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Abstract. The Antarctic firn layer provides pore space in which an estimated 94 to 96 % of the surface melt refreezes or is
retained as liquid water. Future depletion of pere-spaece-in-the-firn-tayerfirn pore space by increased surface melt, densification
rates-and formation of impermeable-low-permeability ice slabs can potentially lead to extensive-meltwater ponding, feHewed

i ~disi i : ing-hydrofracturing and ice shelf disintegration. Here, we investigate the 21st cen-
tury evolution of the-total firn air content (FAC) and accessible FAC (i.e. the pore space that is—aeeessible—-for-meltwater—
acrossAntaretieameltwater can reach) across Antarctic ice shelves. We use the semi-empirical firn model IMAU-FDM with
an updated dynamical densification expression to cope with changing climate forcing. The firn model is forced by general
circulation model CESM2 output for three climate emission scenarios (SSP1-2.6, SSP2-4.5 and SSP5-8.5), dynamically down-
scaled to a27 km horizontal resolution by the regional climate model RACMO2.3p2. To estimate the-accessible FAC, we
prescribe a relationship between ice-slab thickness and permeability. In our simulations, ice shelves in the Antarctic Peninsula
and Roi Baudouin ice shelf in Dronning Maud Land are particularly vulnerable to total FAC depletion (> 50 % decrease by
2100), even for strong-and-intermediate-mitigation-low (SSP1-2.6) and intermediate (SSP2-4.5) emission scenarios. Especially
in the high-end-warming-high (SSP5-8.5) emission scenario, the formation of ice slabs further reduces accessible FAC on ice
shelves with low accumulation rates (current rates of< 500 mm w.e. yr—!), including many East-Antarctic ice shelves and

on Filchner-Ronne, Ross, Pine Island and Larsen C ice shelves. ©Our-These results underline the different-response-of-tow-

viability-of-potentially large vulnerability of low-accumulation ice shelves to firn air depletion through ice-slab formation.

1 Introduction

The Antarctic ice sheet (AIS) has been losing mass since at least 2002 (Shepherd et al., 2018; Rignot et al., 2019), contributing
to-around-~10 % ofto global average sea level rise since 1993 (Oppenheimer et al., 2019). This mass loss is mainly driven by
enhanced iceberg calving and basal melting beneath ice shelves (Smith et al., 2020). Both reduce their-buttressing-effeet-the
buttressing effect of ice shelves, allowing tributary glaciers to accelerate, thereby increasing ice discharge into the ocean. On

In the Antarctic Peninsula, the warmest region of Antarctica, mass loss is also driven by surface melt. Here, extensive melt has
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led to meltwater ponding and subsequently to ice-shelf disintegration by hydrofracturing, after which mass loss from tributary
glaciers has accelerated (Rignot et al., 2004; Banwell et al., 2013).

Not all ice shelves are susceptible to meltwater induced hydrofracturing. Firstly, extensive-surface melt typically only leads
to meltwater ponding when the firn layer lacks sufficient pore space for meltwater to percolate downward-in and refreeze.
Currently, an estimated 94 to 96 % of the surface melt on the AIS is retained within the firn (Medley et al., 2022; Van Wessem
et al., 2018). Secondly, meltwater induced hydrofracturing also requires sufficient tensile stress. Hydrofracturing, in turn, only
induces mass loss if the ice shelf provides substantial buttressing. Currently, 60 % of the ice shelves (by area) both buttress
upstream ice and are vulnerable to hydrofracturing if inundated by meltwater (-e—where-sufficient-tensile-stress-is-present);
and-buttress-upstream-iee-(Lai et al., 2020). Hence, to assess the future stability of ice shelves and predict mass loss from the
AIS, it is important to estimate the future evolution of the-AlS-its firn layer.

Under future warming, we anticipate more surface melt and rainfall, faster firn densification and increased formation of
impermeablelow-permeability ice slabs (i.e. ice layers > 1 m thick)
Ligtenberg et al., 2014; MacFerrin et al., 2019; Kittel et al., 2021; Vignon et al., 2021). These processes deplete-decrease the
firn air content (FAC) and consequently aceelerate-enable firn saturation and ponding by melt-watermeltwater. On the other
hand, snowfall is projected to increase as-weHl-(Kittel et al., 2021), adding additional-pore space to the firn. Climate models have
recently been used to assess the impacts of future climatic changes on Antarctica’s firnsaturation—van-Wessenmr-et-al(2023)-
assess: Wm%w&future melt pondmg on ice shelves based on the exceedance of a melt-over-accumulation
ratio (MOA) of 0.7+ i i . Gilbert and Kittel (2021) use

3

3

physteal processes-in-detailan indicator of meltwater ponding.
Offline firn models forced by output of regional climate models are useful tools to simulate the transient evolution of the
firn layer, and can therefore also be used to assess meltwater ponding onset. The main advantage of using an-offtine-a firn

model instead of a climate model is the lower computational cost, which enables it-te-tse-a higher vertical resolution, a proper

initialization of the firn layer and to-perform-more extensive sensitivity tests. The disadvantage of using an offline firn model

is that interaction with the atmosphere is not possible.

In contrast to diagnostic studies that use
MOA thresholds (e.g., van Wessem et al., 2023), firn models simulate transient changes of the firn layer, thereby accountin

for the time it takes to adjust to new climatic conditions. Firn models have been used to simulate the current (1979 i~ present)
AIS firn layer (Gardner et al., 2023; Keenan et al., 2021; Medley et al., 2022; Veldhuijsen et al., 2023a) -Firn-meodels-have-also

and its evolution in response to climate change seenatios

Ligtenberg et al., 2014; Kuipers Munneke et al., 2014a

The densification equations used in semi-empirical firn models are often based on assumptions of constant accumulation and

temperature (Arthern et al., 2010), whi
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of the scenarios SSP1-2.6, SSP2-4.5 and SSP5-8.5 for the perlod 1950-2100, dynamically downscaled to 27 km resolution with
RACMO2.3p2. To allow for changing climatic conditions, we updated and evaluated the densi cation eq8atia{2and

cemputechsafunctionottemperatur@nddensity.. Meltwater percolation is simulated using the bucket method, whereby each

rn layer has a maximum irreducible water content that decreases with increasing density (Coléou et al., 1999). The meltwater

can percolate through all layers in a single time step, and (partly) refreezes when it reaches a Iayer with a temperature below

refreshedFor further details of the model setup we refer to Veldhuijsen et al. (2023a) and Brils et al. (2022). Vé&t&ioBA
of IMAU-FDM (referred to as FDM v1.2A) has been extensively evaluated over Antarctica against in situ observations of

rn density and temperature, and remote sensing altimetry measurements (Veldhuijsen et al., 2023a). In this study we update
the model to version IMAU-FDM v1.2AD (referred to as FDM v1.2AD) by implementing a densi cation expression that is
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120

125

130

135

140

145

diffusion-(Herron and Langway, 1980). The calibration factor M@pends on annual average accumulation and is de ned
separately for < 550kgm 3(MOssp) and for 550 < < 830kgm 2 (MOgsg ). These calibration factors are based on
the ratio of modelled and observed values of depths of critical density level§50kgm 2 (zss0) and = 830kgm 3

(zs30830), Where 230 = Zgso - Zs50. MOssp and MQs3p  were chosen as logarithmic and power-law functions, respectively, of

MO550 = In(b)
MOss0 = In(B) @)
MOggg = b + 3)

inwhich and, aret-coefeients;and

MOgz = b +

inwhieh, ,and and are tcoef cients.

the effect of a changing climate on rn densi catipprevious studies with IMAU-FDM used running average accumulation
and temperature over the 40 years preceding each time step (Ligtenberg et al., 2014; Kuipers Munneke et al., 2014a). Since
there is a large spatial variation in rn age across the AlS, e.g. the rn age at the pore close off depth ranges from 20 to

has a relatively low thermal conductivity (0.2 to/2m 'K 1, Calonne et al. 2019). For example, Muto et al. (2011) show
that rn temperature throughout a rn column differs by abouK1due to historical temperature trends in East Antarctica of

1to 1.5K over 50 years. So, using a running average of the accumulation and rn temperature is a crude approgfrf@tion

b.asecbn_evolving_square_cgrain:§izg(r:2:, mmz::),:gndoverburderpressure:{: ,kgm ?s 1), includingthe MO  term;
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refrozen I|qU|d water grain size, under the condition that refreezing can only increase the grain size. The initiair(p08i
refreezing (0.2%nm) grain sizes are taken from van Dalum et al. (2022). To determine (#Qs.6-ane72 and3), we replace

bin those equations by the locad¥;Zlayer) long-term mean accumulation rabg() de ned as:

speed, surface temperature, snowmelt and rainfall from the Regional Atmospherlc Climate Model RACM02, version 2.3p2,
(RACMO2.3p2). This regional climate model is used to dynamically downscale ERA5 reanalysis data (Hersbach et al., 2020)
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AIS weather (and climate) from 197@-the- present, and has been thoroughly evalugecMO2.3p2-ERASyan-Wessem-et-al-202¢

he N a s
cHa Al v )

evaluatedn-thisstudy.(

toFBM-vA2AD-SSP5-8.5CESM?2 simulates the coupled interactions between the atmosphere-ocean-land components of the
climate systemen-at the global scale at 1 degree horizontal resolution (Danabasoglu et al., 2020), and has been thoroughly
evaluated over the AIS (Gorte et al., 2020; Dunmire et al., 2022). The model has a relatively detailed representation of polar
processes and is among the best CMIP6 models in representing the present Antarctic SMB (Gorte et al., 2020). The projectec

(+5 C), which enables us to assess the AIS rn layer response to strong warming.

RACMO2.3p2-CESM2 time series of mean annual surface temperature, accumulation and surface melt over the AIS are
shown in Fig:2S1. Compared to RACMO2.3p2-ERAS for the overlapping period (1979-2014) we nd a temperature bias of
-1.2 C over the AIS, an accumulation bias of -hmw:e:yr ! (-4 %) and a snowmelt bias of -1f@m (-11 %). These

7-5(+195;+264;+1763%)-. Accumulationandtemperature ir2090-21006for-SSP1-2.6SSP2-4-.5SSP5-8-5respectively.




Table 1. Abbreviations and characteristics of IMAU-FDM versions used in this study.

Abbreviation Forcingof RACMO2.3p2 Dry-snow densi cation
Period
FDM v1.2A-E Arthern et al. (2010) (Ech)-1)
RACMO2.3p2 ERAS 1979-2020
FDM v1.2A-C Arthern et al. (2010) (Ecp)-1)
RAEMO2:3p2,CESM2 1950-2100
FDM v1.2AD-E Dynamical version (E??).4)
RACMO2:3p2ERAS 1979-2020
FDM v1.2AD-C Dynamical version (Eq??)-4)
RAEMO2.3p2,CESM2 1950-2100

2Veldhuijsen et al. (2023a)

215

2.3 Experimental setup

The four IMAU-FDM versions used in this study differ by thealeulationef-dry-snow densi cationane-medettuning.

220 breviations and characteristics ﬁsfeseversieﬁsghe IMAU-FDM versionsuseglare listed in Table lFeral-HMAU-FDM-

225 RACMO2:3p2-CESM2FEDM v1.2AD-C, the dynamicalmodelindirectly.

230 2.4 In situ measurements

112 density pro les across the AIS, by combining multiple published datasets (van den Broeke, 2008; Schwanck et al., 2016;



Bréant et al., 2017; Fernandoy et al., 2010; Montgomery et al., 2018; Fourteau et al., 2019; Olmi et al., 2021; Winstrup et al.,
235 2019). Detailed information about the dataset is presented in Veldhuijsen et al. (2023a)

air content(FAC). Theblue starindicatesthe locationof Fig. 3b. Thenamesndicatetheice shelvegeferredto.in thetext.

240 with rn densityobservationgFig. 1), without MO _correctionsj.e. in which the MO _valuesareequalto 1. TheresultingMO

245 2.6 Performanceof the dynamical densi cation model



255
thegroundinglines of e.g.Roi BaudouinandAmery ice shelves.Thereason
260
ss discussedn Sect4.5.
265 Meltwater
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3 Parameterisationof acceSS|bIern a|r content

To do so, we use ice layer thickness as a measure of their permeability. It is important to note that the calculatlon of accessible

FAC is a post-processing step, and ice layers within the rn model itself are permeable for vertical liquid water movement.
Figure 3a shows relationships between figgerslayer thickness and permeabilitfhe permeabitityfactor)from several

observational studies. A small-scale eld experiment conducted in Greenland shows that ice layers raf éatstill be

completely permeable for I|qU|d water (Sam|m| etal., ZO%mmeealﬁeﬁaﬁsunmhaﬁeelayerﬂmekeﬁhanG%aetas

~On the other hand, in another

of meltwater percolatlon and refreezmg occur at a small scale. Flrn is therefore spatially heterogeneous (e.g., Samimi et al.,
2020; Vandecrux et al., 2019), and on a larger horizontal scale, such as thatefea=DM grid cell (27km), ice layers

can be discontinuous, allowmg meltwater to still percolate throu@qasswmhaﬂa{eraleenneemﬂ%yeﬁeelaye%nereases

layers after extreme melt years. A radar study on Devon Ice Cap, Canada, revealed that an initially widespread ice layer that
formed during an extreme melt year, thickened by between 0.5 am 4¥er the subsequent 5 years (Gascon et al., 2013).
Similarly, over time thickening ice layers of 148 areformed in Greenlan@umergﬂeeal%zeﬁnollowing an extreme melt

layer thlcknesszo and permeab|l|ty factoRf) (F|g. 3a), using a sigmoid function:

1+ b+(az)

Pl = e %

11
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in which a andb are tuning coef cients, for which we propose= 1.130 and = 3.245.

1+ b+(az)

PT = b+ elaz)

Srnce exact observatrons that evaluate the permeabrlrty as a function of ice layer thickness at the regional scale are lacking,
the relationship in Eq:&?7) must be regarded as a rough estimate. In addition, the locationefdhgonecbbservations have

smallsurface slopes on ice shelves results in less lateral ow on top of refreezing lagrecs, may impact the permeabrlrty.

Considering these uncertainties, we test the sensitivity of our resuistey

e#thelelaeleshadeesﬁrfaees#ﬁg%a—rmmrehweadjusted the values Gn‘(l 119 and 1. 250) anhl (13.490 and 0. 0594)

represents fuII permeabrhty.

To calculate the accessible FAC of a layer, its FAC is multiplied with the permeability factors of all overlying ice layers.
E.g., if two distinct ice layers witlPf = 0.5 are overlying a rn layer, the FAC of that layer is multiplied twice by 0.5 to yield
theaeeessibl&ACetthatlayeits accessibl&AC. The sum of accessible FAC of the individual layers equalgth@ccessible

FAC. An ice layer can range from a single to numerous model layers. Impermeable ice layers are usually de ned as having

a density > 83kgm 3 (the pore close-off density). Here, we use a threshold of >@p® 3, which corresponds to the

2060 onwards depletes the accessible FAC compared to the total FAC. Henceforth, we refer to (a set of) ice layers that have ¢

substantial impact on the accessible FAC as ice slabs.




Figure 3. (a) Relations between the ice layer thickness and permeability factor, including results from in situ observations (stars), a previous
estimate (dotted line), observed ranges of reduced permeability from radar observations (colored shaded surfaces) and a relationship propose

The location is at Shackleton ice shelf and is indicated byiew-blue star in Fig21.
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4 Results

4.1 Total and accessible rn air content in AD 2100

Using the updated rn model FDM v1.2AD, we project the rn evolution over the AIS for the period 1950-2100 forced by
RACMO2.3p2-CESM2 for climate scenarios SSP1-2.6, SSP2-4.5 and SSP5-8.5. Eigauteand ¢ show the relativetal

wherewe nd that FAC decreases by5-%;-19-%ane42-16 %, -20 % and-42 % for scenarios SSP1-2.6, SSP2-4.5 and
SSP5-8.5, respectively. For SSP1-2.6 and SSP2-4.5 we nd a substantial FAC decrease on Laésgre€e(75-70.% and

and Bach§9-and66-59 and-66 %) ice shelves. For SSP5-8.5, in addition we nd a substantial FAC decrease for ice shelves
in Dronning Maud Land, such as Fimbul ice shelf (-91 %), and elsewhere for Abbot (-76 %), Pine Island (-74 %), West (-83
%) and Shackleton (-76 %) ice shelves. FAC decrease on Ross and Filchner-Ronne ice shelves is more mégestd-21
fand -19 %).

ice shelves, and is limited over the grounded ice sheet, except for the region east of the Ross ice shelf under SSP5-8.5. Fo
SSP1-2.6 the decrease of accessible FAC is accelerated compared to the totaltFAR@Baudouinl.arsenD ice shelf (79

14



Substantia(on averagdrom -42 to -53 %+s-42%j;-sueh

#6%), Brunt from -73to -93vs-74-%) and Filchner-Ronne%Svsfrom -181t0 -33 %).
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4.2 Climatic drivers of changes in rn air content

In this section, wesempardink changes in FAC under SSP5-8.5 to various climate variables. Due to low temperatures in the
interior ice sheet, 76 % of the AIS does not experience melt by the end of the century even in this strong warming scenario.
Here, changes in FAC are solely driven by increasingtemperature and changing accumulation ratesin 42 % ofthese

melt locations as a function d¢fietemperature and accumulation change. For G@\/armlng an increase of at Ieast 30 %

accumulation is needed to compensate for the increased densi cation, whereas fowaBiing, an increase of at least 70 %

accumulation is required. Because of these compensating mechanisms, for most of the AlIS the FAC remains relatively stable.
When we compare the change in FAC of the entire AIS to current climate conditions (1950-2014Figwe observe

the largest relative decrease in FAG%-55 %) in currently warm regions (> -2Z) receiving less than 100@m accumu-

lation annually. For high-accumulation regions (> 1,000 w:e:yr 1), such as parts of Getz ice shelf and the northwestern

part of the Antarctic Peninsula, the decrease in FAC is notably smaﬁér—ZS %). FAC also slightly decreases (-14 %) in

between total FAC and accessible FAC mainly occur in current intermediate warm (-28 tﬁ}hﬁd relatlvely dry (< 500
mmw:e:yr ) locations §-85-0.85m) (Fig. 75¢), and most prominently in regions with temperatures between -22 and -18

while for warmer Iocat|ons, the rn layer is projected to completely disappear in 2090-2100. In the wettest locations (> 600
mmw:e yr 1), the average differences are smali@b6-0.59m). The patterns in Figz-5 are in general similar for SSP1-2.6
and SSP2-4.5, albeit with smaller magnitudes (5ig55).

4.3 Temporal evolution of total FAS;-and accessible=ACS-rn - air content, and runoff over ice shelves

Time series of total FAC, accessible FAC and runoff extent for 12 major ice shelves under SSP2-4.5 and SSP5-8.5 are shown
in Fig. 86 (See Fig.S3-S6 for SSP1-2.6). From 2020 onwards there is a gradual decrease in FAC on all ice shelves for

16
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temperature change and accumulation changed§p-216€2100compared t@:956-2614014 for locations that do not experience melt by
the end of the century in SSP5-8.5 aftj as a function of annual average accumulation and temperature (1950-2014) for the entire AlS.

in 2060-2100 fotheentireAlS-for-SSP5-8.5 as a function of annual average accumulation and temperature (195@201@ntire AlS.
Contour lines in(b) indicate the number of pixels per bin. Please note the different scales for decreasing (red) and increasing (blue) FAC in

panel(b).

Differences between the accessible and total FAC mainly occur under SSP5-8.5, and are most pronounced on Shackleton
Fimbul, Pine Island, Roi Baudouin, Amery and Filcher-Ronne ice shelves, where depletion is accelerated by up to 20 years
and up to 5m. These ice shelves have in common that they are currently relatively dry (sB0@:e:yr 1). On most ice
shelves, the difference increases gradually. However, at Fimbul and Shackleton ice shelves, ice layer formation around 2060
rates ¢25 % higher on Fimbul ané38 % higher on Shackleton compared to the previous and following 5 years). On the other
hand, on the currently relatively warm (> -1€y and wet (> 600nmw:e:yr 1) Wilkins, Getz, Abbot and George VI ice
shelves there remains little difference between accessible and total FAC, which corresponds Wih.Fgr SSP2-4.5 there
is generally little difference between total FAC and accessible FAC, except for Roi Baudouin, Fimbul and Amery ice shelves
(>1 m reduction in accessible FAC compared to total FAC after 2070).

The runoff extent is thewiat-arealfraction of the ice shelf where runoff is generated in a given-yearwherethe+n-
layerhasne-eronlyimited-meltwaterstoragecapaeityleft. Since ice layers are fully permeable for meltwater percolation in
IMAU-FDM, the runoff time series are closely related to the total FAC time series, with some differencess@&d}. For
Wilkins, Abbot and George VI ice shelves the runoff extent is large compared to the FAC depletion (>50 % runoff extent with 5
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m FAC), in contrast to Shackleton and Fimbul ice shelves, where the runoff extemtstarelt %-and40%;respectivelyabout

of high accumulation antdigh melt rates. The high melt allows for saturation of a thick rn layer, which is maintained by
high accumulation. In addition, runoff here also occurs year-round from rn aquifers, which are perennial subsurface bodies of

liquid water, that become more ubiquitous in a warmer Antarctica (Bell et al., 2048}rierice shelvestheamountof-melt

For Wilkins ice shelf we see a quick increase from 0 to > 90 % runoff extent for both scenarios, which indidaié=d
spatial variation irFAC-gepletionfor-grid-peints In_state across the ice shelf. On the other hand, Larsen C, a larger ice shelf

higherspatialvariabilityin-itsrespenseo-warming. On average, 6 % and 25 % of the entire Antarctic ice shelf area experiences
runoff in 2696-2162100 under SSP2-4.5 and SSP5-8.5, respectively, indicated by the black line.

4.4 |Ice layer formation and its climatic drivers

In the previous sections, we showed that ice layer formation on some ice shelves causes enhanced depletion of accessible FAC
Figures??7a and b respectively show the maximum absolute difference and the corresponding relative difference between
total FAC and accessible FABateeeursover the period 1950-2100 for SSP5-8.5. The differences are highest on ice shelves

in Dronning Maud Land and on the Amery, West, Shackleton, Ross and Filchner-Ronne ice shelves. In contrastjder Ross
shelf the maximum difference is found near the grounding line, and for Filchner-Romgkelfnear the seaward edge. The
differences are lowest in the Bellingshausen Sea region, on ice siseltiess Wilkins, George \dne, Stange and Abbot, and

on the Getz and Crosson ice shelves3(%-3.9m and <47-47 %), which are among the warmest and wettest ice shelves of

amelt seasorasextremewhenthe melt exceedghe 93 % quantileof the detrendedime series. The 5-year running average

MOA values for which this occurs on Amery, Shackleton and Filchner-Ronne are between 0.59-0.71. On Larsen C, where melt
is more constant over the years, this occurs for a MOA of about 1.04. On the wetter Wilkins location, ice layer formation is
limited, even though the rn layer becomes completely depleted and a MOA of 1 is exceeded. In addition, on the wetter Getz
ice shelf location, ice layer formation is also limited as a MOA of 0.6 has not been reached, even though > 50 % of the FAC
hasbeecomeadepleted. The general pattern of these gures is that melt-water blocking ice lenses are primarily formed in drier

18
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Figure 6. Time series of(a,b) total rn air content (FAC),(c,d) accessible FAC an¢e,f) runoff extent of 12 ice shelvesmulatedwith
FBM-v1-2AD-Cfor (a,c,e)SSP2-4.5 an¢b,d,f) SSP5-8.5 for the period 2015-2100. The shaded areas indicate the sensitivity to the relation

between ice layer thickness and permeability factor shown in Fig. 3a.

accumulation.
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