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Abstract. Simulations of the Greenland ice sheet (GrIS) at millennial time scales and beyond often assume spatially and tem-
porally uniform temperature anomalies and precipitation sensitivities over these time scales, or rely on simple parameterisation
schemes for the precipitation rates. However, there is no a priori reason to expect spatially and temporally uniform sensitivities
across the whole GrIS. Precipitation is frequently modelled to increase with the standard thermodynamic scali®gof

derived from the Clausius-Clapeyron relation and often based on older model generations. Here, we update the commonly
used parameters for long-term modelling of the GrlS, based on the output of the latest generation of coupled Earth system
models (CMIP6), using the historical time period and four different future emission scenarios. We show that the precipitation
sensitivities in Greenland have a strong spatial dependence, with values rangingd¥6f in southern Greenland tt8%/K

in northeastern Greenland relative to the local annual mean near-surface temperature in the CMIP6 ensemble mean. Addition
ally, we show that the annual mean temperatures in Greenland increase bé&t@&and1:53 times faster than the global

mean temperature (GMT), with northern Greenland warming up to two times faster than southern Greenland in all emission
scenarios. However, we also show that there is a considerable spread in the model responses that can, at least partially, b
attributed to differences in the Atlantic meridional overturning circulation (AMOC) response across models. Finally, using the
Parallel Ice Sheet Model (PISM), we show that assuming uniform temperature and precipitation anomalies and sensitivities
leads to overestimation of near-surface temperatures and underestimation of precipitation in key regions of the GrlIS, such as
southwestern Greenland. This, in turn, can result in substantial overestimation of ice loss in the long-term evolution of the
GrlIS.

1 Introduction

The Greenland ice sheet (GrlS) is the second largest terrestrial ice sheet with the potential of more than 7.4 m of sea level rise
when completely melted (Morlighem et al., 2017). Increasing atmospheric and oceanic temperatures due to climate change

(Straneo and Heimbach, 2013; Fettweis et al., 2017) led to more than a 5-fold increase in ice loss from the Greenland ice
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sheet in the last three decades (Shepherd et al., 2020; Otosaka et al., 2023). Land ice melt contributed more than half of the
global sea level rise since 1993 with an acceleration in recent years (IPCC, 2022). The total mass balance of the GrlS, i.e. the
difference between total mass gain and loss, has been decreasing steadily in the last decades, with an average yearly mass Ic
of 169 9Gt/yr between 1992 and 2020 (Otosaka et al., 2023). This has caused a cumulative global sea level rise of more than
12 mm (Shepherd et al., 2020; Otosaka et al., 2023). Alternatively, the total mass balance can be seen as the sum of the surfac
mass balance (SMB), the discharge into the ocean (D) and the basal mass balance (BMB). The decrease in total mass balanc
of the GrIS in the last decades is divided approximately equally between discharge due to ice dynamics (D) and increased
surface melt, i.e., decreasing SMB (van den Broeke et al., 2009; Choi et al., 2021). However, projections show that increases
in Greenland surface melt will dominate the decrease in the mass balance in the long-term, mostly due to a retreating ice front
and the diminishing contact of the ice sheet with the ocean (Goelzer et al., 2020; Choi et al., 2021; Payne et al., 2021).

Many studies have investigated the past and future evolution of the GrlS from short to long timescales, using computational
methods ranging from simple conceptual models (Levermann and Winkelmann, 2016; Boers and Rypdal, 2021), stand-alone ice
sheet models (Bochow et al., 2023; Goelzer et al., 2020; Seroussi et al., 2020) to Earth system models (ESMs) of intermediate
complexity and full complexity with dynamically coupled ice sheets (Robinson et al., 2012; Gregory et al., 2020; Honing
et al., 2023, 2024; Muntjewerf et al., 2020a, b; Madsen et al., 2022). In the latest generation of comprehensive ESMs from
the 6th phase of the coupled model intercomparison project (CMIP6) (Eyring et al., 2016), the ice sheets were not fully
bidirectionally coupled to the other components. However, dynamically coupled ice sheets have successfully been introduced
recently in several ESMs (Mikolajewicz et al., 2007; Vizcaino et al., 2008; Muntjewerf et al., 2020b; Smith et al., 2021).
While this coupling is making rapid progress, parameterisation schemes are still needed, especially to investigate the long-
term behaviour of ice sheets. Computational constrains make it currently challenging to run ESMs on millennial or even
decamillennial timescales.

Long-term simulations of the ice sheet usually rely on parameterisation methods, for instance, for calculating the SMB.
Commonly used methods include positive-degree day methods (PDD) (Huybrechts and Oerlemans, 1990) or surface energy
balance models (Krebs-Kanzow et al., 2021). These models calculate the SMB based on several inputs such as near-surfac
temperature and precipitation elds. Two of the most commonly used approaches to produce these forcing elds for long-term
ice sheet modelling are (1) the use of a xed precipitation increase per degree of temperature increase (e.g., Greve et al., 2011
Pollard and DeConto, 2012; Saito et al., 2016; DeConto and Pollard, 2016; Cuzzone et al., 2019; Aschwanden et al., 2019;
Rodehacke et al., 2020; Garbe et al., 2020; Albrecht et al., 2020; Zeitz et al., 2022; Bochow et al., 2023) and (2) the use of
uniform temperature anomalies (e.g., Robinson et al., 2012; Pollard and DeConto, 2012; Cuzzone et al., 2019; Aschwanden
et al., 2019; Garbe et al., 2020; Zeitz et al., 2022; Bochow et al., 2023). In this study, we focus on the effects of assumptions
made on the forcing elds rather than the validity of the SMB parameterisation methods themselves.

The expected increase in precipitation with increasing surface temperatures is based on the Clausius-Clapeyron relationshiy
(Clausius, 1850), which describes the increase in the saturation water vapour pressure with increasing temperature accordin
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with the saturation vapour pressieg the temperaturg@, the speci c latent heat of evaporation of waterTat 0 CLt =

2:5 1P Jkg ! (Henderson-Sellers, 1984), and the speci ¢ gas constant for water vRpodi62 JK kg . The saturation
water vapour pressure thus increases approximately exponentially with temperature. Assuming the preé&ipisasiolely
governed by the saturation water vapour pressure, thenPalisoexpected to increase exponentially. Using the chain rule,
Equation 1 can be rewritten as

_din(es) _ Lt .

K= =41 = Rr7? )

with the growth constark.

Using Equation 2 for a simple estimate of the precipitation sensitivity already gives a deviation from the commonly used
value of 7-8%. For inland Greenland the approximate annual near-surface temperature between 1996 an@30@9J&ang
et al., 2020). Plugging the given values into Equation 2 give® :0861/K, which corresponds to a precipitation sensitivity of
approximately 9%/K.

In the literature a precipitation sensitivity between 4 and 8%/K is commonly used for simulating the future evolution of the
Greenland ice sheet (Huybrechts, 2002; Robinson et al., 2012; Frieler et al., 2015; Saito et al., 2016; Goelzer et al., 2020; Zeitz
et al., 2021; Aschwanden et al., 2019; Zeitz et al., 2022; Bochow et al., 2023). However, these values are often based on olde!
generations or a limited selection of climate models (Robinson et al., 2012; Frieler et al., 2015; Aschwanden et al., 2019; Zeitz
et al., 2022; Zhang et al., 2024), and sensitivities are derived using inaccurate regions for Greenland. For example, they often
include Iceland or parts of Canada, which can substantially in uence the sensitivity (Frieler et al., 2012). Additionally, the
precipitation parameterisation as well as uniform temperature anomalies assume that there is a uniform change of temperature
and precipitation rates across Greenland, which is unlikely to be true. It has been shown using observations and models that
regionally, the deviations from the thermodynamic expectation around 7%/K can be highly signi cant (Trax| et al., 2021,
Nicola et al., 2023).

Here, we give an update on some commonly used parameterisation factors, informed by the CMIP6 projections (Eyring et al.,
2016). We analyse temperature and precipitation changes in Greenland from the year 1850 to 2100 for four future Shared Socio-
economic Pathways scenarios (SSPs) using the CMIP6 ensemble: SSP1-2.6 (Low challenges to mitigation and adaptation)
SSP2-4.5 (Medium challenges to mitigation and adaptation), SSP3-7.0 (High challenges to mitigation and adaptation) and
SSP5-8.5 (High challenges to mitigation, low challenges to adaptation) (Riahi et al., 2017; Allan et al., 2021). Based on this
analysis, we derive uniform and spatially resolved temperature scaling factors and precipitation sensitivities for Greenland.
To explain differences in the individual model responses, we investigate the in uence of the respective model resolution and
changes in the Atlantic meridional overturning circulation (AMOC) on the near-surface temperature and precipitation changes.
Subsequently, we show the difference between using spatially uniform and spatially resolved temperature and precipitation
anomalies, as well as the corresponding sensitivities, for the short- and long-term evolution of the GrlS, using the Parallel Ice
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Sheet Model (PISM) with the simple diurnal energy balance model (dEBM-simple) (Winkelmann et al., 2011; Zeitz et al.,
2021).

2 Data and methods
2.1 CMIP6

We utilise 32 models from CMIP6, which were all the models for which simulations could could be downloaded during the
data collection (see Appendix). In addition to the historical runs, we use four SSP scenarios: SSP1-2.6, SSP2-4.5, SSP3-7.0
and SSP5-8.5 (Riahi et al., 2017; Allan et al., 2021).

We analyse the model-speci c and ensemble mean of the historical (1850-2015) and future atmospheric near-surface tem-
perature (tas) and precipitation (pr) changes in Greenland until the year 2100. For the analysis, we regrid all models to a
common Gaussian grid with a resolution®®  0:5 using a bilinear grid interpolation, using the cdo command line tools
(Schulzweida, 2023). For all models, we de ne Greenland as the geopand&reesdandwith a buffer distance of 0.5 toward
the outside corresponding to approximately 50 km (Jordahl et al., 2020). With this approach we avoid the problem of varying
land-sea masks that arise due to the different native grids and the regridding process. We verify our geopandas approach b
checking the land-ice fraction variable (sftgif) for the models that provide this variable, that is, 19 out of the 33 investigated
models. We nd an average land-ice cover of 77% with a minimum value of 63% and a maximum value of 85% for our masked
region.

We obtain spatiotemporally resolved as well as uniform scaling factors for the near-surface temperatures and precipitation
against the global mean temperature (GMT) and time. For the uniform scaling factors, we use a linear t of the spatially
weighted annual and seasonal (winter and summer) near-surface temperatures and precipitation rates in Greenland again
the respective model GMTSs. For the precipitation we follow a similar approach to Nicola et al. (2023) and t the log-scaled
precipitation against the respective temperatures, motivated by the Clausius—Clapeyron relationship. We de ne the sensitivity
of precipitation for each degree of warmie@s

5= 1oo:<ﬁ’ (€K 1); 3)

wherek=K is the unitless growth factor from Equation 1. This follows from the assumption that the precipRatimneases
exponentially with the sensitivitg according to
s T=K

P=Po 1% 000K @

for a temperature changeT. Then a linear regression &f(P) againstT directly givesk as a t parameter and can be
calculated according to Equation 3. It has to be notedklimsometimes directly de ned as the precipitation sensitivity (Held
and Soden, 2006; Nicola et al., 2023). However, for skall0:1, k s and they can easily be converted between one another.
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For the spatial varying scaling factors, we t the local near-surface temperature and local precipitation values, that is, every
grid cell against the GMT. Additionally, we derive scaling factors of the local precipitation against local near-surface tempera-
ture (Fig. 11).

2.2 PISM Model description

We use the Parallel Ice Sheet Model (PISM) in the version v2.1-1-g6902d5502 (Winkelmann et al., 2011) with the dEBM-
simple surface mass balance module (Krebs-Kanzow et al., 2018, 2021; Zeitz et al., 2021). This model con guration has
successfully been used for future projections of the GrlIS before (Zeitz et al., 2021; Bochow et al., 2023) and has been shown
to realistically reproduce past ice sheet states (Zeitz et al., 2021; Garbe et al., 2023). We follow the ice sheet initialisation and
setup from Bochow et al. (2023) with some different choices for model parameters that we explicitly mention in the following.

PISM is a thermomechanically coupled ice sheet model using the shallow-shelf (SSA) and shallow-ice approximation (SIA).
The ice rheology is based on the Glen—Paterson—-Budd-Lliboutry—Duval ow law (Lliboutry and Duval, 1985) with an exponent
of n =3 and the enhancement fact@ga =3 andEssa=1.

Furthermore, we use a pseudo-plastic sliding law (Schoof and Hindmarsh, 2010)

u .
C d:..:1 o’
ugjujt d

b= )

with the basal shear stresg, the basal sliding velocity, the yield stress. and a threshold velocityig = 100 m/yr and the
exponent factogq = 0:5. The yield stress. is given by the Mohr-Coloumb criterion (Cuffey and Paterson, 2010)

c= Co+(tan )Ny (6)

with the effective pressumdy , the till friction angle and and the till cohesioty = 0. The till friction angle is a piece-wise

linear function of the bed elevation and the effective presble is determined by the subglacial hydrology model. We use

the Lingle-Clark Earth deformation model with a lithosphere exural rigiditypol 0?* Nm, mantle density 63300kg/m® and

amantle viscosity of 1074 Pas. We apply a spatially uniform lapse raté&gfkm across the whole ice sheet. The precipitation

scales with the surface-height-induced near-surface temperature change by a f&aétdKo¥We use a horizontal resolution

of 10 km and a vertical resolution of 40 m. Calving is modelled as a combination of prescribed front-retreat calving based on

the observed present-day extent of the GrlS and von Mises calving with constant calving parameters (Morlighem et al., 2016).

The prescribed front retreat calving means that the ice sheet is not allowed to grow beyond the prescribed present-day extent.
To calculate the surface mass balance we utilise dEBM-simple (Zeitz et al., 2021). The dEBM-simple is a standalone model

that requires (monthly) near-surface air temperature and total precipitation elds to calculate the surface energy balance. The

total melt is given by the sum of the insolation driven nidit, the temperature driven méitt and the melt offsei o :
t

M= — A(1 S 7
| - A ) (7)
t
Mr= —— c Te;
T t wLmC1 effs (8
t
Mog= —Co; 9
o n WLmCZ, 9
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with the fraction of the day during which the sun is above the elevation angle-t-, the latent heat of fusioh,, the
transmissivity of the atmospherg, the surface albedo, the mean top of the atmosphere insolation during which the sun is
above the elevation angt , the melt parameters andc;, the density of water,, and the effective temperatuiigs. The
average melt is approximated by

8
MziM.+MT+Mo; T T )
-0 T <T min:

with the threshold temperatufig,, below which no melt occurs. The effective temperafligg is the expected value of the
temperature uctuation above the positive threshold temper&iyeand is assumed to follow a Gaussian distribution similar

to common PDD methods, given by

A
1 T)?
Ta(Ti )= o= ep 50 d a1

Thos
with the standard deviation For the dEBM-simple melt equation, we use the parameters 90W/m?K andc, = 30 W/m?.
The mean top of the atmosphere insolat®n is a function of the orbital parameters and for our simulations, we x the
orbital parameters to present-day values. For a full description of dEBM-simple we refer to (Zeitz et al., 2021) and the PISM
documentation (Winkelmann et al., 2011).

2.3 Model spinup

We spin up the ice sheet to a close to present-day state by bootstrapping the model, that is heuristically lling in the missing
elds from observed present-day conditions (see PISM documentation Winkelmann et al. (2011)), including ice thickness,
bedrock elevation (Morlighem et al., 2017) and basal heat ux (Shapiro and Ritzwoller, 2004), and let it reach equilibrium.
The temperatures at depth are determined by solving a one-dimensional steady-state differential equation, which balance:
conduction and vertical advection, and the vertical velocity is used to interpolate linearly from the surface mass balance rate
at the top to zero at the bottom (Winkelmann et al., 2011). We run the model for 150,000 years with a xed climate to reach
a close to present-day equilibrium ice sheet state. We force the model with the climatological monthly mean near-surface
temperature and precipitation elds from the years 1980-2000 from the regional climate model MARv3.12 forced by ERA-

5 boundary conditions (Fettweis et al., 2017). The thickness and the velocity anomaly compared to observational data are
depicted in Fig. R1. Our initial state has an ice thickness root-mean-squared error (rmse) of 228 m compared to observational
data (Morlighem et al., 2017; Morlighem, 2022) and a rmse of 112 m/year for the velocity.

2.4 Experiment setup

We force the ice sheet model PISM with spatially resolved and uniform temperature anomalies and precipitation sensitivities
derived from the CMIP6 ensemble to show the in uence of spatially uniform anomalies and sensitivities on the short- and
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long-term behaviour of the GrIS. However, it is important to note that we rather run a set of idealised experiments and do not
aim to give prognostic sea-level rise estimates.

For the short-term model forcing, we use the average near-surface temperature anomalies and precipitation sensitivities fot
each scenario compared to the time period 1980-2000. First, we calculate the CMIP6 ensemble average elds for each scenaric
and the historical time period 1980-2000 to have the same reference period as the MARv3.12 forcing elds that we use as
background climate. Subsequently, we calculate the monthly near-surface temperature anomalies by subtracting the historica
CMIP6 climatology (1980-2000) from the ensemble averages until the year 2100. To obtain the spatially variable precipitation
sensitivities, we divide the precipitation elds by the CMIP6 climatologies (1980-2000). Afterwards, we regrid the elds to
the 10 km PISM grid using a rst-order conservative algorithm (nco) (Zender, 2008). Additionally, we smooth the obtained
regridded elds using the cdo smooth command (Schulzweida, 2023) with a smoothing radius of 40 km to avoid artefacts
stemming from the interpolation. Thereby, we obtain spatially resolved monthly anomaly elds of the near-surface temperature,
and spatially variable sensitivities factors for the precipitation from 2015 to 2100. For the uniform forcing, we calculate the
spatially weighted means of the regridded and smoothed monthly near-surface temperature anomaly elds and precipitation
sensitivities that we used for the spatial forcing. For simplicity, we use the precipitation sensitivities directly derived from the
precipitation anomalies instead of calculating the precipitation sensitivities based on the near-surface temperature anomalies
While we calculate the anomalies and sensitivities with respect to the CMIP6 climatologies, they are applied to the MARv3.12
near-surface temperature and precipitation elds that we use as background climate for the PISM runs. For the long-term model
forcing, we calculate the 10 year average of the monthly near-surface temperature anomalies and precipitation sensitivities from
2090-2100 to avoid any seasonal noise or outliers in the forcing.

There are two different precipitation corrections used in PISM. First, the change in precipitations due to changes in the
background climate, that is, changes in the near-surface temperatures without considering changes in the ice sheet geometr
Second, changes in the precipitation due to changes in the ice sheet height and therefore changes in the near-surface temperatt
due to the lapse-rate. PISM does not natively support spatially and temporally variable lapse-rates or height-change inducec
precipitation sensitivities. Hence, the lapse-rate and height-change induced precipitation sensitivity are usually constant in time
and space in PISM. However, we implement rudimentary spatially variable height-change induced precipitation sensitivities.
For this, we manually calculate the precipitation and temperature changes that result from changes in the ice sheet height.
Speci cally, we run PISM for one year, calculate the height change compared to the previous year and apply a spatially and
temporally uniform lapse-rate of 6 K/km. This gives the temperature correction due to changes in the ice sheet height, which
we apply as near-temperature anomalies in the following year. Subsequently, we calculate the scenario-speci ¢ precipitation
correction by multiplying the monthly-resolved initial precipitation given by MARv3.12 with the spatially resolved local
precipitation sensitivities (Fig 11) given the height-change induced temperature changes. Lastly, we restart PISM with the new
updated elds. This method is computationally not very ef cient, therefore we only run a limited set of short-term simulations
(1,000 years).

In total, we run three different sets of experiments varying between spatially variable and uniform near-surface temperature

anomalies, precipitation sensitivities, and height-change induced precipitation sensitivities (Tab. 1). We only show the simu-
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lations with a lapse rate of 6 K/km and a height-change induced precipitation sensitivity of 5%/K for the experiments with
uniform lapse rates and sensitivities in the main gures. For plots showing the ice volume, we normalise the ice volume such

that the initial volume corresponds to the observed ice volume of 7.42 m sea-level equivalent (Morlighem et al., 2017).

3 Results
3.1 Greenland's climate in CMIP6
3.1.1 Temperature projections in CMIP6

The projected rise in the GMT in CMIP6 is generally higher than in the previous model intercomparison CMIP5 (Tebaldi
et al., 2021). For Greenland, most CMIP6 models have a higher near-surface temperature sensitivity than the corresponding
CMIP5 models (Zhang et al., 2024). The near-surface temperatures in Greenland are relatively constant in all models until
the year 1980 (Fig. 1a). However, there is an accelerated rise in the near-surface temperatures between 1980 and 2100. Onl
the most optimistic SSP1-2.6 scenario shows a relatively constant near-surface temperature in Greenland after 2050. We nd
an ensemble mean near-surface temperature rise in Greenlaridof3:27 1:50 C (SSP1-2.6)4:98 1:75 C (SSP2-4.5),

6:73 2:06 C (SSP3-7.0) an&:15 2:30 C (SSP5-8.5) above the pre-industrial (1850-1900) level by 2090-2100 (Fig. 1a).
There is a considerable spread in the model response, with one model even predicting a near-surface temperature decrease |
2100 under the SSP1-2.6 scenario (Fig. 1a). Itis important to note that all near-surface temperature and precipitation projections
from the CMIP6 ensemble assume a non-evolving topography of the ice sheet, that is, changes in the ice sheet geometry ar
not considered in these simulations.

In all scenarios, the ensemble mean of the annual mean near-surface temperature responds in good approximation linearl
to the increase in the GMT (Fig. 2a). We nd scaling factors ranging feonil :29 (SSP1-2.6)s = 1:49(SSP2-4.5)s = 1:54
(SSP3-7.0) and = 1:53 (SSP5-8.5) of the annual regional near-surface temperature against the GMT until 2100 (Fig. 2a),
suggesting a state-dependence of the scaling factor. The scaling factor (or sensitivity) can be interpreted as a direct analogy o
Arctic ampli cation, but for a Greenland speci ¢ context. The warming is generally stronger in the winter season (DJF) with
more than 40% faster warming than in the summer (JJA) for all future scenarios, except SSP1-2.6 (Fig. 2b,c). In the SSP1-
2.6 scenario, the warming in winter and summer shows the same response=wlitii6. However, the winter near-surface
temperatures in SSP1-2.6 do not follow a strong linear tr&¥d«0:46).

While the annual near-surface temperature in the historical period also shows a linear response, it shows stronger warming
of Greenland withs =2:0 compared to the future scenarios. In the historical period, the winter near-surface temperatures
increase more than 50% faster than the summer near-surface temperatures. This is less than some previously reported valus
that indicated twice as much warming in winter than in summer (Robinson et al., 2012). In total, the historical runs show the
highest scaling factors for summer, winter, and annual near-surface temperatures out of all scenarios.

There is a considerable inter-model spread in the spatially averaged scaling factors (Fig. Al). Speci cally, the SSP1-2.6

scenario shows a large inter-model spread, ranging from 0 to 2.25 in summer and from -2 to 4 in winter (Fig. Ala,b). In other
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words, in some models the spatially averaged winter near-surface temperature in Greenland decreases two times faster tha
the GMT increases, while in other models the near-surface temperature increases 4 times faster than the GMT. In general, the
spread in the response of the winter near-surface temperatures is larger than in the summer annual near-surface temperatur
(Fig. Alb). Furthermore, the more extreme the future scenario, the smaller the range in the scaling factors, besides the annua
near-surface temperatures in the SSP2-4.5 scenario. Additionally, we show the relationship between the winter and summel
near-surface temperatures.

In all future scenarios, besides SSP1-2.6, the majority of the models shows a faster increase in the winter near-surface
temperatures than in the summer near-surface temperatures>it(Fig. Ald). However, the uncertainty is considerable.

The ensemble mean of the spatially-averaged scaling factors agrees approximately with the scaling factors derived from the
ensemble mean of the near-surface temperatures, that is quasi-lis€gyly s(T). This suggests that the response of the
ensemble mean near-surface temperatures is an adequate representation of the mean scaling factors. It also has to be not
that the relationship between the GMT and the spatially averaged seasonal near-surface temperatures for some models doe
not necessarily follow a clear linear relationship. This is especially visible when comparing the scaling factors for each season
against the GMT and the scaling factors of the individual seasons against each other (Fig. Ald). However, since the majority
of models shows a strong linear relationship, the quasi-linearity of the ensemble mean generally holds.

There is a clear spatial dependency of the near-surface temperature sensitivity in Greenland (Fig. 2d-g). For the historical
period, there is a clear warming gradient between the interior and the margin of the GrIS (Fig. C1a). However, this gradient is
inverted in summer compared to winter (Fig. C1f). In winter, the margins of the ice sheet warm considerably faster than the
interior, with a scaling factor exceeding 300% at the margin and less than 200-250% in the interior of the GrIS. On the other
hand, in the summer most of the interior ice sheet warms up to 150% faster than the global average, with a decreasing scaling
factor toward the margin. The gradient in summer is not as pronounced as in winter. These sensitivities are in accordance with
observational near-surface temperature records in southwestern Greenland, which show a 2.4 times stronger warming in the
winter than in the summer for the time period 1850-2019 (Cappelen, 2020; Bochow et al., 2023). In both seasons, almost the
entire GrlS shows stronger T/GMT scaling in the historical period than in the future scenarios.

In the future scenarios, there is a north-south gradient in the ensemble mean annual near-surface temperature with decreasir
temperature sensitivity towards the South, rather than a gradient between the interior and the margin of the GrIS as in the
historical runs. For SSP1-2.6, all of Greenland approximately south of the llulissatfjord shows a sensitivity below 100%, that
is, it warms slower than the GMT (black star in Fig. 2d). This 100%-contour migrates southward the more extreme the scenario
(Fig. 2d-g). For the SSP3-7.0 and the SSP5-8.5 scenario, only the southernmost part of Greenland shows a slower mean annu,
warming than the global mean (Fig. 2g) However, there is a pronounced seasonal difference in the spatial response. While
the summer near-surface temperatures increase faster in the interior of the GrIS than at the margins, the winter near-surfac
temperatures show a north-south gradient with considerably more warming in the northern parts of the ice sheet (Fig. C1).
While this spatial dependence varies in intensity between the scenarios, it is consistent across all the SSPs.

The inter-model spread in the spatial response, relative to the GMT increase, is large. Here, we only show the spatial differ-

ences for the annual near-surface temperatures, but similar patterns are observed for the individual seasons. Especially for th
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most optimistic SSP1-2.6 scenario, there is a pronounced difference in the different model responses (Fig. E1). Several models
show a near-surface temperature decrease for the 21st century, mostly in the southern and southwestern parts of Greenlan
The two models CESM2 and CESM2-WACCM even project a near-surface temperature decrease for most of Greenland excep
for the northernmost part. This is mostly due to a strong decrease in the winter near-surface temperatures in these models. Fc
the SSP2-4.5 scenario, a minority of models show a decrease in the near-surface temperatures at the southwestern margi
(Fig. F1). In the SSP3-7.0 scenario, only one model (FGOALS-g3) shows a decrease in the annual near-surface tempera:
tures at the southern margin (Fig. G1). Interestingly, FGOALS-g3 is the lowest resolution model analysed. Similarly, only the
FGOALS-g3 model shows a minimal near-surface temperature decrease at the southernmost margin in the SSP5-8.5 scenari
(Fig. H1). In general, the more extreme the scenario, the more uniform the model responses become.

For the historical runs, all models show a clear increase in the mean annual near-surface temperatures in all of Greenlanc
(Fig. D1). However, similar to the future scenarios, there are clear differences in the magnitudes of the temperature change
(relative to the model GMT). The EC-Earth3-Veg-LR model shows the strongest response out of all models, with a temperature
sensitivity of more than 300% in most of Greenland. In contrast, several models such as NorESM2-LM show a slower warming
than the GMT, i.e. a scaling factor smaller than 100%, in some parts of Greenland.

The regional ensemble mean near-surface temperatures show a strong linear dependence on the GMT in all scenario
and seasons, with a me&? > 0:7 (Fig. C1,2&B1). Only the winter near-surface temperatures in the SSP1-2.6 scenario
(Fig. C1b) show a small coef cient of determinati&? = 0:36. TheR? values show the lowest values in southwestern Green-
land (Fig. Bla) with a steady increase towards the north. However, this spatial dependence is only pronounced for the low
emission scenarios. The linear relationship between the regional near-surface temperatures and the GMT is also clearly visible
in the single model regional scaling factors, especially for the SSP3-7.0 and SSP5-8.5 scenarioR2where for most
models (Fig. D1-H1).

Some of the analysed models are available in lower and higher resolution versions, such as NorESM2, MPI-ESM1, MIROC-
ES2, or EC-Earth3-Veg. This allows for a direct comparison between the same model but different resolutions. While there are
some visible differences in the spatial patterns between higher and lower resolution models, these differences cannot be easil
attributed to the different resolutions alone. For example, in the SSP5-8.5 scenario, the high resolution version MIROC-ES2H
seems to resolve the topography of the GrlS, and hence the temperature response, in the interior of the ice sheet better than tt
low resolution version MIROC-ESL2 (Fig. H1). However, the lower and higher resolution versions of the same model do not
show a systematic difference in the temperature response (Fig. Qla).

We analyse the relationship between the near-surface temperature changes and changes in the AMOC strength for all the
models where information on the AMOC strength is available (between 19 and 21 models) (Baker et al., 2023). The annual near-
surface temperature anomaly by 2090-2100 has a moderate correlation with the response of ther AMCED SSP1-2.6;

r =0:62 SSP2-4.5r =0:64 SSP3-7.0r =0:47 SSP5-8.5) (Fig. 5a). Generally, for each scenario, we nd that the stronger
the decline of the AMOC in the respective model, the smaller the near-surface temperature increase by the end of 2100 in
Greenland. This is not surprising, given that a weakening of the AMOC is expected to have a cooling effect in parts of the

Northern hemisphere (Bellomo et al., 2021). The differences in the AMOC decline seem to explain why some models in
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moderate scenarios show a stronger near-surface temperature increase in Greenland than other models in the most extren
scenario (i.e. NorESM2-LM in SSP5-8.5 against CanESM5 in SSP2-4.5, Fig. 5a). However, it is dif cult to quantify the effect

of the AMOC change on the spatial temperature response. For example, the models NorESM2-MM and GFDL-ESM4, which
have the same model resolution, show the same average near-surface temperature increase by the year 2100 but NorESM2-M|
shows a 50% stronger AMOC decline (Fig. 5). For both models, the spatial near-surface temperature scaling factors are very
similar for all seasons (Fig. H1). This implies that the strength of the AMOC decline alone cannot explain the differences in

the near-surface temperature change in Greenland.
3.1.2 Precipitation projections in CMIP6

Similar to the near-surface temperature projections, the precipitation rates in Greenland are expected to increase in the future
with a stronger response in CMIP6 than in CMIP5 (Zhang et al., 2024). The precipitation anomalies stay constant until 1980,
analogous to the near-surface temperature anomalies. In all scenarios, we nd an increase in the ensemble mean annual pre
cipitation rates compared to the reference period 1850-1900 (Fig. 1b). However, some models in the SSP1-2.6 and SSP2-4."
scenarios predict a decrease in the annual precipitation rates at the end of the 21st century. We nd an ensemble mean of the ar
nual precipitation increase of P = (804 633)mm/year (SSP1-2.61,302 715mm/year (SSP2-4.51866 954mm/year
(SSP3-7.0) an@326 1093mm/year (SSP5-8.5) by the year 2090-2100 (Fig. 1b). While the ensemble mean precipitation
anomalies show a similar response as the near-surface temperature anomalies, the uncertainty, or ensemble spread, is larg
than for the near-surface temperatures.

The log of the ensemble mean annual precipitation shows an increase in all scenarios, including the historical period (Fig. 3a).
The highest precipitation sensitivity is observed in the historical periodswitB :35%/K, followed by the SSP5-8.5 scenario
with s = 6:09%/K, SSP3-7.0 witts = 5:53%/K, SSP2-4.5 withs = 3:74%/K and SSP1-2.6 witk = 3:02%/K. However, the
relationship between the logarithm of precipitation and GMT is not clearly linear, i.e. the precipitation rates do not necessarily
increase exponentially with the GMT. Speci cally, for the SSP1-2.6 scenario, the coef cient of determination R%only
0:27, and for the historical perio®? = 0:58. This might be a consequence of the small increase in the GMT in these two
scenarios, leading to a larger contribution of the interannual precipitation variability to the observed precipitation changes. For
the more extreme scenarios (SSP3-7.0 and SSP5-8.5), the linear relationship between log precipitation and GMT is very cleal
(R?> 0:9).

A similar pattern arises for the ensemble means of the summer and winter precipitation changes (Fig. 3b,c). The sensitivity
of the summer precipitation is higher in all future scenarios and more uniform across all scenarios compared to the winter
sensitivity. We nd a summer precipitation sensitivity, relative to the GMTs of5:75%/K (Historical),s = 6 :45%/K (SSP1-
2.6),5=4:6%/K (SSP2-4.5)s = 6:51%/K (SSP3-7.0) and = 7:03%/K (SSP5-8.5) (Fig. 3b). We nd a winter precipitation
sensitivity 0f11:30%/K (Historical), 2:79%/K (SSP1-2.6)2:82%/K (SSP2-4.5)4:37%/K (SSP3-7.0) and:61%/K (SSP5-

8.5). This implies a reduction of winter precipitation rates with increasing GMT for the SSP1-2.6 scenario. However, similarly
to the changes in the annual precipitation anomalies, the historical, SSP1-2.6 and partially the SSP2-4.5 precipitation sensi-

tivities show a small coef cient of determination for seasonal precipitation (Fig. 3b,c). Additionally, the inter-model spread is
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considerable, especially for the winter precipitation sensitivity (Fig. K1c). For example, for the SSP1-2.6 scenario, the standard
deviation of the winter precipitation sensitivity is considerably larger than the sensitivity itself. The SSP1-2.6 winter precip-
itation sensitivity ranges from -29%/K for the NorESM2-LM model to 26%/K for the BCC-CSM2-MR model. It also has to

be noted that th&®?-coef cient of the spatially averaged precipitation sensitivity is very small for most ts,R®< 0:1,
especially for the moderate scenarios. This indicates that a spatially and seasonally uniform precipitation sensitivity for the
whole GrlS fails to capture spatially heterogeneous patterns.

This is further supported by the spatial patterns of the ensemble mean of the annual precipitation sensitivities (Fig. 3d-g).
In all scenarios, there is a clear northeast-southwest gradient in the sensitivity. The northeastern part of Greenland shows the
highest annual precipitation increase with increasing GMT in all scenarios. The spatial sensitivity differences are largest in
the SSP1-2.6 scenario wih> 15%/K in the northeast of Greenland so< 0%/K at the southern and southeastern margin
(Fig. 3d). In the SSP2-4.5 scenario, only the southernmost tip of Greenland shows a negative precipitation sensitivity (Fig. 3e).
In all other scenarios, the annual precipitation sensitivity is positive, i.e. there is an increase in the precipitation with an
increase in the GMT in all of Greenland. The seasonal difference in the spatial responses is pronounced (Fig. J1). In winter
(Fig. J1a-e), the precipitation increase is most pronounced in northern Greenland, with less precipitation increase in western anc
southeastern Greenland. For the SSP1-2.6 scenario, large parts of southern Greenland show a negative precipitation sensitivit
In summer (Fig. J1f-j), eastern Greenland shows the highest sensitivity. In the historical period, the spatial sensitivity patterns
are relatively similar to the other scenarios (Fig. J1a,f). However, western and northeastern Greenland show a slightly lower
precipitation sensitivity in the historical period for both winter and summer than the future scenarios (Fig. J1). At the same
time, the winter precipitation sensitivity of southeastern Greenland is substantially higher for the historical period. While we
show sensitivities of the ensemble mean precipitation rates, the ensemble mean of the single-model sensitivities shows similal
patterns and intensities.

Interestingly, theR?-values of the t of the ensemble mean precipitation rates against GMT are low for the moderate
emission scenarios (Fig. Ble,f & J1). At the margins and especially at the southeastern margifiviilaes are small
due to high precipitation variability in these regions (Fig. Ble-h). Similarly,RRevalues of the single model precipitation
sensitivities are very low for most models in all scenarios,Re< 0:2, indicating that there is not a clear linear relationship
betweenin(P) and the GMT or mean near-surface temperatures in Greenland in individual models (Fig. L1-P1). However,
for the SSP3-7.0 and SSP5-8.5 scenario, the logarithm of the ensemble mean annual precipitation rates shows a clear linee
relationship with the GMTR? > 0:77) (Fig. B1g,h).

Since the spatially averaged annual and seasonal near-surface temperatures in Greenland show a strong linear relationsh
with the GMT (Fig. 2a-c), the precipitation sensitivities relative to the GMT can easily be converted to precipitation sensitivities
relative to the spatially averaged regional Greenland near-surface temperatures. The resulting sensitivities are slightly lower
due to the accelerated increase in near-surface temperatures in Greenland compared to the GMT, but do not show a substanti
change in the spatial patterns (Fig. I1).

The inter-model spread in the spatial response is large for the summer precipitation and for the winter precipitation in

all scenarios. Several models show strong variation from the cross-model mean of the summer precipitation sensitivity, with
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predicted precipitation decreases in large parts of Greenland, especially for the moderate scenarios. This is also visible in the
annual precipitation sensitivities (Fig. L1-P1). The spatial response differs widely between the single models, especially for the
SSP1-2.6 scenario (Fig. M1). Generally, there are some differences in the spatial patterns between the low- and high-resolutior
versions of the same model and the high-resolution versions seem to resolve local effects better (Fig. Q1b). For example, in
the SSP5-8.5 scenario, MPI-ESM1-2-HR predicts a lower, even negative, precipitation sensitivity at the southeastern margin
of the GrIS, while the LR version does not (P1). Similar differences are visible for NorESM2-LM and NorESM2-MM and the
MIROC-ES2H and MIROC-ES2L versions in the SSP5-8.5 scenario. However, for instance, CNRM-CM6-1 shows the opposite
behaviour. Additionally, the lowest resolution model analysed, FGOALS-g3, shows a very similar precipitation sensitivity
pattern in the SSP5-8.5 scenarios as some of the highest resolution models such as MPI-ESM1-2-HR.

Similar to the near-surface temperature, we nd a relationship between the precipitation anomalies and the change in AMOC
strength by the year 2100% 0:62 for all scenarios, Fig. 5b). The stronger the AMOC decline, the less the precipitation rates
increase in Greenland. Analogously, the precipitation sensitivity is smaller the stronger the decline in the AMOC strength, in
the respective scenario (Fig. 5c¢). In other words, the precipitation increases less for each degree of warming if the AMOC
shows a stronger weakening. This is in accordance with previous studies, that show that a strong AMOC decline has a hegative
effect on precipitation in Greenland, especially in the wetter regions in southern Greenland and particularly at the south-
eastern margin (Bellomo et al., 2021). Consequently, this effect is also visible in the spatial precipitation sensitivities. For
example, 4 out of 5 available models with an AMOC decln&3Sv in the SSP5-8.5 scenario show a clear negative precipita-
tion sensitivity at the southeastern margin (CESM2-WACCM, FGOALS-g3, MRI-ESM2-0 and NorESM2-MM, Fig. P1&5c).
However, while NorESM2-LM shows the strongest AMOC decline in the SSP5-8.5 scenario among all models with available
AMOC information, the precipitation sensitivity is negative only in a small part of the southeastern margin (Fig.P1). Similarly,
ACCESS-CM2 shows a slightly stronger AMOC decline in the SSP5-8.5 scenario than CNRM-ESM2-1, but does not show a
negative precipitation sensitivity in southern Greenland, in contrast to CNRM-ESM2-1.

3.2 Modelling the response of the ice sheet

To show the in uence of the modelling choices, we run simulations with the ice sheet model PISM-dEBM-simple with spatially
resolved and spatially uniform scaling factors and sensitivities for all analysed SSP scenarios.

3.2.1 Short-term response

We initialise the ice sheet to a close to present-day state corresponding to the year 2015. Subsequently, we run the mode
with the dEBM-simple surface mass balance module (Zeitz et al., 2021), which only needs precipitation and near-surface
temperatures as input until the year 2100. We keep the orbital parameters xed in all runs to exclusively extract the in uence
of the sensitivity choices (c.f. 2.2). In total, we run three different experiments:

(i) uniform scaling factors and sensitivities with constant height-change-induced precipitation sensitivities (Uniform Anoma-

ly/Sens.),
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(ii) spatially resolved scaling factors and sensitivities and with constant height-change-induced precipitation sensitivities and
(Spatial Anomaly/Sens.)

(i) spatially resolved scaling factors and sensitivities and with spatially varying height-change-induced precipitation sensi-
tivities (Spatial Anomaly/Sens. + sp. height-induced).

For details on the experimental setup, we refer to Section 2.2.

(Fig. 4a). The runs begin to diverge after approximately 15 to 20 years. In each case, the simulations with a spatially uniform
scaling factor (dashed lines in Fig. 4a) show a smaller ice volume than the corresponding simulations with spatially resolved
scaling factors (dash-dotted and solid lines). The difference is more pronounced the more extreme the scenario. In the SSP1-2.
scenario, the ice volume difference between the different experiments is less than 0.5 cm global sea-level equivalent in the yeal
2100, while in the SSP5-8.5 scenario the difference corresponds to ca. 1 cm global sea-level equivalent (Fig. 4a). Interestingly,
the difference in total ice volume after 85 years between experiment (ii) and (iii) is almost unnoticeable.

The absolute height-change by the end of the simulation is greatest at the margin, exceeding 100 m in large parts of the
margin in the most extreme scenario (Fig. S1). The spatial differences between the experiments show the same pattern fol
each scenario (Fig. 4b-e). The ice sheet thickness is generally smaller at the southwestern margin when the model is forcec
with the uniform scaling factors and sensitivities (blue in Fig. 4b-e). In contrast, the ice thickness at the southeastern margin,
and patrtially in the interior of Greenland, is larger for the simulations with uniform scaling factors and sensitivities for each
scenario (red). The spatial differences between experiments (ii) and (iii) are in the magnitude of less than 10 m in most parts
of the GrIS and are not shown here. The height differences between experiment (ii) and (iii) are more pronounced in some
peripheral parts of the ice sheet. These areas are those where, on a decadal time scale, the in uence of different height-change
induced precipitation sensitivities is expected to be greatest. The height differences between the spatially varying and uniform
setups are more pronounced the more extreme the scenario. For the moderate scenarios SSP1-2.6 and SSP2-4.5, the differer
in the ice thickness after 85 years is in the magnitude of 10 m to 20 m (Fig. 4b,c). For the SSP5-8.5 scenario, the ice thickness
difference is more than 30 m at the southeastern and southwestern margins, and partially extends further into the ice sheet.

This observed in uence of the scaling factors is in accordance with the spatial sensitivities shown before. The southwestern
margin of the GrIS shows a smaller near-surface temperature increase than the average GrlS, especially for the annual mel
period (summer) (Fig. C1f-j). This leads to an overestimated melt rate in this region for the uniform temperature anomalies.
In contrast, the precipitation sensitivity at the southwestern margin is close to the GriS-wide average (Fig. J1). Similarly, the
temperature-driven melt is larger for the spatially resolved anomalies at the northern ice sheet margins. For the southeasterr
margin, the changes in the simulated ice sheet thickness are mostly due to the differences in the precipitation sensitivities. The
precipitation increase per degree of warming is smaller at the southeastern margin than the GriS-wide average (Fig. 3d-g). In
the SSP1-2.6 scenario, there is even a decrease in the precipitation rates. This leads to less accumulation and hence reduc
SMB in this region compared to the uniform sensitivities. In fact, the ice thickness differences agree very well with the spatial
patterns of the precipitation sensitivity in eastern Greenland observed by the year 2100.

14



450

455

460

465

470

475

480

To investigate the dynamic contribution to the ice thickness changes, we follow the approach by Goelzer et al. (2020).
We calculate the time-integrated SMB anomaly for the whole time span and calculate the difference from the total local
mass change (residual height change, Fig. S1). To calculate the SMB anomaly, we run a control run without any temperature
or precipitation anomalies or height-induced effects and take the difference between the SMB from the control run and the
respective scenario run. This gives all ice thickness changes that are not directly related to changes in the SMB. We nd a
positive dynamic contribution to the ice thickness along large parts of the ice sheet margin. This can be explained by dynamic
thickening in response to the negative SMB anomalies that steepen the surface slopes at the margin (Huybrechts and Wolde
1999; Goelzer et al., 2020). Further inwards, the corresponding thinning is visible. The dynamic contribution is generally
slightly greater in the simulations with uniform sensitivities and anomalies than for the experiments with spatially resolved

sensitivities and anomalies.
3.2.2 Long-term response

We extend the short-term simulations for another 100,000 years with temporally constant monthly near-surface temperature
anomalies and precipitation sensitivities, derived from the average 2090-2100 CMIP6 climatologies. Due to computational
constrains, we extend the runs with spatially varying height-induced precipitation sensitivities (experiments (iii)) only for
another 1,000 years.

The long-term response of the ice sheet varies substantially between spatially resolved and uniform scaling factors (Fig. 6
& 7). Similar to the short-term response, the ice volume is generally smaller for uniform near-surface temperature anomalies
and precipitation sensitivities than for spatially resolved anomalies and sensitivities (Fig. 6). The long-term differences are
most pronounced for the SSP2-4.5 scenario. In this scenario, the ice sheet loses almost 60% of its initial volume with uniform
anomalies and sensitivities, followed by a temporary recovery and subsequent oscillations in the ice volume. In contrast, for
the spatially resolved anomalies, the ice sheet does not lose more than 30% of its initial volume.

For the SSP1-2.6 scenario, the ice sheet response between spatially resolved and uniform anomalies is very similar. The ice
sheet loss is limited to 10-25% of the initial ice sheet volume in both cases. While the simulations with uniform anomalies
generally show a 5-10% smaller ice volume than the corresponding simulations with spatial anomalies, both simulations show
oscillations of the ice sheet on decamillennial time scales that almost seem synchronised. These quasi-periodic decamillennia
oscillations of the ice sheet have been observed before and are believed to be a nonlinear interplay between the glacial isostati
adjustment (GIA) and the melt elevation feedback (Zeitz et al., 2022; Bochow et al., 2023; Petrini et al., 2023). The reduced ice
sheet volume due to increased near-surface temperatures leads to less load on the bedrock below the ice sheet. Subsequen
the bedrock lifts up and leads to decreasing near-surface temperatures at the ice surface, enabling partial regrowth of the ict
sheet, which in turn depresses the bedrock again, closing the feedback loop.

For the SSP3-7.0 and SSP5-8.5 scenarios, the ice sheet is lost almost completely without any recovery, independently of
choosing spatially resolved or uniform scaling factors. However, the time scale of the loss differs between the uniform and
spatially resolved anomalies. For the SSP3-7.0 scenario, the ice sheet is completely lost (ice volurde2bel®» m?) after

12,400 years (spatially resolved anomalies) and after 7,800 years (uniform anomalies), respectively. Similarly, the ice sheet is
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lost after 6,300 years (spatially resolved anomalies) and after 4,000 years (uniform anomalies), respectively, in the SSP5-8.5
scenario. The differences in ice volume after 1,000 years between experiments (ii) and (iii), that is, with or without spatially
resolved height-change-induced precipitation sensitivities, are negligible compared to the differences between (i) and (iifiii).
For the high emission scenarios, the runs diverge slightly after circa 750 years, with (iii) generally showing less ice loss, while
the differences are almost indiscernible in the low emission scenarios.

The spatial evolution of the ice sheet shows similar patterns for spatially resolved and uniform scaling factors (Fig. 7).
However, there are differences in the time scale and extent of the ice sheet retreat. For the spatially resolved anomalies, the
southwestern part of the ice sheet is most sensitive to warming, followed by a gradual retreat from the south to the north of
the GrIS with a rather abrupt loss of the remaining northern part. In the SSP2-4.5 scenario with spatially varying anomalies,
the southeastern part regrows due to the GIA, simultaneously with the loss of the remaining northern part of the GrlS, which
is also visible in the minimum extent during the 100,000 years of simulation (red line in Fig. 7b). This leads to the observed
quasi-oscillatory behaviour in the ice volume (Fig. 6). Similarly, the southwestern GrIS is most sensitive to warming in the case
of uniform anomalies. However, in contrast to spatially resolved anomalies, the northern part retreats almost simultaneously
with the southern part of the GrlS.

For the SSP1-2.6, SSP3-7.0 and SSP5-8.5 scenarios, the spatial extent of the ice sheet after 100,000 years is similar fo
uniform and spatially resolved anomalies (Fig. 7). Furthermore, the minimum extent during the whole simulation is very
similar between spatially resolved and uniform scaling factors. Only the SSP2-4.5 scenario shows a very different minimum
extent and extent at the end of the simulation (Fig. 7b,f), which is also visible in the ice volume (Fig. 6). The interplay between
GIA and melt-elevation feedback becomes more important close to the critical temperature threshold, beyond which the ice
sheet melts completely. While the near-surface temperatures are high enough to melt large parts of the ice sheet, the subseque
bedrock rebound still allows partial regrowth of the ice sheet. The SSP2-4.5 anomalies are close to this threshold, therefore
the difference between the uniform and spatially resolved near-surface temperature and precipitation anomalies is especially
pronounced. In contrast, for the SSP3-7.0 and SSP5-8.5 scenario, the GIA does not allow a regrowth anymore.

To show the in uence of different lapse-rate values and height-change induced precipitation sensitivities, we vary both
parameters and run ensemble simulations for 100 kyr (Fig. T1). Generally, the higher the lapse-rate the faster and the greate
the ice loss (Fig. T1c,d). Unsurprisingly, the lower the height-change induced precipitation sensitivity, the slower and smaller
the ice loss. Generally, the qualitative behaviour is the same for different parameter combinations besides the magnitude of ice
loss. Only for a lapse rate @K/km, the ice sheet stabilises after some time even for the high-emission scenarios (Fig. T1a).
The simulations with uniform anomalies and sensitivities show a faster and greater ice loss than the corresponding simulations

with spatially varying anomalies and sensitivities.

4 Conclusions & Discussion

We analysed the precipitation and near-surface temperature changes in Greenland for the time period from the year 185(

until the year 2100, based on the output of the latest coupled model intercomparison project (CMIP6). We nd a temperature
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sensitivity ofs = 1:29 (SSP1-2.6)s = 1:49 (SSP2-4.5)s = 1:54 (SSP3-7.0) and = 1:53 (SSP5-8.5) between annual mean
near-surface temperatures in Greenland and the GMT. Additionally, we nd a sensitivity of the mean annual precipitation rates
to GMT betweers = 3:02%/K (SSP1-2.6)s = 3:74%/K (SSP2-4.5)s = 5:53%/K (SSP3-7.0) and = 6 :09%/K (SSP5-8.5).

We nd a clear seasonal dependency, both for the temperature scaling and the precipitation sensitivities. Our precipitation
sensitivities, with respect to local near-surface temperatures, are below the theoretically derived value from the Clausius-
Clapeyron relationship of ca. 9%/K, in accordance with other studies (Robinson et al., 2012; Frieler et al., 2012, 2015; Nicola
et al., 2023; Bochow et al., 2023) (Fig. 3& I11). Our temperature scaling factors are in accordance with an earlier study, which
only investigated temperature scaling factors for the historical and SSP5-8.5 scenarios (Bochow et al., 2023). At the same time,
our summer temperature scaling factors are higher for all scenarios than a previous estimate based on CMIP3, which estimate
a scaling factor o6 =0:9 0:2 between summer near-surface temperature in Greenland and the GMT (Robinson et al., 2012).
Similarly, our winter temperature scaling factors are lower than reported by Robinson et al. (2012). Robinson et al. (2012)
report a 2.1 times faster warming in winter compared to the summer, while we only nd a ca. 1.4 times faster warming during
the winter than during the summer. These differences are very likely due to the substantial changes in the climate models
between CMIP3 and CMIP6.

Interestingly, the average regional warming in Greenland by the year 2100, as predicted by the CMIP6 models, is close or
even above the critical temperature threshold of the GrlIS, which has been estimated to lie Be8M€eand3:0 C GMT
relative to pre-industrial levels (Armstrong McKay et al., 2022). Even for the SSP1-2.6 scenario, the ensemble mean regional
warming in Greenland for 2090-2100 isT = 3:27 C above pre-industrial levels (Fig. 1a), which translates to a global warm-
ing level of Tgur =2:5 C using the corresponding scaling factor for the SSP1-2.6 scenasie &f29 (Fig. 2a). Hence,
the critical temperature threshold for the GrIS might be crossed, at least temporarily, even in the optimistic emission scenarios.
However, it has been shown that a temporary overshoot of the critical threshold for the GrIS does not necessarily imply a
large-scale loss of the ice sheet (Bochow et al., 2023; Honing et al., 2024).

The differences in the precipitation sensitivities between the different emission scenarios and the historical period can be
interpreted as a state-dependency of the precipitation sensitivities, that is, the sensitivity is dependent on the background climate
and not only on the regional near-surface temperatures. We attribute this to other global warming-induced changes such ac
changes in dynamic processes, i.e. atmospheric circulation patterns, that strongly in uence precipitation patterns and rates in
Greenland (Mernild et al., 2015; Auger et al., 2017; Lewis et al., 2017, 2019; Bellomo et al., 2021). While our approach takes
all changes in the precipitation rates into account, we do not distinguish between thermodynamic and dynamically induced
changes in the precipitation rates. In other words, our approach assumes that all changes in the precipitation rates are a direc
consequence of temperature change. TheRdwalues for individual model ts support the conclusion that the changes in
precipitation are not necessarily driven by temperature changes alone, but rather by warming-induced changes in, for example
atmospheric circulation patterns. Especially for the moderate emission scenarios, Rfevalues are a consequence of strong
precipitation variability for low levels of warming. For the high emission scenarios, this interannual variability is masked by
the strong warming-induced changes. It has been shown that the North Atlantic Oscillation, Atlantic Multidecadal Oscillation

and the Icelandic low have signi cant correlation with observational precipitation rates across Greenland (Mernild et al.,
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2015; Auger et al., 2017). Speci cally, the eastern margin of Greenland shows a high precipitation variability in CMIP6 and
observations, which has been linked to the North Atlantic storm track (Groves and Francis, 2002; Bogerd et al., 2020). Auger
etal. (2017) conclude that increased blocking events in a warmer climate would lead to an increase in variability and likelihood
of precipitation in southwest Greenland, and to the opposite effect in southeast Greenland. While this does not directly translate
to precipitation sensitivities, we nd a generally lower or even negative precipitation sensitivity in southeastern compared
to southwestern Greenland (Fig. 3d-g). However, the representation of such atmospheric changes in the current generatiol
of climate models is not clear (Delhasse et al., 2021). The observed state dependency of the sensitivities also implies that
historical changes might not be an appropriate predictor for future changes. For example, the average regional near-surface
temperatures in Greenland show a higher scaling with the GMT in the historical period than in all future scenarios, even
though the linear relationship holds across all scenarios. Scaling factors or sensitivities solely derived from historical data might
over- or underestimate future responses. Nevertheless, ideally, observational data should be included for parameterisations t
complement modelling results.

We nd large differences in temperature and precipitation responses across the different CMIP6 models. Possible reasons
include differences in model physics and parameterisation schemes and subsequent changes in other large-scale phenomer
such as the AMOC, which in uence the climate in the GrlS region. Indeed, we nd a relationship between the change in the
AMOC strength and the temperature anomalies and precipitation sensitivities. Generally, a stronger AMOC weakening leads
to less warming and less precipitation increase in Greenland. Models that predict a strong AMOC decline by the end of the 21st
century seem to predict a decline in precipitation rates in the wettest region of the GrIS, i.e., its southeastern margin. This is in
accordance with previous studies that show a negative effect of a strong AMOC decline on the precipitation rates in the subpolar
North Atlantic region (Liu et al., 2020; Bellomo et al., 2021). The reduction of precipitation in this region for a strong AMOC
decline has been associated with a decrease in the evaporation rates over the ocean into the atmosphere and a reduction in t
eddy moisture transport (Liu et al., 2020; Bellomo et al., 2021). Bellomo et al. (2021) even suggests that precipitation changes
in models with strong AMOC decline are primarily driven by dynamic changes rather than thermodynamic effects. This is
in accordance with our ndings, which show that the pure thermodynamic effects cannot explain the changes in precipitation
alone.

An obvious explanation for some of the observed differences is the model resolution, as higher resolution models should at
least resolve the topography of the GrIS better and capture local effects more accurately. While we nd some differences in
the spatial patterns of the sensitivities between higher and lower resolution versions of the same models, we do not nd any
systematic differences. That is, we do not nd a clear relationship between model resolution and the near-surface temperature
and precipitation sensitivity. While it generally seems that the spread in the spatially averaged model response decreases wit!
increasing resolution, both for the near-surface temperature and precipitation, this is hard to verify due to the limited set
of models with low resolution. As such, the different model resolutions are not suf cient to explain the differences in the
sensitivities across the CMIP6 ensemble.

Given the strong differences in model responses, the use of a limited selection of climate models or even of individual models

to estimate precipitation or temperature changes can lead to vastly different results. Similarly, using single climate model runs
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as forcing for standalone ice sheet modelling can produce very different outcomes. We therefore argue that the use of single
model runs as forcing for ice sheet modelling, especially on long time scales, needs to be treated with caution. We either sugges
the use of (i) ensemble mean climate elds as forcing, which minimise the in uence of short-term climate variability on the ice
sheet, or (ii) ensemble simulations with single model forcing elds. The latter option allows, in principle, a statistical treatment
of the different outcomes. However, running ensemble simulations with different forcing is computationally substantially more
expensive.

We show that uniform near-surface temperature and precipitation anomalies, that are often used for long-term modelling of
ice sheets, can lead to over- or underestimation of the accumulation and ablation rates and hence the surface mass balance. F
the GrlS, simulations with uniform near-surface temperature anomalies based on a Greenland-wide average might overestimat
melt rates in large parts of the GrlS. On the other hand, spatially and seasonally uniform precipitation sensitivities might lead to
an overestimation of accumulation rates in southern Greenland and an underestimation in northern Greenland. The difference
between spatially varying and uniform scaling factors is already clearly visible in short-term (century-scale) simulations, but
has an even bigger in uence on long-term (millennium-scale) simulations. Interestingly, our simulations with spatially resolved
height-change-induced precipitation sensitivities (iii) barely show any difference from our simulations with spatially uniform
height-change-induced precipitation sensitivities (ii) on the time scales we investigated (1,000 years). This implies that, on a
sub-millennial time scale, a uniform value for the height-change-induced precipitation sensitivity is a reasonable modelling
assumption. Ultimately, spatially uniform sensitivities and anomalies in simulations might lead to an underestimation of the
long-term stability of parts or even the whole GrIS. Similar concerns have been raised about uniform lapse rates, which
are often used in ice sheet modelling (Crow et al., 2024). It is known that the lapse rate in Greenland has a seasonal anc
spatial dependency (Erokhina et al., 2017) and it has been shown that using spatially and temporally varying lapse rates has
substantial in uence on the ice sheet evolution (Crow et al., 2024).

While spatially uniform anomalies capture the overall evolution of the GrIS, we have shown that they tend to over- or un-
derestimate the surface mass balance of parts of the ice sheet. They therefore lead to over- or underestimated projections of se
level or long-term stability of the GrlIS. As long as fully coupled ESM simulations on long time scales remain computation-
ally challenging, we recommend the use of spatially and monthly resolved anomalies and sensitivities for long-term ice sheet
modelling, instead of spatially uniform anomalies.
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Figure 1. Ensemble mean of Greenland mean annual near-surface temperature anomalies and precipitation sensitivities in CMIP6

relative to pre-industrial levels. (a) Ensemble mean of annual near-surface temperature anomalies as predicted by CMIP6 models for all
SSP scenarios relative to pre-industrial level (1850-1900). The solid lines denote the ensemble mean, while the dashed lines denote the
minimum and maximum anomalies for the respective scenario. The horizontal lines on the bar denote the end-value in the year 2100 for eact
model, while the dot is the mean of the near-surface temperature in the year(@18ame as but for the annual precipitation. In each

scenario, the ensemble mean of the near-surface temperature and precipitation increase.

20



a s=1.29,

262 4 R?=0.85
s=1.49,
R2=0.98
s=154,

SSP1-2.6
SSP2-4.5
SSP3-7.0
SSP5-8.5
Hist.

N
3

II
oceooe

N

a1

0o
!

N

a1

(&)
!

Annual regional Greenland
near-surface temperature [K]

N

al

Iy
!

287 288 289 290 291 292
Yearly GMT [K]

R?=0.95

R2?=0.71

»

n
I
2

o

SSP1-2.6
SSP2-4.5
SSP3-7.0
SSP5-8.5
Hist.

N

B

N
!
«
n
s
i
L4

SSP-1.26 SSP-2.45

oeooe

N

<

N
!

N
~
o

N

(o2}

[ee)
!

Regional Greenland JJA
near-surface temperature [K]

287 288 289 290 291 292
Yearly GMT [K]

»
n
In
o
o

SSP1-2.6
SSP2-4.5
SSP3-7.0
SSP5-8.5
Hist.

N

a1

N

!

m

I
iy
5
I

)
a

o

e

o3 9

2% 2
578
oceooe

N
i
©

L
]

)
°
9
3

R2=0.98 | R2=0.99

N

N

=
L

SSP-3.70 SSP-5.85

Regional Greenland DJF
near-surface temperature [K]
N
~
ESN
(@]

N}
N
N}

287 288 289 290 291 292 —100 0 100 200 300
Yearly GMT [K] Scaling T./GMT [%/K]

Figure 2. Ensemble mean and spatially varying scaling factors for near-surface temperatures relative to global mean temperatures.

(a) Fit of the ensemble mean of the annual regional near-surface temperature in Greenland against the ensemble mean GMT for all SSF
scenarios and the historical time peridll.c,) Same as but for the summer (JJA) and winter (DJF) temperatures in Greenland, respectively.

The DJF temperatures generally increase faster than the JJA temperatures for all scenarios except for @pRegldhal scaling factors

for the ensemble mean of annual surface temperatures in Greenland against GMT for SSP1-2.6. The contour at 100% delineates the are
where the regional near-surface temperature increases faster than the GMT. The llulissat Icefjord is denoted byethe gr&ame as

d but for SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. In all scenarios, northern Greenland warms fastest compared to the GMT, with &
gradient towards the South. The Southern tip of the GrIS warms slower than the GMT in each scenario.
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Figure 3. Ensemble mean and spatial varying scaling factors for precipitation rates relative to global mean temperatures. (Bjt of

the ensemble mean of the annual precipitation rates in Greenland against the ensemble mean GMT for all SSP scenarios and the historice
time period.(b,c,) Same as but for the summer (JJA) and winter (DJF) precipitation rates in Greenland, respectively. The JJA precipitation
rates generally increase faster than the DJF precipitation for all scenarios except for the historical timéd)dRiegional scaling factors

for the ensemble mean of annual precipitation rates in Greenland against GMT for SSP1-2.6. The white contour at 0%/K denotes the area
where the regional precipitation rates decreésef, g) Same asl but for SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. In all scenarios,

precipitation rates increase most strongly in north-eastern Greenland, with a north-south and east-west gradient.
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Figure 4. Comparison of simulated short-term ice volume change between uniform and spatially resolved near-surface temperature
anomalies and precipitation sensitivities. (aimulated ice volume change from 2015 until 2100. PISM is forced with the ensemble mean

of the near-surface temperature anomalies and precipitation sensitivities derived from CMIP6. Solid lines denote the ice volume for spatially
resolved anomalies, while the dashed lines denote a spatially uniform anomaly. In each case, the spatially resolved anomalies lead to les
ice loss than the uniform anomalig¥,c,d,e) Height difference in the ice thickness in the year 2100 between simulations with spatially
resolved and uniform near-surface temperature and precipitation anomalies/sensitivities. Blue areas denote regions where the simulated ic
thickness is smaller for the uniform anomalies than for the spatially resolved anomalies. Red areas denote regions where the ice is thicker
in the uniform anomaly case. Especially on the southwestern margin of the GrlIS, the ice is thinner in the uniform anomaly case in the year

2100. The differences are most pronounced in the SSP5-8.5 scenario.
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Figure 5. Relationship between temperature, precipitation and change in AMOC strength. (ahange in spatially averaged annual near-
surface temperatures by 2090-2100 compared to historical period (1850-1900) in relation to the change of the AMOC strengtihy AMOC

by 2100 (Baker et al., 2023). All scenarios and for all available models are plotted (19 to 21 out of 32 models, dependent on the scenario).
There is a moderate relationship between the near-surface temperature anomalies and the change in the AMOQ® siy Sagtie. ag but

for the precipitation anomalies and precipitation sensitivities. The respeetiakies of the ts are denoted in the legend. AMOC data taken

from Baker et al. (2023).
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Figure 6. Simulated long-term ice volume for uniform and spatially resolved anomalies Simulated ice volume with PISM for 100 ka.

PISM is forced with the ensemble mean of the near-surface temperature anomalies and precipitation sensitivities derived from CMIP6 for

the years 2090-2100. Dashed lines denote a uniform anomaly and sensitivity (i), solid lines denote the ice volume for spatially resolved

anomalies (ii) and dash-dotted lines (on top of the dashed lines) denote spatially resolved anomalies and sensitivities including spatially
resolved height-change-induced precipitation sensitivity (iii). In each case, the spatially resolved anomalies lead to less ice loss than the
uniform anomalies. The experiment (iii) is only run for 1,000 years. Oscillations of the ice volume on decamillennial scales are visible.
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Figure 7. Maps of simulated long-term ice volume for uniform and spatially resolved near-surface temperature anomalies and pre-
cipitation sensitivities. (a)Simulated ice volume after 100 ka for the SSP1-2.6 scenario and spatially resolved anomalies. The black outline
denotes the ice margin at the end of the simulation, while the red line denotes the ice margin of the minimum ice volume within the 100 ka
of simulation.(b, ¢, d) Same as but for the SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenario, respectyélyg, h)Same as, b, c, dbut for

uniform anomalies. The minimum ice volume and the ice volume at the end of the simulation is generally smaller than in the case of spatially
resolved anomalies. The differences are most pronounced for the SSP2-4.5 scenario, while for the more extreme scenarios the ice sheet

completely lost in both cases.

26



Table 1. Overview of experiments.Each row corresponds to one set of experiments. We run three different sets of experiments, where
we vary between (scenario-dependent) spatially uniform and spatially varying precipitation sensitivities, temperature anomalies and height-
change induced precipitation sensitivities. The experiments with spatially varying height-change induced precipitation sensitivities are only
run for a maximum of 1,000 years. All experiments are run for all emission scenarios.

. Simulation Precipitation Temperature Height-change induced
Experiment Name Lapse-Rate [K/km]
length [yr] sensitivities anomaly precipitation sensitivities [%/K]
Uniform (i) 85 & 100,000 | uniform uniform uniform [0, 5-8] uniform [0-7]
Spatially Variable (ii) | 85 & 100,000 | spatially varying | spatially varying| uniform [0, 5-8] uniform [0-7]
Spatially Variable + . . . . . . .
85 & 1,000 spatially varying | spatially varying | uniform [6] spatially varying
sp. height-induced (jii)
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Code and data availability.The CMIP6 data is freely available at https://aims2.lInl.gov/search/cmip6/. The regridded data for Greenland as

well as the anomalies and sensitivities are available on Zenodo at https://doi.org/10.5281/zenod0.11378715. The source code for the ice shee

model PISM is freely available at https://github.com/pism/pism. Scripts used for the analysis are available from the corresponding author
615 upon request.

Appendix A

Al Temperatures in CMIP6
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Figure Al. Histograms of seasonal and annual near-surface temperature scaling factors against GMT for all scenarios and models.

(a) Scaling factors between spatially averaged summer near-surface temperature (JJA) in Greenland and GMT derived from a linear t for
each model and all scenarios. The ensemble mean and standard deviation for each scenario are given in e Bg@medas but for

winter temperatures (DJF). The model spread is larger than for summer scaling factors, especially for the SSP1-2.6 scenario. In all cases, th
winter near-surface temperature warms faster than the summer temper@juBasne as but for mean annual temperatures in Greenland.

(d) Same as but for scaling factors between regional summer and winter temperatures in Greenland. There is considerable spread in the

model response.
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Figure B1. Maps of R2-values for the linear t of annual mean temperatures and precipitation rates for all scenarios. (a)Map of

RZ-values of linear t between ensemble mean of regional annual mean near-surface temperature in Greenland and ensemble mean GMT
for the SSP1-2.6 scenario. The spatially avera@@eralue is denoted in the right bottom. There is a clear southwest-northeast gradient with
southwest Greenland showing the lowRStvalues.(b,c,d) Same as but for the SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenarios, respectively.
(e,f,g,h) Same as,b,c,dbut for a t of the logarithm of ensemble mean precipitation rates against ensemble mean GMT. The ice sheet
interior shows the highe®?2-values, while the margins, especially the southeastern margin, shoR3ewmlues in all scenarios.
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Figure C1. Maps of scaling factors of ensemble mean temperatures in Greenland for winter (DJF) and summer (JJA) and all scenar-

ios. (a)Scaling factors between ensemble mean winter temperatures and ensemble mean GMT for the historical period (1850-2015). The
margins warm faster than the interior of the ice sheet. The spatially weighted Rfeaalue is given in the right bottongb,c,d,e)Same

asa but for SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenario, respectively. A clear gradient between southern and northern Greenlar
is visible, with the northern part warming up to 3 times faster than the southern(fpgft,i,j) Same as,b,c,d,ebut for ensemble mean

summer (JJA) temperatures. In all scenarios, the interior of the ice sheet warms faster than the margins.
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Figure D1. Maps of annual near-surface temperature scaling factors for each CMIP6 model for the historical period Maps of the
annual near-surface temperature scaling factors for all models for the historical period (1850-2015). Most models show a faster warming of
Greenland compared to the GMT. The white contour denotes the areas that show a slower increase than the GMT. The spatially weighted

R2-value is given for each model.
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Figure E1. Maps of annual near-surface temperature scaling factors for each CMIP6 model for the SSP1-2.6 scenariBlaps of the
annual near-surface temperature scaling factors for all models for the SSP1-2.6 scenario (2015-2100). Most models show a slower warming
of most parts of Greenland compared to the GMT. Some models even predict a decrease in the annual temperatures in parts of Greenland. Tt

white contour denotes the areas which show a slower increase than the GMT. The spatially wefgtéak is denoted for each model.
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Figure F1. Maps of annual near-surface temperature scaling factors for each CMIP6 model for the SSP2-4.5 scenariblaps of the
annual near-surface temperature scaling factors for all models for the SSP2-4.5 scenario (2015-2100). Most models show a faster warming
of most parts of Greenland compared to the GMT. The white contour denotes the areas which show a slower increase than the GMT. The

spatially weightedR-value is given for each model.
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Figure G1. Maps of annual near-surface temperature scaling factors for each CMIP6 model for the SSP3-7.0 scenaridlaps of the
annual near-surface temperature scaling factors for all models for the SSP3-7.0 scenario (2015-2100). Most models show a faster warminc
of most parts of Greenland compared to the GMT. The white contour denotes the areas which show a slower increase than the GMT. The

spatially weightedR2-value is denoted for each model.
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Figure H1. Maps of annual near-surface temperature scaling factors for each CMIP6 model for the SSP5-8.5 scenardaps of the

annual near-surface temperature scaling factors for all models for the SSP5-8.5 scenario (2015-2100). Most models show a faster warming
of whole Greenland compared to the GMT. Some models predict a slower warming of southern Greenland compared to the GMT. The white
contour denotes the areas which show a slower increase than the GMT. The spatially wefghtgde is given for each model.
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H1 Precipitation in CMIP6
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Figure I11. Ensemble mean and spatially varying scaling factors for precipitation rates relative to annual near-surface temperature

in Greenland. (a)Fit of the ensemble mean of the annual precipitation rates in Greenland against the ensemble mean annual near-surface
temperatures for all SSP scenarios and the historical time pébad) Same as but for the summer (JJA) and winter (DJF) precipitation

rates in Greenland, respectively. The JJA precipitation rates generally increase faster than the DJF precipitation for all scenarios except for
the historical time periodd) Regional scaling factors for ensemble mean of annual precipitation rates in Greenland against mean annual
near-surface temperatures for SSP1-2.6. The white contour at 0%/K denotes the area where the regional precipitation ratés,degjease.
Same asl but for SSP2-4.5, SSP3-7.0 and SSP5-8.5, respectively. In all scenarios, precipitation rates increase most strongly in north-eastern

Greenland, with a north-south and east-west gradient.
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Figure J1. Maps of precipitation sensitivities of ensemble mean precipitation rates for DJF and JJA and all scenarios. (Ryecipitation
sensitivities of ensemble mean winter precipitation rates and ensemble mean GMT for the historical period (1850-2015). The spatially
weighted mearR?-value is given(b,c,d,e)Same as but for SSP1-2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenario, respectively. A clear
gradient between southwestern and northeastern Greenland is visible, with the sensitivities in the northern part &seeédi(fay,h,i,j)

Same ag,b,c,d,ebut for ensemble mean summer (JJA) precipitation rates.
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Figure K1. Histograms of seasonal and annual precipitation sensitivities against GMT for all scenarios and models. (@gnsitivities

of spatially averaged annual precipitation rates in Greenland and GMT derived from a linedn(f for each model and all scenarios.

The ensemble mean and standard deviation for each scenario are given in the legend. There is a considerable spread in the model respon:
Especially for the SSP1-2.6 scenario, the uncertainty is larger than the (hp&ame as but for summer (JJA) precipitation sensitivities.

(c) Same as but for winter (DJF) precipitation sensitivities in Greenland.
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Figure L1. Maps of annual precipitation sensitivities for each CMIP6 model for the historical period.Maps of the precipitation sensi-
tivities for all models for the historical time period (1850-2015). There is no clear pattern in the precipitation sensitivities across the models.
The spatially weighted meaR?2-value of the t is very small for most models. The white contour denotes the areas which show a negative

precipitation sensitivity, i.e. a decrease in the precipitation rates. The spatially weRfhteslue is denoted for each model.
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Figure M1. Maps of annual precipitation sensitivities for each CMIP6 model for the SSP1-2.6 scenariddaps of the precipitation
sensitivities for all models for the SSP1-2.6 scenario (2015-2100). There is no clear pattern in the precipitation sensitivities across the
models. The spatially weighted meRi-value of the t is very small for most models. The white contour denotes the areas which show a

negative precipitation sensitivity, i.e. a decrease in the precipitation rates. The spatially w&lghtallie is denoted for each model.
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Figure N1. Maps of annual precipitation sensitivities for each CMIP6 model for the SSP2-4.5 scenaridaps of the precipitation
sensitivities for all models for the SSP2-4.5 time period (2015-2100). The majority of models show a positive precipitation sensitivity for
most parts of Greenland. However, some models show negative sensitivities for the southeastern margin of the GrIS, partially extending into
the interior of the ice sheet. However, the spatially weighted ni¢awalue of the t is very small for most models. The white contour

denotes the areas which show a negative precipitation sensitivity, i.e. a decrease in the precipitation rates. The spatiallRivembted

is denoted for each model.
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Figure O1. Maps of annual precipitation sensitivities for each CMIP6 model for the SSP3-7.0 scenaridaps of the precipitation
sensitivities for all models for the SSP3-7.0 scenario (2015-2100). The majority of models show a positive precipitation sensitivity for most
parts of Greenland. However, some models show negative sensitivities for the southeastern margin of the GrlS. The white contour denotes

the areas which show a negative precipitation sensitivity, i.e. a decrease in the precipitation rates. The spatiallyRfeigaitelis given

for each model.
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Figure P1. Maps of annual precipitation sensitivities for each CMIP6 model for the SSP5-8.5 scenaridaps of the precipitation
sensitivities for all models for the SSP5-8.5 scenario (2015-2100). The majority of models show a positive precipitation sensitivity for most
parts of Greenland. However, some models show negative sensitivities for the southeastern margin of the GrlS. The white contour denotes

the areas which show a negative precipitation sensitivity, i.e. a decrease in the precipitation rates. The spatiallyRfeigaitelis given

for each model.

45



P1 Various

46



Figure Q1. Dependency of precipitation sensitivity and temperature scaling on model resolution. (a¥$patially averaged precipitation
sensitivity against model resolution in arbitrary units, wheris the lowest resolution antlis the highest resolution. All models for all
scenarios are plotte(h) Same as but for the temperature scaling. While the spread in the model response seems to decrease slightly with

increasing model resolution, no strong relationship between the scaling/sensitivity and the model resolution is visible.

Figure R1. Difference between initial state and observed ice thickness and velocity. (@hickness anomaly of initial state compared to
observational data (Morlighem et al., 2017; Morlighem, 2022). The root mean squared &28miswith a general understimation of the
thickness in the interior of the ice shef@t) Same as but for the ice ow velocity (Joughin et al., 2016, 2018). The root mean squared error

is 112m/yr, mostly due to an overestimation of velocities in the western part of the ice sheet.
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Figure S1. Maps of absolute height change and dynamic contribution of the height change for the short-term simulations. (lefthe
absolute height change after 85 years for each scenario compared to the initial state is plotted for experimental setups (i) and (ii). In each
scenario southwestern Greenland shows the biggest height diffefeigbd) Dynamic contribution to the height change, i.e., the height

changes that cannot be attributed to changes in the SMB.
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Figure T1. Sensitivity analysis of long-term simulations for different lapse rates and height-change-induced precipitation sensitivities.

(a) Time series of ice sheet volume for different lapse rate values (0,5,6,7,8 K/km) and a xed height-change-induced precipitation sensitivity
of 5 %/K for all emission scenarios. Dashed lines correspond to experimental setup (i), while solid lines correspond to experimental setup (ii).
(a) Same as but for xed lapse-rate (6 K/km) and varying height-change induced precipitation sensitivity (0,1,2,3,4,5,6,7 %/K). Generally,
the lapse-rate has a stronger in uence on the long-term behaviour than the height-change induced precipitation dehSteaitier plot

of mean sea-level rise after 90-100 kyr for all combinations of lapse-rates and height-change induced precipitation sensitivities for spatially
varying anomalies and sensitivites (ii). The size of the marker corresponds to the lapse-rate value, while the colour corresponds to the
emission scenariqd) Same a< but for uniform anomalies and sensitivities. In both cases, a clear dependency of the sea-level rise on the

lapse-rate and the height-change induced precipitation sensitivity is visible.
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