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Melting of the Greenland ice sheet (GrIS) in response to anthropogenic global
warming poses a severe threat in terms of global sea-level rise (SLR)'. Modelling and
palaeoclimate evidence suggest that rapidly increasing temperatures in the Arctic
cantrigger positive feedback mechanisms for the GrIS, leading to self-sustained

melting”*, and the GrlIS has been shown to permit several stable states®. Critical
transitions are expected when the global mean temperature (GMT) crosses specific
thresholds, with substantial hysteresis between the stable states®. Here we use two
independentice-sheet models to investigate the impact of different overshoot
scenarios with varying peak and convergence temperatures for abroad range of
warming and subsequent cooling rates. Our results show that the maximum GMT
and the time span of overshooting given GMT targets are critical in determining GrIS
stability. We find a threshold GMT between 1.7 °C and 2.3 °C above preindustrial
levels for an abruptice-sheet loss. GrIS loss can be substantially mitigated, even for
maximum GMTs of 6 °C or more above preindustrial levels, if the GMT is subsequently
reducedtoless than1.5 °C above preindustrial levels within a few centuries. However,
our results also show that even temporarily overshooting the temperature threshold,
without a transition to anew ice-sheet state, still leads to a peak in SLR of up to several

metres.

Melting of the GrlS has contributed more than 20% to the observed SLR
since AD 2002 (ref. 7). Modelling results indicate that the GrlS exhibits
several stable states, with critical transitions between them when the
GMT exceedsa critical threshold*®®. With further global warming, a par-
tialto complete loss of the ice sheet is expected, implying anincrease
oftheglobal sealevel by up to 7 m(refs. 3,9). The land-ice contribution
to SLR until the year AD 2100 is expected to be in the range of several
decimetres, with the GrIS being one of the main contributors™® 2 As well
asthedirectimpacts oncoastal ecosystems and populations, the North
Atlantic freshening resulting from a melting GrIS might contribute to
aweakening or even destabilization of the Atlantic Meridional Over-
turning Circulation (AMOC), which would have global-scale impacts,
including disruptions of the African and Asian monsoon systems®™°,

Inrecent decades, meltwater runoff from the GrlS has accelerated
relative to global surface temperatures” and there are precursor sig-
nals of an impending critical transition detectable inice cores from
the central-western GrIS™®. There is, therefore, a need to explore the
future trajectories of the GrIS under different emission scenarios.
Furthermore, it is important to understand what is required to pre-
vent a runaway effect. The so-far insufficient efforts to reduce global
emissions make it necessary to investigate scenarios in which we do
not achieve current warming targets, such as those defined in the
Paris Agreement, by the end of the twenty-first century'® 2. Differ-
ent options to remove CO, from the atmosphere, including carbon

capture and storage technologies and large-scale reforestation, could
make it possible to maintain such temperature goals in the long term,
even if atemporary overshoot occurs?. These subsequent efforts to
reduce GMTs after AD 2100 could have a substantial mitigating effect
because many of the large-scale components of the climate system
change slowly compared with the current rate of global warming. Inthe
following, we refer to temporary exceedances of temperature targets
or critical temperature thresholds as overshoots and to the equilibrium
temperatures that will be reached in the long term as convergence
temperatures.

Owingtothe effect of inertia, crossinga critical threshold in a dynami-
cal system with several stable states does not necessarily imply thata
transition to an alternative state isrealized. Itis possible to temporar-
ily overshoot the tipping threshold of a system without triggering a
transition to a new systemstate?. Thus, the temperature threshold of
the GrlS could be surpassed without committing to total mass loss, if
later on, yet within aspecific time frame, actions are taken that reduce
the temperature back under the critical threshold.

The overshoot phenomenon is particularly relevant for the GrIS
because the timescales for mass loss are long compared with changes
inanthropogenic greenhouse emissions. The separation of timescales
could make it possible to reverse ice loss if global surface tempera-
tures decrease sufficiently quickly after aninitial overshoot. However,
because of the complexity of the ice sheet and the various physical
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Fig.1| Timeseries ofice volume and spatial extents of the GrIS for warming
scenarios without mitigation. a, Sketch of applied warming and cooling
scenariosinthis study. The warming period lasts for 100 years, followed by
varying cooling phases. The black line corresponds to scenarios without
mitigationas shownin this figure. b, Evolution of total GrlS ice volume simulated
by PISM-dEBM, without reversal of the temperature anomalies (black linein
panela), for different temperature anomalies between AT, =0°Cand 7.0 °C
above present. The warming period lasts for 100 years until year AD 2100 and
temperatures are kept constant afterwards. Three qualitatively different
regimes are noticeable: (1) present-day configuration with fully extended ice
sheetoronly slightly reduced volume; (2) intermediate state with around 75%

processes that play arole, includingice flow and surface processes, itis
intrinsically challenging to determine the temperature thresholds and
required cooling rates that will prevent a substantial loss of the GrIS.

Inthis modelling study, we identify safe operating spaces by analys-
ingthebehaviour of the GrIS under different warming projections that
exceed the presumed critical threshold, butin which the temperatureis
subsequently reduced. We explore the influence of realistic greenhouse
gasemissionand corresponding warming scenarios for the twenty-first
century in accordance with the most recent Intergovernmental Panel
on Climate Change report'. Subsequently, we apply different idealized
carbon-removal scenariosthat lead to atemperature decrease on time-
scales varying fromone hundred to tens of thousands of years (Fig. 1a).

We investigate the behaviour of the GrIS using two independent,
state-of-the-artice-sheet models: anew version of the Parallel Ice Sheet
Model (PISM) with the diurnal Energy Balance Model (dEBM) for the
surface mass balance?*” and the ice-sheet model Yelmo* coupled to
the Regional Energy-Moisture Balance Orographic (REMBO) model®.
Bothapproaches have been extensively tested and validated and have
been used to simulate the past, present-day and future evolution of
iCe Sheetslo,11,25,28*32.

We force the two models, PISM-dEBM and Yelmo-REMBO, by a pre-
scribed change in regional summer temperature relative to present
dayand apply ascaling factor of 1.61 between regional winter and sum-
mer surface temperature to obtain the temperature forcing over the
seasonal cycle. This forcing can then be translated into GMT above

of present-day ice volume; and (3) basically ice-free states. The vertical black
lineat5 kyr denotes achange of the x-axis scaling for visual clarity. We normalize
theicevolumestothe observed present-day values (see Methods sections
‘PISM-dEBM’ and ‘Yelmo-REMBOQ’). ¢, Ice thickness of present-day ice-sheet
configurationin PISM-dEBM. The ice sheetis fully extended. d, Same as cbut
theintermediate state for AT, ;a=2.0 °C, after 100,000 years with PISM-
dEBM. The southwestern part of the ice sheet is fully retracted. e, Sameasc
butfortheice-freestate with PISM-dEBM. f,g,h, Same asb,c,e, respectively,
but for Yelmo-REMBO. Only two regimes can be identified: (1) present-day
configuration; and (2) near-ice-free states. The maps were made with the
Python package cartopy**and Natural Earth.

preindustrial through a linear scaling that accounts for higher warm-
ingratesinthe Arcticregionrelative to the global mean (see Methods
section ‘Climate forcing’).

In afirst set of experiments, we force the models with a prescribed
linear summer (June, July, August (JJA)) temperature increase from year
AD 2000 (present day) to AD 2100 to a maximum summer temperature
anomaly of AT, (Fig. 1a). Thereafter, we linearly decrease the tem-
perature between AD 2100 and AD 2200 back to different convergence
temperature anomalies between AT, ;»=0°Cand 4.0 °Cabove pre-
sentday (thatis, AT, cur = 0.5 °Cand 3.9 °C convergence GMT above
preindustrial (see Methods section ‘Climate forcing’). We keep the
prescribed temperature anomaly constant after AD 2200 and run the
models for another 100 kyr to study the long-term evolution of the ice
sheet for each peak warming scenario. In asecond set of experiments,
weinvestigate the timescale dependence of the GrIS response follow-
ing the cooling. After the initial temperature increase until AD 2100,
we vary the convergencetime (At,,,,), thatis, the time needed toreach
the convergence temperature, with A¢,,,,, spanning from 100 years to
several millennia for various convergence temperatures. We then inves-
tigate the behaviour of the GrlS for these different cooling scenarios.

Evolution without long-term temperature reductions

When kept constant after year AD 2100, the temperature increase
during the twenty-first century leads to at least some further melting of
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the GriS for every prescribed positive temperature anomaly (Fig.1b,f).
However, the meltis moderate for temperature anomalies smaller than
1.0 °C for both models. In the long term, the runs with PISM-dEBM
show that there is a substantial ice-volume loss of more than 20% for
AT, >1.0 °Cand more than 80% loss for AT, > 2.2 °C (Fig.1b). Inruns
with Yelmo-REMBO, a temperature anomaly A7), >1.4 °Cleadstoa
complete melting of the ice sheet (Fig. 1f). Yelmo-REMBO only has two
stableice-sheet states: aclose to present-day state and a near-ice-free
state (Fig.1g,h). For PISM-dEBM, there is an extra regime; several inter-
mediate states with around 50-90% of current GrlS ice volume are
accessible (Fig. 1c-e). The spatial extent of the differentice-sheet states
isinaccordance with earlier work>>*,

Theintermediate states in the runs with PISM-dEBM show a gradual
and eventual completeretreat of the southwestern part of theice sheet
(Extended DataFig.1). Simultaneously, thereis aretreat of theice sheet
inthe northern part of the GrlS, yet the southwestern part is the most
sensitive to warming. For awarming A7y, > 2.2 °C the remaining GrIS
islostabruptly. Theice sheet fluctuates on a decamillennial timescale
for some configurations and does not reach a steady state. Forawarm-
ing of AT;,=2.0 °C, the ice sheet recovers back to approximately 75%
of the present-day ice-sheet volume after an initial loss of 40% of the
ice-sheet volume (Fig.1d). Therecoveryisaresult of the glacial isostatic
adjustment®. The uplift of the bedrock counteracts the melt-elevation
feedback andleadsto colder temperatures, which allow theice sheet to
partially regrow®*. Although the same simulations with Yelmo-REMBO
do not show any stable intermediate states, the ice sheet does show
the same spatial sensitivity to warming, with an initial retreat of the
southwestern GrIS followed by aretreat of the northern part of theice
sheet (Extended DataFig.2). For the most extreme warming scenario of
ATy, =7.0°C, theicesheetislostinless than 5,000 yearsinbothmodels.

Short-term overshoots

Areductionintemperature from AD 2100 to AD 2200 leads to a mitiga-
tionof theiceloss, depending on the convergence temperature reached
(Fig.2).Regardless of the peak temperaturein AD 2100, a convergence
temperature increase of 1.5 °C GMT above preindustrial (AT, =1.3 °C)
by AD 2200 or lower leads to a stable ice sheet, with the equivalent
of less than 1 mlong-term SLR contribution in simulations with both
models (Fig. 2a,b). However, the maximum interim SLR contribution
with PISM-dEBM slightly exceeds1 mfor1.5 °C GMT above preindustrial
(Extended Data Fig. 3). For convergence temperatures AT, > 2.2 °C
for PISM-dEBM and AT, > 1.4 °C for Yelmo-REMBO, the ice sheet is
completely lost, regardless of the overshoot temperature in the year
AD 2100. The safe zone is sharply separated from the transition area,
whichisvisibleasanabrupttransitioninthe cross-sections ofthestability
diagram (Fig. 2¢,d). Although the ice sheet shows a more gradual loss
before the critical threshold with PISM-dEBM (Fig. 2¢), the ice loss is
more abrupt with Yelmo-REMBO and the SLR contributionisless than
1mbeforethe critical threshold is crossed (Fig. 2d). Regardless of the
model, the ice-sheet equilibrium only depends on the absolute tem-
perature increase by AD 2200, that is, the convergence temperature
anomaly, and not the peak value at AD 2100. This can be explained by
the slow response timescale of the ice sheet to the temperature change.

Forlow convergence temperature anomalies, the ice-sheet volume
barely changesin simulations with either model. For high warming, the
equilibration timeis very slow, on the timescale of decamillennia. For
intermediate warming levels, the ice sheet does not reach a classical
equilibriumin simulations with PISM-dEBM but fluctuates on decamil-
lennial timescales. Thisis particularly true for the intermediate states
close to the threshold of AT;, =2.2 °C, which are not in equilibrium
after even 100 kyr (triangle symbols in Fig. 2a). Likewise, the simula-
tions with Yelmo-REMBO forced with AT, ;,=1.5 °Care not yetin
equilibrium after 100 kyr and eventually evolve further towards the
ice-free state (Fig.2b,d).
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Long-term overshoots

Toinvestigate the timescale dependence of the overshoot of the tem-
perature threshold, we decrease the temperature after AD 2100 to
different convergence temperaturesranging fromA7,,=0°Ct0 4.0 °C
and vary the convergence time to reach the respective convergence
temperature from100 years to several millennia (Fig.1a). All scenarios
considered show aloss of ice volume. As expected, the longer the con-
vergence time and the higher the overshoot temperature, the larger the
ice loss. However, there are important dependencies of the ice-sheet
evolution (and thus maximum SLR contributions) on the exact con-
vergence times and temperatures (Fig. 3). For a convergence time of
1,000 years, the maximum SLR contribution is similar to the equilib-
rium and maximum SLR contributions for al00-year convergence time
(Fig.2and Extended DataFigs. 3 and 4a,b), implying that the maximum
ice loss is reached after the warming and cooling phase. However, an
overshoot temperature of AT, ;1 > 6.0 °Cleads to agreater maximum
SLR contributionthan at equilibrium (Extended DataFigs.3 and 4a,b).
Even for a convergence temperature of AT, = 0 °C, the maximum
SLR contribution exceeds 1 m for the highest overshoot temperature
in both models (Fig. 3a,b). For a convergence time of 10,000 years,
there is a strong dependence of the maximum SLR contribution on
the overshoot temperature (Fig. 3c,d). Both models exceed 1 m SLR
contributionforanovershoot temperature AT, j» > 2.5 °Cintheyear
AD 2100, given a convergence temperature of AT, ;»=0 °C. For an
overshoot temperature of AT, ;» > 6.0 °C with a subsequent return
to present-day conditions, the simulated SLR contribution is at least
5 mwith PISM-dEBM and 7 m with Yelmo-REMBO.

For a convergence temperature of AT, ;»= 0 °C, we find that, for
all scenarios, the ice sheet eventually returns to values close to the
present-day ice volume in both models (Fig. 4). For the short-term
overshoots (At.,,, <500 years), the models show very similar SLR con-
tributions and the maximum ice-volume loss before ice-sheet regrowth
isin the range of 50 cm SLR equivalent (Fig. 4a,b). For a convergence
time of 1,000 years, the SLR contributionisless than1.25 mwith either
model, followed by arecovery to the present-day ice sheet. For conver-
gencetimes of more than 5,000 years, acomplete loss of theice sheet
can occur before recovery, with a SLR contribution of 7 m (Fig. 4¢,d).
Although Yelmo-REMBO shows acomplete loss of the ice sheet, before
regrowth, for the highest overshoot temperatures and aconvergence
time of 5,000 years, PISM-dEBM only shows a complete loss, before
recovery, for a convergence time of 10,000 years, regardless of the
convergence temperature (Fig. 5a,b).

For higher convergence temperatures, the GrlS does not neces-
sarily return to its present-day ice volume, highlighting the poten-
tial practical irreversibility caused by the hysteresis of the ice sheet
(Fig. 5c,d). With PISM-dEBM, the ice sheet approaches the intermedi-
ate states noted above. The ice-volume loss at equilibrium gradually
increases with increasing convergence temperature, reaching up to
25% of the present-day ice volume for a convergence temperature of
AT oy ya=2.2 °C. However, with PISM-dEBM, the ice sheet always recov-
ersto the equivalent equilibrium, as for a simple ramp-up simulation
(which we will refer to as the reference simulation hereafter; black
linesin Fig. 5) for a given temperature anomaly. In simulations with
Yelmo-REMBO, the ice sheet does not always regrow to the same ice
volume corresponding to the reference simulation (Fig. 5d). Close to
the threshold, the ice sheet shows a dependence on the convergence
time. A convergence time greater than 5,000 years, combined with a
high overshoot temperature, prevents regrowth of the ice sheet even
below the critical threshold (Extended Data Fig. 4d). For a convergence
temperature of AT, ;»= 0.5 °C and long convergence times, the ice
sheetregrows to anintermediate state with around 2 m SLR contribu-
tion after acomplete loss (Fig. 5d).

For all scenarios, the maximum SLR contribution strongly depends
onthe maximum temperature, the convergence temperature and the
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Fig.2|Stability diagram of the GrIS after warming and subsequent
cooling. a, Stability diagram of the GrIS for PISM-dEBM. Different warming
rates are applied for100 years, followed by various cooling rates for another
100 years. The temperatureis kept constant afterwards for another 100 kyr.
Whiteregionsindicate a present-day-like ice sheet, green-blue regions mark
intermediate states and purple corresponds to theice-freestate. Thegrey
line corresponds to the warming rates at which the overshoot temperature
equalsthe convergence temperature (thatis, no mitigation; the time series
of simulations along the grey lineis depicted in Fig.1). Below the grey line,
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the overshoottemperatureinyear AD 2100 is smaller than the convergence
temperaturein AD2200. Correspondingtime series of every simulationare
shownin Extended DataFig.5.b, Same as abut for Yelmo-REMBO. ¢, Cross-
sections of the stability diagram for all applied overshoot temperatures
indicated ontheyaxis of a. Asharp decrease of the ice volume can be inferred
for AT, above 2.2 °Cinall cross-sections, resulting in several intermediate
andice-free GrISstates.d, Same as cbut for Yelmo-REMBO, for which the critical
temperature isaround AT, ;1 =1.4 °C. The triangles mark simulations that
havestill not converged during the time span from 90 kyrto100 kyr (see legend).
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Different warming rates are applied for 100 years, followed by various cooling
rates foraconvergence time of1,000 years. The temperatureis kept constant
afterwards for another100 kyr.b, Same asabut for Yelmo-REMBO. ¢,d, Same as

convergence time (Fig. 5). Generally, the larger the maximum tem-
perature, the convergence time and the convergence temperature,
thelarger the maximum SLR contribution. The longer the convergence
times, the stronger the dependence of the maximum SLR contribu-
tion on the overshoot temperature (Fig. 6). Our key result is that,
regardless of the model used, it is possible to define safe and unsafe
scenarios dependent on achosen target maximum SLR contribution.
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a,b, respectively, but for aconvergence time 0f 10,000 years. The maximum
SLR contributionshowsa clear dependence on the overshoot temperature.
Whiteregionsindicate a present-day-like ice sheet, green-blue regions mark
intermediate states and purple corresponds to the near-ice-free state. The grey
lines correspond to the scenarios for which the overshoot temperature equals
the convergence temperature.

Forexample, we find thata convergence time shorter than1,000 years
witha convergence temperaturearound AT, ,, = 0 °Ckeeps the GrIS
SLR contribution below 2 m for all overshoot temperatures (Fig. 6)
with both models. For overshoot temperatures below the critical
threshold, the maximum SLR contribution is weakly dependent on
the convergence time, which is not surprising given that the maxi-
mum SLR contribution for a given maximum temperature anomaly
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Theendstatesare defined as the meanice volume after 90-100 kyr. The thick

is generally equal to or lower than the equilibrium SLR contribution
of that forcing value (Fig. 3).

Discussion

We use two different state-of-the-artice-sheet-modelling approaches,
with varying complexity, and show that the results obtained from both
approachesare consistent, despite the fact that the feedbacks captured
by the models differ to some extent. We use arecently published version
of PISM that is driven at the surface by the dEBM (PISM-dEBM) to cap-
ture surface albedo feedbacks. Thisimproves on the more conventional
positive degree-day parameterization, which might fail for past and
future climate conditions®* . Increased surface melt reduces reflectiv-
ity of the ice-sheet surface and hence leads to an increase in the melt
rates, whichis captured by the dEBM. Although the extraatmospheric
warming that can result from reducing albedo is not captured by this
modelsetup, Yelmo-REMBO includes this feedback as the atmosphere is
dynamically coupled to the snowpack energy balance. Possible negative
atmosphericfeedbacks that have been shown to potentially decelerate
theicelossarealsonotincluded in PISM-dEBM. It hasbeen shown that
changesin cloud cover, circulation patterns and precipitation lead to
increased accumulation in the high-altitude, cold interior of the ice
sheet and can increase the critical temperature threshold®. However,

Regional AT, above present (°C)

darkgreyline corresponds to the equilibriumstates for the applied temperature
anomaly, showing that the actual, realistic trajectories are strongly out of
equilibrium. b, Same as abut for the ice-sheet model Yelmo-REMBO. c,d, Same
asa,b, respectively, but for convergence times of 5,000 and 10,000 years. For
all scenarios, both models show arecovery to close to the present-day ice
sheet. The maximum SLR contributionis reached during the cooling phase,
highlighting theimportance of considering long-term committed SLRin
climate negotiations.

Yelmo-REMBO includes a dynamic albeit simple atmosphere that pro-
ducesincreased precipitation following the retreating ice-sheet margin
andtherefore captures the negative feedbacks at least to some degree.
Nevertheless, we propose to extend the work presented here to asetup
with a fully coupled, comprehensive atmosphere general circulation
model as aninteresting follow-up study.

It has recently been shown that, to some extent, glacial isostatic
adjustment can counteract the positive feedbacks that are believed
to cause a hysteresis of the GrIS with global warming, such as the
melt-elevation feedback and albedo feedback**. However, the time-
scale of this feedback is still debated*®* and is often neglected on
sub-millennial timescales?. The fluctuations of the ice sheet on a
decamillennial timescale simulated by PISM-dEBM are believed to
be the consequence of an interplay between bedrock uplift and
melt-elevation feedback®**2, We find that the intermediate GriS states
found with PISM-dEBM are at least partially caused by the interplay
between the glacial isostatic adjustment and melt-elevation feed-
back and we find fewer intermediate states without bedrock uplifting
(Extended DataFig. 6e). Palaeoclimatic simulations of the Pliocene GrIS
show similarintermediate states as seen with PISM-dEBM*. By strong
contrast, however, Yelmo-REMBO uses the same Earth deformation
model and we do not observe similar oscillations with this model. This
may point to a different balance between positive feedbacks (largely
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Fig.5|Minimum and equilibriumice volume for different overshoot
scenarios. a, Minimum ice volume and maximum SLR contribution for
different convergence temperatures (AT, ;) between 0 °Cand 4.0 °Cabove
present, overshoot temperatures between AT, ;2 =3.0°Cand 7.0 °Cand
convergence times between100 and 10,000 years for PISM-dEBM. For higher
overshoot temperatures and longer convergence times, the minimumice
volumeislower. A convergence time 0of 10,000 yearsleads toacomplete,
temporary loss of the GrlS for all overshoot temperatures. The black

line corresponds to the equilibrium reference simulation without any

at the surface) and the glacial isostatic rebound and should certainly
be studied with more models in future work.

Our temperature thresholds are in accordance with previous
work*¢8#% and agree with the general consensus that limiting global
warming below the range of 1.5-2.5 °C above preindustrial levels can
prevent the most severe consequences®®. However, we do not aim to
give aprecise threshold value for the safe zone but rather to show that
itis possible to mitigate a critical loss of the GrlS and the associated
SLR contribution if efforts are made to (1) prevent extreme warming
by AD 2100 and (2) reduce the temperature after a reasonable time,
that is, centuries. Failing in either of these efforts can result in large
SLR contributions from the GrIS even for convergence temperatures
of between 0 and 1.5 °C above preindustrial.

Notably, in the warming-only experiments, we find that several
intermediate stable states of the GrIS are accessible with PISM-dEBM
as temperatures increase before the remaining ice sheet is lost
abruptly, but not with Yelmo-REMBO. This seems, therefore, to be a
model-dependent behaviour that is a result of applying different ice
dynamics, climatic forcing and interactions within the system. Itis clear
that the existence of the intermediate states facilitates reversibility of
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Convergence AT, ;5 @bove present (°C)

temperature decrease. b, Same asabut for Yelmo-REMBO. The behaviour is
similar to PISM-dEBM except for the fact that acomplete temporary GrIS loss
isalready possible for shorter convergence times of 5,000 years. c,d, Same as
a,b, respectively, but for the ice volume after 90-100 kyr. The triangles denote
simulations that stillshowatrend after 100 kyr. The ice sheet regrows to the
reference simulationin all cases with PISM-dEBM but not with Yelmo-REMBO.
Thelatter shows atemperature range of roughly 0.5 °Cbelow the critical
threshold, whichshowsirreversibility after acomplete loss of the GriS.

the ice loss before the final threshold is crossed with PISM-dEBM. In
previous studies that investigate the short-term response of the GrIS
toglobal warming, it has been shown that future projections can differ
substantially across models'". Yet, we find qualitatively remarkably
similar behaviour with both models used here. A coordinated model
intercomparison following an experimental setup such as the one used
here would help to constrain the uncertainty in potential critical thresh-
olds and the long-term future ice-sheet evolution.

Oursimulations are restricted to horizontal resolutions of 16-20 km,
which means that small-scale processes are not well represented. The
choice of thisresolution was because of computational constraints and
the large number of simulations. However, we are mostly interested
inthe large-scale evolution of the GrIS on decamillennial timescales.
Previous work has shown that the chosen resolutions give similar results
to higher-spatial-resolution simulations?, so we expect that our conclu-
sions are robust. Nonetheless, this should be a target for future work.

Long-term climate projections for Greenland remain uncertain,
as most Earth-system-model simulations typically end by the year
AD 2100 (ref. 46). Although we based our estimate of Arctic amplifica-
tion on Coupled Model Intercomparison Project (CMIP) Phase 6 (CMIP6)
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Fig. 6| Maximum SLR contribution for different overshoot scenarios
withaconvergence GMT of 0.5 °C above preindustrial (corresponding to
AT,;,=0°Cabove present).a, Maximum SLR contribution for four different
overshoot temperatures and convergence times, up to10,000 years.

b, Same asabut for Yelmo-REMBO. On timescales of less than 1,000 years,

models, there is considerable uncertainty about the extent of future
warminginthe Arctic. Recently, ithasbeen shownthat the Arcticwarms
four times faster thanthe global average and thus substantially exceeds
previous estimates and projections from climate models*. Arcticampli-
fication of this magnitude would reduce the safe space for the GrIS
substantially. However, surface temperatures around Greenland might
not increase that severely in the future*”*¢, On multimillennial time-
scales, there may be substantial changes inglobal climate, atmosphere
and ocean circulation that are hard to quantify today. For example, a
weakening AMOC leads to decreasing Greenland temperatures™*,
which could help torestabilize the ice sheet. However, at the same time,
aweakening of the AMOC is expected to decrease precipitation over
Greenland™*°, which could lead to the opposite effect and destabilize
the GrISevenmore. These further interactions should be tackledin the
future by Earth system models with interactive ice-sheet components.

The potentialirreversibility of aloss of the GrISisanimportant con-
cern®*°, Our results show that mitigation of anice-sheet loss is possible
iftemperatures are reduced relatively quickly after atemporary over-
shoot. We find several stableintermediate ice-sheet configurations with
PISM-dEBM that return to the present-day state if the climate returns
to present-day conditions. However, if longer time spans are needed
to cool down to arelatively safe convergence GMT of, for example,
1.0 °C, the SLR contribution from the GrlS canstill exceed several metres
for thousands of years. With Yelmo-REMBO, there is a temperature
range of 0.5 °C below the threshold that shows irreversibility; even if
the convergence temperature is below the critical threshold after an
initial overshoot, the GrIS does not regrow. This emphasizes the risk
of anirreversible ice-sheet loss for long-term overshoot scenarios.
Moreover, total runoff amounts would still be substantial even for a
reversible ice-sheet loss, with possibly severe consequences for the
AMOC®. Remarkably, the timescale ofice loss relative to their respective
thresholds agrees very well across the two models used here. It should
be emphasized nevertheless that quantitative differences between
the two ice-sheet models are present and should be investigated in
the future.

We find a threshold for an abrupt, complete loss of the GrIS around
2.3 °C GMT above preindustrial level with PISM-dEBM and 1.7 °C GMT
above preindustrial level with Yelmo-REMBO, which is in agreement
with previously reported critical temperatures for the GriS*¢4-%,
We show that a transition to an ice-free GrlS state can be avoided in

Duration of AT, >0°C above present (years)

the models show amaximum SLR contribution of less than 2 m for all overshoot
temperatures. Anovershoot temperature of lessthan3 °C preventsaSLR
contribution of more than2 m.Onlongtimescales, Yelmo-REMBO shows a
slightly higher SLR contribution for high overshoot temperatures than
PISM-dEBM.

scenarios that overshoot this critical temperature threshold, as long
as the temperature anomaly is subsequently reduced sufficiently
quickly. Our results highlight the critical role of warming and cooling
rates as well as the maximum and convergence temperatures. In our
simulations, southwestern Greenland is most sensitive to temperature
changes and primarily determines the spatial extent of the potential
intermediate states. However, even without anirreversible transition
toanewstableice-sheet state, theintermediate SLR contribution from
the GrlS can exceed several metres, depending on the warming and
cooling rate, as well on as the convergence temperature.
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Methods

PISM-dEBM

We use the open-source, state-of-the-art PISM version v1.2-41-g53a9818
withthe dEBM surface mass balance module and parameterized climate
forcing. PISM is a three-dimensional, thermomechanically coupled
ice-sheet/ice-shelf model that combines the shallow-ice approximation
(SIA) and shallow-shelf approximation (SSA) of the non-Newtonian
Stokes model. This hybrid SSA + SIA approach permits modelling of
the whole domain from the ice-sheet flow zone with grounded ice to
the ice-shelf flow zones in an appropriate manner®. The ice rheology
isbased on the Glen-Paterson-Budd-Lliboutry-Duval flow law** with
an exponent of n =3 with the enhancement factors Ess, =1and E, =3
for the SSA and SIA flow, respectively.

We use a pseudo-plastic sliding law** of the form

Tb=_T —
Cuglull q’

with the basal shear stress T, basal sliding velocity u, yield stress 7.
and a threshold velocity u,. We chose g = 0.5 and a threshold velocity
of u, =100 myear™ for our simulations.

Theyield stress is determined by the Mohr-Coulomb criterion®

T.=Co+ (tang) Ny,

that connects the effective pressure N,;;, a material property field ¢
(till friction angle) and the till cohesion c,. The effective pressure Ny,
isdetermined by the subglacial hydrology model, the till friction angle
¢isapiecewise linear function of bed elevation®® and the till cohesion
coissettoO.

We model the deformation of the Earth owing to the changesin the
iceload using the Lingle-Clark model*”*8. The model is described by a
purely elastic lithosphere with a flexural rigidity of 5 x 10** N m™ and the
upper mantleis represented as a three-dimensional viscous half-space
with aviscosity of 10% Pa s™'. The model uses atime-dependent partial
differential equation that generalizes and improves on the standard
elastic plate lithosphere model (ELRA)®.

To calculate the surface mass balance, we use a recently developed
dEBM?*"¥ We use the standard parameters used by Zeitz et al., except
for the coefficients c;and c,, which calibrate the energy balance of the
snowpack in the melt equation. These we set to ¢;=20 Wm™2K and
¢,=-50 Wm™, based on an optimization of the product of temporal
and spatial root-mean-square error of the surface mass balance with
regards to the MARv3.12 regional climate model surface mass balance
from1980t02000 (ref. 59). We keep the orbital parameters fixed to the
present-day values®. The transmissivity of the atmosphere is given by
alinear function and assumed not to change in future climate. For an
extensive description of the dEBM and the implementation in PISM,
seerefs. 25,37,39.

The present-day near-surface temperature and precipitationrates are
given by climatological means (monthly 1980-2000) from the regional
climate model MARv3.12 (ref. 59). We apply an elevation-dependent
correction of the surface temperature and precipitation, imposing a
lapserate of T = 6 K km™. The precipitation P changes 3.6% per degree
of temperature change. The change of precipitation with increasing
temperatureis derived fromalinear fit of the mean annual precipitation
againstsurface air temperature from 37 CMIP6 SSP585 runs (Extended
Data Table 2). We use the default spatiotemporal constant ocean bound-
ary conditions with a constant sub-shelf melt rate of 0.05 m year™.

Our simulations are initialized from a reference equilibrium state
of the GrIS that resembles the present-day configuration. We show
the ice-surface elevation and ice-surface velocity deviation from
observational data in Extended Data Fig. 7. To obtain our reference
state, we bootstrap the ice-sheet model from present-day conditions,

includingice thickness and bedrock elevation, taken from BedMachine
v5 (refs. 56,60), and basal heat flux®, as well as climatological mean
(monthly 1980-2000) surface temperature and precipitation taken
fromthe regional climate model MARv3.12 (ref. 59). We run the model
until an equilibrium state is reached, but for at least 50,000 years. All
simulations were performed on aregular rectangular grid with a hori-
zontal resolution of 20 km and an equally spaced grid in the vertical
direction with aresolution of 40 m.

We normalize theice volume such that the initial volume corresponds
tothe observed ice volume of 7.42 m sea-level equivalentin all plots®.

Yelmo-REMBO

The ice-sheet model Yelmo? resolves ice dynamics by means of the
higher-order DIVA solver®>. Thermodynamics are linked to dynam-
ics by means of effective viscosity, which is determined with a Glen’s
flow law formulation (n = 3) and enhancement factorsin the shearing,
streaming and floating regimes of 3,1and 0.7, respectively. The basal
friction is determined with a regularized Coulomb law®® of the form

q
ol Y u
b O jupl + 1o ) up|

withu,=100 myear™and g=0.2.c,=co+ (tang) Ny, is the basal yield
stress (Pa), inwhich N, is the effective pressure at the base and ¢ rep-
resents the material strength of the bed as a till friction angle. As in
PISM, ¢, = 0and gpis set as a piecewise linear function of bedrock eleva-
tion with ¢,,;, = 0.5° at bedrock elevations at or below -=700 m and
Pmax =40° at or above 700 m. Effective pressure at the base of the ice
sheetis modelled following ref. 64. Wheniceis frozen at the base, then
the effective pressure equals the overburden pressure (N, = pgH), and
whenasaturated water layer is present for temperateice, the effective
pressurereducesto 2% of the overburden pressure value. To determine
thebasal water layer thickness, basal hydrology is resolved locally (no
horizontal transport), depending on water production from melting/
freezing the base of the ice sheet and a constant till drainage rate of
1mm year™. The water layer is limited to 2 m, at which point the till
below the ice sheet is considered saturated. Geothermal heat flux is
imposed using thereconstructioninref. 61. Glacialisostatic adjustment
of the bedrock is determined using the Lingle-Clark model, as with
PISM, and the same parameter values are used. Yelmo is run at 16-km
horizontal resolution, with ten terrain-following coordinates in the
vertical dimension. The ice-sheet model is coupled bidirectionally to
the regional climate model REMBO%. REMBO is a two-dimensional
energy-moisture balance model in the atmosphere. At the ice-sheet
surface, the snowpackis modelled as asingle layer. The surface energy
balance is approximated through the insolation-temperature melt
equation, which accounts for changesininsolation and temperature,
aswellassurface albedo, butignores other components. The snowpack
and atmosphere evolves with a daily time step over the year and pro-
vides the mean annual surface temperature and surface mass balance
to theice-sheet model. At the domain boundaries, the climatological
near-surface temperature isimposed, along with desired temperature
anomalies. REMBO resolves the snowpack and surface energy balance
on the ice-sheet-model grid and resolves the atmospheric dynamics
at120-km resolution. To reduce biases in the simulated present-day
ice sheet, an extra4 myear™ of meltis included in the surface mass
balance for areas in which there is no ice present in Greenland today.
Asimple oceanic anomaly method is used to determine the basal mass
balance for marineice at the grounding line: 5 = b,o¢ + kAT, inwhich
k=10myear'K'and b,.;=—1m year'and AT,., = 0.25T p, one
Yelmo-REMBO is initialized with the present-day topography
and ice-sheet thickness and a semi-analytical solution for the
ice-temperature profile at each grid point. The model is then run for
25 kyrtoequilibrate theice sheet with the climatic forcing from REMBO.
Thisis notlong enough toreach full thermodynamic equilibrium, but
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theice sheet becomes stable by this point with a well-defined thermo-
dynamicdistribution. As with PISM-dEBM, we normalize the ice volume
such that the initial volume corresponds to the observed ice volume
of 7.42 msea-level equivalent in all plots®.

Climate forcing

The Arctic region is experiencing the most rapid regional warming
around the globe® ¥, To translate the increasein GMT to the warming
rate of Greenland and vice versa, we fit the historical (1850-2014) and
SSP585 (2015-2100) global mean surface temperature to the mean
surface temperature anomaly around Greenland for summer (JJA) from
thefirstavailable run of the 37 different CMIP6 models to get ascaling
factor between regional temperature and GMT increase*® (Extended
Data Table 1). We derive the relationship

AGMTy=fx ATy, +0.5°C §)

between GMT above preindustrial AGMT,, and regional summer tem-
peratureincrease AT, above present. The factor 0.5 °Cis theincrease
of GMT in the reference period for our initial ice sheet states (1980~
2000) compared with preindustrial levels (1850-1900) and is derived

from HadCRUTS5 observational data®®. The factor f= 1-ocisthe

best estimate of the scaling factor between regional Gree}iII(;nd summer
temperature and GMT derived from the CMIP6 SSP585 scenarios
(Extended Data Table 1)

For the future scenarios, we aapply aspatially constant temperature
anomaly with a temperature-dependent seasonal amplitude. We use
thescalingfactor of 1.61 between regional winter and summer tempera-
ture (Extended Data Table 1). We model the difference in the scaling
factor between the seasons as a cosine function with a period of 1 year.
We fit observational surface temperature in southwestern Greenland
for winter and summer from 1850 to 2019 against summer and winter
GMT and find consistent scaling factors®®*’ (Extended Data Fig. 8).

Structural and parametric uncertainties

We address both possible structural and parametric uncertainties of
ourresults. Here structural uncertainties are those associated with the
model mechanisms and the structure of the model, whereas parametric
uncertainties refer to those that are because ofincomplete knowledge
of the optimal values for the parameters of a given model.

We account for structural uncertainties by carrying out our experi-
ments with two independent ice-sheet models, PISM-dEBM and
Yelmo-REMBO. We show all our results obtained with both models
side by side in the figures and conclude that our results are remark-
ably robust for both models; they are thus unlikely to be affected by
structural uncertainties in general, although important differences
do arise in the details.

Also, weinvestigate the parametric uncertainties potentially associ-
ated with our results by performing further sensitivity analyses with
PISM-dEBM, varying critical parameters thatinfluence theice dynam-
ics, surface mass balance and further climatic factors (Extended Data
Fig. 6). Specifically, we vary the pseudo-plastic sliding exponent, the
SSA enhancement factor, the parameter for the bed viscosity, the SIA
enhancement factor, the grid resolution, the melt equation param-
eterization and the precipitation-temperature scaling. Furthermore,
we show results without the Earth deformation model.

Although the exactice-volume loss differs slightly for each combina-
tion of the parameters, the qualitative behaviour remains the same.
Only the simulation without an Earth deformation model shows a quali-
tatively different behaviour without a recovery of the ice sheet after
aninitial loss for some temperature anomalies. This is because of the
missing glacial isostatic adjustment. The critical threshold of the ice
sheetis not greatly influenced by the ice dynamics parameterization.
The melt equation parameterization and precipitation scaling influ-
encethecritical temperature threshold to some extent, yet within the

range set by the two independent models. However, the qualitative
behaviour does not change and arecovery after an initial loss is seen
for all combinations for small temperature anomalies.

It should be noted that, in both models, the ice-sheet response is
very sensitive when temperatures are close to the critical thresholds.
For example, two simulations with PISM-dEBM show anice-free state at
the temperature of AT, =2.2 °C, although the other simulations show
arecovery toamostly glaciated Greenland (Fig. 2a). Similar behaviour
can be observed for Yelmo-REMBO, for which one of the simulations
shows delayed ice loss when forced with the threshold temperature
ATy, =1.5°C, butiteventually transitions to theice-free state. We attrib-
ute this tocomputational errors that caninfluence the simulations for
temperatures very close to the threshold temperature.
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53. Lliboutry, L. & Duval, P. Various isotropic and anisotropic ices found in glaciers and polar
ice caps and their corresponding rheologies. Int. J. Rock Mech. Min. Sci. Geomech. Abstr.
22,198 (1985).

54. Schoof, C. & Hindmarsh, R. C. A. Thin-film flows with wall slip: an asymptotic analysis of
higher order glacier flow models. Q. J. Mech. Appl. Math. 63, 73-114 (2010).

55. Cuffey, K. M. & Paterson, W. S. B. The Physics of Glaciers 4th edn (Academic, 2010).

56. Morlighem, M. et al. BedMachine v3: complete bed topography and ocean bathymetry
mapping of Greenland from multibeam echo sounding combined with mass
conservation. Geophys. Res. Lett. 44, 11,051-11,061 (2017).

57. Lingle, C.S. & Clark, J. A. A numerical model of interactions between a marine ice sheet
and the solid earth: application to a West Antarctic ice stream. J. Geophys. Res. Oceans
90, 1100-1114 (1985).

58. Bueler, E., Lingle, C. S. & Brown, J. Fast computation of a viscoelastic deformable Earth
model for ice-sheet simulations. Ann. Glaciol. 46, 97-105 (2007).

59. Fettweis, X. et al. Reconstructions of the 1900-2015 Greenland ice sheet surface mass
balance using the regional climate MAR model. Cryosphere 11, 1015-1033 (2017).

60. Morlighem, M. et al. IceBridge BedMachine Greenland Version 5 (NSIDC, 2022); https://
nsidc.org/data/IDBMG4/versions/5

61.  Shapiro, N. M. & Ritzwoller, M. H. Inferring surface heat flux distributions guided by a
global seismic model: particular application to Antarctica. Earth Planet. Sci. Lett. 223,
213-224(2004).

62. Robinson, A., Goldberg, D. & Lipscomb, W. H. A comparison of the stability and
performance of depth-integrated ice-dynamics solvers. Cryosphere 16, 689-709
(2022).

63. Joughin, I., Smith, B. E. & Schoof, C. G. Regularized Coulomb friction laws for ice sheet
sliding: application to Pine Island Glacier, Antarctica. Geophys. Res. Lett. 46, 4764-4771
(2019).

64. Bueler, E. & van Pelt, W. Mass-conserving subglacial hydrology in the Parallel Ice Sheet
Model version 0.6. Geosci. Model Dev. 8, 1613-1635 (2015).

65. Serreze, M. C. & Francis, J. A. The Arctic amplification debate. Clim. Change 76, 241-264
(20086).

66. Serreze, M. C., Barrett, A. P, Stroeve, J. C., Kindig, D. N. & Holland, M. M. The emergence
of surface-based Arctic amplification. Cryosphere 3, 11-19 (2009).

67. Screen, J. A. & Simmonds, . The central role of diminishing sea ice in recent Arctic
temperature amplification. Nature 464, 1334-1337 (2010).

68. Morice, C. P. et al. An updated assessment of near-surface temperature change from
1850: the HadCRUTS5 data set. J. Geophys. Res. Atmos. 126, €2019JD032361 (2021).

69. Cappelen, J. Greenland - DMI historical climate data collection 1784-2019. Technical
report of the Danish Meteorological Institute (2020).


https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip6/
https://nsidc.org/data/IDBMG4/versions/5
ftp://ftp.climato.be/fettweis/MARv3.12/Greenland/
ftp://ftp.climato.be/fettweis/MARv3.12/Greenland/
https://www.metoffice.gov.uk/hadobs/hadcrut5/
https://www.metoffice.gov.uk/hadobs/hadcrut5/
https://nsidc.org/data/NSIDC-0670/versions/1
https://doi.org/10.5281/zenodo.8155423
https://github.com/pism/pism
https://github.com/pism/pism
https://github.com/palma-ice/yelmo
https://doi.org/10.5281/zenodo.8155423
https://nsidc.org/data/IDBMG4/versions/5
https://nsidc.org/data/IDBMG4/versions/5

70. Joughin, 1., Smith, B. & Howat, |. MEaSUREs Multi-year Greenland Ice Sheet Velocity
Mosaic Version 1(NSIDC, 2016); https://nsidc.org/data/NSIDC-0670/versions/1

71. Joughin, I., Smith, B. E. & Howat, I. M. A complete map of Greenland ice velocity derived
from satellite data collected over 20 years. J. Glaciol. 64, 1-11(2018).

72. Crameri, F., Shephard, G. E. & Heron, P. J. The misuse of colour in science communication.

Nat. Commun. 11, 5444 (2020).

Acknowledgements This is TiPES contribution #209; the TiPES (‘Tipping Points in the Earth
System’) project has received funding from the European Union’s Horizon 2020 research and
innovation programme under grant agreement no. 820970. This work was supported by the
UiT Aurora Centre Program, UiT The Arctic University of Norway (2020) and the Research
Council of Norway (project number 314570). The simulations with PISM-dEBM were performed
on the Fram supercomputer provided by Sigma?2 - the National Infrastructure for High
Performance Computing and Data Storage in Norway under the projects NN8008K and
NN9348K. N.Boe. acknowledges further funding by the Volkswagen Foundation and the
European Union’s Horizon 2020 research and innovation programme under the Marie
Sktodowska-Curie grant agreement no. 956170, as well as from the German Federal Ministry
of Education and Research under grant no. 01LS2001A. A.R. received funding from the
European Union (ERC, FORCLIMA, 101044247). Development of PISM is supported by NSF

grants PLR-1644277 and PLR-1914668 and NASA grants NNX17AG65G and 20-CRYO2020-0052.
We thank M. Zeitz for her comments on PISM-dEBM that resolved computational problems.
Some of the plots are made using scientific colour maps by Crameri et al.”%.

Author contributions N.Boe. conceived the study. N.Boc. and N.Boe. designed the study.

A.R. performed the experiments with Yelmo-REMBO. N.Boc. performed the experiments with
PISM-dEBM and analysed the output data. A.P. assembled and analysed CMIP6 data and wrote
parts of the extended data. N.Boc., N.Boe., A.R., M.M. and M.R. discussed and interpreted
results. N.Boc. wrote the paper, with contributions from N.Boe., A.R., M.M. and M.R.

Competing interests The authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41586-023-06503-9.

Correspondence and requests for materials should be addressed to Nils Bochow.

Peer review information Nature thanks Anna Von der Heydt and the other, anonymous,
reviewer(s) for their contribution to the peer review of this work. Peer reviewer reports are
available.

Reprints and permissions information is available at http://www.nature.com/reprints.


https://nsidc.org/data/NSIDC-0670/versions/1
https://doi.org/10.1038/s41586-023-06503-9
http://www.nature.com/reprints

Article

summer =1.0K

summer = 0.5K

s

summer =4.0K
l/ﬁ ]

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8
Ice Thickness [km]

Extended DataFig.1|Spatial maps of the GrIS after100 kyrfor warming
scenarios without mitigation for PISM-dEBM. Equilibrium states of the GrIS
for regional summer warming convergence temperatures between 0 °Cand
6.5°C.The warming period lasts for 100 years and the temperature remains
constant afterwards. Several different states can be distinguished: present-day
configurationwith fully extended ice sheet, severalintermediate states with
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around 50-90% of the present-day ice volume for warming levels between
0°Cand2.0°Candanice-freestate. Theice-sheet extentis denoted by ared
outline. The spatial configurations correspond to the end statesin Fig.1and
Extended DataFig. 5. The maps were made with the Python package cartopy®?

and Natural Earth.
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Extended DataFig.2|Spatial evolution of the GrISfor AT, = 3.0°C
in Yelmo-REMBO. Exemplary transient snapshots of the GrIS for aregional
summer warming convergence temperature of 3.0 °C. The warming period
lasts for 100 years and the temperature remains constant afterwards.
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Theice-sheetextentis denoted by ared outline. Southwestern Greenland
shows the highest sensitivity to warming, followed by the northern part of
Greenland. After 10,000 years, most of the ice sheet has melted. The maps
were made with the Python package cartopy* and Natural Earth.
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Extended DataFig.3|Maximum SLR contribution of the GrIS after warming
and subsequent cooling for100 years convergence time.a, Evolution ofice
volume of the whole GrlS for regional summer temperature changes between
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100 years, with subsequent cooling for another 100 years to the convergence
temperature. Three different states can be distinguished: present-day
configurationwith fully extended ice sheet, intermediate state with around

4 5 6
Maximum sea level rise [m]

60% of the present-day ice volume and anice-free state. The semi-stable state
recovers close to present-day ice-sheet volume after 100 kyr owing to glacial
isostaticadjustment. Some runs show oscillatory behaviour on the timescale
of several10 kyr. The corresponding spatial maps are shownin Fig.1and
Extended DataFig.1and the resulting stability diagramis showninFig.2.

b, Same asabut for Yelmo-REMBO. Only two states are found; present-day and
anear-ice-free state.
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Extended DataFig.7|Differencebetween observed and simulated initial-

state ice thickness and velocity in PISM-dEBM and Yelmo-REMBO.

a, Difference between simulated initial state and observed ice thickness
(BedMachine v5 (refs. 56,60)) with PISM-dEBM. Blue and red areas denote
regionsinwhich the simulation overestimates and underestimates the
thickness, respectively. The root-mean-square error is 260 m. Observational

datawereregriddedtoa20-kmgrid to ensure comparability. b, Same asabut
fortheicesheetvelocity (MEaSUREs vl (refs. 70,71)). The root-mean-square
erroris60 myear™. c,d, Same as a,b, respectively, but for Yelmo-REMBO. The
root-mean-square error of theice thicknessis 399 m. The root-mean-square
errorof the velocity is 83 myear™. The maps were made with the Python
package cartopy**and Natural Earth.
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Extended Data Table 1| Scaling factors between regional winter surface temperature in Greenland and regional summer
temperatures and between regional summer surface temperature and global mean surface temperature

Model name Historical SSP585
DJF/JJA JJA/GMT DJF/JJA JJA/GMT

ACCESS-CM2 1.24314 1.55784 1.68832 1.10120
ACCESS-ESM1-5 1.73007 1.76506 2.02724 1.04376
AWI-CM-1-1-MR 1.32796 1.25945 1.82360 0.99303
BCC-CSM2-MR 1.29499 0.90418 2.26547 0.84801
CAMS-CSM1-0 2.15478 0.63802 2.21623 0.67288
CanESM5 1.76195 1.16298 2.02841 1.08541
CESM2 1.21479 1.62255 1.39828 0.91612
CESM2-WACCM 1.22269 1.51080 1.59764 1.00008
CIESM 0.59212 0.52382 1.17684 1.85676
CMCC-CM2-SR5 1.00370 1.37371 1.27209 1.55352
CMCC-ESM2 1.06552 1.39911 1.45985 1.60628
CNRM-CM6-1 1.34151 2.86455 1.40100 1.26130
CNRM-CM6-1-HR 1.26669 1.25802 1.60006 1.17709
CNRM-ESM2-1 1.01460 2.55458 1.36261 1.18301
EC-Earth3 1.73116 2.64813 1.04662 1.56726
EC-Earth3-CC 1.96319 3.34523 1.06750 1.89909
EC-Earth3-Veg 1.73052 2.97792 1.09530 1.70582
EC-Earth3-Veg-LR 1.53602 3.20890 1.08838 1.83091
FGOALS-f3-L 1.53602 0.88812 2.55654 0.99939
FGOALS-g3 0.67795 1.14430 1.70377 0.79942
FIO-ESM-2-0 1.12462 1.34199 1.51423 1.37146
GFDL-ESM4 0.59354 0.83519 1.16744 0.97431

HadGEM3-GC31-LL 0.88461 1.22988 1.39971 1.30237
HadGEM3-GC31-MM  0.83721 1.44161 1.28213 1.24049

INM-CM4-8 1.20071 0.86486 2.30557 1.12200
INM-CM5-0 0.76044 1.27254 1.84016 1.06189
IPSL-CM6A-LR 1.65678 1.46502 1.44866 1.36732
KIOST-ESM 0.97104 0.91166 1.53603 0.72659
MIROC6 0.85111 0.72640 1.97290 1.20458
MIROC-ES2L 1.15751 0.72640 1.94393 1.04821
MPI-ESM1-2-HR 1.43216 1.32521 1.80874 1.03589
MPI-ESM1-2-LR 1.33128 1.30071 1.51064 1.02537
MRI-ESM2-0 0.65250 1.21552 1.65335 0.87347
NESM3 1.43084 1.56126 1.78717 1.17106
NorESM2-LM 0.76920 0.63713 1.61181 1.16325
NorESM2-MM 0.92682 1.11325 1.48325 0.95163
UKESM1-0-LL 1.43775 1.93959 1.37611 1.37244
Mean 1.23408 1.48748 1.60858 1.19223

SD 0.39992 0.72539 0.37444 0.31023

List of the 37 CMIP6 models*® used for the scaling-factor comparison. The second and fourth columns show the scaling factor between the mean winter surface temperature in Greenland
and the mean summer surface temperature in Greenland, respectively, for historical and SSP585 runs. The third and fifth columns show the scaling factor between regional summer surface
temperature in Greenland and global mean surface temperature.



Extended Data Table 2 | Scaling factor of annual mean precipitation in Greenland against mean summer surface temperature
in Greenland for SSP585 runs

Model name SSP585 scaling factor [%)]
ACCESS-CM2 4.26337
ACCESS-ESM1-5 4.30279
AWI-CM-1-1-MR 4.43382
BCC-CSM2-MR 3.35385
CAMS-CSM1-0 6.30719
CanESM5 7.62772
CESM2 0.41463
CESM2-WACCM 1.16871
CIESM 2.77636
CMCC-CM2-SR5 3.52098
CMCC-ESM2 4.40673
CNRM-CM6-1 3.03457
CNRM-CM6-1-HR 4.58830
CNRM-ESM2-1 2.12144
EC-Earth3 2.77394
EC-Earth3-CC 3.41980
EC-Earth3-Veg 8828216
EC-Earth3-Veg-LR 3.21419
FGOALS-f3-L 7.25859
FGOALS-g3 0.69556
FIO-ESM-2-0 2.53140
GFDL-ESM4 1.80231
HadGEM3-GC31-LL 3.08538
HadGEM3-GC31-MM 3.12996
INM-CM4-8 6.86774
INM-CM5-0 5.58120
IPSL-CM6A-LR 4.62000
KIOST-ESM 2.61953
MIROC6 3.34743
MIROC-ES2L 4.89060
MPI-ESM1-2-HR 3.06237
MPI-ESM1-2-LR 6.28110
MRI-ESM2-0 0.62048
NESM3 6.08938
NorESM2-LM 0.87454
NorESM2-MM 0.55605
UKESM1-0-LL 3.69790
Mean 3.58305

SD 1.91032

List of the 37 CMIP6 models*® used for the comparison. The second column shows the percentage change of the mean annual precipitation in Greenland for changing mean summer surface
temperature in Greenland for SSP585.
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