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The configurationof the Northen Hemisphere ice sheets during the Last and Penultimate Glacial Méix{ah; PGM)

influencedmillennialscale climate changes, as well as solid Earth and sea level changes that occurred during the subsequer

deglaciationsdue to their effects on the atmosphere, ocean circulation, and thealidlius, realistic simulations of these

ice sheets are crucial for the initialisation of deglaciation experiments that can help improve our understaridnagtains

betweenthe climate ice sheet andsea levelsHere, weperferm-and-compapeoducethe first large ensembles obmplex
coupledehmateatmospherece sheetmock| (FAMOUS—BISICLES) simulationsof the L&GM-and-PGM-to-better-understand

ain model

inputs—includingphysical-parametervalues—SpecificallyweR@hy and LGM varying 12 uncertain parameters that control
themedel—repatesen&aﬂen&m:b sheet albedo, ice dynam|cs and climate

usiegplored

Gaussian Process emulators to perform aJBsxhnsnwlty analysisk-rom-the-whole-ensemble-wefind-twe-simulations that
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parametes have the largest influence dhe-ice volumesfor both ice sheets and time periodsrameterscontroling

precipitation and slidindhave a largereffect on Eurasianthan North Americarice sheetsize due to the differences in

geographical and climatic setting3ut of 120 parameter combinati® we find fouthat produce LGM and PGM ice volumes

and extentgompatible with palaeevidence.Theresulting ice sheetolumes-but-several-other-parameters-display-different

an /it indices-depending-on-the e_shaat (Naorth Amae N va EMsthtime period (PGM-ve M his

elevation

heightsconfigurations provide new and improvegtonstructions of PGM Northern Hemisphere ice sheetgsieas inputs

in climate, ice sheet arska level models

1 Introduction

During glacial-periods-ethe last 800,000 years|acial periods saw the accumulationlarge ice sheetsuilt-up-over the
Northern Hemisphere (NH) continer{shlers et al., 2018mpacting-the-climate-through-their-interactions-with-atmespheric

dbambe e 2014 elrenbera—e __2023bMoweve he
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., 2019;

In-contrastwhilst there-is-some-evidence-that-during-the- PGM,-the. NAES size shape, and evolution exerted a strong

influence on the climate through their interactions with atmospheric and oceanic circulation, as well as the energy budget

(Beghin et al., 2015; Fyke et al., 2018; Izumi et al., 2023; Roberts et al., ZO18)reconstructing their extent and thickness

is key to deciphering the causes of past climatic and environmental changes.

Beyond impacting the energy balance through their high albedo, ice sheets have direct effects on ocean circulatioricatmospher

circulaion, and precipitation patterns. They affect deep water formatidrcirculatiorin the North Atlantic, either through

their freshwater release near sites of deep water formation, their impact on energy balance, or their effect on wind pattern
(Gregoire et al., 2018; Sherrffadano et al., 2018, 2021; Smith and Gregory, 2012; Ulimah,€2014) Not only can they
be responsible for hemisphescale, centurgcale cooling events, such as the 8.2 kyr e{Matero et al., 2017)ut their

size has also been shown tdeaf the stability of the Atlantic Meridional Overturning Circulati@herrifcTadano et al.,

2021; Zhang et al., 2014k ven subtle differences in the topographical profile of the Eurasian ice shewintan whether

the ocean responds to meltwater fluxes linearly orlm@arly (Romé, 2024)The geometry of an ice shed$o influences its

stability. An ice sheet made of multiple domes can produce large seadegaluie to the Saddle Collapse instab{Bregoire

et al., 2012)while marine ice sheets can be susceptible to marine ice sheet instabilityRek8let al., 2024Y hus, knowing

the shape and size of past ice sheets is key to understanding past abrupt climate and sea level changes in theaQuaternary

well as climateice sheet meamnisms relevant for the futur@ne period that has recently gained a lot of interest is the

penultimate deglaciatiof+140128 ka) This period was the precursor to the last interglacial pé+itd9-116 ka)when sea

level was last higher than todéyy up to 9 mputton et al., 2015; Dutton and Lambeck, 20KH)owledge of the Penultimate

Glacial Maximum (PGM ~140 ka ice sheets and their influence on thienosphere andcean during the subsequent

deglaciation is key for interpretimdimate and sea level records of flast interglacial period, which hold information on the

sensitivity of Greenland and Antarctica ice sheets to climate warmer than(Balaett et al., 2023; Capron et al., 2017;

Pollard et al., 2024)Despite this interest, there are very few reconstructions or simulations of the PGM and the stibseque

deglaciation. Climate simulations of the period thus either use ice sheet configaifedio the IGM (e.g.Clark et al., 2020;

Quiquet and Roche, 2024y ice sheet reconstructions that have large disagreements with reconstructions hicéeeax

Menviel et al., 2019)Indeed reconstructing the geometry, size, and volume of ice sheets prior to the Last Glacial Maximum

(LGM; ~21 ka)is extremely challenging as the last deglaciation has erased traces left of vioeioigaciationsand

deglaciationsand dating glacial features is challenging and unce(@apron et al., 2017; Govin et al., 2015; Parker et al.,

2022) Coupled climae-ice sheet modellinghus offers the best tool forodue ice sheetreconstructionsnformed by our

knowledge oftlimateandice sheet physicas well as the available geologiesiidence
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The extent of the Eurasian ice sheet (EIS) could have been ~50% larger during the peruléioizteycle than during the

last glaial cycle, expanding 200 km further south and 1000 km further east in Siberia according to geomorphological evidence
(Batchelor et al., 2019; Knies et al., 2001; Svendsen et al., 200%)ever, theexact extent at the PGM is maonacertain

because there were two major ice advances in Europe: tieerionsive Drenthe (=160 ka), followed by partial melting and

sea level rise ~15754 ka, and then the less extensive Warthe readvance after {H0dtzes and Gibbard, 201&urrent

reconstructionge.g. Batchelor et al., 2019) of the PGM magamectly incorporate previous MI& (195123 ka)advaices

(Ehlers et al., 2018; Margari et al., 2014; Svendsen et al., 208é)volume of PGM ice sheets is even maneertain than

their extent since it is indirectly estimated from sea |lelahsets through glacial isostatic adjustment (GIA) and ice sheet

modelling(e.g. Lambeck et al., 2006; Tarasov et al., 2012; Rohling et al., Abdtifhates of EIS volume range from ~40

m s.l.e. compared to ~I34 ms.l.e. at the LGMLambeck et al., 2006; Peyaud, 2006; Pollard et al., 2023; Rohling et al.,
2017; Simms et al., 2019; Tarasov et al., 2G&#8cting the huge uncertainties in PGM ice sheet size compared to the better
known LGM.

In contrast, the North American ice sha@fA(S) was smaller at the PGM than at the LGM, though some evidence suggests it

extended slightly further south in the regions known today as lllinois and Wisa@wtichelor et al., 2019; Hughes and
Gibbard, 2018)}me i j ' the LGM.

Fhis. Evidence for smaller PGM NAIS voluniacludes relative sea level assessment stu@ies Rohling et al., 2017)

reduced icerafted debris layers in the North Atlantic (pointing to reduced iceberg discharge from the Hudson Bay region;
Hemming, 2004; Naafs et al., 2013; Obrochta et al., 2@li4ate and ice sheet modall studiegAbe-Ouchi et al., 2013;
Colleoni et al., 2016; Wekerle et al., 20H)d GIA modelling studie@yer et al., 2021; Wainer et al., 201 Therelative
lack of geomorphological evidence of the PGM NAIS further supports the hypothesis that PGM NAIS was smaller than LGM
NAIS because it implies a larger ice advance at the LGM destroyed most traces of the previous glacial rfiaairoorat
al., 2022; Dyke et al.,@02; Rohling et al., 2017)Therefore, the footprint of the PGM NAIS remains very uncertain, while
LGM NAIS ice extent igelativelrwell constrained from a range of glacial geological evident¢gch-has-been-updated in
recentyearge.g-Dalton et al., 2020)Asw%h4he£l$—th@hevolume of the NAIS isnore-difficult-to-assess-from-empiaic

i i imatesiibatecat being-betweer39-59 m s.l.e. at the PGM compared
to ~6888 ms.l.e. at the LGMRohling et al., 2017; Simms et al., 2019)

Recently,Pollard et al. (2023used simple ice sheet modelling and sea level modelling to reconstruct a range of plausible

Eurasian icesheet shapes at the PGM, providing vital new information for climate and sea level ritmedsier, such

methodology neglects the influence of ice sheet dynamics and climate. Another possible way of reconstructing Quaternary ice
sheets is to use dynamidéed¢ sheet model\be-Ouchi et al., 2013; Alder and Hostetler, 2019; Charbit et al., 2007; Gregoire
et al., 2016; Niu et al., 2019; Scherrenberg et al., 2023b; éekeal., 2016; Zweck and Huybrechts, 200R)eir results

highly depend on how the surface mass balance (SMB) is prescribed and this is the largest source of uncertainty. PGN

modelling has so far relied on simple positive degree day SMB scha&meg the SMB is prescribed as a function of
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temperature, and SMB evolution is derived from faraway climate proxy records producing unrealistic icéesineabe
Ouchi et al., 2013; Clark et al., 2020; Wekerle et al., 2016)

Progress in ice sheet and climate modelhiow allow us to use coupled climate sheet models to simulate theaalution

of climate and ice sheets. In such models, the SMB can be simulated as a function of the surface energy budget and moistu

fluxes and technigues exist to downscale lowaletion climate onto the higher resolution surface of the ice $8eawth et

al., 2021:; Ziemen et al., 20148uch methods not only allow us to investigate the interactions between the climate and the ice

shegs, but are also a powerful way to simulate ice sheet evolution accounting for the feedbacks between ice sheet geometr

and surface mass balance.

Only a handful of coupled climaiee sheet models have been used to simulate the evolution of past ice sheets during the

Quaternary. Somelimate models, such as CESM, have high complexity and climate resolution limiting the duration of the

simulations tocentury time scale¢Bradley et al., 2024; Sommers et al., 2020xher models like CLIMBER and

LOVECLIM have lower complexity and resolution enabling simulations over gladiaiglacial timescales (e.@Ganopolski
etal., 2010; Quiguet et a021; Quiquet and Roche, 2024he model we use in our studyAMOUS ice, hasthe complexity

of a full GCM but asufficiently low atmospheriaesolution ® enable us to run 10,000 year long simulations and large

ensembles to investigatmcertaintyGandy et al., 2023; Patterson et al., 2024; Sheratfano et al., 2024This is an ideal

model to produce physically consistent reconstructions of Quaternary ice sheets

In a previous studyRatterson et al(2024)used FAMOUS coupled to the Glimmer ice sheet model to simulate the North

American ice she&he
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AMOUS is use

are passed

North
Americandce-sheeHowever, the coarse resolution and the use of Shallow Ice Approximation (SIA) in the Glimmer ice sheet

modelused in that study does not resolve the sstdle processes or longitudinal stresses required to accurately simulate ice
stream evolution or grounding line migration. Whilst these processes are not as important to capture in an equilibpum spin u
of a ontinental size terrestrial ice sheet, such as NAIS, they have a large influence on the behaviour, configuration yand stabilit
of a marine ice sheéHubbard et al., 2009; Pattyn et al., 2012; Stokes and Clark, .200darticular, tie Eurasian ice sheet
has many ice streams within marine sectors (e.g. North Sea and Barents Sea) that are vulnerable to processes that may ca
instabilities of retreat, for exampldarine-lce-Sheet-tnstabiliMISI);, and are likely to have been impanrtan its evolution
and deglaciatiorfKopp et al., 2017)These processes are similar to those in operation today in West Antarctica, currently
forming a large source of uncertainty in future sea level prmec@mAalde#en—et—al—ZOQ%—ANaF&La&et—al—ZOm

- an Aalderen et al., 2023; Alvar&olas et al., 2019;
Edwards et al., 2019; Gandy et al., 2019, 2021; Petrini et al., 2020)

FAMOUS-ice has also been used to simulate the LGM North American and Greenland ice sheet with a more complex ice
sheet model, BISICLE&Sherrif-Tadano et al., 2024BISICLES is a mdel well suited to simulate the past evolution of

marine ice sheets, such as the Eurasian ice sheet, due to its use of L1L2 physics which includes longitudinal stredses that e

the representation of ieghelves and fadgtowing ice streamg$Cornford et al., 2013; Hindmarsh, 2008)also uses Adaptive

Mesh Refinement (AMR) which allows smaller scale processes, such as grounding line migration, to be simulated at highel

resolutions whilst the rest of the domain (i.e. the slower mowitegior of the ice sheet) remains at a lower resolution for

efficiency (Cornford et al., 2013)This also allows for better physicatcuracy in representing ice streams within the North

American ice sheet compared to SIA models. BISICLES has previously been used to simulate the ice streams and retreat «
the marinebased BritisHrish Ice Sheet at the Last Deglaciati@andy et al., 2018, 2019, 2021he final retreat of the NAIS

during the early HolocenéMatero et al., 2020)presenday Grealand (Lee et al., 2015and the future evolution of the
Antarctic Ice ShegtCornford et al., 2015; Siahaan et al., 2022)

Here, weuse the FAMOUSce coupled climate ice sheet model with the complex BISICLES icetshedelto simulate the
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North American, Eurasian and Grenlaicd sheets athe Last and Penultimate Glacial MaxinWe build on the work of

Sherriff Tadano et al(2024)andPatterson et al(2024)by includingthe firstinteractive simulation of thEurasian ice sheet

with FAMOUS and BISICLESnd by improving the spinp procedure and downscalipgrameterisation. Furthermore, we

deploy sophisticated statistical toolsto assess the sensitivity of the ice sheets to uncertain_model inputs, evaluate the

performance of the model and produealisticice sheesimulationsfor use asnitial conditions for subsequent work on

deglaciation®r inputs to climateandsea level models

2 Methods

2.1 Climate modeland coupling

We use a coupled atmosphéce sheet model called FAMOUBe. FAMOUS isan Atmospheré®cean General Circulation

Model (AOGCM)sufficiently efficientfor running multimillennial palaeo simulationge.g. Gregory et al., 2012; Gregoire et
al., 2012; Robrts et al., 2014; Dentith et al., 202)d large ensembles for uncertainty guantificafiéandy et al., 2023;
Gregoire et al., 2011; Sherrffadano et al., 2024)

We use the atmospheric component of FAMOldShydrostatic, primitive equation grid point model with a horizontal
resolution of 7.5° longitude by 5° latitude with 11 vertical levels andhauk time stedWilliams et al., 2013)The land

processes arsimulated using # MOSES2.2scheme(Essery et al.2003) with vegetation prescribetb presentday
distributions as ifPatterson et a(2024) A high-latitude cold biasn FAMOUS, also seen in other GGVcanproduce overly

large ice sheetfGreqoire et al., 2016Yhus, we chas to prescribe sea surface temperatures and sea ice (se.Sgqt.

rather than usinfAMOUSSHdynamical oceanomponenfe.g. Dentith et al., 202000 correct fomodel biases
FAMOUS:-ice has bidirectional coupling between the atmosphere and the Glimmer or BISICLE S&tensbdel (FAMOUS
ice; Smith et al., 2021)accounting for the mismatch between the atmosphere and ice sheet grid sizes ugiid) Sidbe

downscaling.The atmospheric surface air temperature and longwave radiation is calculated in FAMOUS at the mean

orography and downscaled onto 10 vertical iice tiles" d

2750, 3600 m elevation) usingcanstant lapse ratégrad. No downscaling is applied to precipitation and downwelling

shortwave radiation. SMB is calculated on the 10 ice tiles based on the energy budget equation atayardekip snowpack

model. Then the SMB is passed onto thesheet model, which projects and linearly interpolates the coarse -kihlat

elevation SMB field onto the higher resolution ice sheet surface @aitesian gridThe resulting changes in ice extent and

surface elevation simulated by the ice sheet madepassed back to FAMOUS to update the fraction of ice present within
each ice tile and the orography fiel@3SICLES-is-well-suited-to-simulating-marine-ice-sheet-dynamics-due-to-its-use of the
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mean of the surface fluxes weighted by ice fraction within the ice tiles sets thatinosphere exchanges within FAMOUS

The full details of the climat&e sheet copling within FAMOUSice are described irsmith et al.,(2021), including a

description of how thenowpack model deals with theeltwater percol&n and runoff Since our simulations do not include

an interactive ocean, there is no need to close thedisystem hydrological cycle, and so routing of surface and basal

meltwaterthat have the potential to modify ocearculationare not involved in the couplinén this study, we use a 10 times

acceleration meaning one year of climate integrat€éthiMOUS is used to force 10 years of ice sheet integréGoagory et

al., 2020)
Sherriff Tadano et al. (2024pbund that some of the FAMOUBISICLES simulations of the NAIS at the LGM exhibit a

strong local melting of the ice sheet from parts of the interior. This phenomenon is caused by warm temperature biases ove

the ice sheet interior in the atmospheric mpddlich are amplified by the downscaling method and a positive heighs
balance feedback. A similar temperature bias was pointed dbiniii et al.(2021)using thesame model under the modern
Greenland ice sheet, which produced a higher Equilibrium Line Altitude (ELA) (around 2 km high in places) compared to a
high-resolution regional atmospheric model (at about 1 km high). The warm temperature bias comes frannebellition

of the atmospheric model. In reality, a very cold atmospheric layer often forms at the surface of the ice sheet, esiiecially i
interior, which induces a stable boundary layer and isolates the cold surface from the ambient warm air., ldayjeval

climate model cannot resolve the effect of the stable boundary layer and overestimates the exchange of heat between tt

surrounding atmosphere and the ice sheet surface. As a result, FAMOUS overestimates the temperature in the icersheet inter

and causes a high ELA bias, which results in surface melt.

10
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Here, we take a practical approach to mitigate the effect of the warm temperature bias in FAMOUS. This is done by modifying
the height adjustment of atmospheric surface temperature to theegcehtbugh the introduction of a new parameter in the

model, elevcon,which is intended to make the parts of the ice skadace well inside the margim®lder. Appendix A

includes a description of hotke elevconparameteis implemented and works tdfect the surface temperature and SMB
during height correction, and of sensitivity experiments performed to validate the effect of different valieesarion the
modern and LGM ice sheets and climates. Since the optimal value of this adjustmentt&nynge includeslevconin the

ensemble as a varied parameter value, between the range of 1 an®d .%)0These values were chosen based on testing
that showed that a value of 1.5 produced an equilibrium line altitude height that represents dimiipgetiermined by

empirical data (Fig. Al).

2.2 lcesheet model

The BISICLES marine ice sheet mod el uses the L1L2 appr

longitudinal and lateral stresses and approximates vertical shear istrenscally integrated mode(Schoof and Hindmarsh,

2010) In this setup, we alsouse a pressufiimited Coulombbasal sliding law that is sensitive to the presence of till water

(Gandy et al., 2019; Tsai at., 2015) This is mostly found to be applicable near the grounding line and the inclusion of the

Coulomb sliding law has been shown to have an effect on ice sheet stability in models, with greater grounding line retreat

occurring in simulations thianclude this law than those withoiNias et al., 2018; Schoof, 2006; Tsai et al., 20Thg upper

surface temperature boundary condition in the ice sheet model (suefstciult) is determined by the climate model and the
basal boundary condition (basal heat flux) is set as a constant flux £3al16v?). The effective pressure, and therefore the
basal sliding, depends on the basal water pressure and thus thefdbettilovater layer. Once the englacial drainage water
fraction (w) grows beyond a certain value (0.01) it is drained to a till layer at a rate proportional to the water fraction, up until
a maximum water fraction (0.05). The till water is then transgoelsewhere by the basal hydrology mad&n Peltand
Oerlemans, 2012)t is lost vertically at a rate proportional to the till water depth which is determined by the specified till
water drain factordrain). A maximum till water thickness of 2 m is set following previous stu@@egler and van Pelt, 2015;
Gandy et al., 2019; Morer®arada et al., 20237 recent comparison study lrew and Tarasov (2023hows that this
simplified 6éleaky bucketd hydrology scheme produces si |
timescales and continental scale ice sheets. Additionally, the implementation of this basal sliding scheme coupisd with t
hydrology parameterisation allows the simulation of spontaneous ice stream generation and €@duatigret al., 2019,
2021)
The upper surface thickness flux (i.e. accumulation/melt) is calculated by the climate model and the lower surface (basal)
thickness flux (i.e. oceanic melt) is set to zero for grounded ice and is proportional to the SSTs for floating ice, according to
the linear relationship;

Yo @ adn a @ odoi @Y Y (1)

11
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Where c is a constarilycn is the prescribed sea surface temperatureTaisdthe freezing point of seawater, assumed te be

1.8°C at the surfacAlvarezSolas et al., 2019; Beckmann and Goosse, 2003; Gandy etla;,N8rtin et al., 2011; Rignot

and Jacobs, 2002%ince the freezing point of sea water varies with depth of the ice shelf base and with salinity, and the surface
temperatures are used rather than subsurface, this is a highly idealised parameténisatdhtion, many studies have found

a quadratic relationship to be a better fit to preskayt observations (e.@f@eConto and Pollard, 2016; Favier et al., 2019;
Holland et al., 2008)However, the lack of constraints on ice shelves, m¢emperatures, and sshelf melt rates for the
periods covered in this study makes this a large source of uncertainty in our modelling. In this context, it is pretbmdse to

a simple linear representation of ssielf melt over a more complex quatic relationship. We account for this uncertainty

in the wide range of sushelf melt constant] values used (L 50 m yr! °C). This relationship produces an average-sub

shelf melt rate across the ice shelves of between arourid 286m yr!, which are not unrealistic when compared to the
estimates from presedfy Antarctica of @ 43 m yr* (Depoorter et al., 2013; Jourdain et al., 2022; Rignot et al., 2013)
However, some regions in some simulations display very large rates of 100s of metres per year.

Glacial isostitic adjustment (GIA) of bedrock topography due to changes in the ice sheet load is included through coupling
BISICLES to a simple Elastic Lithosphere Relaxing Asthenosphere (ELRA) model, which approximates this response by
assuming a fully elastic lithobpre above a uniformly viscous asthenospfi€aehuck et al., 2020A relaxation time of 3000

years is applied in this model based on previous sty&ekard and DeConto, 2012This method does not account for
changes in the gravitational pull that ice sheets exert on sea level or adjustments in Eustatic sea level caused by changir

global ice sheet volum@.g.Gomez et al., 2010)

024p
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thas-been-established-that &teeams exert an important control on the behaviour and geometry of an ice sheet and therefore
it is crucial that in our study, the simulated ldcatand dynamics of at least the major ice stream features, are consistent with
reconstructionsGandy et al. (2019ighlighted that the most important model ingredient necessary to successidiy ice

streams is the representation of idealised subglacial hydrology. The till water layer coupled with the Coulomb sliding law
describedn-Seet—2-hboveis crucial for the spontaneous generation of ice streams. However, this scheme is higtivg sensi

to the drainage and temperature structure of the ice sheets. Inadequate consideration of these factors can lead to a pc
representation of ice streams (eSperrif-Tadano et al., 2024Therefore, we perform a spin up of BISICLES that results in

the internal temperatures of the ice sheet being more conducive for ice stream generation over shorter integration times. W
also perform sensitivity tests varying the level of refinement ofdbestreams and the rate of till water drainage to find an

optimum setup that balances computational cost with the representation of ice dynamics. These methods are déseribed in

following-sectionappendices B and.C
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2.3 Experiment design

2.3.1 Boundary and initial conditions

The coupled simulations broadly followetfiPMIP4 protocols for the LGNKageyama et al., 201@nd the PGMMenviel et

al., 2019) which prescribe greenhouse gases, orbital parameters and the Antarctic Ice Sheet configuration. Following the
method ofPatterson et al., (2024)e also prescribe SSTs and Sea ice from HadCM3 simulatictiskaf and 140ka (Figs.
laand-1bc). A description of the HadCM3 simulations, the justification for this choice of approach, and a discussion on how
these SSTs may affect the result is also present&atigrson et al., (2024Yegeation is kept at préndustrial distribution,

which could have an effect on the results since studies have shown the importance of theegibtedion feedback during
glacials, particularly for the PGM
2024 Colleoni et al., 2009; Crucifix and Hewitt, 2005tone and Lunt, 2013; Willeit et al., 2024)

The interactive ice sheet model domain covers the whole NH, including the North American, Greenland and Eurasian ice

itet al.,

sheetsPatterson et al., (2024howed that the initial & sheet model conditions used in the glacial maxima simulations
overwhelmingly determined the configurations of the final ice sheets due to thlbéoo feedback, and that the climate at

the glacial maxima had an opposite impact on the difference in M&I8olume between the LGM and PGM to what was
expected. This suggests that the evolution of the climate and the ice sheets leading up to the glacial maximum are importat
in determining the configurations of the ice sheets at the glacial maximum. Wafpthe chose to initialise the LGM and

PGM simulations from the respective ice sheet reconstructions available to ensure realistic ice sheet geometry fodgach perio
accounting for the evolution of the climate and ice sheets prior to the glacial maXithahis approach, we can examine

how the differences in ice geometry and background climate between the two time periods affect the sensitivity to the model
parameters that control key earth system feedbacks (e-glbiego feedback, ieelevation feedack and climatéce sheet
interactions). The LGM orography was initiated from the GLRZ reconstructiorfBriggs et al., 2014; lvanovic et al., 2016;
Tarasov et al., 2012; Figeld) and the PGM was initiated from a combination of a simulated PGM NAFsaktgrson et al.,

(2024 and simulated PGM EIS WBollard et al., (2023)Fig. 2d1e) and their calesponding topographies.
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Figure 1: Boundary and initial conditions for the LGM and PGM simulations. Sea surfaceéemperatures-presecribed-inthe FAMOUS
atmosphere-medelemperature anomaly from a HadCM3 pre-industrial contr ol run for (a) LGM and (b) PGM; (c) the difference
between the prescribed LGM and PGM sea surface temperaturpand initial topography (meters above sea level) and ice thickness
in the BISICLES ice sheet model interactive domain for (c) LGM and (d) PGM.

2.3.2 Ersemble design

As well as the initial ice sheet conditions, modelled ice sheet volumes and areas are also sensitive to a number o

parameterisationsicertainparametes related to climate processes, surface mass balance and ice sheet dynamics. To assess

this sensitivity, we design an ensemble using maximin Latin Hypercube Sarf\Miligmson, 2015; Santner et al., 2003)

that consists of 120 combinations of 12 uncertain climate and ice sheet model parameters, varied over a specifiedaange (Tak
1). These 120 simulations are each run with the L@8I RGM initial conditions described in Sect. 2.3.1, resulting in 240

total simulations. Each was integrated for 500 climate years (5000 ice sheet years). Since we start from a glacial maximun
configuration and spuap internal temperatures, this is enotigie for the ice sheets to (i) reach equilibrium (or close to it),

and (ii) give an indication of whether the parameters are producing reasonable ice sheets and form ice streams. Eath simulati

took around 35 hourstrirgon 8 cores to complete (~280 edrours).
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502 The choice and range of parameters is adapted from several previous ensembléGandig €t al., 2023; Gregoire et al.,

503 2011; Patrson et al., 2024; Sherrffadano et al., 2024yVe vary three uncertain parameters related to ice sheet dynamics
504 in BISICLES,; the basal friction coefficient in the power law relatibatd, the till water drain factordfain), and the sub

505 shelf meltconstant ). The elevconparameter controls the magnitude of the height adjustment applied and the remaining
506 parameters control the climatic conditions and ice albedo in the simulations.

507

508  Table 1: Parameters varied in the ensemlgl and the ranges sampled.

Parameter Unit Ensemble range | Notes

Weertman Pam¥3a® | 20,000 to 60,000 Represents the resistance of ice at the base to motion
friction higher the value, the stronger the friction between the ice
coefficient, beta the bedrock over which it is flowing.

Till water drain yrt 0.01t0 0.05 Controls the rate of vertical tiitored dainage and therefor
factor, drain water pressure in the till layer. The higher the value, the r

rapidly till water is removed.

Sub-shelf melt myrteCl | 1t050 Characterises the relationship between ocean thermal fo
constant,c and subshelf melt rate
Lapse rate,tgrad | K m? -0.01 t0-0.002 Air temperature lapse rate usedring-downscalingo the-ice

sheetalculatesurface temperature at each ice elevation tile

FAMOUS. The more negative the number, the stronger
lapse rate effecttSmith et al., 2021)

Sensitivity of K1 -0.4t0 0 The sensitivity of bare ice albedo to surface air temperat
bare ice albedo, above the melt threshold (mimics darkening of the surface
daice to melt ponds forming in summer). The minimum va

reduces the bare ice albedo to as low as (Skaith et al.,

2021)
Surface snow kg nte 350 to 800 The density threshold for snow beyond which the surfac
density regarded as bare ice. The higher the value, the higher the €
threshold, fsnow for denser snowtending to increase ice sheet albedo ove

| (Smith et al., 2021)

Sensitivity to pumt 0t0 0.01 The sensitivity of the surface snow albedo to increasing ¢
surface grain size. The higher the value, the more the albedo decrease:
| size,av_gr time, reducing snow albedo overgdmith et al., 2021)
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509

510

11
8
513
514
515
516
517
518
519
520
521
522
523
524
525

Relative Pat 0.6t00.9 The thresholdof relative humidity above which larggeale

humidity clouds form(Smith, 1990)

threshold, rhcrit

Precipitating ice | m s? lto2 The precipitating-icefall-out-speetdymsiield,- 197y

fall out speed, precipitating ice fall out speetiéymsfield, 197Y.

vfl

Cloud liquid st 5x10° to 4x10* Rate of conversion of cloud liquid water droplets

water precipitation(Smith, 1990)

conversion rate,

ct

Cloud liquid kg nm3 1x10%to 2x10° The threshold of cloud liquid water (over land) above wt
water threshold, precipitation formgSmith, 1990)

cw

Height 1to 15 Scaling factor for the height of the vertical levels read by
correction, ice sheet model (this stugy

elevcon

2.4 Evaluating the ensemble

To evaluate the performance of the LGM ensemble members and find sets of model parameters that @réduee Out

Yet (NROY) ice sheet configurations, we employ an implausibility metric. This allows a robust comparison of model output
to empirical eidence and previous modelling studies, taking into account their uncertainties. The implausibility metric
considers constraints on LGM ice volume, ice extent and Global Mean Air Temperature (GMT) derived from studies using
palaeerecords of past climate drice sheets and numerical modelling (Table 2). Since the PGM is poorly constrained in these
areas, we are unable to evaluate the performance of the PGM ensemble in the same way. Instead, we opt to select the PC
ensemble members that correspond to thectsd LGM members to enable comparison, see whether the same parameter
values produce plausible PGM ice sheets based on known configuration differences and allow us to learn more about the PGI
without the restriction of uncertain constraints.

The NAIS areds evaluated based on the southern extent of the ice sheet reconstrubigtbhyet al., (220), within + 3

times the area of the ice lobes (Fig 2a). We set this envelope of uncertainty (basetbbe area) to account for known
common model biases, such as esstimated Alaskan ice, and limitations such as the inability to simulate tiaenityice
lobes(Patterson et al., 20243imilarly, the plausible range of the EIS is considered to be within £ 3 times the area of the BIIS
(Fig. 2b) based on the reconstruction freloghes et al., (20163ince none of our simulations maintain ice over this area (see

Sect. 3.1) and we do not want to compensate for/hide this limitation byestiarating ice elsewhere. The GMT range is
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determined from different estimated levels of LGM cooling, and their waingds, relative to a pradustial GMT of 13.7 £

0.1 °C (188-1900;NOAA National Centers for Environmental Information, 2038errift Tadano et al., 2024)

P

v
T U S

Ny

Qfﬁ \«R@) @X@P

0%

@\f

/
\
4

Figure 2: Reconstructions used in the implausibility metric. (a) North American Ice sheet extent froialton et al., (2020) the large
red box delimits the southern extent footprint used in the implausibility metric; the smaller red box indicates the area ofi¢ lobes

used to calculate the range of plausible values. (b) Eurasian ice sheet akfeom Hughes et al., (2016)the red box indicates the area

of the BIIS used to calculate the range of plausible ice areas.

Table 2: The ranges of plausible values for ice sheet volume and extéexpressedn metres globalmean sea level equivalent; m sje

and global mean surface air temperaturg GMF—given-in—2(°C) used in our implausibility metric, and references to the published

work used to derive these ranges.

Metric

Plausible range

References

North American
Ice Sheet (NAIS)

Volume (ms.l.e)

681 88

Abe-Ouchi et al., 2015; Gregoire et al., 20]
Lambeck et al., 2017; Morer@arada et al., 2023
Peltier et al., 2015; Simms et al., 2019; Tarasov e|
2012

Area (kn¥)

2.0x 167 716 x 16

Dalton et al., 2020

Eurasian Ice
Sheet (EIS)

Volume (ms.l.e)

137 23.5

Abe-Ouchi et al., 2015; Hughes et al., 2016; Lamb|
et al., 2006; Patton et al., 2016; Peltier et al., 2(

Tarasov et al., 2012

Area (kn¥)

3.83 x 1Gi 8.02 x 16

Hughes et al., 2@l

Global Mean

surface air

Temperature (GMT—>(°C)

5.6-12.1

Annan et al.,, 2022; Annan and Hargreaves, 2(
Holden et al., 2010; Liu et al., 2023; Osman et
2021; Schmittner et al., 2011; Schneider \
Deimling et al., 2006; Zhu et al., 2022
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2.5 Gaussian process emulation and Sobsénsitivity analysis

To determine which of the model parameters had the most influence on the uncertainty in modelled ice sheet configurations
and whether this differed for each of the NH ice sheets and each glacial maxima, we perform a Sobol S&naltigity
(Saltelli, 2 onfaur; diaghastice for pch ehgeble) NAIS ice volume, NAIS southern area, EIS ice volume
and EIS area. This produces a first order $isitgi index which measures the contribution to the output variance by each
model parameter alone; a second order index which measures the contribution from interactions between two parameters an
a total order index which is the contribution by a modebmeter as a result of its first order sensitivity and all higher order
interactions. An index value of 0.05 is often used as the threshold above which a parameter is considered to havetan importa
influence on the output varian¢8hang et al., 2015)

The Sobol analysis requires a uniform sample of thousands of model inputs, for example, generated ®llowirige | | i ¢
extension of the Sobol sequence, which are outside of our initial parameter sample. This would therefore require additiona
evaluations of the model, which would require significant additional computational resources. To this end, we train
independenGaussian Process (GP) emulajorK e nnedy and O6Hagan, 2 0 Orlepch Gfth&fbue y ar
diagnostics from the two 120 member ensembles. These emulators are then employed to evaluate the additional parameter s
generated by the Sobol sequence. Usingdbguence and the emulators, we are able to generate and evaluate more than
200,000 samples in only a few minutes, a number which would have been computationally intractable using FAMOUS
BISICLES directly. Since we use a complex model with a large nunfbenaertain parameters, a sample of this size is
necessary in order to increase the reliability of the Sobol analysis.

To evaluate the performance of our emulators and ensure their predicted output is sensible compared to the modelled outpt
we perform d.eaveOneOut CrossValidation (LOOCV) oneachemulatorBast os and O6é Hagan,. 2009
In general, leawk-out crossvalidation involves splithg the dataset of input parameters and output diagnostics into separate
training sets and testing setéieAn emulator igrained-usindtted tothe training set and then fed the input parametérsm
thetestingestset to evaluateThe values it then predictsr-bés thencompared to the actual modelled valueghe case of

the LOOCYV, all but one set of inputs and outputs are used as the training set and the emulator is used to predidetite output
out. This process is theapeated for each of the 120 model outputs. We found that, compared to the modelled outputs, seven
of the ensemble input parameter sets consistently produced poor predictions for four or more of the eight diagnostics.
Therefore, to improve the quality dfe emulator fit, we removed these seven inputtaiaed the emulators, and once again
performed the LOOCV. The predicted values (and their 95% credible intervals) compared to the modelled values for each
emulator are shown in Appendix D (Fig D1). Ovkraétween 8493% of the predicted intervals contain the true model output,

which we determine is enough for the purposes of the Sobol analysis.
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3 Results and discussion
3.1 Initial ensemble

After running the ensembles of simulations for the LGM and P@&lpbtain two sets of 120 simulations with a wide spread
of NH ice sheet configuratior{§ig. 3). The ensemble mean volume of the NAIS at the LGM is 376, with a smaller
mean at the PGM of 22.8 sil.e. In contrast, the LGM has a smaller mean #&ime of 5.39 ns.l.e.compared to 12.6 m
s.l.e.at the PGM. Both ensembles have a similar mean Greenland ice sheet volume o ke7Fherange-in-ice-volume

wledge of the
ates sugge

et (TRig differences

in volume and extent between the LGM and PGM are primarily caused by the differences in initial conditions as demonstrated

by Patterson et al., (2024)heevolution and distributionsf ice volume across the ensembles showFign3 revealshatice

sheets collapse insagnificant proportion osimulationsdue toanunsuitable combination of parameter values.tbatmany

simulations sustain the initial ice volupsnd a fewgrow.
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584 At the LGM, the North American ice sheet maintains the connection between the Cordilletsaussmtide ice sheets in a

585 significantproportion(70-80 %) of the ensemble (Figta), while thecorridor between the two ice sheets remains free in all

586 the PGM simulationsonsistent with ice shestconstructiongDalton et al., 2020Batchelor et al., 2019
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588 Figure 3: Time series of ice volume over the 500 climate years (5000 ice sheet years)miilation for each ensemble member (left
589  hand panels) and histograms of the distribution of final ice volumes across the ensembles (right hand panels) for the LGM 8@&M
590 (a) Northern Hemisphere; (b) North American ice sheet and (c) Eurasian ice sheet.

23



591

592
593

\{a) LGM \Q:) PGM \Q:) LGM - PGM

Z (’) 2‘5 50 75 100

0 20 40 60 100 =100 -75 -50 -25
% Simulations with ice cover % Difference

A Y
\Lh) PGM

\Lc) LGM - PGM

0 20 40 60 80 100 -100 -75 -50 -25 0 25 50 75 100
% Simulations with ice cover % Difference

Figure 4: Percentage of ensemble members that had ice over areas of the domain for (a) the LGM (with the extents of Dalton et al.,
(2020) and Hughes et al., (2016) in red); (b) the PGM (with Batchelor et al., (2019) extent in red); and (c) the differebetwveen the
LGM and PGM ensembles.

Some areas are systematically deglaciated in the ensembles of simulaijpanticular, all simulations lack a Britidhish Ice

Sheet (BIIS), and most display a poor match to reconstructions over Scandinavia-#ma-southerrine SouthEastern
Laurentide (North American) icmarginand-eastern-marine-extent-of-Nerth-Ameriddis is due to large negative SMB
values over these regions (Fig. 5) causing rapid deglaciation, with the BIIS disappearing in 60& igessh@r less. This is
a similar result t@radley et al., (2024)ho usedd-GEMhe CESM2.1 moddo simulate the SMB across the LGM ice sheets.

Their simulations showed large ablation areas across the BIIS, thesoathrgin of Scandinavia and the southern, Pacific
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609
610
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612
613
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616
617

and Atlantic margins of the NAIS, but low melt rates across the Bakamts Ice Sheet and Greenland. Whilst they did not
use a dynamical ice sheet model, they concluded that if this SMB pattern wasl apme, it would very likely drive rapid

retreat of the southern margins of both ice shégtdesting 120 combinations of parameter values, our study is able to find

model configurations with weaker ablation across some of these regions, reducinof $oen€MB biases of Bradley et al.

(2024).

Surface mass balance, m yr—1

Variance, m yr—1

FhisresullThe underestimation of ice exténtparticular regions, comparea teconstructionsgould reflect the asynchronous

timing of the local maxima of the NH ice sheets since, for example, there is evidence that much of the NAISitseached
maximum extent at ~25 K®alton et al., 2022, 2022)nd the BIIS reghed it maximum at25-23 kabefore sarting its retreat

at 22 kadue to a waning trend caused by a change in orbitabpaeters between P81 ka(Clark et al., 2022; Hughes et

al., 2016) However, these reconstructions of the NAIS and BIIS still suggest thias extensive ice over these ragiat 21

ka even if not at their maxima. In additioBradley et al., (2024also performed a simulation using boundary conditfons

26 kaand obtaned a similar result to 21 k@heytherefore concluded th#te too negative SMBs are likely a result of biases

in the simulated climate or ice sheet reconstruction, a highlyenailibrated climate and ice sheet at the LGM, and/or the
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need to retune the model for LGM climate condiigas also shown to be necessarydayndy et al., 2023)ndeed, many
other numerical modelling studies have also found it difficult to maintain extensive ice in theges nesing a range of
different models, boundary conditions and model paramexarsAaLdere#epal—zOQQ—QuaueLepal—zg%ehe#e%erg et
(280Ralderen et al., 2023; Quiguet

et al, 2021; Scherrenberg et al., 2023b; Sheffrdfiano et al., 2024; Ziemen et al., 2014; Zweck and Huybrechts,.2005)

Surface mass balance, m yr-1

Variance, m yr—1

N
\(d)

Lo

Figure 5: Ensemble mean surface mass balance and variance at ice sheet year 200 for (a) and (c) the LGM and (b) and (dD@&ié.

In this presenstudy, the compromise with using a coarse resolutionospheriamodel is that it is not able to accurately
capture some of the smaller scale atmospheric circulation effects that influence precipitation and temperature patterns. Thi
leads to biases in the modelled climate that result in some areas of the ice sheets not matching reconstructions. For examp
simulations of the NAIS have grown too much ice over Alaska and the southern extents are not extensiy@ attersgin

et al., 2024; SherrifTadano et al., 2024; Ziemenat, 2014) This is likely a result of an underestimation of the stationary

wave effect on temperature patterns; a common feature when using low resolution atmospheri¢Abed2lehi et al.,
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2007; Ganopolski et al., 2010; Liakka et al., 2012; Roe and Lindzen,.208&en et al. (2014) note that increasing the
resolution of their AGCM from 3.75° to 1.9° reduces the cold bias over Alaskivan Kampenhout et al2019)show that

refining the grid over the Greenland ice sheet results in improvements to precipitation paitbriie distribution of

accumulationThus, the se of a higkr resolution model may result in a closer match to reconstructions in general across the

ensemble members.

3.2 Nonimplausible parameter sets

rge include
ulations
M and

uctions and

therefore-alsw/e apply the implausibility metric described in Sect. 2.4 to the ensemble of LGM simulations to identify sets of

model parameters that produce plausible ice sh@ktsnsemble members have a global mean surface air tempesgtire
the plausible range (6.9.2 °C at the LGM and 7i10.1 °C at the PGM) due to the prescribed SSTs. Two LGM simulations

fit all four of our implausibilitycriteria for the volume and exten of both the NAIS and EIS, we label these NROYa and

NROYb. The proportion of NROYs in an ensemble is highly dependent on the subjective choice of humber and ranges of

parameter values sampled. Previous work with FAM&¢tES(Gandy et al., 2023 atterson et al., 2024; Sherithdano et

al., 2024) has shown that finding combinations of parameter values that produce realistic ice extent during glacial times is

challenging, due to strong albedorface mass balance feedbacks. Thus, finding twanpeter combinations that produce

plausible results for both time periods and both ice sheets is a good outcome. Additional simulations from the NROY paramete

space could be found by iterating this process and using emulators within the implausibiityesda efficiently identify

such parameter combiations given the first ensembigassionén Patterson et a{2024). This is computationally expensive

and was not required for our purposbieverthelesswe apply the extent and volume constraints separately to explore

additional plausible ice sheet configurations, especially since the volume constraint is still very uncertain and our minimum
volume for the NAIS is less lenient than limits that have been psadbusly (e.gGandy et al., 2023; Sherrffadano et al.,
2024) This results in the selection of two more ensemble members; one that meets only the ice extent criteria (labelled ac
NROY extent) anéne that meets only the ice volume criteria (labelled as NROY volume). AbfdleseNROY simulations
are shown in Fig. 6, with the corresponding four PGM simulat&sspresentedn Fig. 7. FimeThe timeseries of ice
volume, surface mass balancapshelf melt plus calving rateand surface air temperature for these simulatims-be

foundare providedn Appendix E.
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665  Thefinal volumes and extents of the NROY simulations are outlined in Table 3. Overall, the LGM NROY simulations show
666  a good match tthe reconstructed extents of the LGM ice sheets and the equivalent PGM simulations display a smaller NAIS
667 and larger EIS in line with empirical evidence and previous studies. Whilst the equivalent PGM simulations show a smaller
|668 NAIS than the extent datchelor et al., (2019jhis|atterreconstruction represerttse maxmum MIS 6 extent (19032 kg

669  and therefore is likely largehan the 140 kiéce sheet would have been, particularly for the NAIS. These four NROY model
670 simulationssuggest the NAIS was25 ms.l.e.smaller at the PGM compared to the LGM, andEl® ~2427 ms.l.e.larger.

671 There are very few existing reconstructions of the PGM ice sheets and none produced using a couplezkdimeatemodel.

72 Our simulations perform well in comparison to these reconstructions§Figrd-thus-provide-a-gredtexrnativefor-use-as
73  boundary-conditions-infuture—climate-and-sea-level-modellingstldidzr example, compared to the reconstruction of

74 Pollard et al., (2023), our Eurasian ice sheet is more physically consvittentimate and ice sheet dynamlust is also more

75 in line with empirical reconstruction of ice extg@tg. Batchelp et al., 2019)ompared to the dynamic ice sheet model

76 reconstructiorused in the PMIP4 protocoAbe-Ouchi et al., 2013Menviel et al., 2019)which is missingmost of the

77 Fennoscandian ice shdg&ig. 8). Thus ourNROY simulationgrovidenew improved reconstrcutiorns the PGM Northern

78 Hemisphere ice shediw use asnputsfor climate ice sheetand sea level model

680 Table 3: Ice sheet volumes and extents at the end of the 5000 ice sheet years for the two NROY LGM simulations and the
681  corresponding PGM simulations

LGM PGM
NROYa | NROYb | NROY NROY NROYa | NROYb | NROY NROY
extent volume extent volume

NAIS Volume 72.6 76.9 64.7 82.4 48.1 52.2 41.5 57.5
(ms.le)
EIS Volume 14.2 17.0 12.7 13.7 38.7 44.0 35.6 50.7
(ms.le)
NAIS area (southern | 14.2 13.9 12.4 131 10.9 10.8 9.31 10.1
area) (x10° km?) (4.44) (4.17) (2.91) (3.51) (1.87) (1.66) (0.75) (1.32)
EIS area (x10° km?) 4.53 50 4.08 3.56 9.86 10.1 9.04 9.61

682
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Figure 6: Final ice thickness and surface mass balance for the four NROY LGM simulations’he red contours indicate the
reconstructed LGM ice sheet extents of Dalton et al, (2020) and Hughes et 2016) and the blue contours indicate the extent of the
modelled ice sheets displayed in the figure.

ather than
model-parameter-valuesll NROY simulations lack a BlISuggesdhq this feature is due to our modelling setup rathan

parameteuncertainty The BRITICECHRONOcomprehensive reconstruction of tAHS degalcaitiorrevealed that the ice

sheefreached its maximum extentoaind 26ka (or before in some sectors) andd initiated aapid collapse at 2Rawhich

saw most of the ice sheet disintegrate by 16Kark et al., 2022)We can infer that the BIIS was at disequilibrium with the

21 kaclimateand had significantly negative surface mass balbgamting to the collapse of the ice sheet withi®00 years

The full deglaciation of the BIIS during our 5696ar long equilibrium simulations under R4 forcing is thusn agreement

with the BRITICE-CRHONO reconstructionTransient coupled climatee sheet simulationsould be requiredo simulate

the rapid growth and retreat of the BIIS around the LGM.

Due to high rates of suthelf melt (~ 6675 m yrY), the NROY simulations also lack ice shelves by the end of the 5000 ice
sheet years, which could also have contributed to the underestimation of the eastern margin of the NAIS and the deglaciatio
of the BIIS(Scherrenberg et al., 2023lbjowever, there are not many constraints on the extéce gshelves during the LGM

or PGM since they leave few glaciological traces behind. There is some evidence that a large, thick ice shelf extéreded into t

Arctic Ocean during the MIS 6 glaciatigdakobsson et al., 2016; Svendsen et al., 280d )during the last glaciation a thick
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706

ice shelf may have covered Baffin B@ouette et al., 2022pimilarly, the rate of subhelf melt is poorly constrained during
past periods, however, since some studies have shown ocean driven melt to be important for the evotutitariokthased

sectors of the NH ice shedislvarezSolas et al., 2019; Clark et al., 2020; Petrini et al., 2d26)ay be useful to implement
a more complex parameterisation or perform some additional sensitivity tests to explpredhss further in future studies.
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Figure 7: Final ice thickness and surface mass balance for the four NROY PGM simulationghe red contours indicate the
reconstructed MIS 6 ice sheet extents of Batchelor et al (2019) and the blue contoundicate the extent of the modelled ice sheets
displayed in the figure.

Despite difficulties in the past in obtaining a sufficient southern extent of the NAIS in lower resolution;riesl®lROYa

and-NROYb-simulations-do-arelatively-good-j0Bandy et al., 2023; Sherrdffadano et al., 2024; Ziemen et al., 2Q1HAg
NROYa and NROYb simulations do a relatively good jotih the southern ice sheet awenly falling short of theDalton et

al., (2020)reconstruction by 36 and 9%, respectively The two additional NROY simulations are less close to the
reconstructed extent, howar, and all four still fail to capture the ice lobe structures. This is because they are formed by
extensions of terrestrial ice streams as a result of complex ice dynamics and subglacial gdmsessgs, 2006; Margold et

al., 2018) They are also highly asynchronous, dynamic features resulting in their glacial maximum limits being very uncertain
(Dalton et al., 2020; Margold et al., 2018herefore, it is not surprising that a relatively low resolution climate and ice sheet
model withhighly-idealised simple representation stibglacialervirenmentsrocesseds unable to resolve such features
(Gandy et al., 2019; Zweck and Huybrechts, 2005)
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Figure 8: Comparison of the two NROY PGM simulations to other model reconstructiongAbe-Ouchi et al., 2013; Pollard et al.,
2023)

The parameter values used in the two NROYa and NROYb simulationszsigriitar areagegionof the parameter space for

all parameters excefgrad (lapse rateanddrain; (till water drainage ratesuggesting the ice sheets are fairly insensitive to

these two parameters (Supplementary Fig. S1). Interestingly, Figs. 9a and 9b show that, if considering the NAIS and EIS
separately, there are five simulations that produceaplausible NAIS but do not meet constraints for the EIS. Furthermore,

as we have already seen, there are also simulations that produce plausible ice sheet extents but fall short on the volume a
vice versa. Many of these simulations are situated iergifft areas of the parameters space than the two NROY simulations

for most of the parameters (Supplementary Fig. S1). Figures 9c and 9d show that the NROYa and NROYb parameter sets als
produce the largest PGM ice sheet extents in the ensemble but thedddional simulations that produce similar or larger
volume ice sheets, which, in relation to the EIS, was not the case for the LGM. These results all suggest that bosh ice shee

and both time periods display different sensitivities to model parameters
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Figure 9: Results from the full ensembles of simulations showing (a) LGM North American ice sheet southern area versus volume
and (b) LGM Eurasian ice sheet area versus volume. The solid lines show the minimum values used inithlausibility metric for
area and extent and the dotted line shows the actual extent of the ice sheet reconstructions. Simulations that fall withia gineen
box satisfy area and volume constraints for each individual ice sheet, the orange box indicates they satisfy the arestcaints only
and purple only the volume constraints. The points outlined in red are the two NROY simulations (i.e. fall into the green béor
both ice sheets) and the points outlined in pink are the additional NROY extent and NROY volume simulations. s (c) and (d)
show the equivalent results for the PGM ensembles without the constraints.

3.3 Sensitivity toparameters

To-examine-and-guantifi- these-different sensitivities- we-perforriid¢hese (Gaussian Process emulation and Sobol Sensitivity
analyss described-i(Sect. 2.5Bu€ to quantify the performaneeensitivity of the-emulatorsleading-to-some-uncertainty in

the-predictedce extent and volume to the model paraemters we vagigedn emulator uncertaintiese focus on thé&argest

values and

e-the highes
valves-and-argestifferencesWe-also-use-emulation-to-isolate-the-relationblefgveercertain-influentiathe Sobol indices

We encarrage the reader not to ovieterpretthe relative importance of the less significpatametersind Emulation was

also used to isolate the effect of individual parameterig@isheet volumé-which-the-emulatorpredicts-the-model-output
across-a-samplof-the range-dby varyingone parametewhilst-all-otherparameters-are-heldle holding otherat their
midpeintvaluemidpoints
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HereFigure 10 shows thédirst and second order sensitivity indices for the NAIS and EIS volumesgthe LGM and PGM.

The ice sheets were relatively insensitive to the paramétefisrecipitating ice fall ouspeed)drain (till water drainage rate)

ct (cloud liguid water conversion ratehcrit (relative humidity thresholddndc (sub-shelf melt constant) he low sensitivity

to c (subshelf melt constanty expected, as ice shelves were lost early inithelations due to high sughelf melt or ablation

from other climate parameteidle expect thathe subshelf melt constant would have much more influence in the context

of deglaciations than in the equilibrium simuations we ran &milarly, drain (till water drainage rateés more important

for the daracteristics of ice flow than for ice volume and extent.

The most influential parameters dsaow(surface snow density threshold) and gr(sensitivity to grain size), which control

the albedo othe ice sheet, with larger valuesfsiowand smaller values @v_grleading to larger ice sheei3aice (bare ice

albedo sensitivity) also played a role, especially for the NAIS, though its effect was secondafsneinemdayv _gralready

produced highalbedo (Fig. F1).These three albedo parameters also showed strong interagitbrnsach other and other

parametersOur Sobol analysis not only confirms the importanéealbedo parametergonsistent with previous studies

(Gandy et al., 2023; Patterset al., 2024; Sherriffadano et al., 2024), but also quantifies the influence of other parameters,

particularly for the EIS.
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For theElS, theotherimportantparametergsrebeta(Weertman friction coefficientlcw (cloud liquid water threshold) at the

LGM, andtgrad (lapse rate)especially for the PGM. The NAIS is also sensitive to new parameters introduced in this study

that werenot tested inGandy et al., (2023) or Patterson et al., (20B%Juding beta,andelevcon(height correctionwhich

the LGM volume is sensitive Yo

Here we discuss some of the possible reasons these four pararaktecsif, cw, tgrad and bgteould have an effect on the
various ice sheetsdow ;

reason-thathe LGM-NAIS-shows-a-particulahe sensitivityof the LGM NAIS to elevconcould be related to the size of the
ice sheets since it affects higher ice elevations mede-indeed|ndeedwe findthe value of thellevconSobol indexer-this

parameteis inline-withproportional tcthe average thickness of each ice sheet. The fact that a larger valerecofleads to

a larger NAIS (Fig. 1a) butd-e—e-donshidt impact the size of the EIS could explain why the ensemble produced more
plausible North Americaite sheets at the LGM but did not perform as well for the Eurasian ice she&)}{(Fignay-also
explain-some-of-the-difference-in-NAIS size-between-the- LGM-and-"GM.

irnilarly,

Thesensitivity ofLGM EIS beingto cw (cloud liquid water thresholdjuggests that the EISnsore sensitive tthe-value-of
ew-differences in precipitatiothan the NAlSer—eitherPGM-ice-sheet-could-explain-why-there-are-more-simulations that
producedlargervolume-Eudrasianhis likely refectsdifferences in the climatic regimes of bite sheetatthe PGNmposed

by their geographical locationkideed theElS is subject to a more maritime climahan thebGM—but-theNAIS behaved
similarly-between-both-periods-{(F@-with higherprecipitation rateand cloudinessensitive t@w. Interestindy at the PGM,

the EIS is less sensitive taghparameter, likely because its larger size pggtsouthern margins in a more continental climatic

regime less sensitive to precipitation ratescloud cover Cw has a positive correlation with EIS volume up to a value of
around 0.0012 kg ™(Fig. 11b}—Any—increask above this—does—neot-appear—to—increase—thentteh volume much
furthemplateaus This could be because lower valuescwofcause increased precipitation due to decreasing the threshold of
cloud liquid water above which preC|p|tat|0n forms. Tha&a—pa#ﬂeular—eﬁeep imads to_highersummereading-te-higher

adcontributng to the surface meltingt-the-ice-sheets
through thenheatflux ef-heatfrom therain totheice. One-reason-thidhe LGM EIS is particularly susceptible to this effect

could-bedue to its smaller sizePrecipitation is not downscaled onétevation tiles in the coupling, rather the coarse

rainfall ra

atmospheric output is applied to the ice sheet model which leads to rainfall being spread across relatively largecaiceas of th
sheet, therefore affecting a large proportion of the LGM(BISith et al., 2021 Aneotherreasefiherefore, the use of a higher
resolution atmospheric model or an improvement to the coupling scheme may reduce the sensitivity to this facmgeter
and Valdes, 2000; van Kampenhout et al., 2019; Lofverstrom and Liakka, 20it8herreasorthe LGM EIS is positively

correlated withcw could be related to the change in liquid cloud cover and its effect on the energy balance. The increased

precipitation leads to a decrease in the fraction of cloud cover which would allow a higher receipt of incoming shortwave
radiation, thus increasingdfsurface melt. However, the downwelling longwave radiation may also be decreased which would

have the opposite effect, decreasing the absorbed energy. Since the accumulation zone usually has a high albedo, reflecti
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much of the incoming solar radiatiche SMB of this area is mostly controlled by changes in the longwave fluxes. In contrast,
the low albedo ablation zone is largely impacted by the shortwave radiation budget in the summer melt season. This latte
process has been found to be dominant idistuof the Greenland Ice Sheet, with reduced cloudiness contributing to its mass
loss and increasing its sensitivity to warmiitpfer et al., 2017; Izeboud et al., 2020; Mostue et al., 2024; Ryan et al., 2022)
Again, due to its smaller size, a large proportion of the LGM EIS is under ablatiéa ¢anpared to around 35 for the

other ice sheets in Fi§), potentially explaining why it is so sensitive to changes in cloud cover.
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Figure 10: The Sobol sensitivity index of the ice volume for each parameter for (a) the North American Ice Sheet and (b) the Eurasian
Ice Sheet. (c) The difference in sensitityi indices between the North American and Eurasian ice sheefBhe darker colour represents
the first order index and the lighter colour the second order index (together showing the total sensitivityJhe variance of the Sobol
indices plus the mean emulair variance is indicated by the black error bars. The red line indicates the index value of 0.05, above
which the sensitivity is significant.

PGM EIS is much more sensitive to the valuggodd than the other ice sheets. More negative valuggaél caug a stronger
temperatureelevation feedback, resulting in warmer temperatures at lower elevationssHaigg-to-haviess the largest
impact on ice sheets with larger ablation areas. Many of the simulated2eelgian ice sheetsllapse (Fig. 3) as@@sult of
the larger ice sheet being more unstable due to the larger GIA feedback. Therefore, many of these simiilativastrong
ablation over the Eurasian ice sheet that increases throughout the run, making it more settgitist@mnal the temgrature

elevation feedback.
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Figure 11: The relationship between emulated mean ice sheet volumes andé#vcon, (b) cw, (c) and (d)betaa The 93" percentiles
are shown by the blue shaded region.

tn-additien he parametebetahas a positive correlian to the size of the Eurasian ice sheet at both the LGM and PGM (Fig.
11c and 1d})), but does not have as much of an impact on the N¥iiSh-could-alse-explain-some-of the differentbehaviours
seen-between-both-ice-sheeBetais also the only parameter that causes a large difference in the serisiisitgsof volume
and/ersusextent, withthe-icevolume being much more sensitiveBetathan extent i¢Fig. 12a). Fhis-could-explain-why-the

supports-the-idgaur interpretation ithat reduced basal friction results in more ice mass loss from the Eurasian ice sheet

compared to North Americasireebecausdager flow from the interior of the ice sheet to the more extensive marine margins

causes a larger discharge of ice across the grounding line where it is calved or lossihgifsoielting (Fig. 2b and 2c).

This therefore affects the volume and thickness of the ice sheet but not so much the extent since ice already reaehes the ec
of the continental shefBlasco et al., 2021; Scherrenberg et al., 2023a; Sh&aiftino et al., 2024Bcherrenberg et al.,
(2023a)andQuiquet et al.(2021)show a similar impact of basal friction on ice sheet volume compared to extent at the LGM
but also show that the tinier ice sheets, larger ablation area and increased ice velocities, caused by lower basal friction led to
a faster deglaciation. Interestingly, both of the NROYa and NROYb simulations have lower vaheta tbin the five

additional simulations that prade a plausible NAIS but not EIS. This suggests that the right combination of parameters,
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especially in regard to the albedo paramdtrew av_granddaice and the interactions between parameters, can compensate
for the faster flow and are thus morepiontant for the size of Eurasia (FigL).

The sensitivityof LGM and PGM volume and exetd model parameters lkely model dependentHowever the relative

importance of the processes controlled by these parameters are likeld for other modelOverall, we find that the EIS

size is more sensitive to parameters controlling cloudiness/precipitation and idbdlowhe NAIS which is more sensitive

to parameters controlling surface meilie to the geographical locations of the ice sheeitsrolling the continentality of

climateand the marine marginsurthermorethe relative importance dfey processess significantlydifferentbetween hie

LGM and PGMdespite the stronglimatic similarities, because of the major differenceige shet sizesbetween the two

periods.
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Figure 12: (a) Sobol Sensitivity Indices for the ice volume and extent at the LGM and PGM for the parametdretaand (b) LGM
and (c) PGM total ice loss to the ocean (calving + stghelf melt) versus the value obeta

3.4 Icedynamics
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888
889

similarrange-to-what-has-been-ebserved-on-presettydagrforming annternal temperature spimp and sensitivity tests
(Sect. 2.2and Appendices B and C), we have impiige strearimng in our simulationscompared witiFAMOUS-BISICLES

simulations of the NAISce streanvelocity in the NROY simulations rangé&om a few hundred m yrto 5000 m yi,in

agreement witlpresent dapbservation®f Antarctica and Greenlardoughin et al., 2010; Rignot et &2Q11) We asses to

what extent the modelled ice streams inOYa-and-NROYIsimulations match empirical reconstructions by perfogm
a qualitative comparisonf NROYa and NROYHo LGM reconstructions of the Laurentigee-streamgFig.13a; Margold et
al., 2018)andthe Eurasian ice streams (Figd; Patton et al., 2017)
For the Laurentide Ice Sheet, the locations of many of the ice streams show good agreement, particR@¥pigHy.13b

Jhis13). This includes; (1) Mackenzie Trough, (18)
Amundsen Gulf, (123) Massey Sound, (129) Prince Gustaf Adolf Sea, (126) Smith Sound/Nares Strait, (22) Lancaster Sound
(23) Cumberland Sound, (24) Hudson Strait, (45) Notre Dame Channel, (133) PlaceritialiBay Channk (25) Laurentian
Channel, (131) The Gully and (134) Northeast ChannékE&labels inMargold et al, 2018) There are also areas of general

streaming where many smaller ice streams are found (numbetklB0nd 167170). One major ice stream that is not very
active in these simulations is (19) estrédatingatorgthd soutlkeintmargim d 1
of the Laurentide Ice Sheet.

NROYa

10°

10?

Ice velocity (m/yr)

10!

10°

Figure 13: (a) Empirical reconstruction of the active LGM Laurentide ice sheet ice streams (adapted fromdargold et al., (2018)
and (b) NROYa and (c) NROYb ice velocities at the end of the 5000 year simti¢as.
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The Eurasian Ice Sheet does not have as defined areas of ice streaming, nevertheless, some of the major ice stream featt

can be picked out (Fig-

{1)-Bjornoyrenna—ice—strealm). There is some streaming activity in the location of one of the major ice sirEBms

Bjornoyrenna ice strearand (10) Svyataya Anna ice streasirélatively well represented. Some of the smaller ice streams

are also modelled including; (2) Mid Norwegian, (8), (9), (11) and (12). However, other major and minor ice streams are not

active in these simulations; (3) Norwegian Channel, (4) and (5)cB2dta, (6) Gulf of Bothnia and )Y (see labels ivan

Aalderen et al., 2024ndStokes andClark, 2001) In addition, since the BIIS is not present, neither are the ice streams in this

region. Interestingly, there are active areas of ice streaming to the south of the Barents Sea that are not present in tt
reconstruction. This could be due to the formatiba @roglacial lake in this region allowing the formation of ice shelves
which have zero basal friction and therefore increase ice vel&itherland et al., 2020)

There are no comparable reconstructions of PGM ice streaminip diifficulties in dating and the erasure of glaciological
evidence following the Last Glacial advance. However, due to extent and topographic constraints on ice streaminyg, it is likel
that ice stream location was similar across the marine margins afetlsheetgPollard et al., 2023)The simulated PGM

NAIS velocity behaves similarly to the LGM but there is a lack of (1) Mackenzie Troughlasd pronounced (18) Amundsen

Gulf as a result of the different configuration of the ice sheets in this area (i.e. the location of the ice free covddarthe
Laurentide and Cordilleran ice sheet staitin MRDYWeandemore activitye r e
on the southern Laurentide margin (F81). The PGM EIS velocity shows a more defined (3) Norwegian Channel ice stream
and NROYb has a better representation of (10) Svyataya Anna, (11) and (1) Bjornoyrenna ice stréeni tBih There is

still no streaming in the Baltic Sea but the PGM also shows activity in the South Barents Sea. There is also additional ice
streaming in the Northeast where the PGM ice sheet extent further then at the LGGR{]Fig.

Whilst the value ofirain does not affect the volume or area of the ice sheets (Sect. 3.3) it has a significant effect on the ice
streaming/velocity of the simulations. The two NROY simulations display very different levels of ice streaming despite having
similar configuratims largely as a result of having different valuedi&in. NROYa has a higher value of 0.04 causing
relatively quick drainage of the till water compared to NROYb which has a value of 0.01. Therefore, NROYb allows more
sliding since the effective pressigdower and thus saithe basal shear stre$se value ofirain may become more important

in simulations of deglaciations as ice streaming affects the stability of ice sheets and rate of retreat.
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Figure 14: (a) Empirical reconstruction of the location of active LGM Eurasian ice sheet ice streams (adapted froRatton et al.,
(2017) and (b) and (c) ice velocities at the end of the 5000 year NROY simulations.

4 Conclusions

We ran ensembles of simulations using a coupled atmosghersheet model under LGM and PGM boundary conditions,
varying uncertain climate and ice sheet model parameters. The simaédtesimulatal plausible Northern Hemisphere ice
sheets compared to empiricatonstructions and previous modelling studies, capturing the different configurations between
the LGM and PGM. Through Gaussian Process emulation and a Sobol sensitivity anal§isigfomed that the volume and
extent of both the simulated Northern Hephere ice sheets are sensitive to the parameters that control their albedo. However,
the North American ice sheet and the Eurasian ice sheet, and the two glacial rdésptagdispla\ed different sensitivities

to eertainother parameterd he size of the Eurasian ice sheet is more sensitive to parameters contrbésal sliding and

clouds/precipitation than fothe North American ice sheeit-the-LGM-is—sensitive-to-the-value—of-the-height-correction
parameterdlevcon—the. We also find that the seitivity to parameters controlling sliding asdirface mass balance can

depend on thsize of th




33  basalfrictionparametebéta-atbethice sheet atachglacial maximaFhisresulthighlights-that,as-well-as-the-use-of different

34 ondition O Ae GM-and-PGM he difference-infinal-ice—volume-and-extent between-both-period yalsobe
35  mpocwedbyethecheolec of

36 Wedescribedwo sets ofNot Ruled Out Yet NROY) parameter valuestowever-afterapplying-an-implausibility-metric we

37 findtwo-sets-of NROY-parametervalues-thatare-plausitiepatible withreconstruatd extent and volumefer both periods

38 and both ice sheets, and we highlighitwo additionaltwe-simulations that we deem NROY depending on the criteria used.

[ i i faH rfipdotiEhents in

40  oursimulationsnodel setuproduce a good match émpirical reconstructions of LGM ice streams, especially in simulations

941  with lower values of till water drainage ragrdin).
42 The four NROY simulations produced in this study pro\dadmed-starting-peimheans for other studies to evaluate the effect

43 of ice sheet uncertainty on climate and sea levels. They also provide new and improved initial conditions that cdarbe used

944  simulating and comparing the Last and the Penultimate deglaciations, which will be the focus of future work. However, since
945 it hasbeen shown in the past that models can be overtuned to certain climate conditions, it is not guaranteed that these parame
946  values will be conducive to the deglaciation of the ice sheets in line with empirical reconstructions and work will eeed to b
947  doneto test this and calibrate the model for both past and present conditions which will likely involve the use of emulators. In
948  addition, there are some factors that were not considered or not well represented in this work that may become more importat
949 for the deglaciation. These include; the ice shelf melt parameteri¢Btoands et al2023) the resolution at the grounding

950 line (Gandy et al., 20213nd the representation of proglacial lakestherland et al., 2020) his study was also limited by the

951 use of prescribed surface ocean conditions anéhgrestrial vegetation and the absence daftdall of which have been shown

952  toinitiate important feedbacks for ice sheet evolufidanopolski et al., 2D; Obase et al., 2021; Willeit et al., 2028urrent

953 modelling capabilities prevented the use of a fully coupled atmosplecesmice sheet model with dynamic vegetation and

954  dust for the large number of simulations run in this study, however as tegluab advances are made to enable this in the

955  future, running similar simulations will provide useful information of the role of these other feedbacks on the evothdon of

956 LGM and PGM ice sheets.

57 By performinga systematic calibration of our coupldihmate-ice sheet model to reconstructed LGM ice extent and volume

58 and simultaneouslgpplyingit to the PGM, weproduced neweconstructios of the North American and Eurasian ice sheets

59 at the Penultimate Glacial Maximymreatly improved compared to pieus workandinformed by climate and ice sheet

60 physicsand geological data. Our PGM reconstructioas be used tmodel or studyhe climate, icsheedynamicsthesolid

61 earth and sea lel

962  Appendices
963  Appendix A: Implementation of the elevconparameter

964 elevconaffects the surface temperature and SMB during the height adjustment to ice sheet tiles in the following manner;
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1 The effective elevation of each tile is multiplied by the valuelef/con A value of 1.10 (1®) means that the
elevationof an1800m tile has been increased to 1980
Surface air temperatures and laraye radiation are downscaledgach increased elevation tile.

Surface fluxes and SMB are calculated based on the downscaled variables and other variables from the origina
FAMOUS grid.

1 The SMB and fluxes are then passed to the ice sheet and atmospheric models, but taken to represent the original til
elevation, not the increased elevation to which the surface temperature was actually downscaled. For example, the
surface airemperature and SMB could be calculated on a 18&0evation tile, but they will be passed to the ice
sheet and atmospheric models as outputs fro@BAOmM elevation tile.

Therefore, the increase in the tile elevation is only accounted for during thesahing of surface temperature but is not
reflected when passing it to the ice sheet model or elsewhere in FAMOUS. In this way, additional cooling is applied over the
ice sheet interior bglevcon which can be regarded as elevatit@pendent height adjusént over ice sheets. This crudely
mimics the effect of the stable boundary layer in maintaining the cold surface condition in that area.

Two types of sensitivity experiments are performed with FAMERISICLES to validate the effect elevconon the moder

and LGM ice sheets and climates. The first sensitivity experiment is conducted under modern clittee&agehland ice

sheet based on a control simulation performed by Lang et al. (in prep) and focuses on the elffecoidn the SMB. As

shown inSmith et al.{2021) the model simulates a mean ELA of approximately 1.8 km over the Greenland ice sheet, whereas
high resolution regional atmospheric mod@g. MAR—Fettweis-et-al201B)AR; Fettweis et al., 2013uggest 1.2 km,
meaning that the model overestimates the ELA bydb@Fig. Al). Here, we appliechalevconvalue of 50% and rerun the

simulation. The inclusion dhe elevconadjustmenstrongly suppressesdmegative SMB seen around the elevation of 1 km

to 2 km, and the ELA drops from 1.8 km to approximately 900 m height (Fig. Al). Given that the ELA is now underestimated
compared with the highesolution models, the value of 0 appears to be too largedacan be regarded as the upper limit.
However, this sensitivity experiment clarifies the substantial effeetesiconon the SMB at the interior of the ice sheet. It
further shows thatlevconcan be used to explore the effect of uncertainties in the &M interior of the ice sheet arising

from underestimating the role of the stable boundary layer.

The second type of sensitivity experiments are performed under the LGM climate for the North American ice sheet. Here,
values of 1®%, 20% and 50% are tsted with one of the ensemble members f&mrrif-Tadano et al.(2024)that exhibits

a strong local melting of the ice sheet from parts of the interior. Results are shown in Fig. A2. The strong local settiad ob
around the Hudson Bay region in the control simulation is remmvell the sensitivity experiments. Also, depending on the
magnitude of the value @levcon the negative SMB seen at the eastern part of the Rocky Mountains is reduced and pushes
the ELA southwards.
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Figure Al: Relation of SMB and surface altitude over the Greenland ice sheet in the modern climate simulations with FAMOUS
BISICLES. The blue line (shading) shows the mean resuitange) from the control experiments,and the greenshowsthose from the
sensitivity experiments that include elevconwith a value of 1.5 (50%). Also shown in black are the results from simulations using
the MAR regional climate model(Fettweis et al., 2013)
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Figure A2: Effects of different magnitudes ofelevconon the spatial patern of SMB over the North American ice sheet at the LGM.
CNTL corresponds to one of the ensemble membe(gsppma) in Sherriff -Tadano et al. (2024).
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Appendix B: BISICLES spin-up

The internal temperature of ice sheets is an important factor in contriléndeformation, rheology and velocity of the ice

due to the temperature dependence of the slidincaled enthalpy schemlatter et al., 2010)The ice sheets start with a

uniform internal temperature of 268 K and it can take tens of thousands of years for the process of cold ice adved&igon from t
interior and heat conduction from the bed to occur and reach an equilibrium, which is impottamfdomation of ice streams
(Fyke et al., 2014; Heine and Mctigue, 199B)us, we perform ice sheet model only spps for the LGM and the PGM to
allow the ice sheet interhemperatures to reach close to equilibrium. This temperature profile is then used as the internal ice

sheet temperature in the initial condition for the sensitivity tégis€ndix Q and coupled simulations.
The spin ups were run at 32 km resolution26,000 years using single surface mass balance and surface temperature fields

taken from a FAMOUSBISICLES equilibrium simulation that used climate model parameters identified to be NROY in

simulations of the NAIS bfPatterson teal., (2024) default ice sheet model parameters andlamconvalue ofl.2 (Fig. B1).
The initial ice sheet configurations were the same as used in the coupled simulations (described in 3The

sliding law was set to a temperatuependent Weertman sliding without till water dependent Coulomb sliding enabled since

the bulk of the temperature field is not affected much by Coulomb sliding near the coast. The resulting temperature profiles
are shown irFigs. B2 and B3.
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1023 Figure B1: Surface mass balance and ice surface temperature fields used in the (a), (b) LGM and (c), (d) PGM spin ups.
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1025  Figure B2: Cross section of LGM ice temperature at the end of the 20,000 year spiip for the transects indicated by the red lines
1026 in (a), for the Euraisian ice sheet (b) and the North American ice sheet (c).
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Appendix C: Sensitivity tests

In their study Sherrift Tadano et al., (2024)sed muh higher values afirain (0.2-0.6 m yr*) than has typically been used in
previous studies (0.000.005 m yr: Gandy et al., 2019; Kazmierczak et al., 2022; MofPagada et al., 2023} his was to

prevent large till water depths leading to too large vékxiacross the entire ice sheet and long simulation times, as high
velocities require more iterations and smaller timesteps to solve. This resulted in the till water drainage outpaciply the sup
and thus very small till water depths, leading to mosthekitean sliding across the whole ice sheet.

Slow till drainage (low values afrain) can lead to isolated regions of fast flow, > 50 km, which have a disproportionate

effect on simulation time. To prevent this we introduce an artificial drag terng ngith the fourth power of ice speed and
calibrated to be negligible for ice speeds below 1 ki yirhis drag factor is also used in the coupled simulations throughout

the rest of this study. We then perform sensitivity tests with different valw¥aiofspanning the range 0.0@106 m yr but

all other factors kept constant. The results of some of these tests are shown in Fig. C1. \thhiesabbve 0.05 prevent
much of the coulomb sliding at the coasts and the representation of some of theensiams, particularly the Hudson

Strait Ice Stream, is poor. Low values usually used in ice sheet models cause too large velocities and ice streams
that remove much of the ice sheet, especially in Eurasia. Therefore, in this study |ewadnim range of 0.60.05 to cover

values just below the default till water supply rate of 0.02, to where no coulomb sliding occurs. For studies thatae@hketo ex
ice streaming of the glacial maximum ice sheets, we would recommend performing atldéimsifvity tests that vary ice

shelf basal melt parameterisation and geothermal heat flux, but this is beyond the scope of the present study.
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Figure C1: Ice velocity after 5000 ice sheet years in simulations using till water drainage rates of (a) 0.005 m,yib) 0.0199 m yr,
(c) 0.05 myrtand (d) 0.06 myrL. All other parameters and initial conditions were kept the same.

The base resolution oféhice sheet model is 32 km. The AMR allows the areas covered by ice to be refined once to 16 km,

which shows some improvement to the simulated ice streams, although the difference is only about drPaw e over

the whole ice sheet (Figs. C2a a@@b). Additional sensitivity simulations were performed refining only the areas of ice

streaming up to 8 km and up to 4 km (Figs. C2c and C2d). These tests showed that after refining the entire ice sheet to 16kn

the difference in average ice velocity oy further refinement of the ice streams converges to zero (Fig. C3) and the pattern

of major ice stream features (Fig C2), the position of the marine margins and the ice volume across the NH ice sheets is nc

significantly changed, except across the Beut area of the Eurasian ice sheet (Fig. C4). However, computational costs are
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quadrupled with each level of refinement. Thus, we determine one level of refinement (16 km) to be sufficient for this study
in which we are focussing more on the laggalegeometry of the ice sheet rather than the finer details of the ice streams.
This is a similar conclusion to that drawn from the simulations presentAtbischt et al. (2020)andGandy et al., (2019)

the latter further showing anything finer than 4 km does not improve the match of simulated ice streams to empineal data
the British Isles.

There is arnincrease in the velocity of up to around 3000 rhatrthe centre of some of the ice streams at the higher resolutions,
which could be important during simulations of the deglaci el and Tziperman, 20168)Ve performed an additional

simulation refing theice streams acrosie marine section of the Eurasian ice sheet to 2 km to see if any marine processes

would be captured that could not have been resolved at lower resolutions. This did not lead to any significant diffeeence in

ice velocity inthis region compared to the 4 km simulation (Fig. C2e), but again could be important in deglaciation simulations
when MISI could be triggere@fandy et al., 2020; Patton et al., 2015; Petrini et al., 2020; van Aalderen et al., 2024)
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Figure C2: Ice velocity averaged over the 500@ear simulations using different levels of ice stream refinemenAll areas covered by
ice were refined to 16 km in panel (b); the ice sheet remains at 16 km and only areas of ice streaming are refined to therfin
resolutions indicated in panels (c)e). Only the ice streaming across thenarine section(BKIS) was refined on panel (e).
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1076  Figure C3: Difference in ice velocity averaged over the whole ice sheet and 5000 year simulations between the 4km resolution
1077  simulation and higher resolutions (8km, 16 km and 32km).
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1079  Figure C4: Difference in final ice sheet thickness between simulations with different levels of refinement
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1081 Appendix D: Leave-one-out-crossvalidation (LOOCV)

1082  Whilst a large proportion of the predicted diagnostics matched the modelled véthen the 95% credible interval, the

1083 LOOCYV reveals that the Gaussian Process emulator struggled the most with predicting smaller ice sheet volumes and area
1084  This was especially the case for the PGM Eurasian ice sheet where many of the simulatipsectdilie to GIA feedbacks

1085 and nonlinearities in ice sheatlimate interactions. There is also one obvious outlier in all eight of the diagnostics where the
1086 emulator predicted a much higher value than what was actually modelled. This is the same psaearfgak/xpruk) for

1087 each.

1088

1089 Figure D1: The results of the LeaveOne-Out Cross Validation performed on emulators for the eight diagnostics. The points show
1090 the value produced by the numerical model against the value predicted by the emulator for the sasets of input parameters. The
1091 line through the centre is the 1:1 line and the error bars show the 9% credible interval for each point. The points for which the
1092  measured value does not fall within the error bars are highlighted in red.
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