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Abstract.

A mixed statistical-physical approach is used to emulate the spatio-temporal variability of the Antarctic ice-sheet-Ice Sheet
surface mass balance and rureff-surface melt rates of a regional climate model. We demonstrate the ability of this simple
method to extend existing MAR-simulations—to-otherregional climate simulations to periods, scenarios or climate models,
that were not originally processed-through-the-regional-elimate-modelsimulated. This method is useful to quickly populate
ensembles of surface mass balance and runeff-melt rates, which are needed to constrain ice sheet model ensembles. Here we
apply this method to estimate: (7) the changes in Antarctic surface mass balance over 1850-2200 and the associated effect on
sea level, and (i7) the changes in potential for ice shelf hydrofracturing.

After correcting-the-distribution-of-weighting 16 climate models to obtain a realistic distribution of the equilibrium climate
sensitivityef-+6-climate-models, we find a likely contribution of surface mass balance to sea level rise of 6:4-t0-2:2-2.2 to -0.4

cm from 1900 to 2010, and -3.4 to -0.1 -emfrom-2+06-cm from 2000 to 2099 under the SSP1-2.6 scenario, versus -4.4 to
-1.4 -cm under SSP2-4.5, and -7.8 to -4.0 -cm under SSP5-8.5. i :

considerable-uneertainty-in-the-contributionte-sealtevel-The contribution from 2000 to 2200 is highly uncertain: between -10
and -1 cm in SSP1-2.6 and between -33 and +6 cm in SSP5-8.5 depending on the climate model.

Based on a rune iterta-in-our reconstructions,; we-identily-the emereence ol surface cond

criterion on the presence
of liquid water beyond firn saturation in our emulated ensemble, we estimate the surface conditions that make ice shelves prone

to hydrofracturing. A-majerity-of-Our results suggest that a majority of Antarctic ice shelves could remain safe from hydrofrac-
turing under the SSP1-2.6 scenario, but all the-Antaretie-tee-shelveseould-be-of them could become prone to hydrofracturing

before 2+36-2150 under the SSP5-8.5 scenario.

1 Introduction

In the 21%¢ century, increasing preeipitation-snowfall over the Antarctic Ice Sheet is expected to compensate a significant part
of the dynamical ice mass loss triggered by ocean warming, which mitigates the Antarctic contribution to sea level rise (e.g.,
Seroussi et al., 2020; Edwards et al., 2021; Fox-Kemper et al., 2021). However, models suggest that if air temperatures exceed

~7.5°C ever-above the 1981-2010 average, the increase in accumulation starts to be overwhelmed by the mass loss through
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Runoff is a negative contribution to the surface mass balance. It is produced if surface melt and/or rain rates are high enough

to () percolate and bring the temperature of underlying snow and firn layers to the freezing point, (%) saturate the pore space in

the snow and firn layers, which is sometimes referred to as firn air depletion (Pfeffer et al., 1991; Kuipers Munneke et al., 2014; Alley et al.,

and (7772) flow into the ocean. The liquid water beyond firn saturation, hereafter often referred to as “liquid water in excess”
does not necessarily flow into the ocean, especially in the case of a relatively flat surface. Liquid water in excess can indeed
alternatively form ponds or be transported horizontally within the firn or at the ice surface (Kingslake et al., 2017; Bell et al., 2018

The presence of liquid water in excess can trigger ice shelf break-up through hydrofracturing: in favorable conditions of ice
shelf stress, the weight of liquid water can destabilize a fracture and lead to its unstoppable propagation as long as liquid wa-

ter keeps filling the fracture (Weertman, 1973; Lai et al., 2020). Stress variations associated with surface meltwater ponding and

drainage, causing flexure and fracture, can amplify this mechanism and propagate its effects spatially (Banwell et al., 2013, 2019

. An entire ice shelf break-up nonetheless likely requires large amounts of meltwater production all over its surface, as observed

before the break-up of Larsen A in 1995 and Larsen B in 2002 (Skvarca et al., 2004; Scambos et al., 2003; van den Broeke, 2005; Sergienke

~

When occurring on ice shelf parts that buttress the upstream flow, hydrofracturing and the resulting ice shelf collapse may

strongly enhance the contribution of upstream glaciers to sea level rise (Fiirst-et-al52016:-Sun-etal;2020)(Furst et al., 2016; Sun et al., 202

. Gilbert and Kittel (2021) estimated that 34% of Antarctic ice shelf area could be vulnerable to eoHapse-hydrofracturing at
4°C of warming above pre-industrial levels. The exact warming level needed to trigger impertant-production-ofruneff-the
widespread presence of liquid water on a given ice shelf depends on the amount of snowfall and on the snow/firn temperature
and density (Donat-Magnin et al., 2021; van Wessem et al., 2023).

The evolving conditions at the surface of the -Antarctic-ice shee

from-which-the-contribution of ice sheets-to-seatevel-ean-estimatedsheets to changes in sea level are estimated through ice
sheet simulations driven, among other things, by spatio-temporal variations in SMB, and sometimes by the dates of collapse
for individual ice shelves. In the Ice Sheet Model Intercomparison Project for the 6th Climate Model Intercomparison Project
(CMIP6, Eyring et al., 2016; ISMIP6, Nowicki et al., 2016), these conditions were directly calculated from the CMIP model
resentation of the Antarctic climate (Dunmire et al., 2022), the CMIP models often have a coarse resolution and include a
relatively poor representation of snow processes over ice sheets, in particular with regard to firn saturation by meltwater and
subsequent ponding or runoff (Nowicki et al., 2020).

Regional Climate Models (RCMs) dedicated to polar regions and constrained by CMIP projections offer a good alternative

to the direct use of CMIP models for the estimation of surface conditions (e.g., Kuipers Munneke et al., 2014; Kittel et al.,

surface meltwater runoff into the ocean (Kittel et al., 2021; Coul
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2021). Despite detailed snow physics, a major weakness of RCMs is nonetheless the associated requirement for additional

skills and processing/computing time, which is why RCM outputs were not ready on time for ISMIP6-Antarctica (Nowicki

et al., 2020; Seroussi et al., 2020). Because of these difficulties, only a limited number of RCM-based projections are usually
produced—wheﬂ—pfeéuee&— which is generally insufficient to sample the CMIP model diversity ‘Theﬂeed—fer—wetgh&ﬂgﬂf

require-a-relatively-large number-of RCM-prejeetionsregarding their representation of the recent period (Barthel et al., 2020)

and their sensitivity to increasing anthropogenic emissions (e.g. Hausfather et al., 2022).
Over the years, Antarctic Ice Sheet modellers have often scaled their best estimates of present-day accumulation to tempera-

ture anomalies from the CMIP models (e-g-Gregory-and Huybreehts; 2006)(e.g., based on the Clausius-Clapeyron relationship as in Greg

, while Positive Degree Day models have sometimes been used to derive melt rates (e.g., Rodehacke et al., 2020; Zheng et al.,

2023). The later are based on daily air temperatures projected by the CMIP models, and can be calibrated to match RCM

projections (Coulon et al., 2023). Other methods are emerging, based on the emulation of more complex models like RCMs

van der Meer et al., 2023) or firn models (Dunmire et al., 2024). In this paper, we present and evaluate a novel statistical—
physical method that emulates the spatio-temporal evolution of the surface mass balance (SMB) and runeff-in-Antaretica

surface melt rates of a regional climate model (section 2). This method is used-to-extend-anensemble-of RCM-—simulationste

2200-n-a-probabilistie-framewerk(seetion-3)—applied in section 3 to provide confidence intervals on the changes in SMB and
the associated changes in sea level, and on the changes in production of liquid water in excess and the implications for ice shelf
hydrofracturing.

2 Methods

2.1 Approach

Here we estimate both the SMB evolution over the grounded ice sheet, for its equivalent change in global sea level, and the
evolution of the liquid water production beyond firn saturation, for its potential to induce hydrofracturing. We build an ensemble

of estimates over Antarctica, for the 1850-2100 period, driven by 16 CMIP6 models and three SSP (Shared Socioeconomic Pathway O’Neil

scenarios (Tab. 1). A smaller ensemble covers the 18502200 period, driven by only 8 CMIP6 models (see stars in Tab. 1) and
two SSP scenarios (SSP1-2.6 and SSP3-8.5).

Our approach is based on a limited number of RCM simulations that-we-use-to-emulate-atarger-ensemble-of surface-mass
batance and-runoff estimates—For that-we-use-a-covering 1980-2100 or 1980-2200 (subsection 2.2), and the full ensemble is
populated from a statistical-physical methed-thatis-presented-and-evaluated-in-this-seetionemulation method (subsection 2.3).
The emulation method can be used to extend a given RCM simulation in time, to produce data for a scenario that was not
covered by the RCM, or to produce data for a CMIP model that was never used to force the RCM (Fig. 1). These approaches
are first evaluated separately (sections 2.3.3 to 2.3.5), then they are combined with each other (section 2.1) to produce the
ensemble projections described in section 3.
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and the indicated values are from Meehl et al. (2020), except for NorESM2-MM which is from Seland et al. (2020). Stars beside model

from a MAR simulation driven by this CMIP model but for a warmer scenario (“from SSP5-8.5”, i.e. method described in section 2.3.4),

or emulated from six MAR simulations driven by different CMIP models (“from 6 models”, i.e. method described in section 2.3.5). The

historical period was directly available from the five CMIP models for which at least a MAR projection was available, and it was emulated

from 6 models for the other CMIP models.

2.2 Regional climate model projections

We make use of the MAR-3.11 regional climate model (Gallée and Schayes, 1994; Gallée, 1995; Kittel et al., 2021, 2022),
which parameterises multiple processes relevant for polar environments. In MAR, the atmosphere is coupled to a 30-layer
model representing the first 20 m of snow/firn with refined resolution at the surface. The snow/firn model solves prognostic
equations for temperature, mass, water content, and snow properties (dendricity, sphericity, and grain size). In the presence
of surface melting or rainfall, liquid water percolates downward into the next firn layers with a water retention of 5% of the
porosity in each successive layer. The firn layers are fully permeable until they reach a close-off density of 830 kg m~3. To
account for possible cracks in ice lenses and moulins, the part of available water that is transmitted downward to the next layer

decreases as a linear function of firn density, from 100% transmitted at the close-off density to zero at 900 kg m 2 and beyond.



If liquid water is not able to percolate further down, then-it-fills-it remains where it is. When the entire porosity space efsurface
tayers;and-the-exeessisin the uppermost snow/firn layer is filled with liquid water or if the uppermost snow/firn layer is denser
than 900 kg m ™3, any additional surface melt is considered as runoff and removed from the snow/firn model¢there-. There is

105 no representation of ponds or horizontal routing).
The surface mass balance and melting conditions produced by MAR have been evaluated in comparison to observational

products in Agest:

ualitative comparison to a satellite estimate of melt pond volume indicates that MAR is able to capture the main characteristics

of the present-day surface conditions (Appendix A).
110 The MAR simulations were run at 35 km resolution, and the outputs were conservatively interpolated onto a 4 km stereo-

several studies and a

graphic grid, following the atmospheric forcing protocol in ISMIP6. Unless specified otherwise, we use these 4 km data, and
all spatial integrations-integrals presented in this sty-study were calculated by accounting for the stereographic scale factor.
The ice mask and the surface elevation are based on Bedmap?2 (Fretwell et al., 2013). The actual grounded ice sheet and ice
shelf areas are 12.286 and 1.737 million km?, respectively.

115 Our MAR simulations cover 1980-2100 and are driven by two CMIPS5 and five CMIP6 models under a number of scenarios,
as listed in Tab. 2. The MAR-IPSL-CM6A-LR projection goes until 2200 following the extended SSP5-8.5 scenario (Shared
Socioeconomic Pathways, Meinshausen et al., 2020). The selection of these specific CMIP models was based both on the avail-
ability of 6-hourly outputs (required to provide MAR boundary conditions)ané-, on the evaluation of their present-day mean
Sensitivity (ECS Hausfather et al., 2022), which is the increase in global mean surface air temperature that follows a doubling.

characteristics

Table 2. List of CMIP models, their ensemble member number, their Equilibrium Climate Sensitivity (ECS, provided by Meehl et al., 2020),
and the scenarios for which we have a MAR simulation driven by this CMIP model. The historical MAR simulations only start in 1980, and

the projections go until 2100 unless specified otherwise. The model references are provided in seetionTab. 31.

CMIP model era member ECS (°C) | Available MAR simulation

ACCESS-1.3 CMIP5 rlilpl 35 historical, RCP8.5

NorESM1-M CMIP5 rlilpl 2.8 historical, RCP8.5

CESM2 CMIP6 | rllilplfl 52 historical, SSP1-2.6, SSP2-4.5, SSP5-8.5
CNRM-CM6-1 CMIP6 | rlilplf2 4.8 historical, SSP5-8.5

IPSL-CM6A-LR | CMIP6 | rlilplfl 4.6 historical, SSP5-8.5 until 2200
MPI-ESM1-2-HR | CMIP6 | rlilplfl 3.0 historical, SSP1-2.6, SSP2-4.5, SSP5-8.5
UKESM1-0-LL CMIP6 | rlilplf2 53 historical, SSP1-2.6, SSP2-4.5, SSP5-8.5
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2.3 Statistical-physical extension-emulation method

Hereafter, we first describe how the RCM projections of surface mass balance, surface melting and runeffproduetion-production
of liguid water beyond firn saturation can be extended in time, and to other scenarios or CMIP models. Then, we evaluate these
extended-or-construeted-emulated projections in comparison to the actual RCM projections. In this subsection, we assume that
runoff is equal to the production of liquid water beyond firn saturation as in the RCM., but we will use a different approach for
the projections presented in section 3.

2.3.1 Rationale

Precipitation in Antarctica mostly consists of snowfall even in a warmer climate (Kittel et al., 2021; Donat-Magnin et al., 2021).
In first approximation, snowfall in Antarctica (SNF) thus increases with air temperature following the Clausius-Clapeyron law,

which can be approximated as:
SNF (Tyef + AT) = SNF(Trer) x 27T (1)

where T is a reference air temperature, AT the air warming, and a is typically 9:672-0.07 in polar conditions (Donat-Magnin
et al., 2021).
Previous modelling studies also found an empirical exponential relationship between surface melt rate (MLT) and air warm-

ing:
MLT (Tpof + AT) = MUT(Thep) x 2T 2)

where b is typically between 0.3 and 0.6 in Antarctica (Trusel et al., 2015; Donat-Magnin et al., 2021). In the following, we

assume that AT is a variation in near surface air temperature in both Eg. 1 and Eq. 2, which is a reasonable approximation
iven that the troposphere warms relatively uniformly from the surface to ~300 hPa (Donat-Magnin et al., 2021, their Fig. 1).

Then, runeff-is—produced—if-we introduce the r parameter, a threshold over which liquid water is produced beyond firn

saturation, which occurs when the melt rate exceeds what can be stored and refrozen in the ongoing snow/firn accumulation
(Pfeffer et al., 1991; Kuipers Munneke et al., 2014; Donat-Magnin et al., 2021; van Wessem et al., 2023 )—Jn-the-absenee-of
rainfall-this-is-achieved-, i.e., if:

%zr 3)

where 7 is typically between 0.60 and 0.85 depending on the snow properties (Donat-Magnin et al., 2021). Here we do not

attempt to know whether the excess of liquid water forms ponds or flows directly into the ocean (runoff), which is why the
same 1 value will be used on the grounded ice sheet and on ice shelves. The presence of rainfall makes eg—3-)-Eq. 3 more

complex (see Appendix B of Donat-Magnin et al., 2021), but rainfall is generally negligible compared to snowfall in present-

day conditions and to surface melt rates in much warmer conditions (Donat-Magnin et al., 2021). Furthermore, the only RCM
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simulation until 2200 (MAR-IPSL-CM6A-LR, SSP5-8.5) does simulate the actual rainfall/snowfall distribution and still has

a positive surface mass balance over the ice shelves in 2200 (see section 3), which indicates that snowfall is still dominant
over rainfall, In our method, we therefore assume that precipitation is entirely made of snow, and we neglect sublimation and
drifting snow given their small contribution (Agosta et al., 2019).

In this paper, we use these relationships to extrapolate SMB, melt ratesand-runoff-, and the production of liquid water beyond
firn saturation, to warmer or colder surface conditions. We assume that all the quantities at surface near-surface air temperature
T}et are perfectly known from the RCM, and we want to estimate them for a temperature change of AT that is provided by a

CMIP model. To do so, we use the following sequence of equations, in which RU is the rate of mass loss through runoff (< 0),

while surface melt rate is defined positive:

SNF (Trot + AT) = (SMB(Ter) — RU(Tper)) x e2AT
MLT(Tyet + AT) = min{MLT(Tref) x AT m}
4
RU(Tiet + AT) = —max{0,MLT(Tyet + AT) — rSNF(Tyer + AT)}
Sl\AB(Tref + AT) = SNF(Tref + AT) =+ RU(Tref + AT)

where a, b and m, and r are the method parameters. The m parameter is introduced to avoid unrealistically high melt rates. For

the emulation, we assume that the emulated runoff (RU) is equal to the production rate of liquid water beyond firn saturation
as in the RCM.

. 1b), or CMIP models (Fig. 1c) that are

ig. 1a), scenarios (Fi

In this-section 3, we emulate surface conditions for periods

not covered by existing MAR simulations. Our aim is to populate a large ensemble of surface conditions that can be used to
drive ensembles of ice sheet and sea level projections, without the cost of running many RCM simulations and the associated
need for 6-hourly outputs in the corresponding CMIP simulations. We first assess the performance of the emulation method for
other periods, scenarios and CMIP models in subsections 2.3.3 t0 2.3.5, then we combine them together in section 3 based on

this assessment.

In this work, we use annual means for all the variables—To-extend-surface-vartablesto-a-giventoeal, which is consistent

. Nowicki et al., 2020). To emulate a surface variable at a given warming

with usual datasets available for ice sheet models (e.

or cooling level, we always start-calculate the emulation from 20 different years (i.e., different values of 1’y and AT), then
we average the 20 extended-valaes—emulated values (Fig. 1). This is done to better sample natural variability and to generate
a-constructed-an emulated variability that is mostly related to the CMIP model temperatures. It also makes the emulation more

robust from a statistical point of view.
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Figure 1. Schematic of the application of our emulation methodology (Eq. 4) to (a) extend the data to periods non simulated by MAR

subsection 2.3.3), (b) extend the data to scenarios non simulated by MAR (subsection 2.3.4), (c) extend the data to CMIP models non

downscaled by MAR (subsection 2.3.5). Variable X represents either or the surface melt rate. Function f represents one of the functions of

AT provided in Eq. 4.



2.3.2 Parameter calibration

The a and b parameters are obtained through a least-mean-square fitting of an exponential curve for SMB minus model runoff

180 on the one handand-, and for the surface melt rate on the other hand.

ed-Appendix B provides more details

on the fitting method and gives the a and b parameters-are-listedin-Fab-—B1-values for individual models. On average, a = 0.068
185 and b=0.320.

The maximum local melt rate (m parameter in eqgEq. 4) is set to the 99.99*" percentile of 1980-2100 local melt rates
(m=1.80x10"* kezm—2s='kgm 257!, ie., 15.5 mmday~'). The value of r is more difficult to calibrate as it depends
on the density and temperature of snow and on the threshold used to consider that runoff-is-preduced-liquid water is produced
beyond firn saturation (Pfeffer et al., 1991; Donat-Magnin et al., 2021), so we will assess values covering-the-aforementioned

190 range;i-e-0:5-t00:9-1n the 0.50-0.90 range, which includes the values used in previous work.

2.3.3 Reeonstruetion-Emulation from an-earlier-another period

195 We first assess the ablhty of our recenstruction—method-emulation method (Eq. 4) to extend a 2+5'-century REM-projection

"RCM simulation backward or forward in time, based on

the air temperatures of the corresponding CMIP model over the extended periods (Fig. 1a). The benefits of this method would

For the evaluation, we emulate backward and forward in time from the 2081-2100 period of MAR-IPSL-CM6A-LR-SSP5-8.5ever
200 %P@%—Q%@G%eﬁﬁfafgef and we

compare the emulated fields to the original MAR simulation (Fig. 2). In the original MAR simulation, the grounded ice

sheet SMB increases linearly until ~2100 due to inereased-increasing snowfall, then decreases when surface melt and resulting
205 runoff become important (black lines in the-left-panels-of-Fig. 2)-
1995-2644-climatology-after 2+75-in-this-simulation(Fig—2aa,c,e). Over the ice shelves, the SMB of-in the original MAR
simulation remains steady until ~2106-2090 then drops due to increased runoffwith-a-massless-rate-exeeeding-, with a SMB

in 2200 that is 2000 Gt yr~ lower than in 1995-2014 (black lines in F1g 2b,d f)

210 et oinalsimulat
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Figure 2. Evaluation of the emulation from another period (Fig. 1a) over the grounded ice sheet (left) and over the ice shelves (right),

for SMB (upper), surface melting (middle) and the production of liquid water beyond firn saturation (lower). The solid black lines show

the original MAR-IPSL-CMG6A-LR simulation. The colored lines are the emulations from the 2081-2100 period (shaded in grey), both

backward in time (left side of the grey area) or forward in time (right side of the grey area). The emulation is shown for several values of r

see Eq. 4) and the bias values are indicated for both 2061-2080 (20-year backward emulation) and 2101-2120 (20-year forward emulation).

The black dashed lines in panels (a,b) show the SMB directly calculated from the IPSL-CM6A-LR outputs following the ISMIP6 approach

Nowicki et al., 2020, their Appendix C). The anomalies are calculated with respect to the 1995-2014 mean. The time series on this plot are

filtered through a 5-year running average.
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The emulation backward to pre-2081, i.e., towards a colder climate, is less biased than the emulation forward to post-2100,
ie., towards a warmer climate (Fig. 2¢)—TFhis-underestimation-), Over the grounded ice sheet, the forward-emulated SMB
has biases that remain small over the first 10 years, and reasonable (~10%) over the first 20 years for r = 0.5 and r = 0.6.
However, the forward emulation fails to represent SMB after 2120 due to a significantly underestimated runoff. This is largely

due to the inability of our reconstruetion-emulation method to initiate melting at locations that never experienced melting over

2081-2100. The

—backward emulation over the grounded ice

sheet is quite accurate for the first 20 years, i.e. for moderate changes in climate conditions, and is moderately low-biased back
102015,

Over the ice shelves, the reeonstruction-methodis-very-emulation forward is accurate in the first 50 years (Fig. 2b,d,f). The
best results over this first period are obtained for #=0-6r = 0.50 and r = 0.60. After 2150, melt rates in the original MAR
simulation start increasing more linearly with time and our reconstruction-emulation overestimates melt rates and therefore
ranoff-and-mass loss. This is likely due to feedbacks that are represented in the MAR simulations but not in the IPSL-CM6A-
LR model or in our emulation method. Indeed, the appearance of bare ice with-atewer-albedoas—wel-as—and changes in
the cloud radiative properties ;-have a strong impact on the projected SMB over Greenland (Hofer et al., 2020; Mostue et al.,

2023), and a similar effect could be found in warmer conditions in Antarctica (Kittel et al., 2022). For a CMIP model like

IPSL-CMO6A-LR that fails to represent melt water runoff, our emulation method towards a warmer climate is nonetheless
referable to directly estimating the SMB from the CMIP model outputs (see black dashed lines in Fig. 2a,b).

From this first evaluation, we conclude that our recenstruetion-emulation method is suitable for the extension of RCM

simulations fer-approximately-25into a warmer future, for a maximum of 20 years over the grounded ice sheet and 50 years
over the ice shelves. Extension-The extension to colder conditions in the past are-expected-to-be-more-aceurate-iS more accurate

as our emulation method is more suitable for reducing melt rates than for creating new melting areas. In the following, we use
#=0-6-given-thatitbestfitsr = 0.60 as it fits well the original simulation everiee-shelvesuntit-21560-while remaining within

the range of previous studies. The spatial patterns are also well represented by this method (Fig. C1).

2.3.4 Construetion-Emulation from a-warmer-another scenario

We now assess the ability of our method to reeonstruct-emulate several scenarios from a MAR simulation driven by a warmer

scenario —(Fig. 1b). As mentioned previously, our method is not able to create new melting areas, but it is well suited to

11
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decrease melt rates in colder conditions. We therefore consider the three MAR simulations for which we have the SSP1-
2.6, SSP2-4.5 and SSP5-8.5 scenarios (MAR-CESM2, MAR-UKESM1-0-LL, MAR-MPI-ESM1-2-HR), and we evaluate the
reconstruetions-emulation of both SSP1-2.6 and SSP2-4.5 from SSP5-8.5. The calculations are done separately for each of the

corresponding simulations (based on the parameters in Tab. B1), but we-present-theresults-averaged-the results are presented
in Fig. 3 as averages over the three CMIP modelsinFig—3—.

Similarly as in the previous subsection, each reconstructed-emulated year is the average of 20 reconstructions-emulations
from a reference ranging from 10 years before to 9 years after the reconstrueted-year—emulated year (Fig. 1b). Doing so,
the interannual variability of the extended variables is only attributed to the air temperature variability in the corresponding
scenario.

The SSP1-2.6 and SSP2-4.5 recenstrueted-emulated fields are quite accurate over the grounded ice sheet during the 215
century, even if ranoff-the production of liquid water in excess is significantly underestimated in the last decades —(Fig. 3a,c.e).

Over the ice shelves, massloss-through-inereasedrunoff-exeeeds-mass-gain-throughinereased-snoewfallin-SSP

SSP1-2.6 SMB and runoff are close to the original simulations, but the emulated SSP2-4.5 in-the-tast-quarter—tunoff is
underestimated and the SMB does not drop at the end of the 215¢ century (Fig-3b;)-A-moderate-massloss-ontystarts-in-the tast

de de—o he St_nan —FO ». 4 ahile—6 acon on—ind a

as in the original simulations (Fig. 3b,d,f). From this evaluation, we conclude that our method is suitable for the reconstruetion

emulation of multiple SSP scenarios based on an existing MAR simulation in a warmer scenario (here SSP5-8.5). The spatial

atterns are also well represented by this method (Fig, C2).

2.3.5 Emulation ef simulatiens-driven-by-from other CMIP models

Here we assess the ability of our method to emulate MAR simulations driven by other CMIP models —(Fig. 1¢). We consider
five MAR simulations driven by different CMIP models under either SSP5-8.5 or RCP8.5, which have a similar radiative
forcing-and-we-assess-the-corresponding-. We assess the emulation from the same simulation (for verification of our method)
and from six ether MAR-simulations-MAR simulations driven by other CMIP models. We use a similar methodology as in
the previous subsection, calculating the average reconstruction-emulation of every year from 20 reference years (Fig. 1c), but
instead of using the actual temperature as in the two previous subsections, we use the temperature anomaly with respect to each

model’s climatology. This was needed given that typical values of surface air temperature may vary from one CMIP model to
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Figure 3. Evaluation of the emulation from a warmer scenario (Fig. 1b) over the grounded ice sheet (left) and over the ice shelves (right), for
SMB (upper), surface melting (middle) and the production of liquid water beyond firn saturation (lower). The black and grey lines show the
original MAR simulations, while the colored lines correspond to the emulated SSP1-2.6 and SSP2-4.5 scenarios based on the SSP5:8.5 MAR
simulation and the CMIP surface air temperatures. Every line on this plot is the average of three simulations or emulations: MAR-CESM2,
MAR-UKESMI-0-LL, MAR-MPL-ESM1-2-HR. The anomalies are calculated with respect to the 1995-2014 mean. The time series are
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another, in particular due to differences in the first level height and in their ability to represent stable surface boundary layers
over ice sheets.

First of all, it is verified that biases are small for MAR simulations derived from themselves (Fig. 4), showing that our
methodology and its implementation are robust. We nonetheless note significant biases in melt rates when a MAR simulation
is derived from another one, exceeding 100% in some cases (Fig. 4c,d), which alters the emulated SMB (Fig. 4a,b). MAR—
ACCESS1.3 is an outlier and leads to melt reconstruetion-emulation with largest biases for the four other models. The realistic
SMB reconstruetions-emulations derived from MAR-ACCESS1.3 are mostly compensations between overestimated melt and
ooverestimated-(Fig. 4c,d) and overestimated accumulation. The other CMIP5 simulation, MAR-NorESM1-M, is closer to
the CMIP6 simulations even if the SMB is generally overestimated over the grounded ice sheet. The CMIP5 models have
a relatively low ECS, and starting from MAR forced by any of these CMIP5 models does not give good recenstructions
emulations of models like CESM2 or CNRM-CM6-1 that both experience particularly strong warming over the 215 century

Given the biases of the emulation from a single model, we now assess the average of five emulation—emulations from
different MAR simulations (excluding the simulation itself and the MAR—-ACCESS1.3 outlier). The emulation is made for
three SSP scenarios, based on the five MAR simulations under the same scenario if available or SSP5-8.5 otherwise. For
clarity, we present the average results for MAR-CESM2, MAR-UKESM1-0-LL ;-and MAR-MPI-ESM1-2-HR, which are the
three MAR simulations for which we have all three scenarios (Fig. 5).

Averaging the reconstruction-emulation from several MAR simulations clearly improves the results, and the reconstructed
emulated SMB is generally quite accurate throughout the 215 century (Fig. 5a,b), although the mass loss at the surface of ice
shelves is overestimated under SSP5-8.5 due to overestimated melt and runoff (Fig. 5d,f). Decreasing the r value would reduce
the runoff bias here, but possibly not for physical reasons, and not in the previous subsections.

From this evaluation, we conclude that our multi-model emulation method is suitable for the emulation of MAR simulations
driven by CMIP models that have never actually been used to drive MAR simulations. The spatial patterns are also well
represented by this method (Fig. C3). It is important to stress that this method only gives meaningful results because of the

average over several GEMsCMIP models, possibly due to the various responses of clouds and snow albedo from one model to

another for a given warming level (Kittel et al., 2022).
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Figure 4. Evaluation of the reconstruction-method-emulation from other CMIP models (Fig. 1¢) for SMB (upper panels) and surface melting
(lower panels). The five radial lines correspond to five original MAR simulations driven by different CMIP6 or CMIP5 models, with the

radial distance (thick black pentagensdots) s-which-are-indicating the SMB or melt rate values. The colored dots correspond to the emulated

values from ether-avaitable MAR-simutations-and-the-eorresponding-EMIP-model-surface temperatures tof another CMIP model. The black
and colored pentagons Hlink the dots for a better overview. The thin grey pentagons indicate the SMB or melt rate iso-value. The anomalies

are calculated over 2015-2100 with respect to 1995-2014 under the ?SPS-S.S or RCP8.5 scenarios.
5



(a) SMB anomaly over the grounded ice sheet (b) SMB anomaly over the ice shelves

700 SSP5-8.5 from RCMs (mean=328.4) e
Emulated SSP5-8.5 (bias=-10.2) == e TR N S
600 SSP2-4.5 from RCMs (mean=207.6) N \»M
Emulated SSP2-4.5 (bias=-34.3)
00 =207 s5P5-8.5 from RCMs (mean=-25.2)
Emulated SSP5-8.5 (bias=-36.2)
400 -100 SSP2-4.5 from RCMs (mean=2.7)
Emulated SSP2-4.5 (bias=-11.6)
5 5 —150
S 300 S
] 1G]
-200
200
NG -250
100 /‘/XQ‘S-Q,U/ 7
\,—/M
4 —-300
0
-350
-100
2020 2030 2040 2050 2060 2070 2080 2090 2100 2020 2030 2040 2050 2060 2070 2080 2090 2100
(c) Melting anomaly over the grounded ice sheet (d) Melting anomaly over the ice shelves
500
800
SSP5-8.5 from RCMs (mean=133.8)
400 Emulated SSP5-8.5 (bias=40.5)
SSP2-4.5 from RCMs (mean=62.5) 600 :SPSI'S;'Sdfg"s'png"S"s(b(.meaé‘;)zm'3)
e mulate -O. las= .
Emulated 55P2-4.5 (blas=26.9) SSP2-4.5 from RCMs (mean=101.3)
5300 s Emulated SSP2-4.5 (bias=40.1)
© O 400
200
200
100
fsem—— e =
0 0
2020 2030 2040 2050 2060 2070 2080 2090 2100 2020 2030 2040 2050 2060 2070 2080 2090 2100
(e) Anom. excess liquid water over the grounded i. s. (f) Anom. excess liquid water over the ice shelves
300 600
SSP5-8.5 from RCMs (mean=72.)
250 Emulated SSP5-8.5 (bias=13.7) 500
SSP2-4.5 from RCMs (mean=32.5)
o SSP5-8.5 from RCMs (mean=117.9)
Emulated SSP2-4.5 (bias=4.9
200 ¢ ) 400 Emulated SSP5-8.5 (bias=46.7)
SSP2-4.5 from RCMs (mean=51.3)
5 s Emulated SSP2-4.5 (bias=11.1)
2 2
& 150 & 300
100 200
50 100
""" i e
0 o ===
2020 2030 2040 2050 2060 2070 2080 2090 2100 2020 2030 2040 2050 2060 2070 2080 2090 2100

Figure 5. Evaluation of the emulation from five other CMIP models (Fig. 1c) over the grounded ice sheet (left) and over the ice shelves
right), for SMB (upper), surface melting (middle) and the production of liquid water beyond firn saturation (lower). The black and gre
lines show the original MAR simulations for three SSP scenarios, while the colored lines correspond to the emulation of these simulations
from 5 independent models. Bvery line on this plot is the average of three simulations or emulations: MAR-CESM2, MAR-UKESM1-0-LL,
MAR-MPLESMI-2-HR. The anomalies are calculated with respect to the 1995-2014 mean. The time series are filtered through a 5-year
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3 Ensembleprejectionsfrom1850-te2200

2.1 AppreachMethod used to build the ensemble of projections

also-reconstruet Here we explain how we combine the three types of emulations summarized in Fig. 1 and how we weight the
the SSP2-4.5 and SSP1-2.6 scenarios from SSP5-8.5 (blue curve in Fig. 6a). If MAR has not been driven at all by a given CMIP
of a given model if several are available (see 1980-2100 in Fig. 6b). We then emulate the historical period from 1850 to 1979
for these-all models based on the +98+—2606-1980-1999 period which is the earliest period covered by the MAR simulations
(method-deseribed-in-seetion-2:3-3)—gray curves in Fig. 6). For this, we use the method for emulating from another period
Fig. la).

For the projections between 2101 and 2200, we have a single MAR simulation forced by IPSL-CM6A-LR under SSP5-8.5
due to the non availability of 6-hourly 3-dimensional atmospheric data beyond 2100 for most CMIP models. The CMIP surface
air temperatures are avaitable-unti-2360-nonetheless available until 2200 for seven other simulationsfer-, for both the SSP1-
2.6 and SSP-5.85 pathways (see stars in Tab. 1). For these seven simulations, we first-extend-the-simulations-of Tab—from

we-emulate the 227¢ century based

on the CMIP model temperatures and the MAR-IPSL-CM6A-LR simulation using-the-method-deseribed-in—seetion2-3-5;
and-(see 2121-2200 in Fig. 6b). To ensure some continuity around 2100 and to benefit from better emulations before 2100
e-20-year ramping transition (yellow area

in Fig. 6b), over which we use a linear combination of the emulation from the 2081-2100 period and the emulation from
MAR-IPSL-CM6A-LR. For the emulation of MAR-UKESM1-0-LL simutation-untit2200-isreconstruected-for-after 2100, we

use the ensemble member r4ilp1f2 ¢the-instead of r1ilp1f2 in the actual MAR simulations, because this is the only one available
beyond

2106, -with-a-20-year-transttion—2100.
The median ECS of this 16-model ensemble is 4:254.2°C, and the ECS of three models out of 16 exceeds 55.0°C, which is

high compared to the best estimate of 3.0°C and the 90% confidence interval of 2.0-5.0°C estimated in the IPCC 6" Assessment

we apply a ra

Report (Forster et al., 2021). To build a realistic ensemble mean, we therefore attribute weights to individual models, which
are the probability of a skew-normal distribution fitted to obtain the 5**, 50" and 95" percentiles at ECS of 2.0, 3.0 and 5.0°C
(Fig. 7). The corresponding weights are listed in Tab. 1. Despite the imperfect model sampling, the weighted 16-model mean
ECS falls from 4.0°C to 3.3°C thanks to weighting, which is closer to the best ECS estimates (Forster et al., 2021) and to the
CMIP5 multi-model mean (3.2°C in Meehl et al., 2020). To calculate the percentiles of the weighted distribution, we consider
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Flgure 6. MMMMM used to M&Mﬂﬁﬂaﬁmﬁlﬁﬁeﬂ%ﬂﬂﬁ}%@&meeﬁeﬂ%wm

a MAR simulation driven-by-this CMIP-moedel-butfor-a-warmerseenario-{“from 1980 to 2200 under SSP5-8.5 ~is used to obtain SSP1-2.6.
e-method-deseribed-inseetion2.3-4(b) -orreconstructed-from- six MAR simulations driven-forced by six different CMIP models “from 6

medels+1980 to 2100 under a given scenario are used to emulate the corresponding MAR simulation for a 7** CMIP model. e-method-The

methods are described in section

projection-was-avaitable;2 and i-wasreconstructed-from-6-modelsfor-the other- EMIP-modelscolors used to represent the emulation methods
are the same as in Fig. 1. Variable X represents either SMB minus runoff or the surface melt rate.
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a number of values equal to 100 times the weight for each model, which shifts the multi-model ECS distribution much closer

to the ECS very likely range (see small triangles in Fig. 7).

S5We keep the same weights for the

ensemble until 2200 even though the 8-model sampling is not as good as a 16-model sampling, eiving an ECS weighted mean
of 3.7°

versus 4.4°C for the unweighted mean).
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Figure 7. Skew-normal ECS probability (solid line) fitted to obtain its 50 50t and 95" percentiles at 2.0, 3.0 and 5.0°C (dashed lines).
The orange triangles indicate the 5*®, 50" and 95" percentiles of the ECS of the unweighted 16-CMIP model distribution, and the blue
triangles show the equivalent for the weighted distribution. The skew-normal distribution was generated using the skewnorm. pdf function
of the scipy.stats package (Virtanen et al., 2020), with a skewness parameter of 5.08, an offset parameter (1oc) of 2.02°C, and a scale

parameter of 1.52.

In the next section, we first use our methodology to estimate the SMB contribution to changes in sea level. As we will see
in_the next section, very warm conditions may lead to runoff production over the grounded ice sheet, as high as ~1000 m
high, and a large part of the melt water not retained in the firn is expected to drain into ice shelves located downstream
(Kingslake et al., 2017). We therefore assume that all liquid water in excess over the grounded ice sheet flows to the ice shelves
downstream or directly into the ocean. Therefore, as far as the grounded ice sheet is concerned, the production of liguid water
beyond firn saturation is considered as runoff, i.e., a negative term in our SMB calculations.

We then use our methodology to estimate when the surface conditions have the potential to trigger ice shelf hydrofracturing.
As discussed previously, melt rates can be too low to saturate the firn with liquid water, which is why we consider that a
necessary condition for hydrofracturing has to be based on the production of liquid water in excess and not on melt rates as
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done in previous studies (e.g., Trusel et al., 2015; Nowicki et al., 2020; Seroussi et al., 2020). The relatively flat ice shelves are

treated in a different way than the grounded ice. Indeed, in addition to the liquid water produced locally, the ice shelves receive
the liquid water that was produced beyond firn saturation over the upstream grounded ice sheet. To account for this, we assume
that an ice shelf receives a fraction of the liquid water produced over the grounded ice of its drainage basin, The fraction is
taken as the fraction of the basin coastline occupied by the ice shelf.

Another specificity of ice shelves is that they are relatively flat and can bend, so that it is impossible to estimate the
amount of liquid water forming ponds or flowing into the ocean without a dedicated hydrology—firn-ice-shelf model. This
is_why we introduce an empirical threshold on the production rate of liquid water in excess to assess the potential for
hydrofracturing., The idea is to have a rate that is sufficiently high to form ponds and fill crevasses even if a part flows
into the ocean. The average production of liquid water in excess over Larsen B prior to its collapse was estimated between
200 and 300 kgm™*yr~" (Holland et al., 2011; van Wessem et al., 2016; Costi et al., 2018), so our threshold has to be lower
than that. There is nonetheless a large uncertainty on the threshold and we sample it in a normal distribution of 150 and
61 kgm™?yr~" of mean and standard deviation, respectively. This is chosen to obtain 90% of the threshold values between
50 and 250 kgm™?yr~!, The lower end of this range is chosen empirically so that not too many ice shelves are above the
threshold in present-day conditions. The uncertainty on the threshold is hence included in the calculation of the probability of
a given ice shelf to be over the threshold.

In_the next section we present our results as confidence intervals, which we define as in the IPCC reports: 17—83th

ercentiles for the likely range (66% probability) and 5-—95th percentiles for the very-likely range (90% probability). These
percentiles account for the uncertainty on the CMIP models weighted to account for the likelihood of their ECS, and on the
uncertainty on the threshold on liquid water production in excess when we investigate the potential for ice shelf hydrofracturing.
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3 Ensemble of projections from 1850 to 2200

Here we use the emulated ensemble to estimate the SMB evolution over the grounded ice sheet from 1850 to 2200 and
the equivalent changes in sea level (section 3.1), and the production of liquid water in excess from 1850 to 2200 and the

implications for ice shelf hydrofracturing (section 3.2). In Appendix D, we also describe the SMB evolution over ice shelves.

3.1 Grounded ice sheet and sea level

First of all, our reeonstructed-emulated ensemble indicates that the grounded ice sheet SMB was 110 Gt yr—* lower in 1850~
1869 than in 1995-2014 and increased slowly through the 20*" century (Fig. 22a8). In comparison, a combination of ice cores
and simulations from another regional climate model gave ~200 Gt yr—! of difference between these two periods (Thomas
et al., 2017). This increasing SMB in our reconstraction-emulation is equivalent to a reduction of 1.3 cm of global mean sea
level from 1900 to 2010 (likely range: 0.4 to 2.2 cm) with respect to the 1891-1910 mean (i.e., assuming that the climatological
SMB over that-period-1891-1910 contributed to zero sea level rise).

Our projections over the grounded ice until 2100 agree quite well with previous estimates of sea level contribution reported
by the IPCC for the three scenarios, and are slightly wweakerlower than previous estimates for the unweighted CMIP6 ensemble
(Tab. 3). We estimate a median SMB mitigation of sea level rise between 2.0 and 5.0 cm depending on the scenario. As in Kittel
etal. (2021), the three SSP seenario-scenarios diverge after 2040: the SSP1-2.6 SMB remains ~100 Gt yr_1 above 1995-2014,
the SSP2-4.5 SMB keeps increasing until 2100 at a rate similar to 1970-2014, and the SSP5-8.5 SMB increases 1.7 times faster
than SSP2-4.5 until 2100 (Fig. 2?a8).

For seven out of eight models going beyond 2100, the maximum SMB over the grounded ice sheet is reached between 2090
and 2120 under SSP5-8.5 and a few decades earlier under SSP1-2.6 (Fig. 2?a9). Under SSP1-2.6, the SMB over the grounded
ice sheet goes back to present-day values during the 22°¢ century. Under SSP5-8.5, the three models with an ECS lower than

4°C predict a SMB that remains over the present-day value until 2200. In contrast, four models predict that increasing runoff
over the grounded ice sheet will overwhelm increasing accumulation, with a SMB decreasing below the present-day value
after 2035 to 2075 depending on the model. It cannot be ruled out that the grounded ice sheet reaches a net surface mass loss
near 2200, although this is extremely unlikely given that the two models crossing or approaching this limit are above the 950
percentile at the end of the 215¢ century.

In terms of sea level, the net contribution of the Antarctic SMB over 2000-2200 is between -10 and -1 cm for SSP1-2.6 and
between -33 and +6 cm for SSP5-8.5 (Tab. 4). Interestingly, the relative importance of sea level reduction between SSP1-2.6
and SSP5-8.5 is reversed for the two models producing the largest amount of runoff in the 22" century (MAR—CanESMS5
and MAR-CESM2-WACCM) compared to the other models. This is due to the massive runoff production over the grounded
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Figure 8. Reconstructed-Emulated ensemble of surface mass balance over the grounded Antarctic ice sheet ta)-and-tee-shetves{b)-for the
historical period and three SSP scenarios. The median and percentiles are calculated based on the 16-model ensemble weighted to match

with the very likely range of ECS (see section ??). A 21-year running average has been used for all the time series.

Table 3. Projected sea level contributions (in cm) from the Antarctic Ice Sheet SMB from 2000 to 2099 (relative to 1995-2014, i.e. assuming
that the mean SMB over that period yields no sea level rise), for the three selected SSP scenarios, shown as median (likely range, i.e., 17—
83th percentile) [very likely range, i.e., 5-95th percentile]. The IPCC-ARS5/6 estimates are those presented in Tab. 9.3 of IPCC-AR6 (Fox-
Kemper et al., 2021), i.e., recalculated for the SSP scenarios from IPCC-ARS, and originally derived from the CMIP5 global mean surface
air temperature using a linear accumulation-temperature relationship (Church et al., 2013). The data of Kittel et al. (2021) are statistical

reconstructions based on the air temperature averaged south of 60°S for 33 CMIP6 models, and the percentiles have been recalculated for

this table.
Study SSP1-2.6 SSP2-4.5 SSP5-8.5
IPCC -2 (3to-1) -3 (4to-2) =5 (-7to0-3)
ARS5/6 [-4 to-1] [-6 to -1] [-9 to -2]
CMIPG6 estimate by | -2.6 (-4.0to -1.6) | -3.9 (-5.2t0-2.5) | -5.7 (-8.1 to -3.8)
Kittel et al. (2021) [-4.8 to -1.1] [-5.9 to -1.8] [-8.7 to -3.2]
This -20(-341t0-0.1) | -3.2(-44t0-14) | -5.0(-7.8 t0 -4.0)
study [-4.1t00.1] [-6.1 to -0.5] [-8.8 to -2.6]
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ice sheet after 2150 under SSP5-8.5 in these two models, which counterbalances the excess of accumulation before 2150

415 (Fig. 2?2a9). MAR-CanESMS5 even has a net positive contribution to sea level rise over the two centuries under SSP5-8.5.

SMB anomaly over the grounded ice sheet
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Figure 9. Eight reconstructions-emulations of surface mass balance over the grounded Antarctic ice sheet ta)y-and-ice-shetves-tby-for the SSP-
1.26 and SSP5-8.5 scenarios. The very likely range from 16 reconstructions-emulations over 2000-2100 (same as Fig. 22-8) is also shown.
The hatched area indicates the anomaly interval at which SMB reaches zero, according to the MAR, RACMO and HIRHAM present-day

values reported in Mottram et al. (2021). A 21-year running average has been used for all the time series.

In terms of patterns, the projected increase in SMB over the grounded ice sheet until 2100 is largest along the coast of the
Bellingshausen and Amundsen seas, as well as in Droning Maud Land (Fig. 10). The models producing large amounts of runoff
by 2200 under SSP5-8.5 tend to have weaker-lower SMB than presently below 1000 m above sea level, i.e. along the coastline

and upstream of many ice shelves (Fig. 11).

420 3.2 Ice shelves and potential-for-hydrofracturing potential
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(a) 1851-1870 SMB anomaly w.r.t. 1995-2014 (b) SSP1-2.6 2081-2100 SMB anomaly w.r.t. 1995-2014
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-225 -150 -75 0 75 150 225
(c) SSP2-4.5 2081-2100 SMB anomaly w.r.t. 1995-2014 (d) SSP5-8.5 2081-2100 SMB anomaly w.r.t. 1995-2014

Figure 10. MMS%&W SMB anomaly under-SSPS-8-5-for four different periods or scenarios with respect to the average
SMB over 1995-2014

. This was calculated from the 8-16 models listed in Tab. 1with-equal-weight-for-at-models.

The grey contours indicate the topography (every 1000 m) and the black contours show the ice shelves.
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(a) SSP5-8.5 2181-2200 air temperature anomaly w.r.t. 1995-2014 (b) SSP5-8.5 2181-2200 SMB anomaly w.r.t. 1995-2014
[CanESM5, CESM2-WACCM, IPSL-CM6A-LR, UKESM1-0-LL] [CanESM5, CESM2-WACCM, IPSL-CM6A-LR, UKESM1-0-LL]

(c) SSP5-8.5 2181-2200 air temperature anomaly w.r.t. 1995-2014 (d) SSP5-8.5 2181-2200 SMB anomaly w.r.t. 1995-2014
[ACCESS-CM2, ACCESS-ESM1-5, GISS-E2-1-H, MRI-ESM2-0] [ACCESS-CM2, ACCESS-ESM1-5, GISS-E2-1-H, MRI-ESM2-0]

kg m=2yr7t

—3000 —2500 —2000 —1500 —1000 -500 0 500 1000 1500

Figure 11. Mean 21812200 surface air temperature (left panels) and SMB (right panels) anomaly under SSP3-8.5 with respect to the
1995-2014 mean, for the four models with the most negative SMB spatially integrated anomaly (upper panels) and the four models with the
least negative spatially integrated SMB anomaly (lower panels). This was calculated from the 8 models of Tab. 1 that are available until 2200,
with equal weight for all models. The grey contours indicate the topography (every 1000 m) and the black contours show the ice shelves.
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Table 4. Projected sea level contributions (in cm) from the Antarctic Ice Sheet SMB from 2000 to 2200 (relative to 1995-2014).

Model SSP1-2.6 | SSP5-8.5

MAR-ACCESS-CM2 -5.3 -22.7
MAR-ACCESS-ESM1-5 1.1 -17.5
MAR-CanESMS5 -1.3 6.0
MAR-CESM2-WACCM -10.3 -0.6
MAR-GISS-E2-1-H -4.8 -32.9
MAR-IPSL-CM6A-LR -4.0 -16.9
MAR-MRI-ESM2-0 -3.2 -22.2
MAR-UKESM1-0-LL -5.7 -15.8

430

We now investigate the years of emergence of surface conditions that woutd-be-necessary-to-permit-make ice shelves prone

435  to hydrofracturing, keeping in mind that mechanical conditions would also be necessary for the developments of fractures (see

Introduction). As €k

440
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According to our estimates, a few ice shelves were already likely (Fig. 12) or very likely (Fig. 13) in conditions favorable
to hydrofracturing before 2015, and sometimes since +850-the 19*" century. This is the case of Larsen A and B that collapsed
in 1995 and 2002 (Rott et al., 1996, 2002) after a progressive thinning that lead-led to favorable mechanical conditions for
fractures (Shepherd et al., 2003). Fhis+ i

Further south in the Antarctic Peninsula, Larsen C, Wordie and Wilkins have a likely range starting in the 1980s (Fig. 12) but
extending towards the end of the 215 century. This considerable spread indicates present-day rates of liquid water production

close to the threshold distribution. These three ice shelves are actually known for their recent evolution and wet surface
conditions: the Wilkins Ice Shelf ;—that-progressively thinned (Braun et al., 2009) before a partial disintegration in 2008

likely due to hydrofracturing (Scambos et al., 2009), eurtikelyrange-starts—in1906-and-has-a—considerablespread-beeau

found-for-the-nearby-the Wordie Ice Shelf -which-disintegrated-progressively broke up from 1991 to 2009 (Doake and Vaughan,
1991; Cook and Vaughan, 2010), and the Larsen C Ice Shelf ;-whieh-lost 25-30% of its area from the 1970s to 2021 (Cook and
Vaughan, 2010; Greene et al., 2022). Also in the Peninsula, the George V1 Ice Shelf has a likely range starting at the end of the

After the Peninsula, the region where ice shelves are most prone to hydrofracturing in terms of surface conditions is the Indian
Ocean sector of East Antarctica. The ice shelves in Vincennes Bay, East Antarctica, are estimated to be in similar surface
conditions as Larsen A and B (Fig. 12). This- N ‘ i i i
These ice shelves have been covered by supraglacial lakes (Arthur et al., 2020), and their extent has decreased by ~10% over
the two first decades of the 21°" century (Greene etal., 2022), but no widespread break-up has been observed so far. The

Publications, Shackleton and Moscow University ice shelves have a likely range starting before 2025, and widespread melt
ponds or aquifers are already-observed in present-day conditions (ki

YnaderSSP1-2-6-more-than-halfof (Kingslake et al., 2017; Bell et al., s
again with no significant break-up reported recently. The Amery ice shelf, as well as Roi Baudouin and Nivl, further west in

2018; Alley et al.

2018; Stokes et al., 2019; Arthur et al., 2020, 202
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Dronning Maud Land, currently often covered with ponds or aquifers (Alley et al., 2018; Spereel et al., 2021; Arthur et al., 2022; Priya et a

485, have their likely range starting in ~2030 for any scenario (Fig. 12).

The fate of the other ice shelves beyond 2050 is very much dependent on the emission scenario (Fig. 12). Under the SSP5-8.5.
scenario, the number of ice shelves likely prone to hydrofracturing increases from 13 £ 6 to all of the 56 monitored ice shelves
are-unlikely-to-experience-hydrofracturing-untib-2200-from 2050 to 2150. In contrast, mostice-shelves-eross-the-threshold-this
number only increases from 11 + 4 to 16 £ 9 under SSP1-2.6, meaning that a majority of ice shelves are unlikely to experience

490  hydrofracturing in this scenario. Under SSP2-4.5, we find that hydrofracturing conditions are likely not met before 2100 under
SSP5-8:5-for 21 of the 56 monitored ice shelves (Fig. 14).

The giant Ross and Ronne-Filchner ice shelves are unlikely to experience hydrofracturing before the early 22" century -
2024; Veldhuijsen et al., 2024), with the

in SSP5-8.5, as found in other studies (Kuipers Munneke et al., 2014; Dunmire et al.

3

exception of van Wessem et al. (2023) who found that Ross could become prone to hydrofracturing before 2100, In the Amund-
495 sen Sea, the ice shelves from Thwaites to Getz are also unlikely to experience hydrofracturlng before the VefyLeﬂdref—fhe%F

3

favorable-to-hydrofracturing-after-earl 22nd century, consistently with the projections of Donat-Magnin et al. 2021) and with
the little change in firn air content by 2100 un

500

+4-reported by Dunmire et al. (2024) and Veldhuijsen et al. (2024).
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Likely emergence of surface conditions necessary for hydrofracturing
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Figure 12. Time intervals at which the likely (17-83"" percentiles) surface-runeff-production of liquid water in excess likely exceeds the

threshold that makes hydrofracturing possible (see text), for 56 ice shelves or groups of ice shelves. The first time range, in italic, corresponds
to SSP1-2.6, while the second range corresponds to SSP5-8.5. The estimated years wnti-2+06-are based on the weighted 16-model ensemble -
TFhe-runofflikely-range-after-until 2100 was-defined-from-eightunweighted-moedels-from-halfway-between-the st and 224 medels-to-halfway
between-on the %%MWEQMm aceount-for-both-the-diversity2200. Indications of
meodet-behaviours—"always” and E€S never” have to be understood as between 1850 and 2200 (e.g., “never” means either after 2200 or
never). The background map shows the eight-model mean runeff-anomaly of liquid water production beyond firn saturation at the end of the
220 century>-with-, The topography contours are in grey (every 100@%) and the ice shelves are delineated in thin black. The contours of the

drainage basins of individual ice shelves is in thick black (from Mouginot et al., 2017 and Rignot et al., 2019).



Very likely emergence of surface conditions necessary for hydrofracturing
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Figure 13. Same as Fig. 12 but for the very likely range (5-95"" percentiles)of-the-weighted16-modelrunoff projections. Here-the-years-after
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Emergence of surface conditions necessary for hydrofracturing until 2100 in SSP2-4.5

LarsenA Ekstrom Fimbul Vigrid Nivl Lazarev Hannan, Telen, Skallen
always 2079-nev. nevel 2098-nev. 2052-nev. 2081-nev. 2066-nev.
always 2061-nev. 2082-nev. \ 2081-nev. 2041-nev. 2073-nev. 2058-nev.
Jelbart Borchgrevink
. 2082-nev.
R -L neve
LarsenB fser anl::veer; never 2072-nev.
alw.-1894 2095-nev. Prince Harald
alw.-1982 ‘5‘.“7- never
Brunt Stancomb Q) ‘ "N 2077-nev. Utsikkar, Mulebreen, Cirque Fjord,
LarsenC nevel 2 Hoseason, Rund Bay
1985-nev. never gl 1919-2036
alw.-nev. 2 alw.-2042
Dawson- \ Y
{ LarsenDp Lambton,
2079-nev. Hnae‘(/ees
\_. 2041-nev. 2096-nev\
"
Wordie C Ronne
1987-nev. \&, Filchner
alw.-nev. never 1
George VI_* never ]
1894-nev.
alw.-nev.
-/Sorsdal, Hovde, Flatnes, Dalk
Wilkins oy alw.-2021
1986-nev. = alw.-2026
alw.-nev.
never
Venable 2041-nev. West
never
never :. Helen 2052-nev.
alw.-2038 ~ 2025-nev.
Abbot alw.-2058
never 5 ¢
2093-nev. HRA 0
0y
=iggg Ross East v
3
Cosgnreo‘)leer Pine Island B\ =
2061-nev.  2069-nev. ’r‘-\
2037-nev. .
Vincennes Bay, Underwood
¥ always
always
S q ,
Thwaites \ ’ ﬁ 7
never Get & o Totten
never etz oW A never
never l never
¢ never Sulzberger '.
rosson never
never 2062-nev. = pad
never \ e
Drygalski \ 3
Dotson 208(;7—?27 & W Holmes
never ! ¢ % - never
never P A« SO never
Nansen Rennick P
never alw.-2048 May Glacier, Morse, Sandford
Color code : 2092-nev. alw.-2081 never
Full likely range before 2015 2065-nev.
Likel ing before 2015 Cook
ikely range starting before 2097-nev.
2054-nev. Dibble
Likely range starting before 2100 Mertz 1987-2073
Likely range starting after 2100 or never - never alw.-nev.
Ninnis 2092-nev.
, never Watt Bay, Zélée, Astrolabe, Liotard, Barré,
Number of ice shelves above threshold 2063-nev. Francais, Marret, Comdt Charcot, Pourquoi Pas
2067-nev.
401 2035-nev.
204 Anomaly of liquid water production in excess (kg m~=2 yr~1)
in 2081-2100 w.r.t. 1995-2014 (SSP2-4.5)
0 ‘ ‘ ‘ ‘ | | | |
1850 1900 1950 2000 2050 2100 O 75 150 225 300 375 450

Figure 14. Similar to Fig. 12 but for the SSP2-4.5 scenario. The dates in italic give the likely range (17-83'" percentiles) and the others give
The background map shows the 16-model mean anomaly of liquid water production beyond firn

the very likely range (5-95'" percentiles).
saturation at the end of the 21°" century under SSP2:4.5.
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4 Discussion

In this study, we have used a relatively simple model to emulate RCM simulations. It is based on exponential fits for snow melt

505 and accumulation rates. Although the method gives reasonably good results, the-quality-of meltrates-exponential-fits-declinesin

a-much-warmer-elimate;typieally-after 2150-under-SSP5-8-5-We-we suggest that more complex fitting methods, in particular
through deep learning algorithms fed by multiple CMIP model variables (e.g., Sellevold and Vizcaino, 2021; van der Meer

et al., 2023), may improve our approach. A complex algorithm trained on regional climate simulations with complex physical
parameterisations may be able to represent aspects that are not accounted for in our simple statistical-physical model, such
510 as the emergence of bare ice and its effect on albedo, the presence of ice slabs in the firn, the effects of rainfall, the elevation
melt-elevation feedback, or radiative feedbacks associated with the evolution of the cloud phase. Combining our methodology
with a downscaling approach (e.g. No€l et al.. 2023) may also improve the emulated data.
In this work, we have also assumed an instantaneous saturation of the firn beyond certain melt rates, while it can take mere
than-a-decade-an infinite amount of time to saturate it if melt rates are just above the threshold (e.g., Donat-Magnin et al.,
515 2021). This could be addressed by introducing the temporal evolution of the depleted firn air volume in our simple model or
in the deep learning approach, or in a simpler way, by introducing some time lag in the melt-runoffrelationship-relationship
between melt and firn saturation.
Our approach has consisted of emulating MAR simulations. Other RCMs, possibly combined to elaborated firn models,
have similar skills in representing typical Antarctic conditions (Mottram et al., 2021), but there is likely a considerable spread
520 in their response to surface warming. For example, the depth and vertical resolution of firn models probably make important
differences in the timing of runoff production. The 20-m firn layer simulated in MAR thus likely reaches liquid water saturation
earlier than models with a thicker firn layer. One of the next priorities will therefore be to emulate the diversity of RCM or firn
models sensitivities, which would make the uncertainty ranges much more comprehensive.
Here we have weighted the CMIP models to represent the very likely ECS distribution. We consider this as an improvement
525 compared to unweighted multi-model means, but alternative-more comprehensive weighting approaches should be explored;

sueh-as-, For example, weights based on misfits with observational trendsdata can reduce the uncertainty (Gorte et al., 2020; Coulon et al., 2
. Given the importance of internal variability for conditions at the surface of ice shelves (Tsai et al., 2020), it would-nonetheless

be-is nonetheless important to use multiple members of a given CMIP model —We-therefore-suggest-that-our-method-should
in the weighting process, and our method can be used to emulate all the ensemble members of individual CMIP experiments 5
530 whichhasnetbeen-exploredin-this-study(Caillet et al., 2024).

535
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5 Conclusions

We have presented a novel mixed statistical-physical approach to emulate the spatio-temporal variability of the Antaretie
Iee-Sheet-MAR regional climate model. We have focused on surface mass balance and runoff-of-the- MAR-regional-climate
modeton the production of liquid water beyond firn saturation. We have presented evidence that this method can be used to
extend existing MAR simulations to other periods and scenarios that were not originally processed through MAR. Our method
is also able to eonstruct-pseudo-MAR-emulate MAR simulations driven by CMIP models that have never been used to actually
drive MAR simulations.

Our method is useful to populate ensembles of surface mass balance and runeff-production rates of liquid water which

are needed to constrain ice sheet model ensembles and to estimate the likely range of future sea level rise. We-recommend

sThis approach
has been applied to complete the set of RCM simulations used to drive ice sheet simulations until 2150 in the PROTECT

European project (Durand et al., 2022; Mosbeux et al., 2024) This could also be useful for the eaﬁysf&g&ef—fh&upcommg
ISMIP exercise

drivenby seenarios going beyond 2100-as it is relatively simple to use, can be applied before obtaining all the CMIP 6-hourly
data, and can provide the information needed to trigger the hydrofracturing mechanism in ice sheet models.

to 2200 under several scenarios, in combination with a weighting method to correct the likely ECS distribution which was-is
poorly represented by the CMIP6 ensemble. We believe that most original aspects of our projections compared to recent studies
(van Wessem et al., 2023; Dunmire et al., 2024; Veldhuijsen et al., 2024) are (7) the time coverage back to 1850 and until 2200
while other studies cover ~~1980-2100, (i7) the use of a large weighted ensemble of CMIP models to account for the models

uncertainty while keeping a plausible equilibrium climate sensitivity, (#:¢) the relatively large number of MAR simulations

used to assess and calibrate our simple emulator.

We find a likely SMB contribution to sea level rise of 0.4 to 2.2 cm from 1900 to 2010, and -3.4 to -0.1 cm from 2100 to
2099 in SSP1-2.6, versus -4.4 to -1.4 cm in SSP2-4.5 and -7.8 to -4.0 cm in SSP5-8.5. Based on a mere-limited-and-unweighted
smaller ensemble, we find a considerable uncertainty in the SMB contribution to sea level from 2000 to 2200: between -10 and

-1 cm for SSP1-2.6 and between -33 and +6 cm for SSP5-8.5.

e-We have then defined a eriteria
criterion to identify the emergenee-timing of surface conditions that make ice shelves prone to hydrofracturing. The emer-
gence of such conditions over the historical period and in the near future qualitatively matches with observations of melt

ponds and aquifers on a number of ice shelves. While a-the majority of ice shelves could remain safe from hydrofracturing

33



in the SSP1-2.6 scenario, we estimate that all the Antarctic ice shelves will very likely be prone to hydrofracturing before

570 2136-2150 in the SSP5-8.5 scenario. In combination te-with the ice shelf mechanical weakening induced by ocean warm-

ing (e.g., Naughten et al., 2023; Mathiot and Jourdain, 2023), increased surface runoff is a major threat for the Antarctic ice

shelves and for the grounding ice sheet outflows that they currently restrain.

Code and data availability. The tools used to emulate the RCM data are available on https://github.com/nicojourdain/extend_SMB_melt_

runoff.

575
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Appendix A: Evaluation of present day MAR simulations

The surface mass balance and melting conditions produced by MAR have been evaluated in comparison to observational
products in several studies. Agosta et al. (2019) used fimn-core SMB estimates to evaluate a MAR configuration covering the
entire ice sheet: their SMB spatial pattern was well captured and the mean bias was 4%. Donat-Magnin et al. (2020) compared
580 their MAR configuration of the Amundsen Sea sector to automatic weather stations, airborne-radar and firn-core SMB,
melt days from satellite microwave, and melt rates from satellite scatterometer. They obtained good results for near-surface
temperatures (mean overestimation of 0.1°C), near-surface wind speeds (mean underestimation of 0.42 ms™" and SMB (local
biases lower than 20%). The mean surface melt rate over the Amundsen Sea region was underestimated by 18% but the
interannual variability was well captured for both melt rate and the annual number of melting days. The aforementioned MAR
585  simulations were forced by atmospheric reanalyses and Kittel et al. (2021) showed that as far as SMB was concerned, MAR
forced by climate models was close to MAR forced by the ERAS reanalysis over the recent decades.
Here we assess the present-day production of liquid water beyond firn saturation in a similar way as van Wessem et al. (2023)
did with the RACMO model, i.e., in comparison to an observational estimate of melt pond volume derived from Sentinel 2 data.
This is a qualitative assessment as neither MAR nor RACMO simulate ponding (they remove the excess of liquid water and
590  do not simulate horizontal transport of liquid water). We find that the areas of high liquid water production in MAR generally
correspond to the areas where high melt pond volumes are estimated from Sentinel 2 data (van Wessem et al., 2023, Their Extended Data Fi

even if the area of high runoff over Larsen C is larger than the area of large melt pond volume in the satellite product (Fig. A1).

Appendix B: Exponential fits in the parameter calibration

505 The g and b parameters of Eg. 4 are obtained through a least-mean-square fitting of an exponential curve for SMB minus runoff
on the one hand and the surface melt rate on the other hand (Fig, B1). The fitted dataset includes the 1980-2100 period, and the
20-year reference period is 2041-2060. To remove outliers, we only consider points between the 5'" and the 95'" percentiles
of the SMB minus runoff distribution, and the points where melt rate is greater than its 75'" percentile. The calibrated @ and b
parameters are listed in Tab. B1 for individual models.

600 Appendix C: Evaluation of the emulated SMB spatial patterns

Here we provide evidence that the three applications of our emulation method (Fig. 1) are able to represent the spatial SMB
atterns (Fig. C1,C2,C3).

Appendix D: Ice shelf surface mass balance
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Figure Al. Average production of liquid water beyond firn saturation (kgm~2yr~!) in MAR driven by the ERAS reanalysis, over
2015-2022.
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Figure B1. Factor by which the SMB minus runoff (a) and the surface melt rate (b) are multiplied versus the associated AT with
respect to 2041-2060. This plot corresponds to MAR-IPSL-CM6A-LR. The Probability Density Function (PDF) is calculated through a
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Table B1. Fit parameters for accumulation and melt rate (see Eq. 4).

Model @ b
MARCIPSL-CMOALR | 0.069 | 0.330
MAR-UKESMI-O-LL | 0.065 | 0313
MAR-CNRM-CM6-1_ | 0.067 | 0284
MAR-MPLESMI-2-HR | 0.071 | 0335

MAR-CESM2 0065 | 0.303_

MAR-ACCESS1-3 0058 | 0.320_
MAR-NorESMI-M 0080 | 0.358

Mean 0.068 | 0.320

(a) SMB anomaly in the original MAR simulation (b) emulated SMB anomaly

kg m=2yr7t

300 450

—450 -300 -150 0 150

Figure C1. Evaluation of the emulation from another period (Fig. 1a). Mean SMB anomaly over 2101-2120 under the SSP5-8.5 scenario,
a) simulated by MAR-IPSL-CM6A-LR, and (b) emulated from the 2081-2100 period. The anomalies are calculated with respect to the
1995-2014 mean.
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Figure C2. Evaluation of the emulation from another scenario (Fig. 1b). Mean SMB anomaly over 2081-2100 under the SSP2-4.5 scenario

a) simulated by three MAR simulations (MAR-CESM2, MAR-UKESM1-0-LL, MAR-MPI-ESM1-2-HR

and (b) emulated from the

corresponding MAR simulations under the SSP5-8.5 scenario. The anomalies are calculated with respect to the 1995-2014 mean.

Here we describe the surface mass balance of ice shelves, which is relevant for the estimation of ice shelf thinning rate, which
can mechanically precondition hydrofracturing. In this appendix, and only here, we assume that the liquid water in excess over
the ice shelves is entirely removed as runoff, i.e., that there is no ponding. This is somewhat inconsistent with our assumptions
in section 3.2 and gives SMB estimates that are slightly underestimated in warm conditions.

Our projections indicate that the SMB over ice shelves has slightly increased over the 19" and 20" centuries, and it is not
expected to significantly evolve throughout the 21° century under SSP1-2.6 and SSP2-4.5 (Fig. D1). The SMB even increases
by a few tens of Gt yr~! along the 22"¢ century under SSP1-2.6 (Fig. D2).

The SSP5-8.5 SMB projections over ice shelves have a considerable spread, with a median close to present-day values and
most of the weighted distribution within the historical range until 2100, but the 5" percentiles approaches -400 Gt yr~" of
anomaly by 2100 (Fig. D1). This is due to the emerging importance of ice shelf runoff at the end of the 21° century in the

The ice shelves under SSP3-8.5 experience a net surface mass loss after 2090 to 2125 (depending on the model), with
the exception of MAR-GISS-E2-1-H that stabilizes slightly above the zero SMB limit. The most extreme surface mass loss
at 2200 is reached by MAR-CanESM5, which has the highest ECS of our ensemble, and is equivalent to an average ice
shelf thinning rate of 2 myr™" (assuming an ice density of 920 kg m™~?), Spatially, runoff anomalies overwhelm accumulation
anomalies for several ice shelves of the Antarctic Peninsula before 2100 in the three scenarios (Fig. ??), and this becomes more
widespread around Antarctica after 2100 under SSP5-8.5 (Fig. 2?). In East Antarctica, runoff anomaly first prevail near the ice
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Figure C3. Evaluation of the emulation from MAR simulations driven by five other CMIP models (Fig. 1¢). Mean SMB anomal
over 2081-2100 under the SSP2-4.5 scenario, (a) simulated b MAR-CESM2, MAR-UKESM1-0-LL
MAR-MPI-ESM1-2-HR), and (b) emulated for these three models, from MAR simulations driven by five other CMIP models (as in Fig. 5).

The anomalies are calculated with respect to the 1995-2014 mean.

three MAR simulations

shelf grounding lines (Fig. ??), likely due to the diabatic heating of downsloping katabatic winds and enhanced melt-albedo

feedback, as previously observed by Lenaerts et al. (2017).
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Figure D1. Emulated ensemble of surface mass balance over the Antarctic ice shelves for the historical period and three SSP scenarios. The
median and percentiles are calculated based on the 16-model ensemble weighted to match with the very likely range of ECS (see section ??).
A 21-year running average has been used for all the time series.
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