . 11,000 climate
SSP over Ref. SSP534-over | 2-5°C Skm variable 11,000 ice sheet 7
Equilibrium CO;
Simulation Mpoa‘]ifl CO, ECS GrIS Orpt::al S“;‘;g‘;"’n #Runs
EQ Ref Ref. 280:10:460 | 3°C mtegrifrf“’e fixed PI 138’888 fg;“;izt 19
EQ fix ice Ref. 280:10:460 3°C fixed PI fixed PI 10,000 climate 19
R interactive 10,000 climate
EQ 16 km Ref. 280:10:460 3°C 16 km fixed PI 100,000 ice sheet 19
o interactive 10,000 climate
EQ 32 km Ref. 280:10:460 3°C 39 km fixed PI 100,000 ice sheet 19
a=0.3
a=0.5
'=4°Ckm~!
EQ '=6°Ckm~! 1. . interactive 10,000 climate
par sens enh=2 280:10:460 3C 8km fixed PT | 30'000 ice sheet 152
enh=4
cf,ref=0.08 22
cf,ref=0.12
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Extended Data Fig. 1 Forcings for the model simulations. a Climatic precession, b obliquity
and c the resulting maximum summer insolation at 65°N [68]. d Anthropogenic CO2 emissions [45].
e Anthropogenic CHy emissions [64, 65]. f N2O concentrations [45]. g Global SO3~ load. h Global
cropland and pasture areas [67].
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Extended Data Fig. 2 Present-day simulated GrIS compared to observations. a,b Com-
parison of simulated and observed [69] ice surface elevation and ice sheet extent. ¢,d Comparison
of simulated and observed [70] surface ice velocities. e Deviation of simulated surface elevation from
observations. f Modelled versus observed [70] surface ice velocities. The elevation contour lines shown
in the different panels are spaced by 500 m, with the thick contour lines representing the 0, 1000,
2000 and 3000 m elevation isolines.
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Extended Data Fig. 3 Greenland surface mass balance sensitivity to temperature. Rela-
tion between the surface mass balance of the GrIS and global temperature change from simulations of
the SSP585 scenario until 2100 CE for CLIMBER-X compared to results from regional climate models
[12, 63]. In addition to the reference model simulation, also the results for the different surface mass
balance model parameters (« is the bare ice albedo and I" is the temperature lapse rate) are shown.
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Extended Data Fig. 4 Linear fit of GrIS mass loss and peak global warming. Piecewise

linear fits with two breakpoints for the relation between simulated Greenland ice volume in 10,000
years and peak global warning, separately for each set of model parameters.
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Extended Data Fig. 5 Effect of orbital forcing. (Top) Simulated GrIS volume for simulations
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Differences in simulated GrIS volume due to varying orbital parameters.

27



Variable orbit ) ) ) ) ) Fixed orbit ) )

a F b :
8 ® in1,000years [ 8 O in1,000 years [
in 5,000 years &%"O‘QDO in 5,000 years
71 ® in 10,000 years | 71 : o O in 10,000 years |
[N , o)
) H ) H O
2 61 ¥ 4 ® L 26 : o i
E e ° ° E : o _ o
[ : [ ) o (o]
€51 L : - £5 8 -
3 | ° 3 ® o
> : ‘ ' > [} 8
241 - o - B4 o -
E ®e E
<3 ° L <3 ® -
@ @
j o
3, L O, L
H | 4 : (o]
14 A ;)‘ci:k I 14 AT;ng.ﬁxurh 8 I
‘. A o aa J/ o 8 ro faWal
0 T T T T T T T T 0 T T T T T T T T
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Peak A global temperature (°C) Peak A global temperature (°C)

Extended Data Fig. 6 Variable vs fixed orbital parameters. a Simulated GrIS volume in
metres of sea-level equivalent in 1,000, 5,000 and 10,000 years as a function of peak global warming
relative to pre-industrial for all reference model simulations. b Same as a but for the simulations with
prescribed present-day orbital parameters.

28



As a 6 b
©
[%2]
577',. - 5 @ e |
2 o
© 9
261 % e
S ¢ EpR g
S 54 % o ®
= < “g’
< 44 d L S 3 o ® i
£ S o9
3 8 e,
© 3 [ ] L o o®
> 5] [ 3
o) < o
ke] > ]
22 s b
8 b o |
[=
© 14 r
o
(6}

00 . . . el 0 . . . .

0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 25

. . . . . . . .

AB c 6 d
)
[%2]

] L °
Erdg 5] % |
4 [
s e L <
q>)-6 [S @ o®
3 L 4 544 L
S 5 9 F o o
= ‘e g *
£ g £ %
@ 47 ro23q * o r
€ © ¥ :
> [ ] Qo
S 3 ) L © %e
> CFJZA .. L
o) <
k] > )
2 21 . )
3 % o] L
[=
¢ 11 ® SSP534-over r
(6] ® other SSPs ® o

0 T T T o 0 T T T T
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 25

Mean ATEE ;4 overshoot over next 10,000 years (°C)

Extended Data Fig. 7 Relation of GrIS volume and temperature overshoots. a Simulated
GrIS volume in 10,000 years as a function of the average temperature relative to the Greenland
summer tipping point temperature (ATgﬁ’JJA
and ECS. b Peak global warming versus the average overshoot of the Greenland summer tipping point
temperature. Panels c¢,d are similar to a,b but showing additionally results from model simulations

Mean ATgh ;4 overshoot over next 10,000 years (°C)

ECS (°C)
2
2.5
3
3.5
4
45
5

o 0O O O

Scenario
e SSP119
® SSP126
® SSP245
SSP460
SSP370
SSP585

~1.9°C) for all the simulations with different scenarios

for the overshoot scenario SSP534-over in orange, while all other scenarios are shown in black.
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Extended Data Fig. 8 Impact of large negative carbon emissions. Comparison of two simu-
lations with similar peak global warming but very different anthropogenic emission scenarios, SSP245
with an ECS of 2.5°C (black) and SSP534-over with an ECS of 3°C (orange).
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