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Abstract.

The configurationof the Nothem Hemispheredce sheetsluring the Last and Penultimate Glacial Maxith&M; PGM)
influencedmillennial-scale climate changes, as well as solid Earth and sea level changes that occurred during the subsequer
deglaciations, due to their effects on the atmosphere, ocean circulation, and tharslithis,realisticsimulations of these
ice deetsarecrucial forthe initialisation of deglaciation experimerihat can help improve our understanddfignteractions
between thelimate ice sheetandsea levelsHere, we poducethe first large ensembles cbmplexcoupledatmospheréce
sheetmocdel (FAMOUS-BISICLES) simulationsof the PGM and LGMvarying 12 uncertain parameters that control ite
sheet albedo, ice dynamics arloinate. We quantify the sensitivityto input parametes using Gaussian Process emulators to
perform a Sobol sensitivity analysAlbedoparameteshave the largest influence ae volumesfor both ice shestand time
periods.Parametergontroling precipitation and slidingawe a largereffecton Eurasiarthan North Americarnce sheesize
due to the differences in geographical and climatic settidgs.of 120 parameter combinations, we fimadirfthat produce
LGM and PGM ice volumes and extestsmpatible withpalaeeevidenceTheresulting ice sheet configurations provide new
and improvedeconstructions of PGM Northern Hemisphere ice sheets foasiggputs in climate, ice sheet aseh leve

models

1 Introduction

During the last 800,000 yes glacial periods saw the accumulation of large ice sheets over the Northern Hemisphere (NH)
continents(Ehlers et al., 2018)Their size, shape, and evolutiexerted a strong influence on the climate through their

interactions with atmospheric and oceanic circulation, as well as the energy (Relgjen et al., 2015; Fyke et al., 2018;
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Izumi et al., 2023; Roberts et al., 201Bhus,reconstructing their extent and thickness is key to deciphering the causes of past
climatic and emironmental changes.

Beyond impacting the energy balance through their high albedo, ice sheets have direct effects on ocean circulatioricatmospher
circulation, and precipitation patterns. They affect deep water formatidrtirculatiorin the North Atantic, 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; SherriffTadano et al., 2018, 2021; Smith and Gregory, 2012; Uliman et al.,.20dddnly can they

be responsible for hemisphescale, centurgcale cooling events, such as the 8.2 kyr e(Matero et al., 2017)but their

size has also been shown to affect the stability of the Atlantic Meridional Overturning Circ\iftiemiff-Tadano et al.,

2021; Zhang et al., 2014Even subtle differences in the topographical profile of the Eurasian ice shesmntanl whether

the ocean responds to meltwater fluxes linearly orlim@arly (Romé, 2024)The geometry of an ice shedso influences its
stability. An ice sheet made of multiple domes can produce large sea level rises due to the Saddle Collaps€Gretgbitity

et al., 2012)while marine ice sheets can be susceptible to marine ice sheet instabilityRgk8let al., 2024Thus, knowing

the shape and size of past ice sheets is key to understanding past abrupt climate and sea level changes iratiieaQuatern
well as climatece sheet mechanisms relevant for the fut@ee period that has recently gained a lot of interest is the
penultimate deglaciatioft-140128 ka) This period was the precursor to the last interglacial p€ribd93116 ka)when sea

level was last higher than todéyy up to 9 mputton etal., 2015; Dutton and Lambeck, 201BRnowledge of the Penultimate
Glacial Maximum (PGM ~140 k3 ice sheets and their influence on tienosphere andcean during the subsequent
deglaciation is key for interpreting clineaéind sea level records of flaest 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 subsequent
deglaciationClimate simulations of the period thus either use ice sheet confiqugditam the IGM (e.g.Clark et al., 2020;

Quiquet and Roche, 2024y ice sheet reconstructions that have large disagreements with reconstructions of ice extent (e.g.
Menviel et al., 2019)indeed reconstructing the geometry, size, and volume of ice sheets prior tagh&lacial Maximum

(LGM; ~21 ka)is extremely challenging as the last deglaciation has erased traces left of the previous glacidtions
deglaciationsand dating glacial features is challenging and unce(@apron et al., 2017; Govin et al., 2015; Parker et al.,
2022) Couwled climae-ice sheet modellinghus offers the best tool forodue ice sheeteconstructionsnformed by our

knowledge otlimateandice sheet physicas well as the available geologieaidence

The extent of the Eurasian ice sheet (EIS) could baem ~50% larger during the penultimgtacial cycle than during the

last glacial 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., 2B@#ever, the exact extent at the PGM is mameertain

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

sea levelise ~157154 ka, and then the less extensive Warthe readvance after {30dtees and Gibbard, 28} Current

reconstructionge.g. Batchelor et al., 2019) of the PGM may incorrectly incorporate previou$ I$5-123 ka)advaices
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(Ehlers et al., 2018; Margari et al., 2014; Svendsen et al., 208d)volume of PGM ice sheets is even more uncertain than
their extent since it is indirectly estimated from sea lelathsets through glacial isostatic adjustm{&@iA) and ice sheet
modelling(e.g. Lambeck et al., 2006; Tarasdwak, 2012; Rohling et al., 201 Bstimates of EIS volume range from ~40

m s.l.e. compared to ~1B4 ms.l.e. at the LGMLambeck et al., 2006; Peyaud, 2006; Pollard et al., 2023; Roéliag,

2017; Simms et al., 2019; Tarasov et al., 2G&f§cting the huge uncertainties in PGM ice sheet size compared to the better
known LGM.

In contrast, the North American ice sha@f\(S) was smaller at the PGM than at the LGM, though some evidemggests it
extended slightly further south in the regions known today as lIllinois and Wiso@wdicthelor et al., 2019; Hughes and
Gibbard, 2018)Evidence ér smaller PGM NAIS volume includes relative sea level assessment geidieRohling et al.,

2017) reduced iceafted 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@&lidate and ice sheet modelling stud{abe-Ouchi et al.,

2013; Colleoni et al., 2016; Wekerle et al., 20461 GA modelling studiegDyer et al., 2021; Waer et al., 2017)The

relative 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 giatiah max
(Dalton & al., 2022; Dyke et al., 2002; Rohling et al., 20THerefore, the footprint of the PGM NAIS remains very uncertain,
while LGM NAIS ice extent is well constrained from a range of glacial geological evigbatten et al., 2020)The volume

of the NAIS is estimated at ~3® m s.l.e. at the PGM compared to -88ms.l.e. at the LGMRohling et al., 2017; Simms

et al., 2019)

Recently,Pollard et al(2023)used simple ice sheet modelling and sea level modelling to reconstruct a range of plausible
Eurasian ice sheet shapes @ PGM, providing vital new information for climate and sea level mogtasvever, such
methodology neglects the influence of ice sheet dynamics and climate. Another possible way of reconstructing Quaternary ice
sheets is to use dynamical ice sheet mo@dds-Ouchi et al., 2013; Alder and Hostetler, 2019; Charbit et al., 2007; Gregoire

et al., 2016; Niu et al., 2019; Scherrenberg et al., 2023b; Wekerle et &@;,208&ck and Huybrechts, 2005)heir 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 scherese the SMB is presibed as a function of
temperature, and SMB evolution is derived from faraway climate proxy records producing unrealistic icéeghedis-

Ouchi et al., 2013; Clark et al., 2020; Wekerle et al., 2016)

Progress in ice sheet and climate modelling now allow usé¢ coupled climatiee sheet models to simulate theemlution

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 techniques exist to downscale low resolution cliraate the higher resolution surface of the ice s(®stith et

al., 2021; Ziemen et al., 20148uch methods not only allow us to investigate the interactions between the climate and the ice
sheetshut are als@ powerful way to simulate ice sheet evolution accounting for the feedbacks between ice sheet geometry

and surface mass balance.
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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 to century time scaléBradley et al., 2024; Sommers et al., 202@Qther models like CLIMBER and
LOVECLIM have lower complexity and resolution enabling simulations over glattiaiglacial timescales (e.Ganopolski

et al., 2010; Quiquet et al., 2021; Quiquet and Roche, 2084)model we use in our stydyAMOUS-ice, hasthe complexity

of a full GCM but asufficiently low atmospheriaesolution 6 enableus to run 10,000 year long simulations and large
ensembles to investigatmcertainty(Gandy et al., 2023; Pattersonad, 2024; SherrifiTadano 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 Glimmeeisheet model to simulate the North
American ice sheaind the Last and Penultimate Glacial Maximutowever, the coarse resolution and the use of Shallow
Ice Approximation (SIA) in the Glimmer ice sheet model used in that study does not resolve thecalagiirocesses or
longitudinal stresses required to accurately simulate ice stream evolution or grounding line migfhiistnthese processes

are not as important to capture in an equilibrium spin up of a continental size terrestrial ice shestNAI&) they have a
large influence on the behaviour, configuration and stability of a marine ice(bhdsdard et al., 2009; Pattyn et al., 2012;
Stokes and Clark, 2001)n particular, the Eurasian ice sheet has many ice streams within marine sectorsr{e.§el@and
Barents Sea) that are vulnerable to processes that may cause instabilities of retreat, forMb&imguhel are likely to have

been important in its evolution and deglaciatiopp 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 projéetion&alderen et al., 2023;
AlvarezSolas et al., 2019; Edwards et al., 2019; Gandy et al., 2019, 2021; Petrini et al., 2020)

FAMOUS-ice has also been used to simulateli® North American and Greenland ice sheih a more complex ice
sheet model, BISICLE&Sherriff-Tadano et al., 2024BISICLES is a model well suited to simulate the past evolution of
marine ice sheetsuch as the Eurasian ice sheeieto its use of L1L2 physioshich includes longitudinal stressibait enable

the representation of ieshelves and fadtowing ice streamgCornford et al., 2013; Hindmarsh, 200R)also uses Adaptive
Mesh Refinement (AMRWhich allows smaller scale processes, such as grounding line migration, to be simulated at higher
resolutions whilst the rest of the domdire. the slower moving interior of the ice sheet) remains at a lower resolution for
efficiency (Cornford et al., 2013)This also allows for better physical accuracy in representing ice streams within the North
American ice sheet compared to SIA models. BISISLias previously been used to simulate the ice streams and retreat of
the marinebased BritisHrish Ice Sheet at the Last Deglaciati@andy et al., 2018, 2019, 2021he final retreat of the NAIS
during the early HolocenfMatero et al., 202Q)presenday GreenlandLee et al., 2015and the future evolution of the
Antarctic Ice SheefCornford et al., 2015; Siahaan et al., 2022)

Here, weuse the FAMOUSce coupled climate ice sheet model with the complex BISICLES ice sheet melulate the
North American, Eurasian and Grenlaice sheets athe Last andPenultimateGlacial Maxima. We build on the work of

Sherrift Tadano et al2024)andPatterson et al(2024)by includingthe firstinteractive simulation athe Eurasian ice sheet

4



132  with FAMOUS and BISICLESand by improvig the spirup procedure and downscalipgrameterisation. Furthermore, we
133  deploy sophisticated statistical toolsto assess the sensitivity of the ice sheets to uncertain model inputsatevitie
134  performance of the model anmtoducerealisticice sheesimulationsfor use adnitial conditions for subsequent work on

135 deglaciation®rinputsto climateandsea level models

136 2 Methods
137  2.1Climate modeland coupling

138 We use a coupled atmosphdce sheet model called FAMOUiSe. FAMOUS is an Atmospher&cean General Circulation

139 Model (AOGCM)sufficiently efficientfor running multi-millennial palaeo simulationg.g. Gregory et al., 2012; Gregoire et
140 al., 2012; Rberts et al., 2014; Dentith et al., 2020)d large ensembles for uncertainty quantificat@andy et al., 2023;

141  Gregoire et al., 2011; Sherriffadano et al., 2024)

142  We use the atmospheric component of FAMOWEShydrostatic, primitive equation grid point model with a horizontal
143  resolution of 7.5° longitude by 5° latitude with 11 vertical leveld anthour time stegWilliams et al., 2013)The land

144  processs aresimulated using # MOSES2.2scheme(Essery et al.2003) with vegetation presdsed to presentday

145  distributions as ifPatterson et a(2024) A high-latitude cold biagn FAMOUS, also seen in other GGycanproduce overly

146 large ice sheetfGregoire et al., 2016)hus, we chas to prescribe sea surface temperatures and sea ice (se@.Sdqt.

147  rather than usingAMOUSSHdynamical oceanomponente.g. Dentith et al., 20200 correct formodel biases

148 FAMOUS-ice hadi-directional couplindbetween the atmosphere ahd Glimmeror BISICLESice sheet model (FAMOUS

149 ice; Smith et al., 2021)accounting for the mimatch between the atmosphere and ice sheet grid usieg subgrid scale

150 downscaling The atmospheric surface air temperature andwang radiation is calculated in FAMOUS at the mean
151 orographyandl ownscal ed ont o ddiributee vettidalty(at 100 800 65§ 850 il15@ 115Q 180Q 225Q

152  275Q 3600 melevation using a constant lapse ratgrad. No downsaling is applied to precipitation ardbwnwelling

153 shortwave radiatiarSMB is calculated on the 10 ice tiles based on the energy budget equation andaysiutteep snowpack

154  model. Then thesMB is passed onto the ice sheet model, which projects and linearly intergbatesarse 3D laton-

155 elevationSMB field onto the higher resolution ice sheet surfatcés Cartesian gridThe resulting changes in ice extent and
156 surface elevation siulated by the ice sheet model are passed back to FAMOUS to update the fraction of ice present within
157 eachice tile and the orography fieldtie mean of the surface fluxes weighted by ice fraction within the ice tiles sets the land
158 atmosplere exchanges within FAMOUS he full details of the climatee sheet coupling within FAMOU®e are described

159 in Smith et al.(2027), including a descption of how thesnowpack model deals with tineeltwater percol&n and runoff

160  Since our simulatiohdo not include an interactive ocetrere is no need to close the climate system hydrologycéd, and

161  sorouting of surface and basal meltwatteat have the potential to modify ocearculationare not involved in the coupling

162 In this studywe use a0 timesacceleration meaning one year of climate integrated in FAMOUS is used to force 10 years of

163 ice sheet integratiofGregory et al., 2020)
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Sherrif- Tadano et al. (2024pund 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 intefibis phenomenon is caused by warm temperature biases over
the ice sheet interior in the atmospheric model, which are amplified by the downscaling method and a positir@aseight
balance feedback. A similar temperature bias was pointed d&rniith et al.(2021)using the same 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 from the low resolution
of the atmospheric model. In reality, a very cold atmospheric layer often forms at the surface of the ice sheet, esiecially i
interior, which induces a stable boundary layer and isolates the cold surface from the ambient warm air. However, a global
climate model cannot resolve the effect of the stable boundary layer and overestimates the exchange of heat between tf
surrounding atmgshere and the ice sheet surface. As a result, FAMOUS overestimates the temperature in the ice sheet interio
and causes a high ELA bias, which results in surface melt.

Here, we take a practical approach to mitigate the effect of the warm temperatimd-BiEOUS. This is done by modifying

the height adjustment of atmospheric surface temperature to the ice tiles through the introduction of a new parameter in thi
model, elevcon,which is intended to make the parts of the ice skagface well inside the anginscolder. Appendix A

includes a description of hothe elevconparameteiis implemented and works to affect the surface temperature and SMB
during height correction, and of sensitivity experiments performed to validate the effect of different Yallessanon the

modern and LGM ice sheets and climates. Since the optimal value of this adjustment is uncertain, welévcodea the
ensemble as a varied parameter value, between the range of 1 an®d %)0These values were chosen based dimges

that showed that a value of 1.5 produced an equilibrium line altitude height that represents an upper limit determined by
empirical data (Fig. Al).

2.2 lcesheet model

The BISICLES marine iceaheet modelses the L1L2 approximamwhi ch i s a vari ant of Gl er
longitudinal and lateral stresses and approximates vertical shear stragnicially integrated mode(Schoof and Hindmarsh,

2010) In this setup, we alsouse a presswuiémited Coulombbasal sliding law that is sensitive to the presence of till water
(Gandy et al., 2019; Tsai et al., 201%his is mostly found to be applicable near the grounding line and the inclusion of the
Coulomb sliding law has beeih@wvn to have an effect on ice sheet stability in models, with greater grounding line retreat
occurring in simulations that include this law than those wit(idigts et al., 208; Schoof, 2006; Tsai et al., 201%he upper

surface temperature boundary condition in the ice sheet model (surface heat flux) is determined by the climate model and th
basal boundary condition (basal heat flux) is set as a constant flux £3al6v?). The effective pressure, and therefore the

basal sliding, depends on the basal water pressure and thus the depth of the till water layer. Once the englacial @rainage wa
fraction (w) grows beyond a certain value (0.01) it is drained to a tillrlaya rate proportional to the water fraction, up until

a maximum water fraction (0.05). The till water is then transported elsewhere by the basal hydrologiv/arodslt and

Oerlemans, 2012Jt is lost vertically at a rate proportional to the till water depth which is determined by the spedified til
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water drain factordrain). A maximum till water thickness of 2 m is set following previous stu@egler and van €lt, 2015;
Gandy et al., 2019; Morer@arada et al., 20237 recent comparison study rew and Tarasov (2023hows that this
simplified o0l eaky buck eimiar résylts to mbre gyplete enbdelsn@ver pentendial ordosgers
timescales and continental scale ice sheets. Additionally, the implementation of this basal sliding scheme coupled with this
hydrology parameterisation allows the simulation of spontane@ustieam generation and evoluti@andy et 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 amdgsertional to the SSTs for floating ice, according to
the linear relationship;

YO & aED a @ 06 i @Y Y (1)
Where c is a constarif,en is the prescribed sea surface temperatureTaisdthe freezig point of seawater, assumed to-be
1.8°C at the surfac@lvarezSolas et al., 2019; Beckmann and Goosse, 2003; Gandy et al., 2018; Martin et al., 2011; Rignot
and Jacobs, 2002%ince thdreezing 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 parameterisation. In addition, many studieks have fou
a quadratic relationshifp be a better fit to preseday observations (e.fpeConto and Pollard, 2016; Favier et al., 2019;
Holland et al., 2008)However, the lack of constraints on ice shelves, ocean temperatures, aiekl$ubelt rates for the
periods covereth this study makes this a large source of uncertainty in our modelling. In this context, it is preferable to choose
a simple linear representation of ssielf melt over a more complex quadratic relationship. We account for this uncertainty
in the widerange of sukshelf melt constant] values used (L 50 m yr! °C1). 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 isostatic adjustment (GIA) of bedrock topography due to changes icetlsheet load is included through coupling
BISICLES to a simple Elastic Lithosphere Relaxing Asthenosphere (ELRA) model, which approximates this response by
assuming a fully elastic lithosphere above a uniformly viscous astheno¢iiheheick et al., 2020A relaxation time of 3000
years is applied in this model based on previous styéiekard and DeConto, 2012Jhis 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)
Ice streams exert an important control on the behaviour and geometry of an ice sheet and therefore it is crudal that i
study, the simulated location and dynamics of at least the major ice stream features, are consistent with recoiamnatyions.
et al. (2019)highlighted that the most important model iedient necessary to successfully model ice streams is the
representation of idealised subglacial hydrology. The till water layer coupled with the Coulomb sliding law dedaileed
is crucial for the spontaneous generation of ice streams. Wowthis scheme is highly sensitive to the drainage and

temperature structure of the ice sheets. Inadequate consideration of these factors can lead to a poor representaaonof ice s
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(e.g.Sherrif-Tadano et al., 2024Yherefore, we perform a spin up of BISICLES that resultséninternal temperatures of
the ice sheet being more conducive for ice stream generation over shorter integration times. We also perform sessitivity test
varying the level of refinement of the ice streams and the rate of till water drainage to findhaumopetup that balances

computational cost with the representation of ice dynamics. These methods are deseppeddices B and C.

2.3 Experiment design
2.3.1 Boundary and initial conditions

The coupled simulations broadly follow the PMIP4 protocols for the LGiyeyama et al., 201@nd the PGMMenviel et

al., 2019) which prescribe greenhouse gases, orbital parameters and the Antarctic Ice Sigataton. Following the

method ofPatterson et al., (2024)e also prescribe SSTs and Sea ice from HadCM3 simulatictiskaf and140ka (Figs.

lac). A description of the HadCM3 simulations, the justification fos thoice of approach, and a discussion on how these
SSTs may affect the result is also presenteBdiierson et al., (2024Yegetation is kept at piiedustrial distribution, which

could have an effect on the results sistelies have shown the importance of the albarietation feedback during glacials,
particularly for the PGMColleoni et al., 2009; Crucifix and Hewitt, 2005; Stone and Lunt, 2013; Willeit et al., 2024)

The interactive ice sheet model domain covers the whole NH, including the North Ameriean)a@d and Eurasian ice
sheetsPatterson et al., (2024howed that the initial ice sheet model conditions used in the glacial maxima simulations
overwhelmingly determined the configurations of the final ice sheets due iwetalbedo feedback, and that the climate at

the glacial maxima had an opposite impact on the difference in NAIS ice volume between the LGM and PGM to what was
expected. This suggests that the evolution of the climate and the ice sheets leading gfattathmaximum are important

in determining the configurations of the ice sheets at the glacial maximum. We, therefore, chose to initialise the LGM and
PGM simulations from the respective ice sheet reconstructions available to ensure realistic i@ostetey fpr each period,
accounting for the evolution of the climate and ice sheets prior to the glacial maxima. With this approach, we can examine
how the differences in ice geometry and background climate between the two time periods affect theysensitvinodel
parameters that control key earth system feedbacks (e-glbiego feedback, ieelevation feedback and climaise sheet
interactions). The LGM orography was initiated from the GLRZ reconstructiorfBriggs et al., 2014; lvanovic et al., 2016;
Tarasov et al., 2012; Figd) and the PGM wasitiated from a combination of a simulated PGM NAISRstterson et al.,

(2024 and simulated PGM EIS Wollard et al., (2023)Fig. 1e) and their corresponding topographies.
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Figure 1: Boundary and initial conditions for the LGM and PGM simulations. Sea surface temperatur@nomaly 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
temperatures; and initial topography (meters above sea level) and ice thickness in the BISICLES ice sheet model interactive domain
for (¢) LGM and (d) PGM.

2.3.2 Ensemble design

As well as the initial ice sheet conditions, modelled ice sheet volumes and areas are also sensitive to a nooaietirof
parametesrelated to climate processes, surface mass balance and ice sheet dynansmssg thas sensitivity, we design an
ensemble using maximin Latin Hypercube Sampl{igilliamson, 2015; Santner et al., 2003hat consists of 120
combinations of 12 uncertain climate and ice sheet model parameters, varied over a specified range (Table 1). These 172
simulations are each run withe LGM and PGM 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 maximum configuration an
spunup internal temperatures, this énough time 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. Each simulation took aroul

35 hourson 8 cores to complet{e-280 core hours).



273  The choice and range of parameters is adapted from several previous ensembléGandigt al., 2023; Gregoire et al.,

274 2011, Patterson et al., 2024; Sherfitidano et al., 2024We vary three uncertain parameters related to ice sheet dynamics
275 in BISICLES,; the basal friction coefficient in the power law relatibetd, the till water drain factordfain), and the sub

276  shelf melt constantd). The elevconparameter controls the magnitude of the height adjustment applied and the remaining
277  parameters control the climatic conditions and ice albedo in the simulations.

278

279  Table 1: Parameters varied in the ensemble 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 betweerideeand
coefficient, beta the bedrock over which it is flowing.

Till water drain yrt 0.01t0 0.05 Controls the rate of vertical tiitored drainage and therefo
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 sukshelf melt rate
Lapse rate,tgrad | K m? -0.01 to-0.002 Air temperature lapse rate usedtalculatesurface temperatur

atead iceelevation tilein FAMOUS. The more negative th

number, the stronger the lapse rate effé¢sisith et al., 2021)

Sensitivity of K1 -04t00 The sensitivity of bare ice albedo to surface air temperat
bare ice albedg 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 (Skbith 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 highdbtune
threshold, fsnow for denser snow, tending to increase ice sheet albedo o

(Smith et al., 2021)
Sensitivity to pmt 0to 0.01 The sensitivity of the surface snow afloeto increasing grait
surface grain size. The higher the value, the more the albedo decrease!
size,av_gr time, reducing snow albedo overgdimith et al., 2021)
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280

281

282
283
284
285
286
287
288
289
290
291
292
293
294
295
296

Relative Pat 061t00.9 The threshold of relative humidity above which laggale
humidity clouds form(Smith, 1990)
threshold, rhcrit

Precipitating ice | m s? lto2 The precipitating ice fall out speeddymsfield, 197Y.

fall out speed,

vfl

Cloud liquid st 5x10° to 4x10* Rate of conversion of cloud liquid water ogiets to
water precipitation(Smith, 1990)

conversion rate,

ct

Cloud liquid kg nt3 1x10%to 2x10%® | The threshold of cloud liquid water (over land) above wr
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 study)

elevcon

2.4 Evaluating the ensemble

To evaluate the performance of the LG¥semble members and find sets of model parameters that pidoiuRelled Out

Yet (NRQOY) ice sheet configurations, we employ an implausibility metric. This allows a robust comparison of model output
to empirical evidence and previous modelling studieking 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 and ice sheets and numerical modellibte (2)a 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 the selected LGM members to enable congesrisdrether 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 area is evaluated based on the southerntextehe ice sheet reconstructed Dglton et al., (202Q)within + 3

times the area of thiee lobes (Fig 2a). We set this envelope of uncertainty (based dwobigarea) to account for known
common model biases, such as esstimated Alaskan ice, and limitations such as the inability to simulate the dynamic ice
lobes(Patterson edl., 2024) Similarly, 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 éser this area (see

Sect. 3.1) and we do not want to compensate for/hide this limitation byestiarating ice elsewhere. The GMT range is

11
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307

determined from different estimated levels of LGM cooling, and their uncertainties, relative tmdystéal GMT of 13.7
0.1 °C (188-1900;NOAA National Centers for Environmental Information, 2038errift Tadano et al., 2024)

sy
e
A Qfﬁ \«Rﬂ @X@P

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 areaf the lobes

used to calculate the range of plausible values. (b) Eurasian ice sheet extent fidoghes 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 exteint inetres globalmean sea level equivalent; m sjeand global

mean surface air temperature {C) used in our implausibility metric, and references to the published work used to derive these

ranges.

Metric

Plausible range

References

North American

Volume (ms.l.e)

681 88

Abe-Ouchi et al., 2015; Gregoire et al., 20]

Sheet (EIS)

Ice Sheet (NAIS) Lambeck et al., 2017; Morer@arada et al., 2023
Peltier et al., 2015; Simms et al., 2019; Tarasov el
2012
Area (kn¥) 2.0x 167 7.16 x 1¢ Dalton et al., 2020
Eurasian Ice | Volume (ms.l.e) | 131 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., 2016

Global Mean

Temperature (°C)

surface air

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 sensitivity index which measures the contribth®mutput 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 model parameter as a result of its first ordeiityessitiall 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 thousa
extension of the Sobol sequence, ethare outside of our initial parameter sample. This would therefore require additional
evaluations of the model, which would require significant additional computational resources. To this end, we train
independenGaussian Process (GP) emulajorK e nnedy and OO6 Harmgd nQ 6 RO ddaench alzdk tbde )y
diagnostics from the two 120 member ensembles. These emulators are then employed to evaluate the additional parameter s
generated by the Sobol sequence. Using this sequence and the emulators, we are ableetag@renaluate 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 humber of uncertain 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 a Leav®neOut CrossValidation (LOOCV) oneacherator( Bast os and O6éHagan,. 2009
In general, leaw&-out crossvalidation involves splitting the dataset of input parameters and outrtaditics into separate

training sets and testing sefsn emulator is fitted to the training set and then fed the input paranfietershe test set to
evaluate The values it then predicis thencompared to the actual modelled valuesthe case of the LOOCYV, all but one

set of inputs and outputs are used as the training set and the emulator is used to predict the output kefiraeeSshis then
repeated for each of the 120 model outputs. We found that, compared to the modelled outputs, seven of the ensemble inp
parameter sets consistently produced poor predictions for four or more of the eight diagnostics. Therefore,gdhimprov
quality of the emulator fit, we removed these seven inpuilsairged 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 ir
AppendixD (Fig D1). Overall, between 8d3% 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 simulationstiee LGM and PGM, we obtain 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 smaller mean EIS volume of 5.39sthe.compared to 12.6 m
s.l.e.at the PGM. Both ensembles have a similar mean Greenland ice sheet volume afl-e7Ttre differences in volume
and extent between the LGM and PGM are primarily caused by the diféerén initial conditions as demonstrated by
Patterson et al., (2024Yhe evolution and distributionsf ice volumeacross the ensemblekown inFig. 3 revealsthatice
sheets collapse ingignificant proportion o§imulationsdue toanunsuitable combination of parameter valueutthatmany
simulations sustain the initial ice voluprand a fewgrow.

At the LGM, the North Amerian ice sheet maintains the connection between the CoadillerdLaurentide ice sheets in a
significantproportion(70-80 %) of the ensenle (Fig. 4a), while thecorridor between the two ice sheets remains free in all
the PGM simulationsonsistent \ith ice sheeteconstructiongDalton et al., 2020Batchelor et al., 2099

Ice volume (m s.l.e.)

(b) NAIS

60 A

40 1

Ice volume (m s.l.e.)
N
o
!

(c) EIS =3 LGM
= PGM

Ice volume (m s.l.e.)

0 100 200 300 400 0O 20 40 60
Time (climate years) No. of ensemble members
Figure 3: Time series of ice volume over the 500 climate years (5000 ice sheet years) of simulation for each ensemble mélafier

hand panels) and histograms of the distribution of final ice volumes across the ensembles (right hand panels) for the LGM &@M
(a) Northern Hemisphere; (b) North American ice sheet and (c) Eurasian ice sheet.
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A Y
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% Simulations with ice cover % Difference

Figure 4: Percentage of ensemble membetkat 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 differenetneen the
LGM and PGM ensembles.

Some &eas are systematically deglaciated in the ensembles of simul&tipasticular, all simulations lack a Britidhish Ice

Sheet (BIIS) and most display a poor match to reconstructions over ScandinaviheaSouthEasern Laurentide North
American) ice margin This is due to large negative SMB values over these regions (Fig. 5) causing rapid deglaciation, with
the BIIS disappearing in 600 ice sheet years or less. This is a similar réBtddtey et al., (2024\who usedhe CESM2.1
modelto simulate the SMB across th&M ice sheets. Their simulations showed large ablation areas across the BIIS, the
southern margin of Scandinavia and the southern, Pacific and Atlantic margins of the NAIS, but low melt rates across the
BarentsKara Ice Sheet and Greenland. Whilst they/mtit use a dynamical ice sheet model, they concluded that if this SMB
pattern was applied to one, it would very likely drive rapid retreat of the southern margins of both iceBgttestsig 120
combinations of parameter values, our study is ablentbrfiodel configurationaith weakerablation across some of these
regions reducing some of theMB biases of Bradlegt al. (2024)

The underestimation of ice exténtparticular regions, compared to reconstructicosd reflect the asynchronous timing of

the local maxima of the NH ice sheets since, for example, there is evidence thatftingcNAIS reacheiis maximum extent

at ~25 kaDalton et al., 2022, 2023)nd the BIIS reghed it maximum at25-23 kabefore sarting its retreat at22 kadue to

a warming trend caused by a change in orbitedpaters between BB1 ka(Clark et al., 2022; Hughes et al., 201@pwever,

these reonstructions of the NAIS and BIIS still suggest there was extensive ice over theas etdlt kaven if not at their
maxima. In additionBradley et al., (20243lso performed a simulation using boundary conditfon®26 kaand obtaned a

similar result to 21 kaThey therefore concluded thidte too negative SMBs are likely a result of biases in the simulated
climate or ice sheet reconstruction, a highly-equilibrated climate and ice sheet at the LGM, and/or the neetutterthe

model for LGM climate conditions (as also shown to be necessayabgly et al., 2023)indeed, many other numerical
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modelling studies have also found it difflt to maintain extensive ice in these regions using a range of different models,
boundary conditions and model paramet@@n Aalderen et al., 2023; Quiquet et al., 2021; Scherrenberg et al., 2023b;
Sherrif-Tadano et al., 2024; Ziemen et al., 2014; Zweck and Huybrechts,.2005)

Surface mass balance, m yr-1

Variance, m yr—1

AN
NG .
Figure 5: Ensemble mean surface mass balance and variance at ice sheet year 200 for (a) and (c) the LGM and (b) and (d) the PGM.

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

et al., 2024; SherrifTadano et al., 2024; Ziemen et al., 20I®)is is likely a result of an underestimation of the stationary
wave effect on temperature patterns; a common feature whea losv resolution atmospheric modéksbe-Ouchi et al.,

2007; Ganopolski et al., 2010; Liakka et al., 2012; Roe and Lindzen, .Z0@éten et al. (2014) note that increasing the
resolution of their AGCM from 3.75to 1.9° reduces the cold bias over Algskadvan Kampenhout et a[2019)show that
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refining thegrid over the Greenland ice sheesults in improvements to precipitation patteemsl the distribution of
accumulationThus, the se of a higher resolution modehy result ina closer match to reconstructions in general across the

ensemble members

3.2 Nonimplausible parameter sets

We apply the implausibility metric described in Sect. @4he ensemble of LGM simulations igentify sets of model
parameters that produce plausible ice sheets. All ensemble membersdhalbal amean surface air temperatwithin the
plausiblerange(6.3 9.2 °C at the LGMand 7.110.1 °C at the PGM) due the prescribed SST$wo LGM simulationdfit

all four of ourimplausibility criteriafor thevolume andextert of both the NAIS and ElSve labeltheseNROYa and NROYb

The proportion of NROYs in an ensemble is highly dependent osuthjectivechoice ofnumber and ranges of parameter
values sampled?revious work with FAMOUSce (Gandy et al., 2023; Patterson et al., 2@&riff-Tadano et al., 2024)

has shown that finding combinations of parameter values that produce realistic ice extent during glacial times is ghallenging
due to stron@lbedoesurface mass balance feedbadkuus finding two paameter combinations that produce plausible results

for both time periods and both ice sheetsgead outcomeAdditional simulations from the NROMarameter space could be

found by iterating this process and using emulators within the implausimigasures to efficiently identify such parameter
combiationggiven the first ensembleswas donen Patterson et a{2024). This is computationally expensiand was not
required for our purposeklleverthelessve apply the extent and volume constraints separately to explore additional plausible
ice sheet configurations, especially since the volume constraint is still veggtaincand our minimum volume for the NAIS

is less lenient than limits that have been used previouslyGargly et al., 2023; Sherrffadano et al., 2024T his results in

the selection of two moreneemble members; one that meets only the ice extent criteria (labelled as NROY extent) and one
that meets only the ice volume criteria (labelled as NROY volume). AlINRR®Y simulations are shown in Fig. 6, with the
corresponding four PGM simulations preszhin Fig. 7. The time series of ice volume, surface mass balaneshalfinelt

plus calving rate, and surface air temperature for these simulations are pioviggxendix E.

Thefinal volumes and extents of the NROY simulations are outlined in Tald¥&all, the LGM NROY simulations show

a good match to the reconstructed extents of the LGM ice sheets and the equivalent PGM simulations display a smaller NAIS
and larger EIS in line with empirical evidence and previous studies. Whilst the equivaMrgiP@Glations show a smaller

NAIS than the extent datcheld et al., (2019)thislatterreconstruction represents the rnmadm MIS 6 extent (19032 kg

and therefore is likely largehan the 140 kice sheet would have been, particularly for the NAIS. These four NROY model
simulationssuggest the NAIS was25 ms.l.e.smaller at the PGM compared to the LGM, and the EIS22#hs.l.e.larger.

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

Our simulations perform well in comparison h@$e reconstructions (Fig). . For examplecompared to the reconstruction of
Pollard et al., (2023pur Eurasian ice sheet is more plegdly consistentvith climate and ice sheet dynaming is also more

in line with empirical reconstruction of ice exteetg. Batchedr et al., 2019)ompared to the dynamic ice sheet model

reconstructionused n the PMIP4 protocolAbe-Ouchi et al., 2013Menviel et al., 2019 which is missing most of the
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425  Fennoscandian ice shd&ig. 8). Thus ourNROY simulationgprovidenew improved reconstrcutiorss the PGM Northern
426  Hemisphere ice shedisr use asnputsfor climate ice sheetand sea level modzl

427

428 Table 3: Ice sheet volumes and extents at the end of the 5000 ice sheet years for the two NROY LGM simulations and the
429  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.l.e)
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°f km?) (4.44) (4.17) (2.91) (3.52) (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
430
NROY extent NROY volume
431 Surface Mass Balance {m yr=1)
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Figure 6: Final ice thickness and surface mass balance for the four NROY LGM simulationdhe red contours indicate the
reconstructed LGM ice sheet extents of Dalton et al, (2020) and Hughes et al., (2016) and the blue contours indicate the extent of the
modelled ice sheets displayed in the figure.

All NROY simulationslack a BlISsuggesdhg this featurdés due to oumodelling setup rathéhanparameteuncertainty The
BRITICE-CHRONOcomprehensive reconstruction of tAH#S degalcaitiorrevealed that the ice sheetiched its maximum

extent aound 26ka (or before in some sectors) ahdd initiated aapid collapse at 2Ra which saw most of the ice sheet
disintegrate by 16 kéClark et al., 2022)We can infer thathe BIIS was at disequilibrium with the 21 ka climaad had
significantly negative surface mass balaleaing to the collapse of the ice sheet withid00years The full deglaciation

of the BIISduring our 5008year long equilibrium simulations under Ra forcing is thusin agreement with thBRITICE-
CRHONOTreconstructionTransient coupled climatiee sheet simulationsould be requiredo simulate theapid growth and

retreat of the BIIS around the LGM.

Due to high rates of suthelf melt (~ 6675 m yr?), 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., 2023Ibjowever, there are not many constraints on the extent of ice shelves during the LGM

or PGM since they leave few glaciological traces behind. There is some evidence that a large, thick ice shelframtémeled i
Arctic Ocean during the MIS 6 glaciati¢gdakobsson et al., 2016; Svendsen et al., 280d )dumg the last glaciation a thick

ice shelf may have covered Baffin B@ouette et al., 2022%imilarly, 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 evolution of the marine base
sectors of the NH ice shedislvarezSolas et al., 2019; Clark et al., 2020; Petrini et al., 2026)ay be seful to implement

a more complex parameterisation or perform some additional sensitivity tests to explore this process further in fusure studie
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Figure 7: Final ice thickness and surface mass balance for the four NROY PGM simulationdhe red contous indicate the
reconstructed MIS 6 ice sheet extents of Batchelor et al (2019) and the blue contours indicate the extent of the modellegheets
displayed in the figure.

Despite difficulties in the past in obtaining a sufficient southern extent MAh8 in lower resolution model&sandy et al.,

2023; SherriffTadano et al., 2024; Ziemen et al., 20t NROYa and NROYb simulations do a relatively good yath

the southern ice sheet amaly falling short of theDalton et al., (2020)econstruction by 36 and 9%, respectivelyThe two
additional NROY simulations are leskse to the reconstructed extent, however, 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 ar
subglacial processédennings, 2006; Margold et al., 2018hey are also highly asynchronous, dynamic features resulting in
their glacial maximum limits beingery uncertair(Dalton et al., 2020; Margold et al., 2018herefore, it is not surprising

that a relatively low resolution climate and ice sheet model avghmple representation sfibglacialprocessess unable to

resolve such featuré&andy et al., 2019; Zweck diHuybrechts, 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 simulations aséniilar regionof the parameter space for all
parameters excepgrad (lapse ate)anddrain (till water drainage rajesuggesting 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 simulationkat produce only a plausible 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 and vice vers
Many of these simulations asé&tuated in different 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 also produs
the largest PGM ice sheet extents in the ehéeinut there are additional 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 both ice shtbets and b

time periods display different sensitivitiesrtmdel 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 inithyglausibility 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 theyséathe area constraints 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 volunsgmulations. Panels (c) and (d)
show the equivalent results for the PGM ensembles without the constraints.

3.3 Sensitivity toparameters

We usedGaussian Process emulation and Sobol iBeihg analysis(Sect. 2.5 to quantify the sensitivitpf ice extent and
volume tothe model paraemters we variggiven emulator uncertaintiesve focus on thdargestvalues and differences
between theSobol indicesWe encourage the readnot to oveiinterpretthe relative importance of the less significant
parametersEmulation was also used to isolate the effect of individual parameters on ice sheet volume by varying one
parameter while holding others at their midpoints.

Figure 10 shows thdirst and second order sensitivity indices for the NAIS and EIS volutuesgthe LGM and PGMThe

ice sheets were relatively insensitive to the paramefdr@recipitating ice fall out speedjrain (till water drainage rateyt

(cloud liquid water conversion ratehcrit (relative humidity thresholdandc (subshelf melt constant)rhe low sensitivig

to ¢ (subshelf melt constant} expected, as ice shelves were lost early in the simulations due to higfiediutmelt or ablation
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from other climate parameteidle expect thathe subshelf melt constant would have much more influence in the context

of deglaciations thain the equilibrium simuations we ran he®milarly, drain (till water drainage ratel more important

for the daracteristics of ice flow than for ice voluraad extent.

The most influential parameteaisefsnow(surface snow densithiteshold)andav_gr(sensitivity to grain sizewhich control

the albedo of the ice sheet, with larger valuesimdwand smaller values afv_grleading to larger ice sheef3aice (bare ice
albedo sensitivity) also played a role, especially for theS\Athough its effect was secondary wiemwandav_gralready
produced high albedo (Fig. F1hese three albedo parametalso showed strong interactiondgth each other and other
parametersOur Sobol analysis not only confirms the importantealbedo parametergonsistent withprevious studies
(Gandy et al., 2023; Patterson et al., 2024; Shereffano et al., 2024), but also quantifies the influence of other parameters,
particularly for the EIS.

For theEIS, the otherimportantparametergrebeta(Weertman friction coefficientew (cloud liquid water thresholdt the

LGM, andtgrad (lapse rate)especially for the PGM. The NAIS is also sensitive to hew 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 pararakecsii, cw, tgrad and bgtaould have an effect on the
various ice sheet3he sensitivity of the GM NAIS to elevconcould be related to the size of the ice sheets since it affects
higher ice elevations maréndeedwe find the value of theelevconSobol indexis proportional tahe average thickness of
each ice sheet. The fact that a larger valugefconleads to a larger NAIS (Figl4) but doesotimpact the size of ]EIS

could explain why the ensemble produced more plausible North American ice sheets at the LGM but did not perform as well

for the Eurasian ice sheet (FB).

The sensitivity of LGM EIS to cw (cloud liquid water thresholduggests that the EIS is more sensitive to differences in
precipitation than the NAIS. This likely reflecdifferences in the climatic regimes of botte isheetdmposed by their
geographical locationgndeed theElS is subject to a more maritime clim#tan the NAISwith higher precipitation ratesnd
cloudinesssensitive tocw. Interestindy at the PGM, the EIS is less sensitive tis tharameter, lidg because its larger size
putsits southern margins in a more continental climatic redess sensitive to precipitation rat@scloud coverCw has a
positive correlation with EIS volume up to a value of around 0.0012 k@Fig. 11b) above which volume plateauhis

could be because lower valuescefcause increased precipitation due to decreasing the threshold of cloud liquid water above
which precipitation forms. Thikadto highersummerrainfall contribuing to the surface meltinthrough theheatflux from

rain toice. The LGM EIS is particularly susceptible toghéffectdue to its smaller siz&recipitation is not downscaled onto
elevation tiles in the coupling, rather the coarse atmospheric output is applied to the ice sheet model which leadls to rainfa
being spread across relatively large areasefdb sheet, therefore affecting a large proportion of the LGM &t8th et al.,

2021) Therefore, the use of a higher resolution atmospheric model or an improvement to the cohelimgysay reduce the

sensitivity to this parametébong and Valdes, 2000; van Kampenhout et al., 2019; Lofverstrom and Liakka, 20&8jer
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reasorthe LGM EISis positively correlated whitcw 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 highel

receipt of incoming shortwave radiation, thus inciregithe surface melt. However, the downwelling longwave radiation may

also be decreased which would have the opposite effect, decreasing the absorbed energy. Since the accumulation zone usus

has a high albedo, reflecting much of the incoming solartradjahe 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 summe

melt season. This latter process has been found to be dorniséundies of the Greenland Ice Sheet, with reduced cloudiness

contributing to its mass loss and increasing its sensitivity to warhiofger 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 ablatién ¢d4npared

to around 33 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 sensitivity indices between the North American and Eurasian ice sheBtie 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 emulator variance is indicated by the black error bars. The red line indicates the index vahfe0.05, above
which the sensitivity is significant.

PGM EIS is much more sensitive to the valuggoddthan the other ice sheets. More negative valuggrafl cause a stronger

temperatureelevation feedback, resulting in warmer temperatures at |desat®ns. Thidasthe largest impact on ice sheets
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with larger ablation areas. Many of the simulated PBElasian ice sheet®llapse (Fig. 3) as a result of the larger ice sheet
being more unstable due to the larger GIA feedback. Thesefoany of these simulatiogve strong ablation over the

Eurasian ice sheet that increases throughout the run, making it more sensifisad &md the temperatueevation feedback.
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Figure 11: The relationship between emulated mean ice sheetlumes and (a)elevcon, (b) cw, (c) and (d)betaa The 93" percentiles
are shown by the blue shaded region.

The parametebetahas a positive correlation to the size of the Eurasian ice sheet at both the LGM and PGNic(kitd 1

11d), but dees not have as much of an impact on the NBi&ais also the only parameter that causes a large difference in the
sensitivityof volumeversusextent,with volume being much more sensitiveBetathan extent igFig. 12a). Our intepretation

is that reduced basal friction results in more ice mass loss from the Eurasian ice sheet compared to Northetaeasiea

faster flow from the interior of the ice sheet to the more extensive marine margins causes a larger disclaageossithe
grounding line where it is calved or lost by sshelf melting (Fig. 2b and 2c). This therefore affects the volume and thickness

of the ice sheet but not so much the extent since ice already reaches the edge of the contindBlaksbett al., 2021;
Scherrenberg et al., 2023a; Sherfiidano et al., 2024%cherrenberg et al., (2023&)dQuiquet et al.(2021)show a similar

impact ofbasal friction on ice sheet volume compared to extent at the LGM but also show that the thinner ice sheets, larger
ablation area and increased ice velocities, caused by lower basal friction led to a faster deglaciation. Interestivfgiye both

NROYa am NROYb simulations have lower valueshaftathan the five additional simulations that produce a plausible NAIS
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but not EIS. This suggests that the right combination of parameters, especially in regard to the albedo farawsiergr
anddaice andthe interactions between parameters, can compensate for the faster flow and are thus more important for the
size of Eurasia (Fig=1).

The sensitivityof LGM and PGM volume and exetd model parameters ikely model dependentHowever,the relative
importance of the processesntrolled by these parameters are likelyhedd for other modelverall, we find that the EIS
size is more sensitive to parameters controlling cloudiness/precipitation and igbdlothe NAIS which is more setige
to parameters controlling surface méite to the geographical locations of the ice sheetsrolling the continentality of
climateandthe marine marging-urthermorethe relative importance ddey processess significantlydifferentbetween he

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

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

3.4 Icedynamics

By performing arinternal temperature spip andsensitivity test¢Sect. 2.2and Appendices B and C), save improvedce
streaning in our simulationscompared wittFAMOUS-BISICLES simulations of the NAI&e streanvelocityin the NROY
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simulations rangefrom a few hundred m yrto 5000 m yi,in agreement witlpresent daybservation®f Antarctica and
GreenlandJoughin et al., 2010; Rignot et al., 201%e asses to what extent the modelled ice streams isirthaations

match empirical reconstructions pegrforming a qualitative comparisoof NROYa and NROYho LGM reconstructions of

the Laurentid€Fig.13a; Margold et al., 2018andEurasian ice streams (Figd; Patton et al., 2017)

For the Laurentide Ice Sheet, the locations of many of the ice streams show good agreement, particularly in NR@Y.b (Fig. 1
This includes; (1) Mackenzie Trough, (18) Amundsen Gulf, (123) 8aSsund, (129) Prince Gustaf Adolf Sea, (126) Smith
Sound/Nares Strait, (22) Lancaster Sound, (23) Cumberland Sound, (24) Hudson Strait, (45) Notre Dame Channel, (133
Placentia BayHalibut Channel, (25) Laurentian Channel, (131) The Gully and (134) éamstiChannel I$seelabels in

Margold et al., 2018)There are also areas of general streaming whars/ smaller ice streams are found (numbers1IiB

and 1671 7 0) . One major ice stream that is not very active

representation of ice streaming along the southern margin of the Laurentiieekte

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 simulations.

The Eurasian Ice Sheet does not have as defined areas of ice streaming, nevertheless, some of the major ice stream featt
can be piked out (Fig. 4). There is some streaming activity in the location of one of the major ice sfidamBgornoyrenna

ice streamand (10) Svyataya Anna ice streamelatively 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)tBebea, (6) Gulf of Bothnia and (Hee labels inan Aalderen et al., 2024
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andStokes and Clark, 2001n addition, since the BIIS is not present, neither are the ice streams in this hetgigastingly,

there are active areas of ice streaming to the south of the Barents Sea that are not present in the reconstructiorb& his coul
due to the formatio of a praglacial lake in this region allowing the formation of ice shelves which have zero basal friction
and therefore increase ice veloqi8utherland et al., 2020)

There are no comparable reconstructions of PGM ice streadnmgo difficulties in dating and the erasure of glaciological
evidence following the Last Glacial advance. However, due to extent and topographic constraints on ice streaming, it is likel
that ice stream location was similar across the marine margite dfe sheet@Pollard et al., 2023)The simulated PGM

NAIS velocity behaves similarly to the LGM but there is a lack of (1) Mackenzie Trowubh @ss 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 i ce sheetesSyaitin NROVaanad moyre adtivite 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 atrébenliGM. 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 valueof drain 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 configurdions largely as a result of having different valuediEin. 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 pregsts lower and thus se the 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 frofatton 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 model sihplitatsible Northern Hemisphere ice sheets
compared to empirical reconstructions and previous modelling studies, capturing the different configurations between the
LGM and PGM. ThrouglGaussian Process emulation and a Sobol sensitivity analysisumee that the volume and extent

of both the simulated Northern Hemisphere ice sheets are sensitive to the parameters that control their albedo. However, tf
North American ice sheet and tBeirasian ice sheet, and the two glacial maxima, displdifferent sensitivities tather
parametersThesize of theEurasian ice sheet is more sensitive to parameters contrb#isej sliding and clouds/precipitation
thanfor the North American ice sheete also find that the sensitivity to parameters controléiliding andsurface mass

balance can depend on the size of the ice sheet at each glacial maxima.
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Wedescribedwo sets oNot Ruled Out YetNROY) paraneter valuesompatible withreconstruatd extent and volumesr

both periods and both ice sheets, and we hightightadditionalsimulations that we deem NROY depending on the criteria
used.Improvements irour model setuproduce a good match to empirical reconstructions of LGM ice streams, especially in
simulations with lower values of till wateralnage ratedrain).

The four NROY simulations produced in this study provédeneans for other studies to evaluate the effect of ice sheet
uncertainty on climate and sea lev@lkeyalso provide new aninproved initial conditions that can be uded simulating

and comparing the Last and the Penultimate deglaciations, which will be the focus of future work. However, since it has beer
shown in the past that models can be overtuned to certain climate conditions, it is not gultahtbede parameter values

will be conducive to the deglaciation of the ice sheets in line with empirical reconstructions and work will need totte done
test this and calibrate the model for both past and present conditions which will likely inebsetbf emulators. In addition,

there are some factors that were not considered or not well represented in this work that may become more important for th
deglaciation. These include; the ice shelf melt parameteris@ierends et al., 2023}he resolution at the grounding line
(Gandy et al., 20213nd the representation of proglacial lak&stherland et al., 2020 his study was also limited by the use

of prescribed surface ocean conditions andipdestrial vegetation and the absence of dust, all of which have been shown to
initiate important feedbacks for ice sheet evoluiiGanopolski et al., 2010; Obase et al., 2021; Willeit et al., 2@4ryent
modelling capabilities prevented the use dlilly coupled atmosphereceanice sheet model with dynamic vegetation and

dust for the large number of simulations run in this study, however as technological advances are made to enable this in th
future, running similar simulations will provide usefaformation of the role of these other feedbacks on the evolution of the
LGM and PGM ice sheets.

By performinga systematic calibration of our coupled climate sheet model to reconstructed LGM ice extent and volume

and simultaneouslgpplyingit to thePGM, weproducednewreconstructios of the North American and Eurasian ice sheets

at the Penultimate Glacial Maximymreatly improved compared to previousnw andinformed by climate and ice sheet
physicsand geological data. Our PGM reconstructioas be used tmodel or studyhe climate, icsheedynamicsthesolid

earth and sea lewgl

Appendices
Appendix A: Implementation of the elevconparameter

elevconaffects the surface temperature and SMB during the height adjustment to ice shigethiddsllowing manner;
1 The effective elevation of each tile is multiplied by the valuelef/con A value of 1.10 (1®) means that the
elevation of arit800m tile has been increased to 1980
Surface air temperatures and laraye radiation are downdea toeach increased elevation tile.
Surface fluxes and SMB are calculated based on the downscaled variables and other variables from the origina
FAMOUS grid.
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1 The SMB and fluxes are then passed to the ice sheet and atmospheric models, but takeenotrepoziginal tile
elevation, not the increased elevation to which the surface temperature was actually downscaled. For example, the
surface air temperature and SMB could be calculated on arh386vation tile, but they will be passed to the ice
sheetand atmospheric models as outputs frani&00m elevation tile.

Therefore, the increase in the tile elevation is only accounted for during the downscaling of surface temperature but is nof
reflected when passing it to the ice sheet model or elsewhEAMIOUS. In this way, additional cooling is applied over the

ice sheet interior bglevcon which can be regarded as elevati@pendent height adjustment over ice sheets. This crudely
mimics the effect of the stable boundary layer in maintaining the ooldcge condition in that area.

Two types of sensitivity experiments are performed with FAMERISICLES to validate the effect efevconon the modern

and LGM ice sheets and climates. The first sensitivity experiment is conducted under modern clirtfe&aeehland ice

sheet based on a control simulation performed by Lang et al. (in prep) and focuses on the elffecbodn 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 modédsy. MAR; Fettweis et al., 20133uggest 1.2 km, meaning that the model
overestimates the BL.by 50% (Fig. Al). Here, we appliechaelevconvalue of 50% and rerun the simulation. The inclusion

of theelevcomadjustmenstrongly suppresses the negative SMB seen around the elevation of 1 km to 2 km, and the ELA drops
from 1.8 km to approximatelyd® m height (Fig. Al). Given that the ELA is now underestimated compared with the high
resolution models, the value of %@ appears to be too large and can be regarded as the upper limit. However, this sensitivity
experiment clarifies the substantial effe€ elevconon the SMB at the interior of the ice sheet. It further showsetleaton

can be used to explore the effect of uncertainties in the SMB at the interior of the ice sheet arising from undereséimating t
role of the stable boundary layer.

The fcond type of sensitivity experiments are performed under the LGM climate for the North American ice sheet. Here,
values of 100, 20% and 50% are tested with one of the ensemble members $boenrift Tadano et al(2024)that exhibits

a strong local melting of the ice sheet fromtpaf the interior. Results are shown in Fig. A2. The strong local melting observed
around the Hudson Bay region in the control simulation is removed in all the sensitivity experiments. Also, depending on the
magnitude of the value @levcon the negativeSMB seen at the eastern part of the Rocky Mountains is reduced and pushes
the ELA southwards.
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695 Figure Al: Relation of SMB and surface altitude over the Greenland ice sheet in the modern climate simulations with FAMOUS
696 BISICLES. The blue line (shading) slbws the mean resul{range) from the control experiments,and the greenshowsthose from the
697  sensitivity experimentsthat include elevconwith a value of 1.5 (50%). Also shown in black are the results from simulations using
698  the MAR regional climate model(Fettweis et al., 2013)
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701 Figure A2: Effects of different magnitudes ofelevconon the spatial pattern of SMB over the North American ice sheet at the LGM.
702 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 controlling the deformation, rheology and velocitg of the ic
due to the temperature dependence of the slidingalad enthalpy schem@&létter et al., 2010)The ice sheets start with a
uniform internal €mperature of 268 K and it can take tens of thousands of years for the process of cold ice advection from the
interior and heat conduction from the bed to occur and reach an equilibrium, which is important for the formation afrise stre
(Fyke et al., 2014; Heine and Mctigue, 199Bhus, we perform ice sheet model only spps for the LGM and the PGM to

allow the ice sheet internal temperatures to reach close to equilibriisritefiperature profile is then used as the internal ice
sheet temperature in the initial condition for the sensitivity tégip€ndix G and coupled simulations.

The spin ups were run at 32 km resolution for 20,000 years using simfdee 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 et al., (2024)efault ce sheet model parameters ancEvcornvalue of1.2 (Fig. B1).

The initial ice sheet configurations were the same as used in the coupled simulations (described in Séag. 2)3The

sliding law was set to a temperature dependent Weertman slidimguinvtill 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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721 Figure B1: Surface mass hlance and ice surface temperature fields used in the (a), (b) LGM and (c), (d) PGM spin ups.
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723 Figure B2: Cross section of LGM ice temperature at the end of the 20,000 year spip for the transects indicated by the red lines
724 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 Sherrif- Tadano et al., (2024)sed much higher values difain (0.2-0.6 m yr') than has typically been used in
previous studies (0.000.005 m yt*; Gandy et al., 2019; Kazmierczak et al., 2022; MofBacada et al., 2023} his wasto

prevent large till water depths leading to too large velocities across the entire ice sheet and long simulation tirhes, as hig
velocities require more iterations and smaller timesteps to solve. This resulted in the till water drainage outpacioly the sup
and thus very small till water depths, leading to mostly Weertman sliding across the whole ice sheet.

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

effect on simulationine. To prevent this we introduce an artificial drag term rising with the fourth power of ice speed and
calibrated to be negligible for ice speeds below 1 ki yithis drag factor is also used in the coupled simulations throughout
the rest of this studyWe then perform sensitivity tests with different valuedmin spanning 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. \tdghiesabbve 0.05 prevent

much of the coulomb slidg at the coasts and the representation of some of the major ice streams, particularly the Hudson
Strait Ice Stream, is poor. Low values usually used in ice sheet models-Q0003). cause too large velocities and ice streams
that remove much of the igheet, especially in Eurasia. Therefore, in this study, we implement a range-0f@hQa cover

values just below the default till water supply rate of 0.02, to where no coulomb sliding occurs. For studies that@e@keo ex

ice streaming of the glaadi maximum ice sheets, we would recommend performing additional sensitivity 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 shegtears in simulations using till water drainage rates of (a) 0.005 m ¥ (b) 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 of the ice sheet model is 32 km. The AldRs 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 dr2awgnage over

the whole ice sheet (Figs. C2a and C2b). Additional sensitivity sfibntawere 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 for any further refinement of thereanss 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 southern area of the Eurasian id&igh€&t). However, computational costs are

38



757
758
759
760
761
762
763
764
765
766
767
768

769

770
771
772

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 lasgpale geometry of the ice sheet rath@ntkhe finer details of the ice streams.

This is a similar conclusion to that drawn from the simulations presentatbtscht et al., (2020andGandy et al., (2019)

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

There is an increase in the velocity of upriouand 3000 m yt at the centre of some of the ice streams at the higher resolutions,
which could be important during simulations of the deglaciatiRkobel and Tziperman, 2018)Ve performed an additional
simulation refining théce streams acrosbe marne 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 in this region compared to the 4 kmulation (Fig. C2e), but again could be important in deglaciation simulations
when MISI could be triggere@andy et al., 2020; Patton et al., 2015; Petrini et al., 2020; van Aalderen et al., 2024)

103

[un
o
~

Velocity (m yr-1)

2km

Figure C2: Ice velocity averaged over the 5000 year simulations using differerMels of ice stream refinementAll 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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774  Figure C3: Difference in ice velocity averaged over the whole ice sheet and 5000 year simulations between the 4km resolution
775  simulation and higher resolutions (8km, 16 km and 32km).
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777 Figure C4: Difference in final ice sheet thickness between simulations with different levels of refinement
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Appendix D: Leave-one-out-crossvalidation (LOOCV)

Whilst a large proportion of the predicted diagnostics matched the modelled values within%her88ible intervalthe

LOOCV reveals that the Gaussian Process emulator struggled the most with predicting smaller ice sheet volumes and ares
This was especially the case for the PGM Eurasian ice sheet where many of the simulations collapsed due to GIA feedback
and nonlinearities in ice sheetlimate interactions. There is also one obvious outlier in all eight of the diagnostics where the

emulator predicted a much higher value than what was actually modelled. This is the same parameter set (xprrk/xpruk) for

each.
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Figure D1: The results of the LeaveOne-Out Cross Validation performed on emulators for the eight diagnostics. The points show
the value produced by the numerical model against the value predicted by the emulator for the same sets of input parametére
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
measured value does not fall within the error bars are highlighted in red.
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791  Appendix E: Time series of diagnostic variables for ROY simulations
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793 Figure E1: Time series of variables averaged over North America for the NROY simulations; (a) ice volume; (b) surface mass
794  balance; (c) total subshelf melt plus calving mass loss; and (d) surface air temperature.
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Figure F1: Parameter pair plot of the most influential parameterswith the NROYa and NROYb simulations in red, NROY extent
simulation in orange, NROY volume simulation in green and the four other simulations that meet the North American ice sheet

constraints but not the Eurasian in blue.
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805 Appendix G: PGM ice streams
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807 Figure G1. North American ice sheet ice velocity at the end of the 5000 ice sheet years for the two equivalent PGM NROY simulations
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810 Data availability

811 The boundary and initial conditions used in this study as well as the full enderabjearice sheet model output and volume
812  and extent metrics, climate timeseries for the NR&ivulations and final ice sheet model output from the sensitivitydests
813 available ahttps://dx.doi.org/10.5285/4ce75927eab444b89b5439e33ec(PaB@rson et al., 2025\l other model output

814  data are available on request.
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