The stability of present-day Antarctic grounding lines — Part A:
No indication of marine ice sheet instability in the current geometry
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Abstract. Theoretical and numerical work has firmly-established-that-shown that under certain circumstances grounding lines
of marine-type ice sheets can enter phases of irreversible advance and retreat driven by the marine ice sheet instability (MISI).
Instances of such irreversible retreat have been found in several simulations of the pastand-future-evolution-of-the-Antarctic Ice
Sheet. However, it has not been assessed whether the Antarctic grounding lines are already undergoing MISI in their current

5 position. Here, we conduct a systematic numerical stablllty analysis ef—&H%h&gfeuﬁdﬂ%ghﬁe%etheﬁweHHee—SheeHe
u l c0ing : g itialise-using three state-of-the-art

tee-flow-ice-sheet models, Ua, Elmer/Ice, and PISM%@M&&&MMHW&%F@#&&%&H%S%M&&W

- Our results show that the grounding

lines around Antarctica migrate slightly away from their initial position while the perturbation is applied, and then revert to the

10 initial state once the perturbation is removed.

stop—HoweverThis indicates that present-day retreat of Antarctic grounding lines is not irreversible or self-sustained. However.
our accompanying paper (PartB Reese et al., 2022) shows that if the grounding-lines retreat further inland, under present-day

climate forcing,

15 thiscould-eventuallylead-to-a-it may lead to the eventual irreversible collapse of some marine regions of West Antarctica.

1 Introduction

Retreat of the Antarctic grounding lines, i.e. the zones where the grounded ice sheet becomes so thin that it floats, could
destabilise large marine regions of the ice sheet (Weertman, 1974; Schoof, 2007; Mengel and Levermann, 2014; Feldmann
and Levermann, 2015), thereby committing several metres of global sea-level rise over the coming centuries to millennia (e.g.,

20 DeConto and Pollard, 2016; Golledge et al., 2015; Ritz et al., 2015; Cornford et al., 2015). Indeed, the potential for widespread
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destabilisation and rapid ice discharge is one of the greatest uncertainties in future projections of ice sheet mass loss (Robel
et al., 2019; Pattyn and Morlighem, 2020; IPCC, 2021). Previeu

Marine ice sheet instability (MISI) is the proposed mechanism by which grounding lines are considered to undergo self-

sustained, irreversible retreat —H-(Weertman, 1974; Schoof, 2007, 2012). The existence of MISI means that a shift in the position

of the grounding line can cause it to cross a critical threshold (or ‘tipping point’), beyond which the MISI mechanism drives
the system towards a different steady state. The resulting retreat is considered irreversible, because once initiated, reversing the
perturbation to pre-threshold conditions is not sufficient to halt or reverse it. Instead, the forcing has to be reversed past its initial
value to recover the initial state (Rosier et al., 2021). For marine, laterally uniform ice sheets with constant conditions, it has

been shown that ice flux across the grounding line increases with thickness. Hence, retreat on a retrograde (inland) sloping bed

into deeper water, and thus regions of greater ice thickness, promotes a positive feedback in which retreat continues, unabated,

inland. Fhis-self-sustaining-mechanism-was-theoretically-shown-to-determine-the-stability-regime-of groundinglines-of-marine;
laterallyuniferm-tee-sheets—In this case, no stable steady-state grounding lines exist on a retrograde sloping bed (Weertman,
1974; Schoof, 2007, 2012). However, in the case of laterally confined ice shelves that buttress the inland grounded ice, the
MISI mechanism becomes more complex. Indeed, in the presence of buttressing ice shelves, stable steady-state grounding-line
positions can exist on a retrograde bed slope (Gudmundsson et al., 2012; Pegler, 2018; Haseloff and Sergienko, 2018). Most
ice shelves around Antarctica provide such buttressing, and have an important impact on inland ice dynamics (Fiirst et al.,
2016; Reese et al., 2018b). In addition to the ice-shelf lateral confinement, non-negligible bed topography found, for instance,
under Thwaites Glacier, and very weak beds, such as under Siple Coast ice streams complicate stability conditions (Sergienko

and Wingham, 2019, 2022). In

a-suffieient-condition—Crucially, this means that whether Antarctic grounding lines are undergoing irreversible retreat cannot
be concluded from observed retreat and bed-slope directionalene. Targeted ice sheet model simulations are required to answer

this question.

MISL s often used to describe the potential for a self-reinforcing, positive feedback to be at play, i.e. the retreat of the Antarctic
grounding lines is internally driven (e.g., Pattyn and Morlighem, 2020). In particular, MISI is often discussed in relation to
the susceptibility of the West Antarctic Ice Sheet to collapse due to this positive feedback mechanism. Previous numerical
modelling studies have shown the potential for tipping points related to MISI in the Antarctic Ice Sheet. For example Rosier

et al. (2021) showed that three tipping points exists for the Pine Island Glacier. Furthermore, in their simulations of the whole
Antarctic Ice Sheet, Garbe et al. (2020) find-found that retreat of West Antarctic grounding lines could be initiated by around
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1 2°C of global warming above pre-industrial, while the recovery of these grounding lines to their modern positions requires

temperatures that are at least 1 °C below the pre-industrial average.

Shelf-inEastAntaretiea-may already be undergoing self-sustained unstable retreat (Joughin et al., 2014; Favier et al., 2014;

Rignot et al., 2014). However, with-the-exeeption-of Totten-Glaciertheseregions-have-net-yet-shown-substantial-aceeleration

not been a systematic analysis to determine whether the currently observed changes in grounding line position are reversible. In
this paper we use a systematic modelling approach to assess whether the current retreat of the Antarctic grounding lines is due
to MiSk-and therefore irreversible-To-do-this we perform-anumerical-anatysisan ongoing positive feedback mechanism related
to MISL Our modelling approach is outlined at the beginning of Sect. 2. Briefly, we perform numerical experiments using three
state-of-the-art ice sheet models, Elmer/Ice (Gagliardini et al., 2013), Ua (Gudmundsson, 2020) ;-and the Parallel Ice Sheet

Model (PISM; Bueler and Brown, 2009; Winkelmann et al., 201 1)—%%%&%6&46@—&%&%%@%%—%6&%@—&1&&
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While the approach outlrned above answers the question of whether present-day grounding lines are or are not engagec
in an ongoing MISI, the problem of their stability could also be approached from another angle. In particular the question

eventually undergo irreversible retreat. This is speci cally addressed in our accompanying paper (Part B, Reese et al., 2022),

where long-term model simulations are used to assess whether present-day climate forcing has the potential to eventually lea

to a collapse of major marine basins.
The paper is structured as follows: In the foIIowragctron(Sect 2:12) we present theemmendatasetar%appreaehes

The results are presented for the entlre ice sheet and individual dralnage basins in Sect. 3, and discussed further in Sect. 4.

2 Methods
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local stability of the systemaroundits currentgeometryandhenceonly observethe evolutionof the statefor

lines. In this casethe modelstatesarenotin steady-statdn PISM we initialise theice sheet-modeasfollows: 1) themodelis

obtaina fransientstateconsistentvith the observedpresent-dayrendin massloss(seeSect.2.3 for further details).We then



would havestartecto diverge.However thatwould no longerbe a statemenaboutthe local stability regimeof the grounding

Figure 1. Overview of experimental setupSchematic summarizing the experimental setup used in the stability analysis of the present-day
Antarctic grounding lines. The setup comprises the different model initialisation procedures (grey box) as well as the two different types of
prognostic model experiments (blue box): the numerical stability analysis presented in the current manuscript (Part A; orange box) and the
committed retreat analysis presented in Reese et al. (2022) (Part B; yellow box). The three different model initialisation procedures yield

three comparable initial states (“common initial state”; green box), from which all experiments are started. See text for more details.

160 2.1 Common Approach
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bedrock topography, ice surface elevation, and ice thickness from BedMachine Antasstigan2(Version 2; Morlighem
et al., 2020). To replicate the current ice ow, we take surface velocities from a recent snapshot in time (2015/16) from the

to 12/2014 (van Wessem et al., 2018). Melting at the bottom of ice shelves is a key control on the dynamics of the Antarctic
Ice Sheet, and is the focus of the perturbation experiments. All three models parameterise sub-shelf melt rates using their
respective implementations of the Potsdam Ice shelf Cavity mOdel (PICO; Reese et al., 2018a). We ensure that the PICO

Ronne Ice Shelf to ocean temperature changes. Further details on this tuning of PICO parameters can be found in Reese et a
(2022). This results in the parameter for vertical heat exchange5 10 ° ms ! and the parameter for the overturning

strengthC =2 Svm3 kg . Temperatureorrectionsvereappliedto-individualPICObasinssummarisinghefar—eld-ocea



Elmer/Ice PisM Ua PISM

Numerical method

StresBalaneehalance

Initialisation method

Finite element Finitelifferenceelement Finite elemendlifference

SSA SSA+SIA- SSAtSIA
Unstructured grid 1-50 km

8-km-Unstructured grid 1- 8 km
200 km

Glen's ow law

-ow—taw-Glen's ow law ow law

Regularized Coulomb Power-law  with  Mohr—
(Joughin et al., 2019) Regularized, ... Coulomb oo 5mp (Schoof and Hind-

(Asay-Davis et al., 2016) marsh, 2010; Bueler and

van Pelt, 2015egularized
Coulomb

Data assimilation with relax-

ation Spin-up-Data assimilation Spin-up

with relaxation

Table 1. Comparison of the models and the physics of the models which are detailed further in Sect. 2.1 and Appendices A1-A3. SSA:

Shallow-shelf approximation, SIA: Shallow-ice approximation.

195

to solve ice ow problems in Antarcuca and have part|C|pated in a number of modeI mtercomparlson experlments e.g. Pattyn

200 etal. (2012) Cornford et al. (2020). Botke

ereatedfor-eachmedel, where element sizes were re ned in fast owing regfelmsbetkreasesmesh%esemﬂems—kkm

, andclose to the grounding line
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grounding-linepesitionis-caleulateeusingthe-etation-eriteriorT he initial_ice sheetmodelstateswverethenobtainedusinga

function which is the sum of mist and regularisation terms. The main mis t term is the difference between observed and
modelled velocities. Both models also apply an additional penalty on the rates of thickness change, to reduce nonphysical ice
ux divergence anomalies. We regularise the inverse solutions using Tikhonov regularisation terms that enforce smoothness of

using anL-curve analysis. By design, at the end of the inversion the surface velocities are in very good agreement with

observations. See Appendiégisane Al and A2 for details on the inversion.

fer-which-ice-velume, i.e. ice thicknesschanges through timereas€leseaspessiblete-zere-While-the- dataassimitation
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A= CMO Co- fromrnpd a'SfOHOWS
dh
Mmod = Mpd - ; where  mpg = bracmo + Brico - 1)
relax

provided by RACMOZ2.3p2 (van Wessem et al., 2018) biigb the sub-shelf melt rates provided by PICO using 1975-2012
averaged ocean forcing from Schmidtko et al. (2@4d@AppendixAly—tr-a-secendstep;ratesof-thicknesschangedh=d

dh=dt 0.t is calculatedn slightly differentwaysfor thetwo models detailsof which arein therespectiveAppendicesA

andA2, In summaryElmer/Icefer-afurtheri-yearrelaxationperiodcalculatesdh=d{ ., . aftera 20-yearrelaxationperiod
andtheninputsthis into a 1-yearforward relaxation,which forms the beginningof the perturbationexperiments. Ua uses a
semi-iterative approacue{aileel#kAppendi*AQ.—Jihi%takes%Wyyhich:j;gkes:qg:dtjinv: calculated after the inversion as
%ﬁweaehmede#a%eshem%n%upﬁlememarﬁg.—?%@nq;his_is::t:hepgginningpf::t:he:pg;turbatiog@gperiments}'he
modi ed masshalanceelds andtermsin Eq. (1) areshownin Figs.S1to S3.

particularin the ASE sector.Thisre ectsthecurrent ux imbalancén WestAntarcticaandongoingretreatandmassossfrom

requirea steadystate.lt-In Ua:':[:he modi cation. is higherin magnitudeandlocally spatially heterogeneous.e. both positive

10



sheet, and that perturbing these steady states can alloveasdhideonlearnaboutthe stability of the present-day grounding

275 resultsarecon3|stenforbothmodels(andPISMthatdoesnotmodlfythemassbalance;Sect23),toshowthatour

maodi cation to the surfacemasshalance(FigureS4).In all casesve foundthatoncethe perturbationwasremovedgrounding

280 divergewith time.

2.2.3 |Initial _states

285

290

sandsurfacevelocities,particularlyin the locationof fast owing. ice streamgseeFigs.S5

295 oteo a e y-calve oating a dheyondl D dag 0

thata-herizontalreselutionef-2 km-isrequiredto-aceuratehrepresengroundinglines (Fig

(Fig..4). We calculatethe grrorin the groundedce area(a proxy for grounding-linereversibitity in-PtShHs-alsecapturedat

300

'a aVall¥la d-he a a-hareemplo a nterno a
WO Siemna a v SAS,

normalisethis areachangeby the simulatedengthof thegroundingline. Theresultinggrounding-lingpositionerrorsare84 m
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The strategy adopted to build an initial state with PISM relies on spin-up methods, with the approach taken here detailed in
Reese et al. (2022) and summarised in Figvd\We rst create a thermal equilibrium withenstantxed geometry, followed

by an ensemble of eqwllbnum simulations with full dynamics femunderconstant 1850 climate conditionsstartingfrem

anomalies the atmosphere and ocean forcings between 1995 and 2014 match the present-day observations. Observed prese
day velocities do not directly enter the initialisation, but instead are used, amongst other criteria, indirectly to determine optimal
ich i [ selated to basal sliding ande
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individual models by running control S|mulat|0ns alongS|de the perturbatlon experlments, and the results presented are then
with respect to these control runs.
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Indicator Unit Elmer/lce PISM Ua Reference  Source

Ice extent (total) 10° km? 13.48 13.58 13.57 13.52 Morlighem et al. (2020)
Ice extent (oating) 10° km? 1.45 110 151 1.50 Morlighem et al. (2020)
Ice extent (grounded) 10° km? 12.03 12.48 12.06 12.03 Morlighem et al. (2020)
Ice mass 10’ Gt 2.39 2.39 241 2.38 0.04 Morlighem et al. (2020)
Ice mass above otation 10’ Gt 2.05 2.05 2.03 2.09 0.04 Morlighem et al. (2020)
Ice mass above otation m SLE 56.67 56.46 56.06 57.0.9 Morlighem et al. (2020)

Ice ux across the grounding line Gt yt 1624 2124 1727 1929 40 Gardner et al. (2018)
Surface mass balance (grounded)  Gtlyr 1868 2192 1874 1792 van Wessem et al. (2018)

Table 2. Comparison of the initial state indicators for the initial states created using Elmer/ice, Ua and PISM. All variables, except for
ux across the grounding line, were calculated across the same 2 km resolution grid. Reference values for ice extents (total, oating, and
grounded) were calculated using the BedMachidataset (Morlighem et al., 2020), whereas ice mass values were taken from Table S3 in

the dataset paper (Morlighem et al., 2020) (m SLE, metres sea-level equivalent). The total ux across the grounding line was calculated in

each respective model. Observed grounding-line ux was taken from Gardner et al. (2018) and total surface mass balarfe&@&\i®m

380

385 2.5 Experimental-design

dh
ro(vh)+ az Mmod (2
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signi-cantly-inte-adifferentstatednlinesby increasinghefar- eld_oceantemperaturghatdrivesthe melt ratescalculatedoy

perature is applied for 20 years to create a numerically signi cant grounding-line retreat. By applying different increases in
ocean temperature, we are able to test the robustness efithigperturbation and found that a & perturbation over 20 years
remained small, i.e. it resulted in a small but obvious deviation in the position of the groundingflime20yearsweremeove

groundingline awayfrom its currentposition, on the order of a few grid.cells or ice thicknesses

region(seeResultsjandalongotherpro les (seeFigs.S16and$17).We notethatarecoveryfor the +5 °C perturbatioralso

Pperr—=M——bBprico—-PISM;-ne-sueheorrectionto-, the mass balanceasbeenapplied;instead;m 7 is the anomaly
M 1= Mmoa + Brico where Prico = brico (T+  T)  breico (T): 4)

m 1 = bracmo + beico (T+  T): (5)
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leads to a sharp increase in ice ux across the grounding line, which is assumed to be due to a loss of buttressing as a resul
of ice-shelf thinning. If the ux across the grounding line returns to its initial value after the perturbation is removed, this
indicates that the ice sheet reverts to a steady state with a balance between surface accumulation in the grounded regions ar
grounding-line ux (note that surface accumulation is altered a little by the grounding-line movement). Hence, it is assumed
that a return of the grounding-line ux indicates the grounding line has either reverted back to its initial position or has begun
to re-advance towards its former position. When the grounding line does not retreat further, it means that it has found a new
stable position very close of the previous one. If the ux were to increase away from its initial value, the grounding line is

which is calculated as the change in grounded area for a constant grounding-line length.

To further analyse the response of the grounding lines after the perturbation is removed, we calcedfulelthg relaxation
time, i.e. the time taken for the ux to decrease by a factoed@Euler's number; 2:17). To do this we t an exponential
decay function in the form

Q(t)=  Qpere = (6)

to the change in ux during the recovery period of 80 yeari@(t), where Qperis the change in ux at the end of the 20-year
perturbation relative to the initial, unperturbed uxis time after the perturbation, ands the recovery timescale. We repeat
this for all three models and perturbation experiments, and these exponential curves can beSsegementarfFigs. S7
to S9.
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3 Results

In the following sections we present the results of our perturbation experiments of present-day Antarctic grounding lines as
described in Sect. 2.4. Figure 3 shows the integrated ice ux across the entire Antarctic grounding lines in each model during
the perturbation experiments. We also present the results integrated across the 27 basins from IMBIE (Fig. 2; Zwally et al.,
2012), excluding basins 7, 8, and 25 which contain only small ice shelves. Additional gures showing grounding-line position

3.1 Antarctic Ice Sheet

On the Antarctic-wide scale, all models and all perturbations show a similar trend; a strong increase in ice ux, reaching
a maximum at the end of the 20-year perturbation period, followed by an exponential decrease for the remaining 80 years
(Fig. 3). The magnitude of the ux response to the melt perturbations is comparable between all ice sheet models, in particular
for the 1 T temperature experiment, in which ice ux increased by approximately@G0@ *. In the higher temperature
scenarios (3€ and 5 T), the ux responses diverge slightly from one another, PISM and Ua remain similar, while Elmer/Ice
shows a stronger increase. This is likely due to subtle differences in the imposed basal melt perturbation in each model, which

also diverge with the magnitude of the perturbation (see Figb510

tendingtewardstheinitialvalde-The calculate@-folding ux response time reveals that the Antarctic wide recovery time is in

good agreement for all models, ranging between 10 and 20 years, and is largely independent of the magnitude of the perturba
tion (Fig. 3, bottom panel). During the 80-year recovery period, the ux decreases rapidly, but is not fully recovered. To check

if it is able to recover eventually, we extended the relaxation period i tlesimulations in all models to 480 years and found

that the Antarctic-wide ux returns to within 3.5 % of its original value (S&gpplementarfig. S13). Alongside the ice ux

evolution, the total retreat of the grounding line, and ice volume show similar trends: rapid retreat and reduction in ice volume

is no indication of accelerated retreat (Seeplementarfrig. S10). The recovery of the ice ux, alongside a short, two-decade
e-folding time, strongly indicates that the majority of Antarctic grounding lines are revensibleespecto-currentgeometry,

perturbation is removed (Fig. 3). However, some basins recover quicker than others. In the remainder of this section we explore
the response of individual basins in more detail.
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Figure 3. Reversibility experiments and recovery time scalesChange in integrated ice ux across the grounding line for perturbed
simulations using three ice sheet models. All three temperature perturbation experiméht3 {C’5 °C) are shown for selected individual

basins. For ease we merge the results for basins owing into the Amery, Filchner-Ronne and Ross ice shewgmiSeentarfig. S12

for additional basins. PISM uxes are smoothed using a running mean Iter of 5 years. Grey shading shows the perturbation period. Bar plot
shows thee-folding recovery time. Each bar shows the median response time from all three experimé&yt8 CC? 5 °C) for each model,

and error bars show the range. Bars are not shown for individual models for some basins (e.g. Cape Adare for PISM) where the exponential
t to the change in ice ux was deemed poor and tR@ value is less than 0.8. There are four individual experiments for PISM where the

ux results are noisy (due to coarser grid resolution) such that the exponential t for that individual temperature perturbaférhas

(see Fig. S8). We set these values to zero as the lower end of the error bars.
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