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Abstract.

Theoretical and numerical work has firmly established that 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 past and future evolution of the Antarctic Ice Sheet. However, hitherto the stability regime

of Antarctic Ice Sheet grounding lines
:
it
:::
has

::::
not

::::
been

:::::::
assessed

::::::::
whether

:::
the

::::::::
Antarctic

:::::::::
grounding

::::
lines

:::
are

::::::::::
undergoing

:::::
MISI5

in their current positionhas not been assessed. Here we conduct a systematic numerical stability analysis of all the grounding

lines of the Antarctic Ice Sheet to determine if they are currently undergoing irreversible retreat through MISI. To do this, we

initialise three state-of-the-art ice-flow models, Úa, Elmer/Ice, and PISM, to replicate the current geometry of the Antarctic

Ice Sheet, and then apply small, but numerically significant, perturbations in ocean-induced ice-shelf melt. We find that the

grounding lines around Antarctica migrate slightly away from their initial position while the perturbation is applied, and then10

revert to the initial state once the perturbation is removed. There is no indication of irreversible or self-sustaining retreat. This

suggests that present-day grounding-line retreat is driven by external climate forcing alone. Hence, if the currently observed

mass imbalance
:::::::
(external

:::::::
climate

:::::::
forcing)

:
were to be removed, the grounding-line retreat would likely stop. However, under

present-day climate forcing, further grounding-line retreat is expected, and our accompanying paper (Part B, Reese et al., 2022)

shows that this could eventually lead to a collapse of some marine regions of West Antarctica.15

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.,

DeConto and Pollard, 2016; Golledge et al., 2015; Ritz et al., 2015; Cornford et al., 2015). Indeed, the potential for widespread20
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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). Previous studies have made some suggestions that present-day retreat

in regions of the West Antarctic Ice Sheet could mean that unstable
:::::::::
irreversible

:
retreat has begun (Joughin et al., 2014; Favier

et al., 2014; Rignot et al., 2014). However, these studies do not provide compelling evidence, and to date there has not yet been

a systematic numerical stability analysis to assess whether irreversible retreat of Antarctic grounding lines is already underway.25

Marine ice sheet instability (MISI) is the proposed mechanism by which grounding lines are considered unstable, i.e. to

undergo self-sustained, irreversible retreat. If ice flux across the grounding line increases with thickness, 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. This self-sustaining mechanism was theoretically shown to determine the stability regime of

grounding lines of marine, laterally uniform ice sheets. In this case, no stable steady-state grounding lines exist on a retrograde30

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 (Fürst et al., 2016; Reese et al., 2018b).
::
In

:::::::
addition

::
to

:::
the

:::::::
ice-shelf

:::::
lateral

:::::::::::
confinement,

::::::::::::
non-negligible

:::
bed

::::::::::
topography35

:::::
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

::::
other

::::::
words,

:::::
while

:
a
:::::::::
retrograde

::::::
sloping

::::
bed

:
is
::
a
::::::::
necessary

:::::::::
conditions

:::
for

::::
MISI

::
to

::::::
occur,

:
it
::
is
:::
not

::
a
::::::::
sufficient

::::::::
condition.

:
Crucially, this means that the stability of

:::::::
whether Antarctic grounding lines

:::
are

:::::::::
undergoing

::::::::::
irreversible

:::::
retreat

:
cannot be concluded from the

:::::::
observed

::::::
retreat

:::
and bed-slope direction alone, and

:
.
:::::::
Targeted ice

sheet model simulations are required
:
to
:::::::
answer

:::
this

:::::::
question.40

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 the retreat. Instead, the forcing has to be taken
:::::::
reversed

:
past its initial value to recover the initial state (Rosier

et al., 2021). As an example, in their simulations of the whole Antarctic Ice Sheet, Garbe et al. (2020) find that retreat of West45

Antarctic grounding lines could be initiated by around 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.

Large parts of the Antarctic Ice Sheet have been identified as
::::::::
potentially

:
susceptible to MISI due to their deep inland slop-

ing topography
::::::::
satisfying

:::
the

::::::::
necessary

::::::::
condition

:::
for

:::::
MISI (see Fig. S60 in Morlighem et al., 2020). There is some evidence

for past extensive loss of sectors of the
:::
This

:::::::::::
encompasses

::
in

::::::::
particular

:::
the

::::::
marine

:::::::
regions

::
of

:::
the

::::
West Antarctic Ice Sheetduring50

warm periods of the Pleistocene and Pliocene (e.g. Scherer et al., 1998; Reinardy et al., 2015; Wilson et al., 2018; Golledge et al., 2021)

. In the future, several numerical simulations have shown potential for substantial inland retreat under both present-day

(Golledge et al., 2021) and future scenarios of climate forcing (e.g., DeConto and Pollard, 2016; Golledge et al., 2015).
:
.
:::::
Recent

::::
work

:::
on

:::
Pine

::::::
Island

::::::
Glacier

:::::::::::::::::
(Rosier et al., 2021)

:::
has

:::::
shown

:::
the

::::::::
existence

::
of

::::
three

::::::
tipping

::::::
points;

::::
two

::::::
smaller

::::::
tipping

:::::
points

::::
and

:
a
:::::
third,

:::::
larger

::::
one,

:::
that

:::::
could

:::::::::
eventually

::::::
induce

:::
the

:::::::
collapse

::
of

:::
the

::::
West

::::::::
Antarctic

:::
Ice

:::::
Sheet

::::::::::::::::::::::::::::
(Feldmann and Levermann, 2015)55
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:
. The Amundsen Sea Embayment (ASE) sector in West Antarctica is of particular concern as glaciers in this region have been

accelerating and thinning, and the grounding lines are retreating (Rignot et al., 2019; Milillo et al., 2022).In addition,recent

work on PineIslandGlacier(Rosier et al., 2021)hasshownthe existenceof threetipping points;two smallertipping points

andonethird, largerevent,thatcouldeventuallyinducethecollapseof theWestAntarcticIceSheet.

Parts of the East Antarctic Ice Sheetcouldalsobesusceptibleto MISIdue to
:::
also

:::::
ful�ll

:::
the

::::::::
necessary

::::::::
condition

:::
for

::::::
MISI,60

::::::::
retrograde

:::::::
sloping

:::::
beds,

::
in

:
their deep marine basins,

:
e.g. Robin subglacial basin upstream of the Filchner-Ronne ice shelf

(basin 1 in Fig. 2), Recovery subglacial basin feeding the Filchner Ice Shelf (basin 2), Wilkes subglacial basin (basin 14 and

upstream, Mengel and Levermann, 2014) and Aurora subglacial basin upstream of Totten Ice Shelf in East Antarctica (basin

13, see Sun et al., 2020). However, with the exception of Totten Glacier (Rignot et al., 2019), these regions have not yet shown

substantial acceleration, thinning or retreat of the grounding line.65

The aim of this paper is to determine ifstablegrounding-linepositionsexist in the currentgeometryof the ice sheet.
:::
the

:::::::
currently

::::::::
observed

:::::::::
grounding

::::
line

::::::
retreat

::
in

:::
any

:::::::::
Antarctic

:::::
region

::
is

::::
due

::
to

::::::
MISI,

:::
and

::::::::
therefore

:::::::::::
irreversible. To do this we

perform a numericalstability analysis using three state-of-the-art ice sheet models, Elmer/Ice (Gagliardini et al., 2013), Úa

(Gudmundsson, 2020), and the Parallel Ice Sheet Model (PISM; Bueler and Brown, 2009; Winkelmann et al., 2011). We

initialise Elmer/Ice and Úa to be in steady state and closely replicate the present-day geometry of the ice sheet. While it is70

not realistic to assumethe Antarctic Ice Sheetis in a steadystatetoday,it is necessaryfor suchstability analysistoremove

the in�uence externalforcing may haveon the ice sheet
:::
and

::::
then

:::::::
perform

::
a

:::::::::
numerical

:::::::
stability

:::::::
analysis. To assess whether

this steady state ice sheet geometry is stable, we can apply a small-amplitude perturbation to a controlparameter(in this case

sub-shelfmelt)
::::::
variable

:
that satis�es the steady state condition,

::
in

::::
this

::::
case

:::
the

:::::::
position

:::
of

:::
the

:::::::::
grounding

::::
line.

:::
We

:::::::
perturb

::
the

:::::::::
grounding

::::
line

:::::::
position

::::::::
indirectly,

:::
by

:::::::::
increasing

:::
the

:::::::
sub-shelf

:::::
melt

::::
rates. This perturbation is designed to be large enough75

that it is numerically signi�cant, but small enough that the state of the system is not fundamentally altered. Applying a small

perturbation to a steady state solution is a common mathematical stability approach (e.g., Liao et al., 2007) and has been

previously used in numerical studies to assess the stability of grounding lines in idealised set-ups (Schoof, 2007; Vieli and

Payne, 2005; Pattyn et al., 2006; Gudmundsson et al., 2012). If the steady state is stable, the system will evolve back to its

initial state after the perturbation is removed. Conversely, if the steady state is unstable, a small perturbation will be enhanced80

and the system evolves away from its initial steady state.

:::::
Owing

:::
to

:::
the

:::::::::
(long-term)

::::::::
response

::
of

:::
ice

::::::
sheets

::
to

:::::::
varying

::::::
climate

:::::::
forcing,

:::
the

::::::::
Antarctic

:::
Ice

:::::
Sheet

::
is

:::
not

::
in

::
a

:::::
steady

:::::
state

:::::
today.

::::::
Indeed,

:::::::::::
observations

:::::
show

:::
that

:::::
mass

:::
loss

::::
and

::::::::
grounding

::::
line

:::::
retreat

:::
are

::::::
driven

::
by

:::::::
external

:::::::
climate

:::::::
forcing.

::::::::
However,

::
in

::::
order

::
to

::::::
assess

:::::::
whether

:::::
MISI

::
is

::::::
playing

::
a

::::
role

::
in

:::
the

::::::
current

::::::
retreat

::
of

:::
the

::::::::
Antarctic

:::::::::
grounding

:::::
lines,

:::
we

::::
need

:::
to

::
go

:::::::
beyond

:::::::::::
observations,

:::
and

:::::
apply

::
a

:::::::::
systematic

::::::::
modelling

:::::::::
approach.

:::::
Using

:::
the

::::::::
approach

:::::::
outlined

::::::
above

:::
we

:::
can

:::::::::
determine

:::::::
whether

:::
the85

:::::::
currently

::::::::
observed

:::::::
changes

::
in

:::::::::
grounding

::::
line

:::::::
position

:::
are

::::::::
reversible

::
or

::::
have

:::::::
already

:::::
begun

::::::::::::
self-sustained

::::::::
collapse. If we can

�nd stable steady states in the current geometry of the ice sheet
::
in

:::
our

:::::::::
numerical

::::::
models, then we can conclude that the

present-day location of Antarctic grounding lines arestableandlikely havenot crossedan internalinstability threshold.The

:::
not

::::::::
inherently

::::::::
unstable,

:::
i.e.,

:::
the

:::::::
positive

:::::::
feedback

::::::
related

::
to

:::::
MISI

::
is

:::
not

:::::::::::
automatically

::
at

::::
play.

:::::
Vice

:::::
versa,

:::
the existence of such

stable steady states isalso
::::
rather

::
a strong indication that thecurrentlyobserved retreat of Antarctic grounding lines ispurely90
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driven by changesin the externaldriverssuchasoceanicforcing
:
in

::::::::
response

::
to

:::::
either

:::::
past,

::
or

::::::::::
present-day

:::::::
external

:::::::
climate

::::::
forcing,

:::::::
without

:::::
MISI

:::::
being

:
at

::::
play.

To corroborate our analysis, we repeat these perturbation experiments using a transientice sheet
:::::::
ice-sheet state in PISM

that has been forced using ocean and atmospheric conditions from 1850 to 2015.Althoughstability cannotstrictly bede�ned

for non-steadystates,we �nd thateven
:::::
Using

:::
this

:::::
state

:::
we

:::
can

::::::::::
additionally

:::
test

::::::::
whether, with transient forcing included, the95

currentgrounding-linepositionsdo not
:::::::::
grounding

::::
lines show self-sustained retreat. Instead

::
in

::::::::
response

::
to

:
a

::::::::::::::
small-amplitude

::::::::::
perturbation.

::
If, after removing the perturbation, the grounding lines either reverse towards their initial position or the same po-

sition obtained in a control simulation.
::
we

:::
can

::::::::::
additionally

::::::::
conclude

:::
that

:::::
MISI

::
is

:::
not

:::::
taking

:::::
place.

:
Note that in this manuscript

we
::
for

::::::
PISM

::::::::::
simulations

:::
that

::::::::
replicate

:::
the

:::::::
transient

:::::::::
behaviour

::
of

::::
the

:::
ice

:::::
sheet,

:::
we

::::::::::
alternatively

:
refer to grounding lines as

`unstable'
::::::::::
`irreversible' if they are engaged in MISI-driven retreat, and`stable'otherwise,evenif thegroundinglinesarenot100

in steadystate.
:::
and

::::::::::
`reversible'

::
if

::::
MISI

::
is

:::
not

::
at

::::
play.

:

While the approach outlined above answers the question of whether present-day grounding lineshaveor havenotyetcrossed

acritical thresholdwith respectto theirposition
:::
are

::
or

:::
are

:::
not

:::::::
engaged

::
in

::
an

:::::::
ongoing

:::::
MISI, the problem of their stability could

also be approached from another angle.Similar to thecritical thresholdin theposition,thesystem'stipping pointsarede�ned

througha critical value in the forcing, e.g. the climatic conditionsdriving the system,beyondwhich groundinglines are105

committedto eventuallycrossa critical thresholdand
:
In

:::::::::
particular,

:::
the

:::::::
question

:::::
arises

::
if

:::
the

::::::::
currently

::::::::
observed

:::::
retreat

::::::
driven

::
by

::::::
current

:::::::
climate

:::::::::
conditions

:::::
could

::::::
commit

:::
the

:::::::::
grounding

::::
lines

::
to

:::::::::
eventually

:
undergo irreversible retreat.Thelatterquestion

::::
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 lead to a collapse of major marine basins.

The paper is structured as follows: In the following Sect. 2.1 we present the common datasets and approaches used in our110

model initialisation. We then present details of the ice sheet model set-ups in Sect. 2.2, and in Sect. 2.3 we present the initial

model states used in the perturbation experiments described in Sect. 2.4. The results are presented for the entire ice sheet and

individual drainage basins in Sect. 3, and discussed further in Sect. 4.

2 Methods

Here, we perform numerical simulations using three ice sheet models, to explore the stability of the current positions of115

Antarctic grounding lines. A summary of our entire methodology is shown in Fig. 1. We �rst initialise all three models using

as many common aspects of our models as possible (Sect. 2.1) to create initial states that replicate the observed geometry of

the Antarctic Ice Sheet (see Sect. 2.3). Secondly, we use these initial states to assess the sensitivity of current grounding-line

positions to perturbations in ice shelf buttressing (Sect. 2.4). All three ice sheet models are initialised using slightly different

procedures, the details of which are outlined in Sect. 2.2.1 and 2.2.2.120
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Figure 1. Overview of experimental setup.Schematic 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.

2.1 Common Approach

To minimise the differences between the ice sheet initial states, we apply as many common features as possible in the model

set-ups
:::::
setups (Table 1), either in terms of model physics, input datasets or parameterisations. In principle, any remaining differ-

ences between the ice sheet reference states will be solely due to their individual initialisation procedures and implementation

of model physics. A comparison of all three models is given in Table 1.125

PISM is a �nite difference modelwith aregular8-kmgrid, andis capable of simulating large ensembles on multi-millennial

time-scales, whereas Elmer/Ice and Úa are �nite element models with unstructured grids and are designed for decadal to

century scale simulations. All models use ice density� i = 917 kg m� 3, sea water density� w = 1027 kg m� 3, and gravity

g = 9 :81 m s� 2. To use the most physics-based friction law all models impose a pressure-dependent friction law, which usually

leads to more physically representative sliding close to the grounding line as compared to the Weertman sliding law (Brondex130

et al., 2019). The exact formulations of each law used are given in Appendices A1-A3.
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To initialise the models to present day conditions, we require a number of observational datasets. We use bedrock topography,

ice surface elevation, and ice thickness from BedMachine Antarctica 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 MEaSUREs Annual Ice Velocity

Maps Version 1 dataset (Mouginot et al., 2019), which has a resolution of 1 km and good coverage across the entire ice135

sheet. In the case of Úa and Elmer/Ice these surface velocities are used directly in the inversion algorithm. Across the surface

of the ice sheet, all models apply a constant-in-time surface mass balance, which is the output from the regional climate

model RACMO2.3p2 averaged from 01/1995 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.To ensurethat the

prescriptionof melt ratesdoesnot affect the resultsof the perturbationexperiments,all
:::
All three models parameterise sub-140

shelf melt rates using their respective implementations of the Potsdam Ice shelf Cavity mOdel (PICO; Reese et al., 2018a).

We ensure that the PICO geometry is the same as that in Reese et al. (2018a).
:::::
While

:::::
PICO

::
is

:::
not

:
a
:::::::
perfect

:::::::::::
representation

:::
of

:::::::::
present-day

:::::
melt

::::
rates,

::
it

::::
can

::::
track

:::
the

:::::::::
grounding

::::
line

:::::::::
movement

:::
and

::::::::
provides

:::::::
melting

::::
rates

:::
for

::::::
newly

::::::::::
ungrounded

:::::::
regions.

PICO parameters were selected to re�ect the sensitivity of sub-shelf melt rates in the ASE sector and Filchner-Ronne Ice

Shelf to ocean temperature changes. Further details on this tuning of PICO parameters can be found in Reese et al. (2022). This145

results in the parameter for vertical heat exchange
 �
T = 5 :5� 10� 5

::::::::::::

 �

T = 5 � 10� 5 m s� 1 and the parameter for the overturning

strengthC = 2 Sv m3 kg� 1. Temperature corrections were applied to individual PICO basins summarising the far-�eld ocean

conditions such that present-day melt rates (Adusumilli et al., 2020) are obtained for present-day ocean forcing from Schmidtko

et al. (2014), averaged over the time period 1975 to 2012..

Elmer/Ice PISM Úa

Numerical method Finite element Finite difference Finite element

Stress Balance SSA SSA+SIA SSA

Grid Resolution Unstructured grid 1–50 km 8 km Unstructured grid 1–200 km

Rheology Glen's �ow law Glen–Paterson–Budd–

Lliboutry–Duval �ow law

Glen's �ow law

Friction law Regularized Coulomb

(Joughin et al., 2019)

Power-law with Mohr–

Coulomb (Schoof and Hind-

marsh, 2010; Bueler and van

Pelt, 2015)

Regularized Coulomb (Asay-

Davis et al., 2016)

Initialisation method Data assimilation with relax-

ation

Spin-up Data assimilation with relax-

ation

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.
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2.2 Model Initialisation150

2.2.1 Elmer/Ice and Úa

In this section, due to their similar initialisation procedures (see Fig. 1), we present the common approach used by Elmer/Ice

and Úa to create initial model states for the Antarctic Ice Sheet. Speci�c details related to each individual model are presented

in Appendices A1 and A2. These models have both been used extensively to solve ice �ow problems in Antarctica, and have

participated in a number of model intercomparison experiments, e.g. Pattyn et al. (2012); Cornford et al. (2020). Both ice155

sheet codes are �nite element models that solve the vertically integrated ice dynamics equations using the Shallow Shelf

Approximation (SSA; MacAyeal, 1989). An unstructured �nite element mesh was created for each model, where element sizes

were re�ned in fast �owing regions. In both cases, mesh resolution is 1 km close to the grounding line. Observations of ice

sheet topography were then linearly interpolated onto these meshes. Throughout the forward-in-time experiments, the extent of

the ice shelves remains unchanged; however, both models impose a minimum ice shelf thickness, which is suf�ciently thin to160

represent ice that has been removed and provides no buttressing. The grounding-line position is calculated using the �otation

criterion.

Here, we use a two step approach to initialise Elmer/Ice and Úa. First, we used a data assimilation approach in which we

perform a model inversion to estimate the basal friction and viscosity parameters using the adjoint method (MacAyeal, 1993),

to replicate the observed present-day ice sheet velocities. The optimal �elds for these parameters are found by minimising a165

cost function which is the sum of mis�t 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 the inferred parameters (friction and viscosity). The regularisation weights are determined using anL-curve analysis. By

design, at the end of the inversion the surface velocities are in very good agreement with observations. See Appendices A1 and170

A2 for details on the inversion.

Second,giventhatthegoalof this paperis
::
to

::
be

::::
able

:
to assess the stability of current grounding lines with respect to small-

amplitude perturbations, we need to obtain an ice sheet initial state that is in steady state. We de�ne steady state as a state

for which ice volume changes through time are as close as possible to zero. While the data assimilation approach is able to

replicate present day ice velocities and grounding-line positions, once we run the models forward in time, we quickly drift175

away from these initial conditions, due to inconsistencies in the input datasets and uncertainties in model parameters. Similarly

to Price et al. (2011) and Goelzer et al. (2013), and to overcome the challenges of model drift under control conditions, we

apply a correction to the mass balance term (_m) in the form

_m = _bRACMO � _bPICO �
dh
dt

�
�
�
�
t relax

: (1)

This seeks to bring rates of volume change as close as numerically possible to zero (steady state), by subtracting rates of ice180

sheet thickness change (dh=dt) needed to keep the model in balance. There are subtle differences as to how_m is calculated

in each model. Elmer/Ice begins with a 20-year relaxation period with_m = _bRACMO � _bPICO , where_bRACMO denotes the
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1995–2014 averaged surface mass balance provided by RACMO2.3p2 (van Wessem et al., 2018) and_bPICO the sub-shelf

melt rates provided by PICO using 1975–2012 averaged ocean forcing from Schmidtko et al. (2014) (see Appendix A1). In

a second step, rates of thickness changedh=dt were subtracted from the RACMO surface mass balance �eld and sub-shelf185

melt rates from PICO (Eq. 1). This_m �eld was then put back into Elmer/Ice for a further 1-year relaxation period. Úa uses a

semi-iterative approach detailed in Appendix A2. This takesdh
dt

�
�
inv calculated after the inversion as input to Eq. (1) for a 1-year

relaxation period,t relax . The _m �eld is then recalculated usingdh
dt

�
�
t relax

at 1 year. In both models_m is held constant for all

remaining simulations.
:::
The

:::::::::
correction

:::::
terms

::::::
applied

::
to

:::
the

:::::
mass

::::::
balance

::::::::
dh
dt

�
�
t relax ::

in
::::
each

:::::
model

:::
are

::::::
shown

::
in

:::::::::::::
Supplementary

:::
Fig.

::::
S14.

::::::
While

:::
the

:::::
spatial

:::::::
patterns

:::
are

:::::::
broadly

:::
the

:::::
same,

:::
e.g.

:::::
large

:::::::::
corrections

:::::
across

:::
the

:::::::
AMSE,

:::
we

::::
note

:::
that

:::
the

::::::::::
distribution190

:::
and

::::::::
amplitude

::
of

:::
the

:::::
mass

::::::
balance

:::::::::
correction

:::::
�elds

::::
vary

::::::
greatly

:::::::
between

:::
the

:::
two

:::::::
models,

:::::
likely

:::
due

::
to

:::::
subtle

::::::::::
differences

::
in

:::
our

:::::
model

:::::::::::
initialisation.

:::
We

:::::::
interpret

:::
the

:::::::::
differences

::::::::
between

::::
these

::::
two

::::::::
correction

:::::
terms

::
to

:::::
show

:::
that

:::
our

::::::
results

:::
are

:::
not

::
an

:::::::
artefact

::
of

:::
this

::::
�eld

::::::
having

:
a
:::::::
speci�c

::::::
shape.

We �nd that applying this corrected mass balance term over the entire ice sheet (both grounded and �oating portions) brings

the ice sheet models to a steady state.
::
As

::::::::::::::
aforementioned,

:::
the

::::::::
Antarctic

:::
Ice

:::::
Sheet

::
is

:::
not

::
in

::
a

::::::
steady

::::
state

:::::
today.

:::::::::
However,

::
in195

::::
order

::
to

:::::::::
determine

:::
the

:::::::
stability

:::::::
regime

::
of

:::
the

::::::::::
present-day

:::::::::
grounding

::::
lines

:::
in

:::
the

::::::
context

:::
of

::::
their

::::::::::
present-day

:::::::::
geometry,

:::
we

::::::
require

:
a

::::::
steady

::::
state.

::
It

::
is

:::::::
assumed

::::
that

:::::
using

:::
this

:::::::::::
mass-balance

:::::::::
correction

::::::::
approach

:::
has

:::
not

::::::
altered

:::
the

:::::::
location

::
of

:::
the

::::::
critical

::::::::
thresholds

::
in

:::
the

:::::::::::::
grounding-line

:::::::
position

::
for

:::
the

::::
real

:::
ice

:::::
sheet,

:::
and

::::
that

::::::::
perturbing

:::::
these

::::::
steady

:::::
states

:::
can

:::::
allow

::
us

::
to

::::::::
conclude

::
on

:::
the

:::::::
stability

::
of

:::
the

::::::::::
present-day

:::::::::
grounding

::::
lines

::
in

::::
their

::::::
current

::::::::
position.

2.2.2 PISM200

In contrast to Úa and Elmer/Ice, PISM simulations use a �nite difference scheme to solve the momentum balance on a regular

grid of 8 km horizontal resolution. Ice �ow velocities are obtained from a superposition of the SSA and the shallow ice approx-

imation (SIA) velocity �elds. PISM is thermo-mecanically coupled and solves the enthalpy evolution on a three-dimensional

grid. The ice rheology / rate factor is calculated from the ice enthalpy. A pseudo-plastic power-law relationship relates the basal

shear stress to the SSA basal sliding velocities. Thereby, the Mohr-Coulomb criterion is used to compute the basal yield stress205

from parameterised till material properties (the till friction angle, a heuristic, piece-wise linear function of bedrock topography

following the assumption that subglacial material with a marine history should be weaker) and the effective pressure on the

saturated till (Bueler and van Pelt, 2015). The amount of water in the till is determined by the enthalpy model and a constant till

water decay rate. For consistency with the other models, glacial isostatic adjustment is not considered and we only calve �oat-

ing ice that extends beyond the present-day extent of Antarctic ice shelves.
:::::
While

::::::::::::::::::
Seroussi et al. (2014)

::::
report

::::
that

:
a

:::::::::
horizontal210

::::::::
resolution

::
of

::
2

:::
km

::
is

::::::::
required

::
to

:::::::::
accurately

::::::::
represent

::::::::::::
grounding-line

:::::::::
dynamics,

::::::::::::::::::::
Feldmann et al. (2014)

:::
�nd

:::
that

:::
by

:::::
using

::
a

::::::
subgrid

:::::::::::
interpolation

::
of

:::::::
friction,

:::::::::::::
grounding-line

::::::::::
reversibility

::
in

:::::
PISM

::
is

::::
also

::::::::
captured

::
at

::::::
coarser

:::::::::
(� x > 10

::::
km)

::::::::::
resolutions.

:::::
While

:
a

::::::
higher

::::::::
horizontal

:::::::::
resolution

:::::
would

::
be

:::::::
wishful,

:::
we

::::
here

::::::
employ

::::
this

::::::::::
interpolation

::
to

::
be

::::
able

::
to

:::
run

:::::
PISM

::::
over

:::::::::
millennial

::::
time

:::::
scales.

::::
We

:::
�nd

::::
that

:::::
PISM

::::::
results

:::
are

::
in

::::
line

::::
with

:::::
results

:::::
from

::::::::
Elmer/ice

::::
and

:::
Úa

:::
that

:::::::
employ

::::
�ner

:::::::::
resolution

::::::
around

:::
the

::::::::
grounding

:::::
lines.

:
215
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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 Fig. 1: we �rst create a thermal equilibrium with constant geometry, followed

by an ensemble of equilibrium simulations with full dynamics run for 1850 climate conditions; starting from these, historic

simulations are run from 1850 to 2015. We use ISMIP6 historic forcing for the atmosphere and the ocean from 1850 to 2015,

which is a model result and not fully representative of the past climate history. Climatologies for the equilibrium state were220

created such that when adding the historic anomalies the atmosphere and ocean forcings between 1995 and 2014 match the

present-day observations. Observed present-day velocities do not directly enter the initialisation, but instead are used, amongst

other criteria, indirectly to determine optimal parameters in the initial state ensemble, which is spanned over various uncertain

parameters related to basal sliding and ice �ow. From this ensemble of initial states, we select the state that best replicates

present-day ice thickness, grounding-line position, mass loss, and ice surface velocities. We do so by using a scoring scheme225

that tests the (root mean square) deviations from observations in each individual variable by normalising and multiplying them.

We lay a speci�c focus on the Amundsen, Weddell, and Ross seas by including the regional scores in addition to the continental

values. We then use the best scoring run for the
::::
`best'

:::::
PICO

::::::::::
parameters

:::
for

:::
the stability experiments (“ANT1

::::
AIS5” in Reese

et al., 2022). Note that this state is slightly gaining mass over the historic period.
:::::::
between

::::
1992

::::
and

:::::
2015.

:
Further details on

PISM are given in Appendix A3.230

2.3 Ice sheet initial states

We have generated three ice sheet model initial states which closely replicate the current geometry, surface velocity, and

grounding-line positions of the Antarctic Ice Sheet. We interpolate these initial states onto a regular 2-km grid to evaluate the

performance of the ice sheet initial states with respect to observations. All indicators show a good agreement between each

of the ice sheet models and the observations (Table 2). Despite different initialisation procedures, all three models are able to235

closely replicate the observed ice thickness and surface velocities, particularly in the location of fast �owing ice streams (see

Supplementary Figs. S1 and S2). It is not surprising that Elmer/Ice and Úa have good agreement with observations, given that

they impose the surface topography from BedMachine and use observed surface velocities in the inversion. However, PISM,

is also capable of locating most, if not all ice streams in their correct positions, and accurately replicating the observed ice

thickness and surface velocities after the spin-up.240

To assess the sensitivity of Antarctic grounding lines to small changes in their position, we need to closely replicate the

current observed position of the grounding line. Figure 2 shows that the initial grounding-line positions of all three models are

in most parts in very good agreement with the observed position of the grounding line in the BedMachine dataset (Morlighem

et al., 2020). We calculate the error in theinitial
:::::::
grounded

:::
ice

::::
area

:::
(a

:::::
proxy

:::
for

:
grounding-linepositionsas the difference

between
:::::::
change),

:::
by

::::::::::
differencing

:::
the

:
simulated and observed grounded ice areas, divided .

:::
To

::::::
obtain

:
a

:::::::
relative

:::::::::::
displacement245

::
of

:::
the

:::::::::
grounding

:::
line

::::::
itself,

:::
we

::::::::
normalise

::::
this

::::
area

::::::
change

:
by the simulatedgrounding-linelength

:::::
length

:::
of

:::
the

:::::::::
grounding

:::
line. The resulting grounding-line position errors are90

::
84 m for Elmer/Ice,562

:::
540

:
m for Úa and12.3

::::
11.4 km for PISM,

which is below, or very close to, the minimum grid size used in each model. In addition, the good agreement of observed and

modelled grounding-line positions can be seen in our individual glacier pro�le �gures presented in the results. As expected,
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Indicator Unit Elmer/Ice PISM Úa Reference Source

Ice extent (total) 106 km2 13.48 13.59
::::
13.58 13.57 13.52 Morlighem et al. (2020)

Ice extent (�oating) 106 km2 1.45 1.07
:::
1.10 1.51 1.50 Morlighem et al. (2020)

Ice extent (grounded) 106 km2 12.03 12.52
::::
12.48 12.05

::::
12.06 12.03 Morlighem et al. (2020)

Ice mass 107 Gt 2.39 2.39 2.41 2.38� 0.04 Morlighem et al. (2020)

Ice mass above �otation 107 Gt 2.05 2.05 2.03 2.09� 0.04 Morlighem et al. (2020)

Ice mass above �otation m SLE 56.7
::::
56.67 56.47

::::
56.46 56.06 57.9� 0.9 Morlighem et al. (2020)

Ice �ux across the grounding line Gt yr� 1 1624 2124 1727 1929� 40 Gardner et al. (2018)

Surface mass balance (grounded) Gt yr� 1 1868 2203
:::
2192

:
1873

:::
1874

:
1792 van Wessem et al. (2018)

Table 2. Comparison of the initial state indicators for the initial states created using Elmer/Ice, Úa 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 BedMachine v2 dataset (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 balance is from RACMO

(van Wessem et al., 2018).

there is a smaller deviation between the observed and modelled grounding lines in Elmer/Ice and Úa, due to their inversion250

and relaxation initialisation procedure, in which the grounding lines have had little opportunity to migrate away from their

prescribed initial (observed) position. Due to the spin-up procedure and the coarser grid resolution of PISM there are some

areas with greater deviation in the initial grounding-line position. Nonetheless there is overall good agreement, including in

regions of particular interest, such as Thwaites Glacier.

By design, initial states created by Úa and Elmer/Ice are as close as possible to steady state. During a steady-state control255

simulation for both models there is less than 4.2 mm of change in sea-level equivalent volume over 100 years. Furthermore,

there is very little drift in the position of the grounding line from the initial location, deviating by only 12.6 (Elmer/Ice) and

2.1 m (Úa) over 100 years, which is very small with respect to grid resolution. To support the �ndings of this study further,

we generate an initial state using PISM, that includes the recent history of the ice sheet, and therefore is not in steady state

(see Sect. 2.2.2).
:::
Due

::
to

:::
the

:::::::
spin-up

::::::::
procedure

::
of

::::::
PISM,

:::::
when

:
it

::::::
arrives

::
at

::
a

:::::
steady

:::::
state,

::
by

::::::::
de�nition

::::
that

::::
state

::::
will

::
be

::::::
stable.260

::::::
Hence,

::
we

::::::
would

:::
not

::::
need

::
to

::::::::::
additionally

::::::
perturb

::::
such

::
a

::::
state

::
to

::::::::
determine

::
if

::
it

:
is

::::::
stable

::
or

:::::::
unstable.

:::::::
Instead,

:::
we

::::::
analyse

::
a

::::
state

::::::::
including

:
a

::::::::::
present-day

::::
trend

::
in

:::::
mass

:::::::
changes.

:
This allows us to examine if current grounding-line positions are also reversible

when transient forcing is included, and is therefore complementary to the steady-state perturbations in the other models. We

account for discrepancies between individual models by running control simulations alongside the perturbation experiments,

and the results presented are then with respect to these control runs.265
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Figure 2. Modelled and observed present-day Antarctic grounding-line locations.Present-day Antarctic bed topography (BedMachine;

Morlighem et al., 2020) showing regions where the bed topography is below (blue shading) and above (brown shading) sea level in meters

above sea level (m a.s.l.). Modelled initial grounding-line positions are shown as colored lines, observed grounding-line position is shown

in black. Ice shelves are indicated by grey shading. Golden lines denote the locations of the transects shown in Fig. 4. Grey lines mark the

boundaries of the IMBIE basins (Zwally et al., 2012). The inset shows a zoom into the Amundsen Sea Embayment sector of West Antarctica.

2.4 Experimental design

We take the initial ice sheet states presented in the previous section and apply a small-amplitude perturbation to assess the

stability of the current grounding-line positions. This perturbation is designed to be as small as possible, i.e. we want to impose

a small deviation in the current grounding-line position such that the signal in the position of the grounding line is clearly

visible, and distinctly emerging from the noise, but we do not want to force the grounding lines signi�cantly into a different270

state. In general, it would be possible to perturb the system using a number of different control parameters in our models. Given

the important role that ice shelves play on inland ice sheet dynamics and grounding-line position, via buttressing forces, we

here choose to perturb the system by applying a shift in ice shelf melt rates.
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We apply this perturbation in all three models by increasing the far �eld ocean temperature that drives the melt rates cal-

culated by PICO. We increase the input ocean temperature, which is assumed to be representative of the conditions at depth275

on the continental shelf, by[+1;+3;+5] °C all around the Antarctic Ice Sheet. This perturbation in temperature 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 of this small perturbation and found that a 5 °C perturbation over 20 years remained small, i.e.

it resulted in a small but obvious deviation in the position of the grounding line. After 20 years we remove the perturbation

and allow a recovery phase of the simulation for a further 80 years (Fig. 1). We extend some simulations by 400 years to test280

the robustness of the grounding-line evolution over longer timescales. In parallel, we run a reference simulation (control run)

with no melt perturbation.
::
In

::
all

:::
of

:::
our

::::::
control

::::
and

::::::::
perturbed

::::::::::
simulations

:::
the

::::::
surface

:::::
mass

:::::::
balance

:::::::
remains

:::::
�xed,

::::::
which

::
in

::::::::
Elmer/Ice

:::
and

:::
Úa

::
is

:::
the

::::::::
corrected

::::
mass

:::::::
balance

::::
�eld

::
m

::::::::
described

::
in

:::::
Sect.

:::::
2.2.1,

:::
and

::::::::
RACMO

::::::
surface

:::::
mass

::::::
balance

::
in

::::::
PISM.

:

There are subtle differences in the application of the melt perturbation between models, due to their initialisation. As

Elmer/Ice and Úa already include a correction to the mass balance, we apply ice shelf melt anomalies as� _bPICO (t) =285

_bpert
PICO (t) � _bref

PICO (t) where_bpert
PICO and _bref

PICO are the perturbed and non-perturbed melt rates, respectively. Both_bpert
PICO and

_bref
PICO vary with time, to account for cavity geometry changes that in�uence the calculation of melt rates in PICO. In the

control simulations and during the 480-year recovery phase,� _bPICO = 0 . During the 20-year perturbation phase,� _bPICO is

then subtracted from the synthetic mass balance term_m to give a total perturbed mass balance_mpert = _m� � _bPICO . In PISM,

no such correction to the mass balance has been applied, instead, the initial temperatures in PICO are perturbed directly. We290

compare the basal mass balance perturbation applied in all three models and �nd that it is comparable for all experiments (see

Fig. S6).

Here, we use the integrated ice �ux across the grounding line as the metric of the system state, and to determine the re-

versibility of the grounding-line position. This is because the ice �ux is inherently linked to the MISI hypothesis, where retreat

down a sloping bed increases ice �ux, leading to thinning, �otation, and further grounding-line retreat. Ice �ux is also found295

to recover faster to a perturbation than grounded area or volume, due to the long timescales needed for the ice to thicken and

re-advance. In the steady state initial states of Úa and Elmer/Ice, by design, the ice �ux across the grounding line balances the

surface accumulation upstream.An
::::::::
Increased

:::::::
ice-shelf

:::::::
melting

::
in

:::
our

::::::::::
simulations

:::::
leads

::
to

:
a
:::::
sharp

:
increase in iceshelfmelt,

andthusreducedbuttressing,will leadto anincreasedice �ux.
:::
�ux

::::::
across

:::
the

:::::::::
grounding

::::
line,

:::::
which

::
is

::::::::
assumed

::
to

::
be

::::
due

::
to

:
a

::::
loss

::
of

:::::::::
buttressing

:::
as

:
a

:::::
result

::
of

::::::::
ice-shelf

::::::::
thinning. If the �ux across the grounding line returns to its initial value after the300

perturbation is removed, this indicates that the ice sheet reverts to a steady state with a balance between surface accumulation

in the grounded regions and grounding-line �ux (note that surface accumulation is altered a little by the grounding-line move-

ment). 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 initial305

value, the grounding line is unstable. To support this we also examine the trend in grounded line position after the perturbation

is removed, which is calculated as the change in grounded area for a constant grounding-line length.
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We alsoanalysetherecoveryof the ice �ux by calculating
::
To

::::::
further

::::::
analyse

::::
the

:::::::
response

::
of

:::
the

:::::::::
grounding

::::
lines

:::::
after

:::
the

::::::::::
perturbation

::
is

::::::::
removed,

::
we

::::::::
calculate

:
thee-folding relaxation time, i.e. the time taken for the �ux to decrease by a factor ofe

(Euler's number;� 2:17). To do this we �t an exponential decay function in the form310

� Q(t) = � Qperte� t=� (2)

to the change in �ux during the recovery period of 80 years� Q(t), where� Qpert is the change in �ux at the end of the 20-year

perturbation relative to the initial, unperturbed �ux,t is time after the perturbation, and� is the recovery timescale. We repeat

this for all three models and perturbation experiments, and these exponential curves can be seen in Supplementary Figs. S3

to S5.315

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 position320

change and volume above �otation can be found in the Supplement.

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 particular325

for the 1 °C temperature experiment, in which ice �ux increased by approximately 300Gt yr � 1. In the higher temperature

scenarios (3 °C and 5 °C), the �ux responses diverge slightly from one another, PISM and Úa 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 Fig. S6).

After the perturbation in ice shelf melt rates is removed, Antarctic-wide ice �ux in all ice sheet models decreases exponen-330

tially, tending towards the initial value. The calculatede-folding �ux response time reveals that the Antarctic wide recovery

time is in good agreement for all models, ranging between9
::
10 and 20 years, and is largely independent of the magnitude of the

perturbation (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 in the5 °C simulations in all models to500

:::
480

:
years and found that the Antarctic-wide �ux returns to within 3.5 % of its original value (see Supplementary Fig. S9).335

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 during the perturbation, after which retreat rates subside and grounding lines begin a slow recov-

ery. While they do not fully recover within 80 years, due to the aforementioned slower response timescales, in the Antarctic

13



Figure 3. Reversibility experiments and recovery time scales.Change in integrated ice �ux across the grounding line for perturbed

simulations using three ice sheet models. All three temperature perturbation experiments (1 °C, 3 °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 shelves. See Supplementary Fig. S8

for additional basins. PISM �uxes are smoothed using a running mean �lter 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 experiments (1 °C, 3 °C, 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 theR2 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 perturbation hasR2 < 0:8

(see Fig. S4). We set these values to zero as the lower end of the error bars.
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wide signal there is no indication of accelerated retreat (see Supplementary Fig. S6). The recovery of the ice �ux, alongside

a short, two-decadee-folding time, strongly indicates that the majority of Antarctic grounding lines arestable
::::::::
reversible with340

respect to current geometry, when perturbed by increased ice shelf melt rates. If large parts of the Antarctic grounding line

wereunstable
:::::::::
irreversible, i.e. ice �ux were to increase away from the initial value, we would expect a slower or non-existent

recovery for the total Antarctic ice �ux. Indeed, ice �ux evolution for individual basins (in all models) appears to show an expo-

nential decrease after the 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.345

3.2 Amundsen Sea Embayment sector

The Amundsen Sea Embayment (ASE) sector encompasses the Pine Island, Thwaites, and Getz drainage basins (basin numbers

20 to 22 in Fig. 2) and is of particular interest as it drains ice from some of the marine regions of the West Antarctic Ice Sheet.

For all three of these basins, our results show a rapid exponential decay in the ice �ux after the 20-year perturbation. This rapid

recovery is also re�ected in the mediane-folding times for all three models and all three basins in the ASE sector, which are350

less than 20 years. In addition to the basin-wide �ux responses shown in Fig. 3, we extract pro�les along four marine glaciers

in the ASE sector (Fig. 4) to show the response of a vertical transect along the ice shelves at four critical points of the 5 °C

experiment. These �ow-lines were directly interpolated from the original model grids. We note that there are some differences

in the bed geometry due to the different resolution and interpolation methods used by each model.

At Pine Island Glacier, the initial grounding-line position in Úa is close to observations, whereas in Elmer/Ice and PISM355

the initial grounding-line positions are located downstream at a topographic ridge (Fig. 4a). Despite their different starting

locations, Elmer/Ice and Úa grounding lines retreat (approximately 3-7 km; Fig. S7) across sections of retrograde sloping bed

topography during the perturbation. The grounding line in PISM retreats along a section of pro-grade slope to the top of the

ridge. After the perturbation is removed, all models show the grounding lines to advance back to their initial positions. For all

three models, the 5 °C perturbation causes the ice shelf to progressively thin until it disappears entirely and then grows back360

to, at least, its initial thickness. Grounding-line �ux (Fig. 3) shows a clear V-shape (increase to 20 years, and decrease after),

where Úa and PISM show the �ux to have returned to either below the control simulation (PISM) or within 0.7 % (Úa) of the

initial �ux in just 30 years after the perturbation is removed (year 50). However, the recovery is slower in Elmer/Ice, which is

re�ected in the longer recovery timescale (approximately 11 years) compared with PISM and Úa and the �ux remains 10 %

higher than the initial at 100 years. This is also re�ected in the median response times which are 6 and 7 years respectively for365

Úa and PISM, and 11 years for Elmer/Ice.

Our results for Thwaites Glacier are similar to Pine Island (Fig. 4b). During the perturbation the grounding lines in the

entire Thwaites basin (including Dotson and Crosson ice shelves) retreat by approximately 4 to 9 km (Fig. S7) and the ice

�ux across the grounding line increases between 50 and 170Gt yr � 1. After the perturbation is removed the grounding-line

�uxes are recovered in all three models and the response times are within 8-15 years (Fig. 3). At Thwaites Glacier in particular,370

the initial locations of the grounding lines in all three models are in close agreement with one anotherapproximately55 km

alongthepro�le (Fig. 4b).This
::
For

:::::::::
Elmer/Ice

:::
and

:::
Úa

::::
this is slightly downstream of the observed grounding-line position at a
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