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Abstract

The future surface mass balance (SMB) of Antaicgcshelves has not been constrained with
models of sufficient resolution and complexity. Blewe force the high-resolution Modéle
Atmosphérique Régional (MAR) with future simulatsofilom four CMIP models to evaluate the
likely effects on the SMB of warming of 1.5°C, 2&@d 4°C above pre-industrial temperatures.
We find non-linear growth in melt and runoff whichuses SMB to become less positive with
more pronounced warming. Consequently, AntarcBcsitelves may be more likely to contribute
indirectly to sea level rise via hydrofracturingtuced collapse, which facilitates accelerated
glacial discharge. Using runoff and melt as indicaibf ice shelf stability, we find that several
Antarctic ice shelves (Larsen C, Wilkins, Pine iglaand Shackleton) are vulnerable to
disintegration at 4°C. Limiting 21st century warmito 2°C will halve the ice shelf area

susceptible to hydrofracturing-induced collapse parad to 4°C.

Plain Language Summary

Whether Antarctic ice shelves are gaining or losoagat the surface — their surface mass
balance (SMB) — depends on many factors. To uratetduture Antarctic ice shelf SMB
requires complex computer models, and until now, $eudies using these models have been
done. Here, we use the high-resolution MAR modeiplore how ice shelf SMB changes under
warming scenarios of 1.5°C, 2°C and 4°C above pdestrial temperatures. Our results show
that warming causes SMB to decrease because mgietatures produce meltwater, which then
runs off the ice shelves, and that this effecargér for greater levels of warming. Antarctic ice
shelves may contribute to rising sea levels inrfutbecause larger amounts of melt and runoff
increase their vulnerability to ‘hydrofracturing,process whereby ice shelves crack and
disintegrate. Limiting future warming will redudest number of ice shelves that will be

susceptible to collapse via this mechanism.
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1 Introduction

The collapse, thinning, or recession of Antaratie shelves influences sea level rise by reducing
shelf buttressing and allowing tributary glaciersatcelerate, increasing ice discharge into the
ocean (Rignot et al., 2004, Borstad, 2013; Trusal.e2015, Furst et al., 2016; Lai et al., 2020).
Atmospheric and oceanic processes have driventréuaning of Antarctic ice shelves, causing
mass loss from the Antarctic ice sheet (Pritchaal.e2012; Paolo et al., 2015; Gudmundsson et
al., 2019). Although present mass loss from Aniaice shelves is primarily related to ice and
ocean dynamical changes caused by iceberg calmthgpasal melting, respectively (Shepherd et
al., 2018), surface processes such as melt arel uséicators of ice shelf stability and hence
their likely contribution to sea level rise becao$¢he importance of surface processes in
driving ice shelf fracture and collapse (Kingslahel., 2017; Bell et al., 2018). The role of
surface processes can be summarised in the suniagebalance (SMB), the difference between

accumulation and ablation processes.

Hydrofracturing-induced ice shelf collapse is teged by prolonged surface melt and
densification of the buffering firn layer. Repeatshsons where meltwater production exceeds
new firn formation drives saturation of the firrydas, meaning new meltwater collects on the
surface and fills existing rifts and crevassesv@sses widen at the tip through the hydrostatic
pressure of water (Kuipers Munneke et al., 2018 shelves saturated with refrozen meltwater
are susceptible to collapse, such as occurredeoAnkarctic Peninsula (Scambos et al., 2000;
2003; van den Broeke, 2005; Kuipers Munneke eR8ll8). This means runoff can be used as
an indicator of shelf stability because runoff asconly when meltwater cannot refreeze in the
snowpack, implying that hydrofracturing is possilflaecent study (Lai et al., 2020) evaluates
the dynamical stress regimes of Antarctic ice st®bo identify those that are vulnerable to

collapse via this mechanism, motivating the focaswrface processes.

As atmospheric warming continues, changes in pitatipn, melt and runoff will cause ice shelf

SMB to evolve and may increase their indirect dbntron to sea level (Lhermitte et al., 2020).
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However, future ice shelf melt, runoff and SMB associated with large uncertainties
(Ligtenberg et al., 2013; Trusel et al., 2015; lateet al., 2019).

The use of high-resolution regional models (RCM#l gpacing of ~10s of km) is necessary to
resolve the boundary layer processes and interecti@at drive SMB, such as topography,
precipitation and sublimation (Favier et al., 20l@naerts et al., 2019). While several studies
have used the latest RCMs to evaluate present-dli#/(8.9. van Wessem et al., 2018; Agosta et
al., 2019; Souverijns et al., 2019; Mottram et2021), most analyses of future SMB have been
conducted using coarse-resolution global climatdete(GCMs, grid-spacing of ~100s km) or
older generation RCMs which perform more poorlyhwitspect to SMB and melt (e.g.
Ligtenberg et al., 2013; Lenaerts et al., 2016)s Btudy improves upon these by using the latest
generation of the Modele Atmosphérique Régional BYAvhich includes more sophisticated
parameterisations of processes like sublimationchmat microphysics, to downscale GCM

projections to higher resolution.

Ice shelf surface melting and runoff is projectedncrease with warming (Trusel et al., 2015;
Kittel et al., 2021). However, the relationshipveetn temperature and melting is highly non-
linear, and melt rates associated with differetureliscenarios diverge considerably around mid-
century, resulting in a wide range of values fod@{Trusel et al., 2015). It is therefore
justifiable to examine SMB under various incremeaftglobal mean warming, rather than
comparing models that simulate a wide range of tgatpre anomalies in 2100. Kittel et al.
(2021) use this approach in their analysis of there Antarctic ice sheet SMB using MAR.
They show that the threshold above which runofinaaiges exceed precipitation anomalies over
ice shelves (causing SMB to become negative) igrat@°C, after which point melt and runoff
totals of this magnitude could trigger ice shekesgup, shearing and further damage that could
weaken shelves in a positive feedback (Lhermitad.eP020). Constraining the response of
Antarctic ice shelves under warming scenarios 5f@, 2°C and 4°C will therefore improve

understanding of the likely impact of future wargnion Antarctic mass loss and sea level rise.
2 Materials and Methods

MAR is a hydrostatic RCM adapted to study the potgions (Gallée and Schayes, 1994), with
sophisticated cloud microphysics (Gallée, 1995jéeahnd Gorodostkaya, 2010). The snow
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surface scheme (Gallée & Duynkerke, 1997; Galle#, &001) includes prognostic equations
for water content, temperature, mass and snow prepelt also simulates the evolution of snow
albedo (see Tedesco et al., 2016), meltwater pronland retention in the snowpack. When
snowpack water content exceeds 5%, the remairgnglli which may originate from rainfall or
meltwater, is converted to runoff. Without a liqwiditer routing scheme to simulate melt
ponding, runoff is removed from the snowpack arsliased to flow directly into the ocean.
Runoff therefore indicates the presence of liquaderat the surface. For further details of the
model setup see Kittel et al. (2021). MAR is rumatintermediate grid spacing of 35 km: a
compromise between computational efficiency andlug®n. Although at 35 km MAR
smoothes complex topography, for example on thawktit Peninsula, it adequately resolves
near-surface climate and melt over the historiesiqa (Mottram et al., 2021). Validation of
MAR'’s performance relative to observed SMB and reaface climate is presented in Mottram
et al. (2021) and the four MAR simulations are aagtd in Kittel et al. (2021). For this reason,

the historical period is not considered further.

GCM simulations of the period 1980-2100 using ACSES and NorESM1-M (CMIP5
models), and CESM2 and CNRM-CM6-1 (CMIP6) under REBRACCESS1.3 and NorESM1-
M) and ssp585 (CESM2 and CNRM-CM6-1) are dynamyaddiwnscaled using MAR. GCMs
are selected based on the availability of six-hoadtputs, the diversity of warming scenarios
they provide, and their ability to represent cutrréntarctic climate as determined by Agosta et

al. (2015). For further detail of the model selewctcriteria, see section S1.1 of the supplement.

Because the forcing GCMs simulate different praistdal temperatures (defined as the mean of
global mean modelled near-surface air temperatet@den 1850-1879) and some exhibit much
larger warming by 2100 than others (cf. Agosta.e2@l5; Kittel et al., 2021), scenarios are
considered in which global mean temperature inereasqual to 1%, 22C, and 4C above
pre-industrial. This method allows us to focus loa ¢ffect of warming on the SMB and prevents
GCMs with greater end-of-century warming havingu@eér influence on the MAR projections,
thereby reducing model uncertainty, a first-ordmirse of uncertainty in temperature and
precipitation projections, and hence the proje&btB (Hawkins & Sutton, 2011). For each

GCM and the multi-model mean (MMM), the 30-yearipgs where warming reaches these

intervals are identified by subtracting the 30-yeaming mean near-surface temperature from
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the pre-industrial temperature. Consequently, #reods in which warming is equal to 1&
2°C, and 4C are different in each model.

Table 1. Mean modelled values of melt (ME), runoff (RU) asdface mass balance (SMB), in
Gt yr?, over Antarctic ice shelves simulated by MAR fategith each GCM under the historical
(1980-2009), 1.5°C, 2°C and 4°C global mean surfgamening scenarios. The multi-model
mean (MMM) for each variable under each scenariogklighted in bold.
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Historical

ariable Forcing model mean 1.5°C 2°C 4°C

ME ACCESS1.3 122.8 161.6 210.0 362.6
CESM2 79.8 115.7 138.0 394.2
NorESM1-M 73.0 96.4 118.4 254.9
CNRM-CM6-1 92.2 166.7 232.9 494.3
MMM 91.9 135.1 174.8 376.5

RU ACCESS1.3 41.5 58.1 78.3 166.9
CESM2 16.5 29.2 41.7 176.8
NorESM1-M 15.7 22.9 32.8 89.1
CNRM-CM6-1 17.5 53.0 81.1 253.0
MMM 22.8 40.8 58.5 171.5

SMB ACCESSL1.3 440.7 447.2 445.3 384.3
CESM2 473.4 485.4 488.2 432.1
NorESM1-M 525.9 537.6 531.9 543.6
CNRM-CM6-1 488.0 490.7 475.3 371.0
MMM 482.0 490.2 485.2 432.7
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Figure 1. Multi-model mean melt (ME), runoff (RU), and surface mass balance (SMB) under the
1.5°C, 2°C and 4°C warming scenarios, expressed #ee difference relative to the historical
period, 1980-2009. Warm and cool colours indicateraincrease and decrease relative to the

historical period, respectively, for melt and runof, while the colour scale is reversed for SMB.

This article is protected by copyright. All rights reserved.



3.1 The effect of future warming on surface mass tence components

Figure 1 shows changes in MMM melt, runoff and S&MB..5°C, 2°C and 4°C above pre-
industrial temperatures relative to the histormadiod 1980-2009. Increases in melt and runoff
are concentrated over ice shelves while positivereagative SMB changes are simulated over
grounded ice and ice shelves, respectively. Talleolvs annual mean values of melt, runoff
and SMB on ice shelves during the historical peand under each future warming scenario for
all models. At greater levels of warming, espegiali4°C, melt and runoff increase
considerably, causing ice shelf SMB to become megative (Table 1, Figure 1). Elevated
runoff totals indicate that ice shelves becomedasingly saturated with refrozen meltwater and
rainfall and suggest conditions conducive to hydrturing. This picture differs from that over
grounded ice, where SMB tends to increase dueltarered precipitation, especially over the
steep terrain of the Antarctic periphery and trAngarctic mountains (Figure 1). Further detail

of precipitation changes is given in the suppleni&at1).

The four models simulate comparable ice shelf mettoff and SMB values for the historical
period: ACCESS1.3 simulates the highest melt andffiand the lowest SMB (129 Gt‘&r42

Gt yr'land 441 Gt y'il, respectively), while the lowest melt and runaftianighest SMB are
simulated by NorESM1-M (73 Gt‘ylf 16 Gt yrland 526 Gt y'|1, respectively; Table 1). As
shown in Table 1 and Figure 2, the inter-model apia these variables increases with warming,
for example SMB rises from + 43 Gt‘%/(i 9%) of the MMM in the historical period to + &&
yr'l(i 20%) at 4°C, reflecting greater model uncetiaat longer lead times. NorESM1-M
consistently simulates the highest SMB and lowesdt and runoff values at all warming
intervals. However, the models broadly agree, shgwicreased ice shelf melt and runoff with
greater warming and a consequent decline in SMBhEy the sensitivity of melt to warming
compares well with the sensitivity found by Trueehl. (2015) (see section S2.2, Figure S6),

suggesting that these findings are robust.
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Figure 2. Plot showing mean total melt (ME), runoff (RU) andsurface mass balance (SMB), in
Gt yr'l, for Antarctic ice shelves during the historical griod (1980-2009) and for global mean
warming scenarios of 1.5°C, 2°C and 4°C above prerdustrial levels in all GCM-forced MAR
simulations. Colours indicate the scenario, and ed&cmodel is plotted with a unique marker. The

MMM is indicated with outlined circle and dashed vatical lines indicate the inter-model spread

Table 1 and Figure 2 show limited differences in ma&n melt, runoff and SMB between the 1.5°C
and 2°C scenarios, but that considerable changeseasimulated at 4°C relative to the historical
period. This may indicate a non-linear response othe SMB to warming, also shown by Kittel et
al. (2021), whereby modest warming of 1.5°C or 2°Causes ice shelves to gain mass as
precipitation inputs increase more rapidly than met or runoff, but that more sustained warming
of 4°C ormore is associated with a declining SMBsathe magnitude of increases in melt and
runoff begins to exceed the growth in precipitatiorrates. Table 1 shows that warming of 4°C
leads to considerable increases in MMM melt (+241 Gyr'l) and runoff (+131 Gt yr'l) compared
to the 1.5°C scenario. In three out of four modelshis causes SMB to decline, but NorESM1-M
simulates a +6 Gt yFlincrease in SMB in the 4°C scenario compared to $6h1.5°C scenario due

to increased precipitation (Table 1, Figures S1, §2
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Figure 3. Mean simulated ice shelf extent, expresdas a percentage of total area, where runoff
is simulated in various sectors of the Antarctic (Atarctic Peninsula, East Antarctica and West
Antarctica) and the entire continent (Antarctica) throughout the letcentury. Individual model
simulations are indicated with coloured lines, whié the multi-model mean (MMM) is shown
with the solid black line and the shaded region shes the inter-model spread. The time periods
during which MMM warming of 1.5°C, 2°C and 4°C abowe pre-industrial temperatures is

simulated are indicated in the upper left panel.

3.2 Ice shelf runoff extent and duration

Annual runoff totals can indicate ice shelf stabiliy because the presence of liquid water on the
surface implies a snowpack saturated with refrozemeltwater and rainfall and suggests that

hydrofracturing-induced shelf disintegrations couldbe possible. Figure 3 shows time series of
the percentage of ice shelf area where runoff occsifin each sector of Antarctica. A comparable

figure showing melt extent above the snowfall-adjusd threshold of Pfeffer et al. (1991)

This article is protected by copyright. All rights reserved.



indicative of destabilisation is given in the sugpkent (Figure S7, section S2.3). Figure 4 shows
the mean number of days per year under each soemiaeire daily mean ice shelf runoff of at
least 1 kg n? dlis projected in each simulation, plus the MMM rurdiiration at 4°C.

In all sectors, the portion of total ice shelf avdzere runoff is simulated increases with warming
— from 14% (8.5-19.9%) at 1.5°C to 34% (22.6-42.960)°C - however, this varies spatially.
Simulated runoff extent and duration is largesti@nAntarctic Peninsula during all time
intervals — at 1.5°C, liquid water is present &t slarface on 46% (37.5-59.1%, Figure 3) of the
peninsula’s ice shelves and occurs on average3farytr?® (8-19 d yrt), with runoff concentrated
in the northwestern extremities of the Larsen Cstoelf (Figures 4, S8). However, at 4°C, the
region expands to cover a greater extent of La@gulus the Wilkins and George VI ice shelves
(ACCESSL1.3 and CNRM-CM6-1, Figures 4, S8), a tatah of 66.8% (60.8-71.4%, Figure 3),
and runoff duration increases on average to 36'¢23-39d yr?!, Figure 4). At 4°C the MMM
runoff duration is highest on the northwesterrndfiphe peninsula, where liquid water is present
at the surface during 143 d*ymwith surface water present for up to 93, 81 ahid yr!on the
Larsen C, Wilkins and George VI ice shelves, respely (Figure 4).

Meanwhile, surface liquid water is present ovamatéd part of West Antarctica, even at 4°C
(17.5%, 6.6-29.6%, Figure 3), with the highest ealgimulated near the inner peripheries of the
Abbot, Cosgrove and Pine Island ice shelves, dtralso found by Donat-Magnin et al. (2021).
This may be because snowfall increases offsetasedmelt rates (Figure S1). Only the
CNRM-CM6-1 simulation produces runoff over other ghelves in the Amundsen Sea
embayment (Figures 4, S8). Across all West Antaiice shelves, runoff is simulated
infrequently in all scenarios, rising from on avged d yr* (0-1 d yr!) at 1.5°C to 4 d y¥ (1-8 d
yr1) at 4°C (Figure 4). At 4°C, the maximum MMM numlaérdays where liquid is simulated at
the surface is 34 on the Pine Island ice shelipalgh this rises to 69 d'yon the Abbot ice shelf
in CNRM-CM6-1.

In East Antarctica, surface liquid water is confirie specific locations near the grounding lines

of ice shelves representing 14.1% (10.0-32.7%ptall area at 1.5°C and 58.2% (33.9-69.7%) at
4°C (Figure 3). Specifically, at 4°C surface liquwdter is present on parts of the Shackleton,
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Amery, West and King Baudoin ice shelves, withldrgest and smallest spatial extent in
CNRM-CM6-1 and NorESM1-M, respectively. Averagedass all East Antarctic ice shelves,
runoff is simulated during 2 d yr(1-3 d yr') at 1.5°C and 10 (4-12 d¥rat 4°C. In all
simulations, runoff extent and duration are higlmesthe Amery, King Baudoin and Shackleton

ice shelves, where MMM runoff occurs up to 83, &dl @1 d yr, respectively 4°C (Figure 4,
Figure S8).

This article is protected by copyright. All rights reserved.



Figure 4. Mean number of days per year when runofexceeding 1 kg i dLlis simulated by
MAR forced with each GCM in the 1.5°C, 2°C and 4°Cscenarios, and the multi-model mean

runoff duration simulated under the 4°C scenario.

3.3 Consequences for sea level rise

Figures 3 and 4 show that warmer futures are assoated with more intense and extensive runoff
that increases the risk of hydrofracture-induced dstabilisation, especially if concentrated in areas

that also provide buttressing. However, because thistudy does not considerice and ocean
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dynamical drivers of ice shelf destabilisationstprecludes a definitive prediction of which ice
shelves are most likely to collapse. Of those feshses where considerable runoff is simulated
(Figure 4), the dynamical stress regime on the Ami€ing Baudoin and George VI shelves
suggest they are resilient to hydrofracture (Lailgt2020). However, the Larsen C, Wilkins,
Pine Island and Shackleton ice shelves are idedtds vulnerable by both Lai et al. (2020) and

this study and so are considered most at-risk.

The use of an RCM adds greater detail to previtudiess that used coarser resolutions and adds
understanding of the processes that influence és&adilisation of Antarctic ice shelves. Those
we identify as vulnerable may be targeted for ferrtivork to understand their likely future and
consequences for global sea level rise. Howevenmesults are limited by using a single RCM,
and future work should address this by using aembte of RCMs to downscale GCM
projections. Although MAR is shown to under-estienhistorical surface melt (Donat-Magnin et
al., 2020; Kittel et al., 2021), its lack of a wateuting scheme means that runoff is likely over-
estimated. In reality, meltwater can fill lakes @b@r below the surface or be transported
laterally and exported to the ocean (Bell et @18, reducing the likelihood of meltwater
contributing to hydrofracturing. Therefore, our j@aiions probably over-estimate the risk of

melt- and runoff-induced destabilisation.

Overall, the results suggest that elevated meltrandff could contribute to the declining
stability of a larger proportion of ice shelvedurure, with consequent ramifications for sea
level rise. In agreement with previous studies |itedihood of hydrofracturing-induced collapse
or mass loss is greatest on the Antarctic Peninanthto some extent the Pine Island and

Shackleton ice shelves.

4 Conclusions

The warming scenarios examined represent plaulgibéds of warming for the ﬂcentury.
More warming results in increased melt, drivingusation of the snowpack and increasing
runoff amount, duration and extent over ice shelVégse changes cause area-averaged SMB to

decrease, although it remains positive, meanin@uktit ice shelves will not directly contribute
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to sea level rise under the scenarios examinedi&@igphowever, the melt and runoff amounts
simulated by MAR in all experiments indicate thag shelves could be destabilised via
hydrofracturing and thus contribute to sea le\a# rndirectly, especially if melt is concentrated
in already-weak areas that buttress significanhtjties of upstream ice. The extent of ice shelf
mass loss and the precise fate of individual iedv&s depends primarily on the amount of
warming that occurs. At 4°C above pre-industriahperatures, 34% of all ice shelves (18, 61
and 67% for West Antarctica, East Antarctica arelAhtarctic Peninsula, respectively) will
experience annual mean runoff that suggests aedsed risk of destabilisation, including the
Larsen C, Wilkins, Pine Island and Shackleton lee\es. At 1.5°C and 2°C however, the total
ice shelf area vulnerable to collapse is reducedit®@8% (3-5, 21-30 and 46-52% for West
Antarctica, East Antarctica and the Antarctic Peulia, respectively). The implication is that
warming of 4°C above pre-industrial levels will @igh quadruple the area vulnerable to

hydrofracturing and hence probably increase thailikod of ice shelf disintegration.
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