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Abstract. Continentaice sheetsetainalong-termmemory storedh theirgeometry and thermal properties
In Greenland,His creates a disequilibrium with the present climatthe ice sheet istill adjustingto past
changeghat occurred over millennial timescal€ataconsistent modelling afhe pdeo Greenlandce-
Sheetevolutionis thusimportantfor improvingmodel initialisationin future projectionexperimentsOpen
guestionsalsoremain regarding thieesheed formervolume extent flux, internal flow dynamicsthermal
conditions andhow suchpropertiesvariedin spacesince the last glaciatioiere we conducta modelling
experiment that aisito produce simulations agreenentwith empirical data oG r e e n licemadyid s
extent and timing over the last 24,000 yearsGiven uncertairties in model
parametdeationparametasations we apply an ensembleof 100 icesheetwide simulations at % 5 km

resolution using the Parallel Ice Sheet Moél®iced by simulationfrom the isotopeenabled Community
Earth System ModelJsinga new Greenlanewide reconstructiomf former ice margin retreat (PaleoGrIS
1.0), we scoreeach i mu | a tfrono24,008 yetrs ago 1850AD. The esuts provideinsightsinto the
dynamicsdrivers,and spatial heterogeneities of tbealLastGlacial Maximum Late-glacial, and Holocene
evolution of the Greenland Ice Shdédr instancewefind thatbetween 16 and l4housand years agthe
ice sheetost most ice grounded on tle®ntinental shelfThis marinesectorretreaf associated with mass
|l oss rates up t o s e\waslikelyimadysdrivgnrby aceae warmin@ur moddl o d a |
datacomparison results also shawegional heterogeneities in fit amdlows estimatingagreemenscore
sensitivity to parameterconfigurationswhich should prove useful fduture palecice-sheet modelling
studies Finally, wereportremaining modetlata misfitsin ice extenthere found to b&argestin northern,
northeastern, and centr@astern Greenlandnd discuspossible causdsr these
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1 Introduction

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

and is now a major contributor to global meanlseal rise(Meredith et al., 2019)ts future contribution

remains uncertain, with projections showing large discrepancies, most ranging between ~70 and ~190 n

of sealevel rise by 2100 under the RCP 8.5 / S®B5scenariogAschwanden et al., 2019he IMBIE
Team., 2019Goelzer et al., 202E&Edwards et al., 2031Reducing uncertainties in GrIS projections is crucial

not only for estimating selevel rise and Greenlangide changes, but also for anticipating broader climate

i mpact s, partly due to the ice sheetds influer

Atlantic Meridional Overturning Circulation (AMOC) from increased fneater releas¢Yu et al., 2016
Martin et al., 2022Sinet et al., 2023 A majorsource of uncertainty relates to model initialisation, i.e. the
Ospinupbd required t o (Rogdzhina et ala20pBemyssi €t alt, 2019Jhisist i a
challenging because ice sheets are not in equilibrium with the contemporary climate ibstead 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 presgrnte sheet conditions as accuratelydata
assimilationschemesandequilibrium spinupgGoelzer et al., 2017partly due to greater uncertainties in
paleo forcings, parameterisations, and boundary condi#@thwanden et al., 2013jence, lhere is a need

to reduce such uncertainties pyoduing ensembles dfigherresolutionpaleomodel simulationghat are
quantitatively scored against empirical reconstructions of pdastlS evolution. Although rare, such
investigations mayelp obtainmore appropriatéitialisation procedurethat capturetheice-s h e &ongd s

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

Numerousopenquestions remain regarding thast behaviouof the GrIS between the global Last Glacial
Maximum (LGM), which occurred-25 - 21 thousand years before preséktr BP), and the present. For
instance maximumGrIS volume anomalyduring the last glaciatiorelative to presentemains debated
differing by a factor of up to 2.between modelling studies.¢ Lecavalieret al., 2014Bradley et al., 2018
Quiquet et al., 2021vang et al., 202R The maximunGrIS extent,though empirically constrained in some
regions(e.g. O Cofaigh et al., 20)3remainsunknown inmany areasdue to the difficulty ofcollecting
offshoregeomorphologicahnd geachronologcal constrainton ice retreatleaving datssparsgFunder et
al., 2011 Sinclair et al., 2018 eger et al., 2024)'he timing magnitude andates ofice margirretreatand
mass loss during the last deglaciatiarile essentiato contextualise presedtay losgs arealso poorly
constrainedSimilarly, the magnitude ofice marginretreat behind presedty margingn response tohe
Holocene Thermal Maximum (HTM: ~1Bkyr BP), avarmer periodoften used as an analogoe expected
future warming remainsundeterminedBriner et al., 2021)A furtherrationale for3D modelling of the

former GrlIS is thamanycharacteristics of thpastice sheetimpacing former climate, ocean conditions,



landscape evolution, biodiversjgnd human historgredifficult, if not impossibleto reconstruct fronfield
dataalone Thisincludes past changesice-sheet discharge, velocity, ice temperataadying fluxes, mass
balance, basal conditiorend their spatidemporal vability .
80
Addressing these knowledge gaps, while providing a pressniGriS state that retains the loftgrm
memory of past climate changesguires: i¥orcinga threedimensional thermonechanical icesheet model
with a paleoclimataeconstructionand ii) produdng paleo simulations that agree (within error) with
available empirical data on former isheet geometry and behavipwhile remaining physically consistent
85 andfully massconservingCombiningthese requirements a major challenge arfths yet to be achieved.
Few studies modelling Grl8volution since the LGM have applied a quantitative miatith comparison
scheme to constrain simulations with geological observategdiuybrechts, 2004_ecavalier et al., 2014
Born & Robinson, 2021Those that did mainly used relative de®el indicators, iceeorederived thinning
curves(Vinther et al., 2009)and englacial stratigraphisochronegBorn & Robinson, 202Rieckh et al.,
90 2024. The paleosealevel community in particular,pioneered the production &reenlanewide datasets
(e.g Gowan, 2023)econstructinghe magnitude and rate oélative sea levadropduring theLate-glacial
and earlyto-mid Holocenewhendeglacialretreatcausedhe Greenland peripheral lithosphererebound
Such records have been usedassesssriS-wide simulationsby comparingmodelledagainstempirical
uplift rates and relative sea level chariggy Simpson et al., 2009However,relative sedevel indicators
95 areindirect proxes of former icesheetgeometry and do not provide a robust constraintgysounded ice
margin position and shapethrough time. Using such recordshe quality of modedtata fit isalsoheavily
dependent on parameterisations of the Earth and glacial isostatic adjustment (GIA) modeahdrast
moraineridges,erratic boulders trimlines, till units, and othelice-contactlandformgdepositsare directly
depositechndor exposedt the icesheeimargirs. When datedtheyprovide more direatvidence oformer
100 ice-sheetextent and thickness through tinfderecentrelease of the PaleoGrISOdatabasandice-extent
isochrone reconstructigrovides, for the first timesuch a dataset theGriS-widescale(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 usiregParallel Ic&Sheet model (PISM:
Winkelmann et al., 201Xprced by transient paleoclimaéd ocearsimulationsfrom the isotopesnabled
Community Earth System Model (iICES®rady et al., 201P Our simulationsmodel the entire Gri§om
24 kyr BPto 1850 AD at 5 x 5 kninorizontal resolutiomnvhich, for suchimescales andimulation numbers,
110 is unprecedentedcach simulation is quantitatively scored agaipngmpirical data orthe maximumice-
sheetsize and exteni.e. the local LGM (ILGM) extenii) the PaleoGrIS 1.0 reconstructionioé-margin

retreat duringhe last deglaciatiorLgger et al., 2024 )andiii) the presentday GrlIS 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 modeldatafit is assessedfter
completion to ensureconsisteny with iceflow physics (within model approximations) and mass
conservation (e.c¢ely et al., 2024)Our ensembleesults including bestfit simulations,offer newinsights
into the LGM-to-present evolution of theee sheetand highlight heterogeneities in modehata fit. We
presenthese findingsad our experimenmethalology below.

2 Methods

2.1 The icesheet model setup

To model the last 24 kyr of Gri&solution, we use PISM version 2.0.5, an ogeunrce, threglimensional
and thermemechanical model used widely to simulate-steet systemgWinkelmann et al.,, 2011
Aschwanden et al., 2018lbrecht et al., 2020Clark et al., 2022Ely et al., 2024Khroulev & The PISM
authors, 2020) Our overall approach i run an ensemble of 100 PISM simulatiomser the entire
Greenland Ice Sheet (Grl&) 5 x 5 km horizontalesolution(Fig. 1), from 24 kyr BP to the Préndustrial
era(Pl: 1850 AD) Within the ensemble, wevary 10 key modelparameters (Table 1lEachensemble
simulation is scored against empirical datatle® timing ofice extent usind?aleoGrIS 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 discussedsections 3 and @ig. 2). In the Methodssectiors below we describe our model
setup and input data used as forcingdhéspinup and transient simulations. For a full description of PISM
and its capabilities, the reader is referred to the complete méutigat www.pism.io/docsKhroulev & The
PISM authors, 2020)
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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., 20L7Millan 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., 201 7spatial 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 frofdillan et al. (2022) For other
regions (icefree ocean and other landmasses), we use the 15-aecond resolution General Bathymetric Chart
of the Oceang GEBCO Bathymetric Compilation Group 2022, 20ZR)ese datasets are resampled (to 5 x 5 km)
using cubic convolution(Keys, 1981)
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215 Figure 2 Fl owchart diagram illustrating the methodol ogi
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modelling (step 2) and posprocessing steps including modeailata comparison (3) and ensemble sieving (4). The
reader is referred to the methods sdion for more details.
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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 Approximati
(SIA) and the Shallow Shelf Approximation (SSMueler and Brown, 2009PISM also features an
enthalpybased and thredimensional formulation of thermodynamics enablirfie tmodeling of
polythermal ice and basal méAschwanden et al., 201Zjor ice rheology(), we use the default Glen
PatersorBudd-Lliboutry-Duval flow law,

im Oto™M T T, (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, respectiveéhschwanden et al., 2012n our ensemble, we vai@ uniformly for
both the SIA and SSA (see section 2.3) and keepo as default.

2.1.2 Boundary conditions

The icebed interface

We use the slip law afoet and Iverson (2020yvhich 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

W T

s s @

whereW is the basal shear stre$sthe basal yield stres$,the slip velocity an@d the threshold velocity

at which shear stress equals the Coulomb shear strength of timedtill. simulationsd is kept constant at

50 m yr! (Khroulev and The PISM authors, 202Boet and Iverson, 2020)hile 1} varies between
simulations (see section 2.3). We account for spacd timedependenbasalyield stressf , controlled
primarily by a simple hydrology modéTulaczyk et al., 2000)hich determines the effective pressiire, ,

from the tilkpore water content obtained by storing basal melt locally up to a threshold (here set to 2 m
With this simplified parameterisatiomjater is not conservess water reaching above the threshold is lost
permanently. Théasal water thickness in the till layer, , is computed from the basal melt rate,,

obtained from thenthalpy as follows
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whered is a simple decay rate parameter andis the density of fresh wateSecondly,t is also
controlled bythe till friction angle %o i.e. the frictional strength of basal till materigSuffey and Paterson,
2010)

T OA% 0 . (4)

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

~

% h oofy @ h

%o GITO %o ooy & Oh oo @ h (5)
%0 h A o 6o h

whered %o % ¥ © @ . We set elevation threshold® ( o ) to-400 and 500 m

a.s.l., respectively, whilcthresholds%o %o ) are simulatiordependentTable 1see section 2)3This
PISM parameterisation was shown to produce flow velocities consistent with observations for major GrlS
glaciers(Aschwanden et al., 2016)

Bedelevationis obtainedby mergingopographies frorBedMachine v4Morlighem et al., 201)7the ALOS
World 3D 30 m Digital Elevation Model (DEMTadono et al., 2014and theGeneral Bathymetric Chart of
the Ocean$GEBCO Bathymetric Compilation Group 2022, 20ZP)e reader iseferredto Figure 1 for
more detailsTo avoid modelling large ne@reenlandic ice bodies, Iceland and Baffin Islaneremoved
(Fig. 1). We howeverncludethe Innuitian Ice Sheet (118)it coalescedvith the GriIS(Jennings et al., 2011)
and tle two ice sheetdynamically mpacteceach othe(Bradley et al., 2018Modernicecapson 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 i, and is consistent with a plume track (the Iceland hotspot) that crossed Greenland fron
NW to SE.As this reconstruction does not featusothermal heat fluglata outside modern land areas, a
constant value of 50 mW  the lowest values irthe originaldatasetis uniformly prescribed imcean
coveredregions (Fig. 1)We run PISM at the horizontal resolution ok’ 5 km (grid size: 620 x 620), with

101 vertical ice layers using quadratic concentradidhe base.



300

305

310

315

320

325

330

335

a) Relative b:§1Li\.17egfﬁ;|B%(nu GriS) b) Relative S;::\f:eg Lr;rrcg\# (no GriS) C) Rel atg:rly?eHao:;?e;nan‘r{?ﬁr}?y[r-‘I;PGHS) d) Relative Se;rkqe:»g\klirrgn;g {no Grls)
b\ &7 &
& 48 ‘ D F O
| o B b °
-400 -320 -240 -160  -80 D 480  +160 +240 +320  +400
GrlS-removed relative sea level forcing (meters from present-day sea level)

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

the GrIS-specific contribution to GlA-induced relative sealevel 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 sedevels 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-l) data used as input in

365 our modelling experiment, derived from iCESM transient and equilibrium time slice simulations (see methods
section), and shown as shapshots for the HS 1 cooling event (panels &, ¢he BA warming event (panels b, f
i), the HTM warming event (panels c, gk), and the Pl (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

375
To compute Surface Mass Balance (SMB) from tolependensurface aitemperature and precipitation
(see section 2. 1. 3Degreehayg (PDD) mod&{TaBWaddsGreRey 200Ritz, hMOE7)
Precipitation when temperature is above 2 °C and under 0 °C is interpreted as rain and snow, respective
with a linear transition betweeilemperature and precipitatidields used to force the SMB afarther

380 described in section 2.1.8he fraction of surface melt that refreezes is set to 60% (EISM3NENIand
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 ofurfaceair

temperaturéY(and indirectly, of ice surface elevation)

385 , OYQ (6)
We assigroa value of 1.66 (afteBeguinot and Rogozhina, 201ahdvary ®as part of our ensemble (see

section 2.3).

390 The iceocean interface

For floating sectors of the modelled GriSubshelf melt is obtained by computing basal melt rate and
temperature from thermodynamics in a boundary lay¢he ice shelf bagélellmer et al., 1998Holland
and Jenkins, 1999 This mode| which doesnot consider gb-shelf circulation usesthree equations
395 describing: 1) the energy flux balance, 2) the salt flux balance, and 3) the prassusalinitydependent
freezing point in the boundary layérhis subshelf melt parameterisation thusquires timedependent
fields of potential temperature and practical salinity (see section 2Md3é details can be found khellmer
et al. (1998)yandHolland and Jenkins (1999Calving was a predominant ablation mechanism during the
ILGM (~21-15 kyr BP) and throughout the Lafdacial, whenthe GrIS was mostly mariAerminating
400 (Funder et al., 2011alhlthoughthe physicalprocesses behinchlving remain poorly understood, we here
model it following similar PISM parameterisationsfdbrecht 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 lafAlbrecht and Levermann, 20l4.evermann et al., 2012p
determine the average calving ratebased on the horizontal strain réate, derived from SSAvelocities,

405 and a constanfy, integrating ice material properties at the calving front

w o7 | , )
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We assigny 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 glacierse(g Aschwanden et al.,
2019) the GriSexpandedvercontinental shelves and waatirely marineterminating during théLGM,
thus forming wide ice shelves comparable to Antarctica t@d@ynings et al., 2017As theice sheetvas

in this configurationfor more tharhalf our simulaédtimeframe, 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!l idreley mcatmpdgabhi ng a(Khobatewonaaodi
authors, TRIO20griterion depends on water dept h,
the solid(Mantriovs crf adeunderéenland, and famQr Bmeframe (240 kyr

BP), spatietemporal variations in water depth result from changes in the global mean sea level and GIA
induced deformation of the solid ea(fRovere et al., 2016 he latter can result from variations in GrIS
mass(local sourcey and the influence of the neighbouring Laurentide Ice Sheet (LIS) and IS, responsible
for spatially and temporally variable sea level around Greerflamdlocal sourcejBradley et al., 2018)
During and following glaciations, nelecal contributionsan besignificant, as Greenland liscated on the
eastern peripheral forebulge generated by the(8I8pson et al., 2009 ecavalier et al., 2014)Fig. 3).

We thuscombire at each time step the ndocal relative sea level signal calculated from an offline GIA
model with the local Gri&lriven signalenabling to compute the final water depth and resulting flotation
criterion (Fig. 3).

For the local GrIS signal we use P-Cl8kypes vistoelastiy deformation modglingle and
Clark, 1985%Bueler et al., 2007)NVe use default lithosphere flexural rigidity and mantle density values of 5
x 10?* N mr! and 3300 kg m, respectively. For mantle (hadpace) viscosity, we use a value of 5 X*Fa

s?, consistent with.ambeck et al. (2017 o calculate nottocal 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., 200baccouning for sea level change in regions of
retreating marindased ice, perturbations to the Earth's rotation vector, anevéingeng shoreline migration

For the input ice sheeeconstructionywe use a hybrid reconstructiobambeck et al., 20342017) where

the GrlIS is removed from the North American ice sheet reconstruédfmnse a 1D viscoelastic earth model
with a lithosphere thickness of 96 km and upper and lower mantle viscosifiesff’ Pa st and 1 x 18

Pa s, respectivelyThis offline model is used to produce tdonensionainput sea level offsets from the
presemday 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 apatially-variable glacial indexscheme(see methods section).
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2.1.3 Atmospheric and oceanic forcings

Air temperature and precipitation

The SMB PDD model used hetie forced with timedependent fields adurfaceair temperature and total
precipitation(Figs. 4-7). We use preexisting simulations from iCESKBrady et al., 2019%un globally ata
horizontal resolution of 1.9 2.5° (latitude xlongitudg for the atmosphere and a nominal 1° for oceans. We
use full forcingsimulationsi.e.including icesheet (from ICEGG: Peltier et al., 2015prbital(Berger, 1978)
greenhoyde tdas ed nrdeltwater fokiags. Between 20 and 11 kyr BP, werneathly-
resolutionoutputfrom the iTRACE experiment, ran with iCESM 1(He et al., 2021a, b)Jrhanks to an
improved climate model, higher resolution, and the addition of water isotopes, iTRACE simulates a climat
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) at 9, 6,and3 kyr BP (iCESM 1.2)andat thePI (1850 AD
ICESM 1.3)(Fig. 4).

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 spacalependent manner i.e. building aterpolationfor each
individual grid cell (Fig. 5). Between 24 and 21 kyBP, we use surface air temperature antD
reconstructions dDsman et al. (20219 scale variations in temperature and precipitation fields, respectively.
For data gapsdiween 21 kyr BP and the Rd.¢ 11- 9 kyr BP), we use thgeasonallyresolved Greenland
wide temperature and precipitation reconstructioBwfert et al. (2018as glacial indexThe interpolation

is computed as sucfor each temporal gap in ICESterived datde.g. 119 kyr BP), and for each grid cell,

we construct a continuous forciigd between two iICESMierived value® andd at timesd ando .

This is achieved by scaling the linear interpolation betwieeand0 with the relative excursions of an

independent reconstructian 0 (e.g.data fromBuizert et al., 2018from its own linear trend:

o0 o6 6 0 t . (8)

Note this method requires temperature units of Kelvin to avoid ned&iv@luescausing interpolation
distortions As a result, we produceme-dependent, twalimensional field of mean annual and mean
summer (JJApurfaceair temperatur@ndprecipitationrate continuous between 24 kP and P(Fig. 4-
7). From mean annual and summer temperatusas SMBmodelreads a cosine yearly cydlegenerat a

seasonality signal.
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Ocean temperature and salinity

To compute sushelf melt,our PISM parameterisatio(Holland and Jenkins, 1998quirestime-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) reconstructiddsofan et al. (2021)
yielding a 208year temporal resolution and nominal 1° spatesolution(Fig. 6). This re-analysis uses
Bayesiamproxy forward models to perform an offline data assimilation (using 573 gledliatiyouted SST
records) on climate model priofisg. a set of ICESM 1.2 and 1.3 simulatiai@hu et al., 2017Tierney et

al., 2020) Whilst we acknowledgsubshelf ocean temperature would be a more appropriate forcing than
SST,their does not yet exist @reenlandwide time- and space&lependent subhelf ocean temperature
reconstruction which assimilaeroxy data between 24yk BP and the Pl The transientand data
assimilatedchature of the SST reconstruction @gman et al. (202dyas thus preferretb iCESM outputs

of sheltdepthoceartemperatured.g.Tabone et al., 2024Forocean surface salinitye use iICESMutputs
following the same methodology as described abbBue to a lack of independent proxy data for ocean
salinity, we however use linear interpolation rather thaghacial indexschemeo bridgethe temporatata

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

kyr BP) and equilibriumCESM simulations (21, 9, 6, 3 kyr BP and P1I)

MPp



555

560

565

570

575

580

585

590
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Figure 6. Mean annual sessurface temperature input data used as forcings in our transient ensemble
simulations (Osman et al., 2021These 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 seaurface salinity daf, 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 Grl$ balance with boundary conditions at 24 kyr BP, the starting
year of our transient simulations, chosen to be significantly eareky(r) than thdLGM (17.515 kyr BP;
Lecavalier et al., 2014ye start frompresentday GrIS thicknessnd bedrock topograplfizig. 1 and run

a 30 kyrlong simulation usinghe parameterisations described abdwdng ensemblevarying parameters

to their midrange value¢Table1). After 30 kyr with a static climatgfrom 24 kyr BB, modelled surface

and basaice velocities are stable across the domain, while mass flux rates in glacierised areas are near ze
Basal mass flux for grounded and ssitelf iceas well assurface melt, accumulation and runoff rates all
reach steady stat@he spumup gounded GrlIS area reaches 2.2P k?, while groundedce volume
approximates 8.22 sealevelequivalent ELE), ~0.8 m abovés presentday volume (7.42 + 0.05 m SLE;
Morlighem et al., 2017)In this study,groundedGrIS volume calculations expressed as séavel
contribution (m SLE), exclude ice under flotatiorfusing the PISMlerived timedependent flotation
criterion), the IS, peripheal glaciers and icecaps, and any ice thinner than 10 m fditexcht et al., 2020)

We usece density, seawater density, and ocean surface area oB@igskg m?®, 1027 kg ¥, and 3.618 x

10® km? (Menard and Smith, 19§6respectively. Tis spurup GrIS is used agnitial condition for all
ensemble transient simulatiorighe 30 kyr equilibrium spinup limited us computationally to this single
initial state at 24 kyr BP with ensemblarying parameters fixed to mrdnge valuesAlthough adjusting
parameters in subsequent transient runs can generate instabilities in the first simulation years, equilibrit
with parameterisations is reached within the first centugiesvidenced by model outputs (&gS volume)

from different ensemble runs diverging notably prior to 23 kyrdfel, shouldhusnot markedlyaffect the

modelledLGM 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 processeempirical dataUncertaintiesrom subjective parameter configurations
arelarge, and generallyreateiin paleo simulations, due to a lack of observational @aeasov et al., 2012)

To minimise biases in parameter choices araksess modalata 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 {dighensionality parameter space, whitenimising

potential redundancie$he 10 ensemblerarying parameters were drawn fréive groups

-Ilce dynamics We alter the flow law (Eqg. 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 Which
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¢and bed strengtlgn basal yield stress between
simulations, wevarfee and%. (Eq. 4) between 415° and 20 45°, respectivelywhichbracketwalues
obtained byAschwanden et al. (2016)r presentday GrlS hindcasting.
635
-SMB: Based on preseqtay GrIS surface melPDD snow and ice melt factors vary betweerb2and 5
12 mmwed? °C, respectivelyBraithwaite, 1995Fausto et al., 200#\schwanden et al., 2019)\e also
vary coefficient®in Eq. 5between0.25 and0.1, thusmodifying the impact of temperature change on the
standard deviation of daily temperature variabi(jty, following the relationshigestablishedy Seguinot
640 and Rogozhina (2014)

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

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

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

-Climate forcing: Palecclimatesimulationsfrom earthsystem models can have biases, for instance due to
possibly inaccurate geometry of the palessheet boundary conditiorfBuizert et al., 2014Erb et al.,
2022 He et al., 2021a) o account fothis, we applyperturbations talimate fields usingpaceindependent

650 temperature and precipitation offsets as ensewdolging parameters (Tabl#). Based onsurface air
temperature variabilitpver Greenlandl stdev)in Osman et al. (202)s e n,swve waly ltemperature
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 precipitatioga wide range obffsets i.e.

between 2@nd200 % input precipitation.
655

660

My



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

665 primary source of knowledge for making a final deci®n on the chosen parameter ranges to sample from in
this study. For more justification and details, the reader is referred to the methods section.

Model parameter (PISM parameler name) Range Unit Source
Flow law enhancement factor (sia_e and ssa_e) [0.5-3] n/a Aschwanden (2016)
Regularized Coulomb sliding law exponent (g ) [0.01-1] na Zoet and Iverson (2020)
Topographic control on Yield Stress: lower ¢ treshold (¢ ) [4-15] angle degree Aschwanden (2016)
Topographic control on Yield Stress: upper ¢ treshold (9 . ) [20 - 45] angle degree Aschwanden (2016)
670 PDD melt factor for ice (surface.pdd. factor_ice) [5-12] mm e d* oC? Braithwaite (1995); Fausto ef a/ . (2009)
PDD melt factor for snow (surface.pdd. factor _snow) [2-5] mm we .d".°C” Braithwaite (1995); Fausto et al . (2009)
Rate of change in Stdev of daily temperature variability as function of elevation (param_a ) [-0.25--0.1] n/a ERA 40 re-analysis: Seguinot & Rogozhina (2014)
Minimum thickness of terminal floating ice shelf (thickness_calving_threshold) [25 - 200] m Albrecht er al . (2021); Pittard er al . (2022)
Input temperature forcing: Temperature scalar offset (delta_T) [-3.5-3.5] °C Osman et al . (2021)
Input precipitation forcing: % precipitation scaling (frac_P) [0.2-2.0] scalar multiplier Initial sensitivity tests
a) Mean-annual temperature b) Mean-summer (JJA) temperature C) Mean precipitation flux d Mean annual sea surface temperature
HS1-Pldifference HS1 - Pl difference HS1 - Pl difference HS1- Pl difference
o_150 300 m';n
www o o e e
e) Mean-annual temperature f) Mean-summer (JJA) temperature g ) Mean precipitation flux h Mean annual sea surface temperature
HTM - P| difference HTM - Pl difference HTM - Pl difference HTM - Pl difference
oo _wo 0. 3
g SE
B o e o o W o o o 2 0w sow o 0w w s 0w ww 0w o
I . [ — ] I
690 40 -32 -24 16 -8 0 8 16 24 32 40 -200 -150 -100 -50 O 50 100 150 200 -10 8 6 4 -2 0 2 4 6 8 10
°C mm per month o

Figure 7. Fields of differences in input mean annual (panels a, €) and mean summer (Jdfean; panels b, f)
surface air temperature, precipitation rate (panels c, g), and seaurface temperature (panels d, h) between
Heinrich Stadial 1 (17.5 kyr BP: peak cooling during our simulations) and the Pl era (1850 AD) for panelsd

695 and between the Holocene Thermal Maximum (&yr BP: peak warming during our simulations) and the PI
for panels eh.
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2.4 Model-data comparisonscheme

Isolatingbestfit ensemblesimulations requires a quantitative assessmentaafetdataagreement on past
GrIS behaviour Here, ech simulations scoredusingthree chronologicallglistinct tests, describdzelow.
Before testing, we removhe [ISandice thinner than 10 from modelledthickness fieldsBecause former
GrlIS iceshelf extent is poorly constraineahdempirical datasets usdskreonly constrairgrounded GrlIS
extent we alscexcludefloating ice(postsimulation)and restrict all icextent 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 GrIS extent during
thelLGM (~21i 15 kyr BP, depending on regiog,g Funder et al., 20110 Cofaigh et al., 2013Hogan et

al., 2016 Jennings et al., 201 Bbarraet al., 2022)Becausethe GrIS wadully marineterminating,data
constraifing its pastextent aregare andchallenging to obtaifSbarra et al., 2022apiventhis uncertainty

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

1 score(Fig. 9). High-scoring simulations reconstruct a more extensive grounded GrlS, covering larger part:
of the mid to outer continental shelves, thus yiatyla more accurate GM geometry(Fig. 9).

-The deglaciationextenttest This testevaluates simulations against an empirical reconstruction of GrIS
retreat during the last deglaciatiprl5- 5 kyr BP) We use ATATV1.1(Ely et al., 2019jo scoresimulations
againstthe PaleoGriS.0 isochrone reconstructig¢heger et al., 2024spanningl3 = 1 kyr BP to 7 + 0.5

kyr BP. We use thé@sochrone buff@product, anaskbasedrersion 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 PaleoGil8 buffer pixels covered by grounded ice
(periphery glaciersemoved, ii) the percentage of these pixatatchingwithin chronological error, and iii)

the RootMean Squared Error metreat timingseeEly 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) &tiént. We
compute the difference in grounded ice extent between the passeriS(BedMachine v4 ressampled to
5kmland each si mul at i o nAlthougl theseastatesfdiffexr bye-150Q ye&@&ehaBsundeD ) .
the offset is negligible relative to the 24 kyr simulation length and the 5 km spatial uncertainty of bott

products, which likely exceeds the true extent differewtthen count pixels where simulated P1 grounded
H N
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ice is either more or less extensive than the pregmnmargin(Figs. 8, 9). The total misfit pixekountis

normalisednto a final 0-1 score.

To isolateoverallbestfit simulationswe applyachronologicallyorderedsieving approachnd sequentially
remove simulations that do not meet threstatdeach 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. Ofébe, only simulationsvith an extent misfit area < 495 x 3km? (i.e <19800misfit
pixels) atthe Pre-Industrial extenttest are retainedThreshold were sésuch that 60 70% of simulations
are removedy each sieve whileetainingfive bestfit runs (upper 9% percentile ofcomparison scorgs
This strategy avoids selecting simulations that fit the predmnstate well but achieve it through unrealistic

paleaevolution.
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Figure 8. Maps highlighting the spatial coverage of masks derived from empirical datasetMorlighem 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 presedday ice
cover.
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(Morlighem et al., 201)7re-sampled to 5 kmresolution, with periphery glaciers removed.While the true Pl and
presentday extents represent GriSstates 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 Pl era (1850 AD). Here, the modelled
grounded GrlI S volume (i # eme3LE)nNty iedxuprieosnsdHe b yi rs-udbs &
day GrIS 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 alfeger et al., 2024)Note the GriSwide
model-data misfit in ice extent apparent here can be misleading as it is spatially heterogeneous and heavily
influenced by a few regions concentrating most of the misfit.€. NO, NE, and CE Greenland): see Fig.7. Note

the five overall bestfit simulations highlighted here, while passing all sieves, are not the bestoring simulations

at each individual modetdata comparison test (see Fig.2), but rather they score better than other simulations
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when combining all tests. For instance, their volume during th.GM (panel b: ~16 kyr BP) is lower and less
realistic than values of bestscoring simulations at thelocal-LGM extenttest (see Fig. 2d).
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Figure 12. Modelled grounded ice area (panels-a) and volume (in m SLE, expressed as séavel contribution;
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 seriespanels a, d for the
local-LGM extenttest, panels b, e for thaleglacial extentest, and panels c, f for theéPl extenttest. Data from
the PaleoGrIS v1.0 isochrone reconstruction of GrlS former grounded ice extentéger et al., 20243re shown
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with triangle symbols. Note the GriSwide modeldata misfit in ice extent apparent here can be misleading as
it is spatially heterogeneous and heavily influenced by a few regions concentrating most of the migfie.(NO,
NE, and CE Greenland): see Figl?7.
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Figure 13. Modelled grounding lines during the GriSwide ILGM (maximum ice extent, whose timing is
simulation-dependent) for the five bestscoring simulations at thelocal-LGM extenttest. Our division scheme
of the GrIS 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 mae from
the 15 arcsecond resolution General Bathymetric Chart of the Oceans (GEBCO Bathymetric Compilation
Group 2022, 2022). The white mask highlights all presesttay 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
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Figure 14. Modelled ice surface and bed elevations during theGM extracted across four different transects
for our five best-scoring simulations at thelocal-LGM extenttest (thicker colouredlines), and for the present
day GrIS (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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