10

15

20

25

30

35

40

The Greenland-lce-Sheetevolution over the last24,000years. insights from
model simulations evaluated against icextent markers

Tancréde P.M. Legéf, Jeremy C. EIY, ChrigopherD. Clark!, Sarah L. Bradley Rosie E. Archéf Jiang
Zhut

1 Schoolof Geographyand PlanningUniversity of Sheffield, Sheffield, S10 2TN, UK

2 nstitute of Earth Surface Dynamics, University of Lausanne, Lausanne, Switzerland

8 Department of Geography and Environmental Scigideghumbria UniversityNewcastle UK

4Climate and Global Dynamics LaboratoNSF National Center for Atmospheric Research, Boulder, CO, USA

Correspondence: Tancrede P. M. Legen¢rede.leger@unil.yphpersonal addressnkleger@gmail.com

Abstract. Continentaice sheetgetainalong-termmemory storedh theirgeometry and thermal properties
In Greenland,is creates a disequilibrium with the present climatgthe ice sheet istill adjustingto past
changeghat occurred over millennial timescaléataconsistent modelling afhe pdeo Greenlanece-
Sheetevolutionis thusimportantfor improving model initialisationin future projectionexperimentsOpen
questionslsoremain regarding thieesheed ormervolume extent flux, internal flow dynamicsthermal
conditions andhow suchpropertiesvariedin spacesince the last glaciatioflere we conducta modelling
experiment that aisito produce simulations agreenentwith empirical data ofGr e e n licemadgii s
extent and timing over the last 24,000 ye&twen uncertairties inmodelparameterations we apply an
ensembl@f 100 icesheetwide simulations at & 5 km resolution using the Parallel Ice Sheet Mofteted

by simulationsfrom the isotopeesnabled Community Earth System Moddking a new Greenlanewide
reconstructiorof former ice margin retreat (PaleoGrIS 1\0¢ score each i mu | a tfrono2d,008 ye#rs t
agoto 1850AD. The resuts provideinsightsinto the dynamicsdrivers,and spatial heterogeneities of the
localLastGlacial Maximum Lateglacial, and Holocene evolution of the Greenland Ice Skeeinstance
we find thatbetween 16 and l#housand years agthe ice shedbst most ice grounded on tlentinental
shelf Thismarinesectorretreata s soci ated with mass | oss rajtwass up to seven times gr ¢
likely mainly driven by ocean warmingOur model data comparison results also shovegional
heterogeneities in fit anallows estimatingagreemenscoresensitivityto parameteconfigurationswhich
should prove useful fdiuture palecice-sheet modelling studie&inally, wereportremaining modetlata
misfits in ice extenthere found to b&argestin northern, northeastern, and cengabktern Greenlandnd
discusspossible causdsr these
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1 Introduction

Due to anthropogenic climate chand® Greenland Ice She@®rlS) is losing massat an increasing rate

and is now a major contributor to global mean-lss@l rise(Meredith et al., 2019)ts future contribution
remains uncertain, with projections showing large discrepancies, most ranging between ~70 and ~190 mm
of sealevel rise by 2100 under the RCP 8.5 / S8B5scenariogAschwanden et al., 201The IMBIE

Team., 2019Goelzer et al., 202&dwards et al., 2021Reducing uncertainties in GrlS projections is crucial

not only for estimating selavel rise and Greenlandide changes, but also for anticipating broader climate

i mpact s, partly due to the ice sheetds influence
Atlantic Meridional Overturning Circulation (AMOC) from increased frgater releas€Yu et al., 2016

Martin et al., 2022Sinet et al., 2023 A majorsource of uncertainty relates to model initialisation, i.e. the
6spinupd required to (Ragtzhina etala20pBemyssi etalt, 2019Thisist i a |
challenging because ice sheets are not in equilibrium with the contemporary climate instead still

affected by past climate changes that occurred over thousands of@edesnans et al., 1998an et al.,

2013 Calov et al., 2015Yang et al., 2022)While paleo spinups are more appropriate to capture this ice
sheet memory, they generally fail at representing the presgrite sheet conditions as accurateldata
assimilationschemesandequilibrium spinupgGoelzer et al., 2017partly due to greater uncertainties in

paleo forcings, parameterisations, and boundary condigsthwanden et al., 2013jence, lhere is a need

to reduce such uncertainties pyoduéng ensembles dfiigherresolutionpaleomodel simulationshat are
quantitatively scored against empirical reconstructions of pastlS evolution. Although rare, such
investigations mayelp obtainmore appropriatéitialisation procedurethat capturetheice-s h e &mngd s

termmemorywhile accurately modellings presentday state(Pittard et al., 2022)

Numerousopenquestions remain regarding thast behaviouof the GriSbetween the global Last Glacial
Maximum (LGM), which occurred-25 - 21 thousand years before presékyr BP), and the present. For
instancethemaximumGrlS volumeanomalyduring the last glaciatiorelative to preserremains debated
differing by a factor of up to 2.between modelling studies.f Lecavalier et al., 2038Bradley et al., 201,8
Quiquet et al., 2021vang et al., 2022 The maximunGrlS extent,though empirically constrained in some
regions(e.g.O Cofaigh et al., 20)3remainsunknown inmany areasdue to the difficulty ofcollecting
offshoregeomorphologicahindgeahronologcal constraintson ice retreatleaving datasparse(Funder et
al., 2011 Sinclair et al., 2016_eger et al., 2024)The timing magnitude andates ofice marginretreatand
mass loss during the last deglaciafiarhile essentiato contextualise presedtay losgs arealso poorly
constrainedSimilarly, the magnitude ofice marginretreat behind presedfly margingn response tthe
Holocene Thermal Maximum (HTM: ~i®kyr BP), avarmer periodoften used as an analogoe expected
future warming remainsundeterminedBriner et al., 2021)A furtherrationale for3D modelling of the

former GrlS is thatnanycharacteristics of thpastice sheetimpacing former climate, ocean conditions,
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landscape evolution, biodiversjignd human historgredifficult, if not impossibleto reconstruct fronfield
dataalone Thisincludes past changesige-sheet discharge, velocity, ice temperataedying fluxes, mass
balance, basal conditiorend their spatisemporal vambility .
80
Addressing these knowledge gaps, while providing a preniGrIS state that retains the letggm
memory of past climate changesquires: iforcinga threedimensional thermenechanical icesheet model
with a paleoclimatereconstruction and ii) produdng paleo simulations that agree (within error) with
available empirical data on former isbeet geometry and behavipwhile remaining physically consistent
85 andfully massconservingCombiningthese requirements a major challenge ariths yet to be achieved.
Few studies modelling Grl8volution since the LGM have applied a quantitative niatith comparison
scheme to constrain simulations with geological observatemgdHuybrechts, 2002_ecavalier et al., 2014
Born & Robinson, 2021Those that did mainly used relative dewgel indicators, iceeore-derived thinning
curves(Vinther et al., 2009)and englacial stratigraphisochronegBorn & Robinson, 202Rieckh et al.,
90 2024. The paleosealevel community in particularpioneered the production Gfreenlanewide datasets
(e.g Gowan, 2023Jeconstructinghe magnitude and rate oélative sea levadrop during theLate-glacial
and earlyto-mid Holocenewhendeglacialretreatcausedhe Greenland peripheral lithospheerebound
Such records have been usedagsesssGriS-wide simulationsby comparingmodelledagainstempirical
uplift rates and relative sea level charfgey Simpson et al., 2009However relative sedevel indicators
95 areindirect proxes of former icesheetgeometry and do not provide a robust constraintgrounded ice
margin position and shapethrouch time. Using such recordshe quality of modetiata fit isalso heavily
dependent on parameterisations of the Earth and glacial isostatic adjustment (GIA) modetgrast
moraineridges,erratic boulders trimlines, till units, and otherice-contactlandformgdepositsare directly
depositechndor exposedit the icesheeimargirs. When datedtheyprovide more direatvidence oformer
100 ice-sheetextent and thickness through tinTdherecentrelease of the PaleoGrISOdatabasendice-extent
isochrone reconstructigrovides, for the first timesuch a dataset theGrIS-wide scale(Leger et al., 2024)
Thus,despite uncertainties from the spatially and temporally heterogeneous nature of field obsewations,
now have the opportunity tmmparenumericakimulationsagainst anore detailed and direct reconstruction

of former grounded ice exteahdgeometry
105

We present perturbegarameter ensemble of 100 simulations usirgParallel IceSheet model (PISM:
Winkelmann et al., 201%prced by transient paleoclimaséad ocearsimulationsfrom the isotopeenabled
Community Earth System Model (iCESMHrady et al., 2019 Our simulationsmodel the entire Gri&om
24 kyr BPto 1850 AD at 5 x 5 knfnorizontal resolutiomvhich, for suchtimescales angdimulation numbers,
110 is unprecedentedtach simulation is quantitatively scored agaih®mpirical data orthe maximumice-
sheetsize and exteni.e. the local LGM (ILGM) extenti) the PaleoGrIS 1.0 reconstructionicé-margin

retreat duringhe last deglaciatiorLéger et al., 2024)andiii) the presertday GrIS extentUnlike previous
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paleo GrIS experiments of similar designg. Simpson et al., 20Q@.ecavalier et al., 20)4empirical data

is notused tdforcethe model omas a constrairduring simulationslnsteagd modetdatafit is assessedfter
completion to ensureconsisteny with iceflow physics (within model approximations) and mass
conservation (e.cely et al., 2024)Our ensembleesults including bestfit simulations,offer newinsights
into the LGM-to-present evolution of thece sheetand highlight heterogeneities in modedhata fit. We
presenthese findings rd our experimenimethaloogy below.

2 Methods

2.1 The icesheet model setup

To model the last 24 kyr of Gri&volution, we use PISM version 2.0.5, an opearce, threglimensional
and thermemechanical model used widely to simulate-steet systemgWinkelmann et al., 2011
Aschwanden et al., 201@lbrecht et al., 2020Clark et al., 2022Ely et al., 2024Khroulev & The PISM
authors, 2020) Our overall approach i run ax ensemble of 100 PISM simulatiomver the entire
Greenland Ice Sheet (Grl8) 5 x 5 km horizontalesolution(Fig. 1), from 24 kyr BP to the Prndustrial
era (Pl: 1850 AD) Within the ensemble, wevary 10 key modelparameters (Table 1fachensemble
simulation is scored against empirical datatloa timing ofice extent usindPaleoGrIS 1.qLeger et al.,
2024)and modeldata comparisoprocedurege.g. ATAT 1.1;Ely et al., 2019)enablingusto isolatebest

fit simulations Together with thdull ensembletheseare analysed further to provide quantitative results
presented and discuss@dsections 3 and @ig. 2). In the Methodssectiors below we describe our model

setup and input data used as forcinghé&spinup and transient simulations. For a full description of PISM

and its capabilities, the reader is referred to the complete méutiges: {/\Wwww.pism.io/docsKhroulev & The
PISM authors, 2020)
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Geothermal Heat Flux input
Martos et al. (2018)

Ice thickness input
BedMachine v4 + Millan et al. (2022)
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a) Bed topography input b)

BedMachine v4 + AW3D30 + GEBCO c)
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Figure 1. Time-independent and twedimensional forcing fields used as inputs for preserday bed elevation
(panel a), ice thickness (panel bylorlighem et al., 2017Millan et al., 2022, and geothermal heat flux (panel c;
Martos et al., 2018 Bed elevation (panel a) is estimated by merging several products. Topography under the
contemporary GrlS is from BedMachine v4 Morlighem et al., 2017spatial resolution: 150 m). For terrestrial
regions with no GrIS cover, we use the ALOS World 3D 30 m Digital Elevation Model (DEMTadono et al.,
2014). Presentday periphery ice is removed using thickness estimates frofillan et al. (2022) For other
regions (icefree ocean and other landmasses), we use the 15-ascond resolution General Bathymetric Chart
of the Oceand GEBCO Bathymetric Compilation Group 2022, 20Z®)ese datasets are resampled (to 5 x 5 km)
using cubic convolution(Keys, 1981)
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2.1.1 Ice flow

To model ice flow, PISM uses a hybrid stress balance scheme that combines the Shallow Ice Approximation
(SIA) and the Shallow Shelf Approximation (SSfueler and Brown, 2009PISM also features an
enthalpybased and thredimensional formulation of thermodynamics enablinge tmodeling of
polythermal ice and basal méhschwanden et al., 2012jor ice rheologyf(), we use the default Glen

PatersorBudd-Lliboutry-Duval flow law,
Pr Ot6™M t tg, 1)

wheren is the flowlaw exponentE a flow enhancement factoA the Arrhenius factor (ice softness)
determined by the liquid water contemt, and ice temperaturd@, while f andt represent the deviatoric
and effective stresses, respectivéschwanden et al., 2012n our ensemble, we vai®@ uniformly for
both the SIA and SSA (see section 2.3) and leepo as default.

2.1.2 Boundary conditions

The icebed interface

We use the slip law dfoet and Iverson (2020)vhich considers both mechanisms of glacier sliding over
rigid beds and subglacial till deformation with minimal parameterisation and no required knowledge of the
bed type. In PISM, this law is formulated as

wW t

Ps s @

whereW is the basal shear stregsthe basal yield stres§,the slip velocity and the threshold velocity

at which shear stress equals the Coulomb shear strength of thmedill. simulationso is kept constant at

50 m yr! (Khroulev and The PISM authors, 202Roet and Iverson, 2020\ hile r} varies between
simulations (see section 2.3). We account for spand timedependenbasalyield stress} , controlled
primarily by a simple hydrology modéTulaczyk et al., 2000)hich determines the effective presstire, ,

from the tillpore water content obtained by storing basal melt locally up to a threshold (here set to 2 m)
With this simplified parameterisatiomater is not conserveals water reaching above the threshold is lost
permanently. Thdvasal water thickness in the till layey, , is computed from the basal melt rate,,

obtained from thenthalpy as follows
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where6 is a simple decay rate parameter dndis the density of fresh wateSecondly,t is also
265 controlled bythe till friction angle %q i.€. the frictional strength of basal till materiglSuffey and Paterson,
2010)

t OA% U . (4

270 By assunng basal materials in valley trouglase generally weaker than towards mountain tops,
parameteriséoas a piecavise linear function of bed elevation, (after Aschwanden et al., 2012016
Huybrechts and de Wolde, 1999)

% h oo @ h
%o 610 %o odty © O0h O odty @ h (5)
%0 h @ @ ¢fw h
275
whered %o % T Q @ . We set elevation threshold® ( ftd ) to-400 and 500 m
a.s.l., respectively, whil%thresholds%o %o ) are simulatiordependentTable 1 see section 2)3This
PISM parameterisation was shown to produce flow velocities consistent with observations for major GrIS
glaciers(Aschwanden et al., 2016)
280

Bedelevationis obtainedoy mergingopographies frorBedMachine v4Morlighem et al., 201)7the ALOS
World 3D 30 m Digital Elevation Model (DEMTadono et al., 2014pand theGeneral Bathymetric Chart of
the OceangGEBCO Bathymetric Compilation Group 2022, 20ZP)e reader iseferredto Figure 1 for
more detailsTo avoid modelling large neGreenlandic ice bodies, Iceland and Baffin Islaneremoved

285 (Fig.1). We howeverrcludethe Innuitian Ice Sheet (I18)sit coalescedvith the GriS(Jennings et al., 2011)
and tle two ice sheetdynamically mpacteceach othe(Bradley et al., 2018 Modernicecapwon Ellesmere
Islandareremovedusingice thickness estimaté®m Millan et al. (2022)Finally, weusea two-dimensional
and timeindependent geothermal heat fldatafrom Martos et al. (2018(Fig. 1). Thisdataset ranges from
0.049 to 0.073 W m, and is consistent with a plume track (the Iceland hotspot) that crossed Greenland from

290 NW to SE.As this reconstruction does not featueothermal heat fludata outside modern land areas, a
constant value of 50 mW 1 the lowest values irthe originaldatasetis uniformly prescribed icean
coveredregions (Fig. 1)We run PISM at the horizontal resolution ok km (grid size: 620 x 620), with
101 vertical ice layers using quadratic concentratidhe base.

295
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Figure 3. GrIS-removed (nortlocal components) relative sedevel forcing data for four different time slices and
given as input to our transient ensemble simulations. These snapshots show the relativelseal prior to adding

the GrlS-specific contribution to GIA-induced relative seaevel change during our transient ensemble
simulations (see methods section). Positive offset values (red) indicate isostatic bed depression relative to present
and thus higher relative sedevels than today, while negative offset values (blue) indicate isostatic bed uplift
relative to present €.g.on a peripheral bulge) and thus lower relative se¢evels than today. Snapshots are
shown for the the HS 1 cooling event (panel a), the BA warming event (panel b; 14.5 kyr BP), the early Holocene
(panel c; 10 kyr BP), and the HTM warming event (panel d6 kyr BP). All model input data fields are re
projected to EPSG:3413 and resampled to a 5 x 5 km resolution using cubic convolution.
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Figure 4. Two-dimensional fields of mearannual surface air temperature (panels ad), meansummer surface
air temperature (JJA mean; panels eh), and mean annual precipitation flux (panelsi-I) data used as input in
our modelling experiment, derived from iCESM transient and equilibrium time slice simulations (see methods
section), and shown as snapshots for the HS 1 cooling event (panels &, ¢he BA warming event (panels b, ,f
j), the HTM warming event (panels c, gk), and the PI (1850 AD; panels d, hl). All climate input data fields
are re-projected to EPSG:3413 and resampled to a 5 x 5 km resolution using cubic convolution.
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The iceatmosphere interface

To compute Surface Mass Balance (SMB) from tulependensurface aitemperature and precipitation
(see section 2. 1. 3Degreeday (PDB) mod&{Ca®WaddsGreRey 200Rit2, 20@7)
Precipitation when temperature is above 2 °C and under 0 °C is interpreted as rain and snow, respectively,
with a linear transition betweeifemperature and precipitatidields used to force the SMB aferther
described in section 2.1.8he fraction of surface melt that refreezes is set to 60% (EISM3KENIand
value;Ritz, 1997) Spatictemporal variations in the standard deviatipnof daily temperature variability
influences SMB(Arnold and MacKay, 1964)We parameterisg to be a linear function o$urfaceair

temperaturéY(and indirectly, of ice surface elevation)

. GOYQ ®)
We assigrva value of 1.66 (afteBeguinot and Rogozhina, 201ahdvary yas part of our ensemble (see

section 2.3).

The iceocean interface

For floating sectors of the modelled GrlSubshelf melt is obtained by computing basal melt rate and
temperature from thermodynamics in a boundary lay¢he ice shelf bag¢lellmer et al., 1998Holland

and Jenkins, 1999 This mode] which doesnot consider gb-shelf circulation usesthree equations
describing: 1) the energy flux balance, 2) the salt flux balance, and 3) the pressusalinitydependent
freezing point in the boundary layerhis subshelf melt parameterisation thusquires timedependent
fields of potential temperature and practical salinity (see section 2Md@8é.details can be found khellmer

et al. (1998)andHolland and Jenkins (1999alving was a predominant ablation mechanism during the
ILGM (~21-15 kyr BP) and throughout the La®acial, whenthe GrIS was mostly mariferminating
(Funder et al., 2011allthoughthe physicalprocesses behinthlving remain poorly understood, we here
model it following similar PISM parameterisationsédbrecht et al. (2020andPittard et al. (2022Firstly,
floating ice at the calving front thinner than a given threshold is cabesiqection 2.35econdly, we use
the strairratebased eigen calving laAlbrecht and Levermann, 2014.evermann et al., 2012
determine the average calving ratebased on the horizontal strain rate, derived from SSAvelocities,

and a constant), integrating ice material properties at the calving front

w o7 T, @)
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We assigry a value of 5 x 18 m s? (after Albrecht et al., 2020Pittard et al., 2022)While a von Mises

stress- type calving lawmay bemore appropriate fofjord-terminating glacierseg(g Aschwanden et al.,

2019) the GriSexpandedver continental shelves and waatirely marineterminating during théL GM,

thus forming wide ice shelves comparable to Antarctica t¢denynings et al., 2017As theice sheetvas

in this configurationfor more tharhalf our simulagédtimeframe, we rely on the eigen calving law throughout

our simulations Following Albrecht et al. (202Q)we further restrict iceshelf extentby calving ice when

bathymetry exceeds 2 kmwith the exception of Baffin Bay.

The groundings!| idreley mcatmgdanhi ng a(Khoobatewonaaoadi Tdrei Pl SM

aut hors, TRIOO0griterion depends on water

dept h,

the solid (Manntriovs craf acheundGréenland, and fmQrdmeframe (240 kyr

BP), spatietemporal variations in water depth result from changes in the global mean sea level and GIA

induced deformation of the solid eaffRovere et al., 2016 he latter can result from variations in GrIS

mass(local source}, and the influence of the neighbouring Laurentide Ice Sheet (LIS) and IIS, responsible

for spatially and temporally variable sea level around Greer{lamdlocal source}(Bradley et al., 2018)

During and following glaciations, nelecal contributionscan besignificant, as Greenland igcated on the

eastern peripheral forebulge generated by the(8IBipson et al., 2009 ecavalier et al., 2014Fig. 3).

We thuscombire at each time step the ndocal relative sea level signal calculated from an offline GIA

model with the local Grliriven signal,enabling to compute the final water depth and resulting flotation

criterion (Fig. 3).

For the local GrIS signal we us e P-Cl8khpe vistoélasty deformation modglingle and

Clark, 1985 Bueler et al., 2007)We use default lithosphere flexural rigidity and mantle density values of 5

x 1074 N m and 3300 kg m, respectively. For mantle (hapace) viscosity, we use a value of 5 X°*Ra

s?, consistent with.ambeck et al. (2017 o calculate notiocal sea level changacrossour domain we

run an offline GIA model. fiis model was run at a resolution of 512° and solves the generalized sea level

equation(Mitrovica & Milne, 2003 Kendall et al., 200paccouning for sea level change in regions of

retreating marindvased ice, perturbations to the Earth's rotation vector, ane/irging shoreline migratian

For the input ice sheegconstructionywe use a hybrid reconstructigbambeck et al., 2012017) where

the GrlS is removed from the North American ice sheet reconstrudf®nse a 1D viscoelastic earth model

with a lithosphere thickness of 96 km and upper and lower mantle viscosifies if° Pa st and 1 x 1&

Pa &', respectivelyThis offline model is used to produce tlomensionainput sea level offsets from the

presentday sea level between 24 I®P and the PI, at 500 yr temporal resolution. PISM uses these offsets

to compute the final relative sea level after computing local GIA deformation.
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Figure 5. Time series of mearannual (panel a) and mearsummer (JJA-mean; panel b)surfaceair temperature

data used as forcing in our ensemble simulations, at 4 different locations of the ice sheet (shown on inset: panel
d). Transparent blue bands highlight time windows covered by iCESM climate data. In between these data
points, forcing fields are approximated using a&patially-variable glacial indexscheme(see methods section).



2.1.3 Atmospheric and oceanic forcings
480

Air temperature and precipitation

The SMB PDD model used herie forced with timedependent fields afurfaceair temperature and total
precipitation(Figs. 4-7). We use preexisting simulations from iCESNBrady et al., 201%un globally ata

485 horizontal resolution of 1.92.5°(latitude xlongitudé for the atmosphere and a nominal 1° for oceans. We
use full forcingsimulationsi.e.including icesheet (from ICESG: Peltier et al., 2015prbital(Berger, 1978)
greenhoyde tdas ea nmekwater forriogs. Between 20 and 11 kyr BP, werneathly
resolutionoutputfrom the iTRACE experiment, ran with ICESM 1(He et al., 2021a, b)rhanks to an
improved climate model, higher resolution, and the addition of water isotopes, iTRACE simulates a climate

490 over Greenland that is modataconsisten{He et al., 2021ahan the former CESM simulation of the last
deglaciation TRACE21 (Liu et al., 2009) Additionally, we useoutput fromfive equilibrium timeslice
simulationsran at21 kyr BP (iCESM 1.3) a 9, 6,and3 kyr BP (iCESM 1.2)andat thePI (1850 AD,
iCESM 1.3)(Fig. 4).

495  To create continuous forcirayerremainingdata gap# time, weapplya glacialindextypeapproachNiu
et al., 2019 Clark et al., 2022)and linearly scaleour climate fields proportionally to variations in
independentlimate reconstructionsn a spacelependent manner i.e. building @terpolationfor each
individual grid cell (Fig. 5). Between 24 and 21 kyBP, we use surface air temperature antD
reconstructions ddsman et al. (2021) scale variations in temperature and precipitation fields, respectively.
500 For data gapsdiween 21 kyr BP and the R.¢ 11- 9 kyr BP), we use thgeasonallyresolved Greenland
wide temperature and precipitation reconstructioBuzert et al. (20183s glacial indexThe interpolation
is computed as sucfor each temporal gap in iCEStkrived datde.g. 119 kyr BP), and for each grid cell,
we construct a continuous forciigd between two iICESMierived value® andd at timeso ando .
This is achieved by scaling the linear interpolation betwieeandd with the relative excursions of an

505 independent reconstructidn o (e.g.data fromBuizert et al., 2018from its own linear trend:

66 6 o6 o t . (8)

Note this method requires temperature units of Kelvin to avoid negd@ivaluescausing interpolation
510 distortions As a result, we produceme-dependent, twalimensional field of mean annual and mean

summer (JJAsurfaceair temperaturandprecipitationrate continuous between 24 kP and P(Fig. 4-

7). Frommean annual and summer temperatusas SMBmodelreads a cosine yearly cydegenerae a

seasonality signal.
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Ocean temperature and salinity

To compute sushelf melt,our PISM parameterisatiofHolland and Jenkins, 1998 quirestime-varying
fields of potentiabceantemperature and salinifgee section 2.1.2). For the ocean temperature, we use the
LGM-to-present ensembimean sea surface temperature (SST) reconstructiagbsofan et al. (2021)
yielding a 20@year temporal resolution and nominal 1° spatéolution(Fig. 6). This re-analysis uses
Bayesiamroxy forward models to perform an offline data assimilation (using 573 glethalijbuted SST
records) on climate model prioiise. a set of ICESM 1.2 and 1.3 simulatiof@hu et al., 2017Tierney et

al., 2020) Whilst we acknowledgesubshelf ocean temperature would be a more appropriate forcing than
SST, their does not yet exist @reenlandwide time- and spacelependent subhelf ocean temperature
reconstruction which assimilateroxy data between 24yk BP and the Pl The transientand data
assimilatechature of the SST reconstruction ®gman et al. (2024yas thus preferretb iCESM outputs

of shelfdepthoceartemperatured.g.Tabone et al., 2024Forocean surface salinityve use iCESMutputs
following the same methodology as described abBue to a lack of independent proxy data for ocean
salinity, we however use linear interpolation rather taatacial indexschemeo bridgethe temporatiata

gaps insalinity data(Supplementary Fig. 1yvhich are located outside of the transient iTRACE datal 20

kyr BP) and equilibriumCESM simulations (21, 9, 6, 3 kyr BP and PI)

M p
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HS1: 17.3kyr BP

BA: 14.6 kyrBP HTM: 6 kyr BP
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Mean-annual sea surface temperature (°C)

Scoresby

Sea surface temperature (°C)
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Time (kyr BP)

Figure 6. Mean annual sessurface temperature input data used as forcings in our transient ensemble
simulations (Osman et al., 2021 hese data are shown as snapshots for the HS 1 cooling event (panel a), the BA
warming event (panel b), the HTM warming event (panel c), and the PI (1850 AD; panel d). All climate and
ocean input data fields are reprojected to EPSG:3413 and resampled to a 5 x 5 km resolution using cubic
convolution. Panel e displays time series of mean annual searface temperature extracted from our twe
dimensional input forcing fields, for six distinct locations taken from different ocean basins offshore the present
day GrlIS (as shown by the inset: panel f)Time series of seasurface salinity da, used in our subshelf melt
computations andobtained form iCESM outputs, arealsoshown for the samesix locations in Supplementary
Figure 1.
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2.2 Model initialisation

For model initialisationwe simulate a Gri$ balance with boundary conditions at 24 kyr BP, the starting
year of our transient simulations, chosen to be significantly earBeky(r) than thdLGM (17.515 kyr BP;
Lecavalier et al., 2014YVe start frompresertday GrIS thicknessnd bedrock topograpliig. 1b and run

a 30 kyrlong simulation usinghe parameterisations described abofixing ensemblevarying parameters

to their midrange valueg¢Table1). After 30 kyr with a static climate(from 24 kyr BB, modelled surface
and basaice velocities are stable across the domain, while mass flux rates in glacierised areas are near zero.
Basal mass flux for grounded and ssitelf iceas well assurface melt, accumulation and runoff rates alll
reach steady stat@he spurup gounded GrIS area reaches 2.2F k62, while groundedce volume
approximates 8.22 sealevelequivalent GLE), ~0.8 m abovéds preseriday volume (7.42 = 0.05 m SLE;
Morlighem et al., 2017)In this study,groundedGrIS volume calculationgin-, expressed as sézvel
contribution (m SLE)), exclude ice under flotatioifusing the PISMlerived timedependent flotation

criterion), the 1SSIIS, peripheal glaciers and icecaps, and any ice thinner than 10 m @dfieecht et al.,

2020) We useice density, seawater density, and ocean surface area waRES kg m?, 1027 kg ¥, and

3.618 x 16 km? (Menard and Smith, 1986respectively. Tis spurup GrlS is used amitial condition for

all ensemble transient simulatiofhe 30 kyr equilibrium spinupmited us computationally to this single

initial state at 24 kyr BP with ensemblarying parameters fixed to miginge valuesAlthough adjusting
parameters in subsequent transient runs can generate instabilities in the first simulation years, equilibrium
with parameterisations is reached within the first centuaiggvidenced by model outputs (€&gS volume)

from different ensemble runs diverging notably prior to 23 kyr&#®, shouldhusnot markedlyaffect the

modellediLGM or deglacial dynamics.

2.3 Ensemble design

Numerical icesheet modelling is governed by a plethora of parameters, many of which are poorly
constrained by physical processe®mpirical dataUncertaintiesrom subjective parameter configurations
arelarge, and generallyreatetin paleo simulations, due to a lack of observational (fateasov et al., 2012)

To minimise biases in parameter choices @mraksess modelata fit (see section 2.4) using a wide range of
parameter configurations, vgeneratean ensemble of 100 simulations with 10 varypagameters (Table

1). We uselatin hypercube samplingman, 2008 Stein, 1987with the maximin criteriorfvan Dam et al.,
2007)to ensure homogeneous sampling of the fiighensionality parameter space, whiténimising

potential redundancie$he 10 ensemble/arying parameters were drawn frdive groups

-lce dynamics We alter the flow law (Eq. 1) enhancement factOr niformly for both the SIA and SSA

using a range (0.53) bracketing the valu®= 1.25 found to produce best fit with contemporary GrIS flow



speedgAschwanden et al., 2016)Ve vary the sliding law exponent (Eq. 3) between 0.01 and hich
permits continuously alterinthe dependeng of basal shear stress on sliding velocity froearly purely
630 plastic to linear.

-Basal yield stressTo alter the impact of bed elevati¢gand bed strengtijn basal yield stress between
simulations, we varfeo and%. (Eq. 4) between 415° and 20 45°, respectivelywhichbracketvalues
obtained byAschwanden et al. (201&r presentday GrIS hindcasting.
635
-SMB: Based on preseftay GrlS surface melPDD snow and ice melt factors vary betweerb2and 5
12 mmwed™ °C %, respectivelyBraithwaite, 1995Fausto et al., 2009schwanden et al., 2019)\e also
vary coefficient®in Eq. 5between-0.25 and-0.1, thusmodifying the impact of temperature change on the
standard deviation of daily temperature variabi(jity, following the relationshipestablishedy Seguinot
640 and Rogozhina (2014)

-Calving: Preliminarytesing revealed that varying the minimum thickness threshold of ice shelf frodits ha

a greater impact omodelled GrIS extent thamodifying the eigen calving law constant,(Eq. 6). The

thickness threshold was thus retained as an ensemble parameter and is varied between 25 and 200 m, based
645 on observationfMotyka et al., 201;1Morlighem et al., 2014)

-Climate forcing: Paleaclimatesimulationsfrom earthsystem models can have biases, for instance due to
possibly inaccurate geometry of the paleesheet boundary conditior{Buizert et al., 2014Erb et al.,
2022 He et al., 2021a)lo account fothis, we applyperturbations talimate fields usingpaceindependent

650 temperature and precipitation offsets as ensewdniging parameters (Tablg). Based onsurface air
temperature variabilitpver Greenlandl stdev)in Osman et al. (2028)s e n,sve waly lteperature
fields by -3.5 to +3.5 °C (Tabld). Preliminary simulationsshowed a high sensitivity of modelled GrIS
extent and volume to precipitation changes. We thus vary precipitaioga wide range obffsets i.e.
between 2@&nd200 % input precipitation.

655

660
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Table 1 List of ensemblevarying parameters (n = 10) and ranges sampled with the Latin Hypercube technique.
Note the references cited here did not necessarily employ the same parameter values. They were used as
primary source of knowledge for making a final decision on the chosen parameter ranges to sample from in

rred to the methods section

Model parameter (PISM parameter name) Range Unit Source

Flow law enhancement factor (sia_e and ssa_e) [0.5-3] wa Aschwanden (2016)

Regularized Coulomb sliding law exponent (g ) [0.01-1] wa Zoet and Iverson (2020)

Topographic control on Yield Stress: lower ¢ treshold (6 ., ) [4-15] angle degree Aschwanden (2016)

Topographic control on Yield Stress: upper ¢ treshold (¢ .. ) [20-45) angle degree Aschwanden (2016)

PDD melt factor for ice (surface.pdd.factor_ice) [5-12] mmwe .d* °C*  Braithwaite (1995): Fausto er al . (2009)
PDD melt factor for snow (surface.pdd.factor_snow) [2-5] mme .d* °C” Braithwaite (1995): Fausto ef al . (2009)
Rate of change in Stdev of daily temperature variability as function of elevation (param_a ) [-0.25 --0.1] na ERA 40 re-analysis: Seguinot & Rogozhina (2014)
Minimum thickness of terminal floating ice shelf (thickness_calving_threshold) [25 - 200] m Albrecht e al . (2021); Pittard ef al . (2022)
Input temperature forcing: Temperature scalar offset (delta_T') [-3.5-3.5] ®© Osman et al . (2021)

Input precipitation forcing: % precipitation scaling (frac_P) [0.2-2.0] scalar multiplier Initial sensitivity tests

a) Mean-annual temperature Meamxmmr(uA) temperature C) Mean1 pt;?r._mau‘on flux d ) Mean am:.;lisjaglsdlfrr":: ngeempemmrs

HS1-Pldifference

S1 - Pl difference

n-summer.

T

g

oW wn

T

Formatted: Font: Times New Roman, 14 pt

)

Sul
I'TM - Pl difference

S e

f) M

(s
HTM - PI difference

h)MeanamémLm rf
>

@u o o o = o

40 32 -24 -16 8 0
c

8 16 24 32 40

£

Figure 7. Fields of differences in input mean annual (panels a, €) and mean summer (3d#ean; panels b, f)

surface air temperature, precipitation rate (panels c, g), and seaurface temperature (panels d, h) between
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2.4 Model-data comparisonscheme

Isolatingbestfit ensemblesimulations requires a quantitative assessmentarfeldataagreement on past
GrIS behaviourHere, ech simulationis scoredusingthree chronologicallylistinct tests, describdzklow.
Before testing, we removhé IISandice thinner than 10 from modelledthickness fieldsBecause former
GrlIS iceshelf extent is poorly constraineandempirical datasets usédreonly constraingrounded GrIS
extent we alsoexcludefloating ice(postsimulation)and restrict all iceextent analyses to grounded ice for
the remainder of the studylodelled iceshef extentatselectedime periodss nonethelesshownin Figures
22and23.

-Thelocal-LGM extenttest This test evaluates the fit between simulations and grounded GrlS extent during
thelLGM (~21i 15 kyr BP, depending on regiog,g Funder et al., 20110 Cofaigh et al., 203Hogan et

al., 2016 Jennings et al., 201Bbarraet al., 2022) Becausethe GrIS wadully marineterminating,data
constrairng its pastextent argare andchallenging to obtaiSbarra et al., 2022apiventhis uncertainty

we definea conservativdLGM maskspanningthe area between the outermost PaleoGrlS 1.0 isochrone
(~14-13 kyr BP)(Leger et al., 2024)which reconstruat margirs following initial deglaciation, and the
continental shelf break, a likelpaximumlimit (Fig. 8). Given datingchallengegJennings et al., 201,/)o
chronology is considered in this test, rather only absolute extent. For each simulation, we compute the
percentage of mask pixels covered by grounded ice at anyttiemnormalisethese valuet produce &-

1 score(Fig. 9). High-scoring simulations reconstruct a more extensive grounded GrIS, covering larger parts

of the mid to outer continental shelves, thus yialgla more accurate GM geometry(Fig. 9).

-The deglaciationextenttest This testevaluates simulations against an empirical reconstruction of GrIS
retreat during the last deglaciatipriL5- 5 kyr BP) We use ATATV1.1(Ely et al., 2019)o scoresimulations
againstthe PaleoGrI<..0 isochrone reconstructigheger et al., 2024pspanningl3 + 1 kyr BP to 7 £ 0.5

kyr BP. We use thésochrone bufféproduct, anaskbasedversion of the reconstructicuitedfor models

with >1 kmresolution (see Fig. 15 ireger et al., 2024 hree ATAT output statistics are equally weighted
into a final normalised®-1 score: i) the percentage of PaleoGtl8 buffer pixelscovered by grounded ice
(periphery glaciersemoved, ii) the percentage of these pixetatchingwithin chronological error, and iii)

the RootMean Squared Error ietreat timing(seekEly et al., 2019Table 4. This testhus evaluateshether

modelled GrIS margins retreatrosshe correct regionand atthe correctime andrate (Fig. 8, 9).

-The Pre-Industrial extenttest This test evaluates simulations against the PI (1850 AD) &dént. We
compute the difference in grounded ice extent between the paese@rIS(BedMachine v4 resampled to

H N
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5km)and each si mul at i o nAlttough theseastated differ bye-150 yle@rdgaBsumeD ) .
the offset is negligible relative to the 24 kyr simulation length and the 5 km spatial uncertainty of both
products, which likely exceeds the true extent differeemthen count pixels where simulated P1 grounded
ice is either more or less extensive than the preggnmargin(Figs. 8, 9). The total misfit pixecountis

normalisednto a final 0-1 score.

To isolateoverallbestfit simulations we applyachronologicallyorderedsieving approachnd sequentially
remove simulations that do not meet thresbatdeach tesSimulations first pass tHecal-LGM extenttest

if maskpixel coverage exceedst0%. Of tlese,only runs scoring-0.8 (out of 1) at theeglaciationextent
test are retained. Of ¢ke, only simulationsvith an extent misfit area < 495 x 3Bm? (i.e. <19800misfit
pixels) atthe Pre-Industrial extenttest are retainedThreshold were sésuch that 60 70% of simulations
are removedy each sieve whilgetainingfive bestfit runs(upper 98' percentile ofcomparison scorgs
This strategy avoids selecting simulations that fit the pred@ystate well but achieve it through unrealistic

palecevolution.
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Test 1 — > Test 2 — Test 3
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a) Local LGM extent test b) Deglacial extent test C) Pre-industrial extent test
mask PaleoGrlS v 1.0 isochrone buffer masks mask
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1354 0.5 mmmm—

Between continental shelf break
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isochrone (13.5 kyr BP) i between PaleoGrlS isochrones - + periphery glaciers
s===== 13.510 6.75 kyr BP resampled to 5 km resolution
—— Continental shelf break 6754005 Bt

kyr BP

Figure 8. Maps highlighting the spatial coverage of masks derived from empirical datasetMérlighem et al.,
2017 Leger et al., 2024and used for our three distinct quantitative modeldata comparisons testst.e. the local-

LGM extent test(panel a), the deglacial extent tes{panel b), and the pre-industrial extent test(panel c).
Bathymetry data shown in these maps is from the 15 arsecond resolution General Bathymetric Chart of the
Oceans (GEBCO Bathymetric Compilation Group 2022, 2022). The white masks highlight all preseday ice
cover.
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Figure 9. Ensemble simulation scores at our three modelata comparison testslpcal-LGM extent testdeglacial

extent and Pl extent testand example results illustrated for both the besscoring and worg-scoring ensemble
simulations, at each test. Note that for thél-extent testthe 2D mask used as empirical data and described in
ext ent 0-dayGriS niask franr BedMachieedv4d i c e
(Morlighem et al., 202)7re-sampled to 5 kmresolution, with periphery glaciers removed While the true Pl and
presentday extents represent GrlSstates that differ by ~150 years, we here consider this difference to be
negligible given our 24 kyrlong simulations and the 5 x 5 km spatial uncertainty inherento both products.

That uncertainty, once propagated, likely exceeds the extent offset between the two states. Bathymetry and
topography data shown in these mapare from the 15 arcsecond resolution General Bathymetric Chart of the
Oceans (GEBCO Bathymetric Compilation Group 2022, 2022).
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Figure 10. Modelled grounded ice area (panel a) and ice volume (panel b) for the 100 transient PISM ensemble
simulations of the GrlS (light grey time series)from 24 kyr BP to the PI era (1850 AD). Here, the modelled

grounded Gr |l S volume (iH emedL E)onitsr iebxuptrieosnsoe doyi ns-ubbsteraact i ng

day GrlS volume from our results (7.42 m SLE;Morlighem et al., 201)7 GrIS volume calculations exclude ice

under flotation computed using the PISMderived time-dependent flotation criterion. The calculation also

excludes the Innuitian ice sheet (1IS), periphery glaciers and icecaps, and any ice thinner than 10 m (after
Albrecht et al., 2020 We use ice density, sea water density, and static ocean surface area values of 910%g m
1027 kg m?, and 3.618 x 1&km?, respectively.The five overall bestfit simulations (which pass all sieves) are
highlighted with thicker coloured time series. The PaleoGrIS v1.0 isochrones datae constructi ng

former grounded ice extentare shown with triangle symbols on panel aleger et al., 2024Note the GrISwide

modeldata misfit in ice extent apparent here can be misleading as it is spatially heterogeneous and heavily
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influenced by a few regions concentrating most of the misfit.e. NO, NE, and CE Greenland): see Fig.71 Note
the five overall bestfit simulations highlighted here, while passing all sieves, are not the bestoring simulations
at each individual modeldata comparison test (see Fig.2), but rather they score better than other simulations

975 when combining all tests. For instance, their volume during th.GM (panel b: ~16 kyr BP) is lower and less
realistic than values of bessscoring simulations at thelocal-LGM extenttest (see Fig. 2d).
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1010 a) Modelled GrlS mass change due to sub-shelf mass flux b) Modelled GrlS mass change due to sub-shelf mass flux
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Figure 11. Time series of modelled annual rates of GrlS mass change duesiob-shelf mass flux (panels a, b),
1040 and of modelled GrISwide surface melt rate (panels c, d), for our five bestcoring ensemble simulations at
both the local-LGM extenttest (panels a, ¢) and theleglacial extentest (panels b, d), highlighted by thicker
coloured lines. Data from all other ensemble simulations are shown with thin, light grey lines.
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Modelled GrIS areal extent (grounded ice)
a) Local LGM extent test b) Deglacial extent test c) Pl extent test
5 ot Lo smutstons [S———— S Ee——
a5 —_—T
- "
1050 N - f—- - S
< — 75 —
8
H - -
g
@ 20 PaleoGriS v1.0 data o 1 PaleoGrlS v1.0 data ™ PaleoGriS v1.0 data o
» A oGS estmates ‘. |72 in Paiecens estimaies “ A i Paleotils astmates ‘.
fdent -, Higher rellaive confidence EN Fromontcas| Higher relative confidence -, e
A i Pateoris esimates e A aghs sstmaten . G oxk iy Highe e confen . ‘o oo
24 22 20 18 16 14 12 10 8 6 4 2 24 22 20 18 16 14 12 10 & 6 4 2 24 22 20 18 16 14 12 10 8 6 4 2
Time (kyr BP) Time (kyr BP) Time {kyr BP).
Modelled GrIS sea level contribution
d) Local LGM extent test e) Deglacial extent test f) Pl extent test
5 bost oM simulsions  best Doglocal smuatons 5 bost Ploxentsimatons
a5 —n
S o
@ — ®
@
E
5
1060 8
8
i,
-
S S IR R IR R
Tovo G50 i e &) Tevo B2

Figure 12. Modelled grounded ice area (panels-a) and volume (in m SLE, expressed as sdavel contribution;

1075 panels df) for the 100 ensemble simulations (light grey time series). The five bestoring simulations at each
of our three modeldata comparison tests are highlighted by thicker coloured time series : panels a, d for the
local-LGM extenttest, panels b, e for theleglacial extentest, and panels c, f for theP| extenttest. Data from
the PaleoGrlIS v1.0 isochrone reconstruction of GrlS former grounded ice extentéger et al., 20243re shown
with triangle symbols. Note the GrlISwide modeldata misfit in ice extent apparent here can be misleading as

1080 it is spatially heterogeneous and heavily influenced by a few regions concentrating most of the misfie.(NO,
NE, and CE Greenland): see Figl7.
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Figure 13. Modelled grounding lines during the GriSwide ILGM (maximum ice extent, whose timing is
simulation-dependent) for the five besscoring simulations at thelocal-LGM extenttest. Our division scheme
of the GrlS in seven major catchments/regions, used and referred to throughout the text for inteegional
comparisons, is shown with dashed grey lines. Bathymetry and topography data shown in this ma from
the 15 arcsecond resolution General Bathymetric Chart of the Oceans (GEBCO Bathymetric Compilation
Group 2022, 2022). The white mask highlights all preserttay ice cover.
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GrlS surface elevation profiles for 5 best-scoring simulations at "local LGM extent" test
a) Local LGM profiles through NEEM ice core b) Local LGM profiles through NGRIP ice core
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Figure 14. Modelled ice surface and bed elevations during th&GM extracted across four different transects
for our five best-scoring simulations at thelocal-LGM extenttest (thicker colouredlines), and for the present
day GrlS (dashed greylines). The four transects were drawn following modelled ice flow lines while ensuring
to cross the NEEM (panel a), NGRIP (panel b), GISP 2 and GRIP (panel c), and the DYE(panel d) ice core
locations, as shown by the black lines in the inset maps.
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Figure 15. Main GrlS ice divides modelled during thelLGM (maximum GrlS extent, whose timing is
simulation-dependent) for our five bestscoring ensemble simulations at théocal-LGM extent test (dashed
coloured lines). These are compared against the presetiy GrlS main ice divides (continuous black line)
extracted from surface ice velocity observationgloughin et al., 2018) he locations of main Greenland ice cores
discussed in this study are highlighted by the pink stars. Note the potent offset between the location of the BYE
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3ice core and modelled ice divides during tHeGM (more details in section 3.1.2.). Bathymetry and topography
data shown in this mapare from the 15 arc-second resolution General Bathymetric Chart of the Oceans
(GEBCO Bathymetric Compilation Group 2022, 2022).
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Figure 16. Modelled grounded ice surface velocities during thteGM (maximum Gris-wide ice extent, whose
timing is simulation-dependent) for our five bestscoring ensemble simulations at théocal-LGM extent test
(panels ae), compared with observed presentlay GrlS ice surface velocities (panel fJoughin et al., 2018)
Bathymetry and topography data shown in this magre from the 15 arc-second resolution General Bathymetric
Chart of the Oceans (GEBCO Bathymetric Compilation Group 2022, 2022).
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Figure 17. Time series of modelled grounded GrlS®xtent for our five overall bestfit simulations (which pass
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Ensemble-varying model parameter 22 26 45 56 73 Unit

Tiable-2i-&znsemblevarying parameter values fordhe five overall besfitsimulations (whickspass all sieves).

Regularized Coulomb sliding law exponent (¢) 0.719 0325 0222 0,280 0985 na

Topographic control on Yield Stress: lower ¢ treshold (g ) 7.046 6491 6.731 14,466 4,631 angle degree
Topographic control on Yield Stress: upper ¢ treshold (¢ ) 36,100 22427 20,000 31,908 41246 angle degree
PDD melt factor for ice (surface.pdd.factor_ice) 10241 7.665 12,000 10.946 10,078 mmwe 4" °C”’
PDD melt factor for snow (surface.pdd.factor_snow) 4485 2491 4945 4,500 3444 mmwe d'.°C*
Rate of change in daily temperature variability Stdev as function of elevation (param_a) 0,148 -0.225 -0.235 0,112 -0240 wa

Minimum thickness of terminal floating ice shelf (-thickness_calving_threshold) 84,250 125,393 74242 190,606 176,156 m

Input temperature forcing: Temperature scalar offset (delta_T) 2736 3172 3.500 2.595 1.609 c

Input precipitation forcing: % precipitation scaling (frac_P) 1446 1289 1305 1471 1397 scalar multiplier
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GrlS mass change due to discharge (frontal melt, calving, forced retreat)
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Figure 19. Time series of modelled GrIS mass change due to ice discharge for our five besoring ensemble
simulations at both thelocal-LGM extenttest (panel a) and thedeglacial extentest (panel b), highlighted by
thicker coloured lines, and compared with an estimated preserday GrlIS ice discharge rate flankoff et al.,

2020) Data from all other ensemble simulations are shown with thin, light grey lines.
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a) Modelled annual change in GrIS volume
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Figure 20. Time series of modelled annual rates of GrlSnass change for our five besscoring ensemble
simulations at both thelocal-LGM extenttest (panel a) and thedeglacial extentest (panel b) highlighted by
thicker coloured lines. The time series are compared against an estimate of preselaly GrlS mass loss rate
(20032020 AD mean; Simonsen et al., 2021Data from all other ensemble simulations are shown with thin,
light grey lines.
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-
I~ Continental shelf
= S\ break (max LGM
m—5-10 extent scenario)
e
= xw
- s 7 Min LGM extent
Sw a - scenario
= -7 g'
= nw
Suw 8 - Present-day
= Sl 5 glaciers
= w3
=am 8

1895 Sew 2 [ Fioating ice
= e 3
S B 5 w Peleosrsvio
s, isochrones
=0 1000
i Present-day GrlS
=i oxent
— 00000
—

Figure 21. Modelled ice surface velocities of grounded ice for one of the five overall bésiensemble simulations
(simulation number 73; which passes all sieves), during tHeGM (panel a), during each of the PaleoGrIS 1.0
isochrone time slices (panels-b) (Leger et al., 2024)and during the PI (1850 AD; panel o). PaleoGrIS 1.0
isochrones for relevant timeslices are plotted with a thick black line. This figure only shows the northern half

1905 of the modelled ice sheet for ease of visualization. The southern half is shown in FiguR. Bathymetry data
shown in these maps is from the 15 arsecond resolution General Bathymetric Chart of the Oceans (GEBCO
Bathymetric Compilation Group 2022, 2022).
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1940 Figure 22. Modelled ice surface velocities of grounded ice for one of the five overall béisensemble simulations
(simulation number 73; which passes all sieves), during tHeGM (panel a), during each of the PaleoGrIS 1.0
isochrone time slices (panels-h) (Leger et al., 2024)and during the Pl era (1850 AD; panel o). PaleoGrIS 1.0
isochrones for relevant timeslices are plotted with a thick black line. This figure only shows the southern half
of the ice sheet for ease of visualization. The northern half is shown in Figurd.2Bathymetry data shown in

1945 these maps is from the 15 arsecond resolution General Bathymetric Chart of the Oceans (GEBCO
Bathymetric Compilation Group 2022, 2022).
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Figure 23. Comparison between ice elevation change modelled by our five overall béistsimulations (which
pass all sieves; thicker coloured lines) and the fluncertainty band of the Holocene thinning curves (dashed
pink lines), derived from ice core /*0 records. Holocene thinning curves were produced blecavalier et al.
(2013) improving from Vinther et al. (2009¥ollowing an elevation correction for thickness changes at the
Agassiz and Renland ice caps. Data from all other ensemble simulations from this study are shown with thin,
light grey lines.
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