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Abstract. The configuration of the Northern Hemisphere ice sheets during the Last and Penultimate Glacial Maxima (LGM,;
PGM) influenced millennial-scale climate changes, as well as solid Earth and sea level changes that occurred during the sub-
sequent deglaciations, due to their effects on the atmosphere, ocean circulation, and the solid Earth. Thus, realistic simulations
of these ice sheets are crucial for the initialisation of deglaciation experiments that can help improve our understanding of
interactions between the climate, ice sheets and sea levels. Here, we produce the first large ensembles of complex coupled
atmosphere-ice sheet model (FAMOUS-BISICLES) simulations of the PGM and LGM, varying 12 uncertain parameters that
control the ice sheet albedo, ice dynamics and climate. We quantify the sensitivity to input parameters using Gaussian Process
emulators to perform a Sobol sensitivity analysis. Albedo parameters have the largest influence on ice volumes for both ice
sheets and time periods. Parameters controlling precipitation and sliding have a larger effect on Eurasian than North American
ice sheet size due to the differences in geographical and climatic settings. Out of 120 parameter combinations, we find four
that produce LGM and PGM ice volumes and extents compatible with palaeo-evidence. The resulting ice sheet configurations
provide new and improved reconstructions of PGM Northern Hemisphere ice sheets for use as inputs in climate, ice sheet and

sea level models.

1 Introduction

During the last 800,000 years, glacial periods saw the accumulation of large ice sheets over the Northern Hemisphere (NH)
continents (Ehlers et al., 2018). Their size, shape, and evolution exerted a strong influence on the climate through their interac-
tions 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., 2019). Thus, reconstructing their extent and thickness is key to deciphering the causes of past climatic and

environmental changes.
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Beyond impacting the energy balance through their high albedo, ice sheets have direct effects on ocean circulation, atmo-
spheric circulation, and precipitation patterns. They affect deep water formation and circulation in the North Atlantic, either
through their freshwater release near sites of deep water formation, their impact on energy balance, or their effect on wind
patterns (Gregoire et al., 2018; Sherriff-Tadano et al., 2018, 2021; Smith and Gregory, 2012; Ullman et al., 2014). Not only
can they be responsible for hemispheric-scale, century-scale cooling events, such as the 8.2 kyr event (Matero et al., 2017), but
their size has also been shown to affect the stability of the Atlantic Meridional Overturning Circulation (Sherriff-Tadano et al.,
2021; Zhang et al., 2014). Even subtle differences in the topographical profile of the Eurasian ice sheet can control whether
the ocean responds to meltwater fluxes linearly or non-linearly (Romé, 2024). The geometry of an ice sheet also influences its
stability. An ice sheet made of multiple domes can produce large sea level rises due to the Saddle Collapse instability (Gregoire
et al., 2012), while marine ice sheets can be susceptible to marine ice sheet instability (MISI; Reed et al., 2024). Thus, knowing
the shape and size of past ice sheets is key to understanding past abrupt climate and sea level changes in the Quaternary, as
well as climate-ice sheet mechanisms relevant for the future.

One period that has recently gained a lot of interest is the penultimate deglaciation (~140-128 ka). This period was the
precursor to the last interglacial period (~129-116 ka) when sea level was last higher than today (by up to 9 m; Dutton et al.,
2015; Dutton and Lambeck, 2012). Knowledge of the Penultimate Glacial Maximum (PGM: ~140 ka) ice sheets and their
influence on the atmosphere and ocean during the subsequent deglaciation is key for interpreting climate and sea level records
of the last interglacial period, which hold information on the sensitivity of Greenland and Antarctica ice sheets to climate
warmer than today (Barnett 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 deglaciation. Climate simulations of the period thus either use
ice sheet configurations from the LGM (e.g. Clark et al., 2020; Quiquet and Roche, 2024) or 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 to the Last Glacial Maximum (LGM; ~21 ka) is extremely challenging as the last deglaciation has
erased traces left of the previous glaciations and deglaciations, and dating glacial features is challenging and uncertain (Capron
et al., 2017; Govin et al., 2015; Parker et al., 2022). Coupled climate-ice sheet modelling thus offers the best tool to produce ice
sheet reconstructions informed by our knowledge of climate and ice sheet physics as well as the available geological evidence.

The extent of the Eurasian ice sheet (EIS) could have been ~50% larger during the penultimate glacial 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., 2004). However, the exact extent at the PGM is more uncertain
because there were two major ice advances in Europe: the more extensive Drenthe (~160 ka), followed by partial melting and
sea level rise ~157-154 ka, and then the less extensive Warthe readvance after 150 ka (Hughes and Gibbard, 2018). Current
reconstructions (e.g. Batchelor et al., 2019) of the PGM may incorrectly incorporate previous MIS 6 (195-123 ka) advances
(Ehlers et al., 2018; Margari et al., 2014; Svendsen et al., 2004). The volume of PGM ice sheets is even more uncertain than
their extent since it is indirectly estimated from sea level datasets through glacial isostatic adjustment (GIA) and ice sheet
modelling (e.g. Lambeck et al., 2006; Tarasov et al., 2012; Rohling et al., 2017). Estimates of EIS volume range from ~40-70
m s.l.e. compared to ~13-24 m s.l.e. at the LGM (Lambeck et al., 2006; Peyaud, 2006; Pollard et al., 2023; Rohling et al., 2017,
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Simms et al., 2019; Tarasov et al., 2012) re ecting the huge uncertainties in PGM ice sheet size compared to the better known
LGM.

In contrast, the North American ice sheet (NAIS) 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 Wisconsin (Batchelor et al., 2019; Hughes and
Gibbard, 2018). Evidence for smaller PGM NAIS volume includes relative sea level assessment studies (e.g. Rohling et al.,
2017), reduced ice-rafted 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., 2014), climate and ice sheet modelling studies (Abe-Ouchi et al.,
2013; Colleoni et al., 2016; Wekerle et al., 2016) and GIA modelling studies (Dyer et al., 2021; Wainer 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 glacial maximum
(Dalton et al., 2022; Dyke et al., 2002; Rohling et al., 2017). Therefore, the footprint of the PGM NAIS remains very uncertain,
while LGM NAIS ice extent is well constrained from a range of glacial geological evidence (Dalton et al., 2020). The volume
of the NAIS is estimated at ~39-59 m s.l.e. at the PGM compared to ~68-88 m s.l.e. at the LGM (Rohling et al., 2017; Simms
etal., 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 at the PGM, providing vital new information for climate and sea level models. However, such
methodology neglects the in uence of ice sheet dynamics and climate. Another possible way of reconstructing Quaternary
ice sheets is to use dynamical ice sheet models (Abe-Ouchi et al., 2013; Alder and Hostetler, 2019; Charbit et al., 2007,
Gregoire et al., 2016; Niu et al., 2019; Wekerle et al., 2016; Zweck and Huybrechts, 2005; Scherrenberg et al., 2023b). Their
results highly depend on how the surface mass balance (SMB) is prescribed and this is the largest source of uncertainty.
PGM modelling has so far relied on simple positive degree day SMB schemes, where the SMB is prescribed as a function
of temperature, and SMB evolution is derived from faraway climate proxy records producing unrealistic ice sheets (e.g. Abe-
Ouchi et al., 2013; Clark et al., 2020; Wekerle et al., 2016).

Progress in ice sheet and climate modelling now allow us to use coupled climate-ice sheet models to simulate the co-
evolution of climate and ice sheets. In such models, the SMB can be simulated as a function of the surface energy budget anc
moisture uxes, and techniques exist to downscale low resolution climate onto the higher resolution surface of the ice sheet
(Smith et al., 2021; Ziemen et al., 2014). Such methods not only allow us to investigate the interactions between the climate
and the ice sheets, but are also a powerful way to simulate ice sheet evolution accounting for the feedbacks between ice shee
geometry and surface mass balance.

Only a handful of coupled climate-ice sheet models have been used to simulate the evolution of past ice sheets during
the Quaternary. Some climate models, such as CESM, have high complexity and climate resolution limiting the duration
of the simulations to century time scales (Bradley et al., 2024; Sommers et al., 2021). Other models like CLIMBER-2 and
LOVECLIM have lower complexity and resolution enabling simulations over glacial-interglacial timescales (e.g. Ganopolski
etal., 2010; Quiquet et al., 2021; Quiquet and Roche, 2024). The model we use in our study, FAMOUS-ice, has the complexity
of a full GCM, although only the atmospheric component is used in this study, but a suf ciently low atmospheric resolution
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to enable us to run 10,000 year long simulations and large ensembles to investigate uncertainty (Gandy et al., 2023; Pattersol
etal., 2024; Sherriff-Tadano et al., 2024). This is an ideal model to produce physically consistent reconstructions of Quaternary
ice sheets.

In a previous study, Patterson et al. (2024) used FAMOUS coupled to the Glimmer ice sheet model to simulate the North
American ice sheet and the Last and Penultimate Glacial Maximum. However, the coarse resolution and the use of Shallow
Ice Approximation (SIA) in the Glimmer ice sheet model used in that study does not resolve the small-scale 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 equilibrium spin up of a continental size terrestrial ice sheet, such as NAIS, they have a
large in uence on the behaviour, con guration and stability of a marine ice sheet (Hubbard et al., 2009; Pattyn et al., 2012;
Stokes and Clark, 2001). In particular, the Eurasian ice sheet has many ice streams within marine sectors (e.g. North Sea an
Barents Sea) that are vulnerable to processes that may cause instabilities of retreat, for example MISI, and are likely to have
been important in its evolution and deglaciation (Kopp 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 projections (van Aalderen et al., 2023;
Alvarez-Solas 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, BISICLES (Sherriff-Tadano et al., 2024). BISICLES is a model 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 stresses tha
enable the representation of ice-shelves and fast- owing ice streams (Cornford et al., 2013; Hindmarsh, 2009). It also uses
Adaptive Mesh Re nement (AMR) which allows smaller scale processes, such as grounding line migration, to be simulated at
higher resolutions whilst the rest of the domain (i.e. the slower moving interior of the ice sheet) remains at a lower resolution
for ef ciency (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. BISICLES has previously been used to simulate the ice streams and retrea
of the marine-based British-Irish Ice Sheet at the Last Deglaciation (Gandy et al., 2018, 2019, 2021), the nal retreat of the
NAIS during the early Holocene (Matero et al., 2020), present-day Greenland (Lee et al., 2015) and the future evolution of the
Antarctic Ice Sheet (Cornford et al., 2015; Siahaan et al., 2022).

Here, we use the FAMOUS-ice coupled atmosphere-ice sheet model with the complex BISICLES ice sheet model to simulate
the North American, Eurasian and Greenland ice sheets at the Last and Penultimate Glacial Maxima. We build on the work
of Sherriff-Tadano et al. (2024) and Patterson et al. (2024) by including the rst interactive simulation of the Eurasian ice
sheet with FAMOUS and BISICLES and by improving the spin-up procedure and downscaling parameterisation. Furthermore,
we deploy sophisticated statistical tools to assess the sensitivity of the ice sheets to uncertain model inputs, evaluate the
performance of the model and produce realistic ice sheet simulations for use as initial conditions for subsequent work on
deglaciations or inputs to climate and sea level models.
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2 Methods
2.1 Climate model and coupling

We use a coupled atmosphere-ice sheet model called FAMOUS-ice. FAMOUS is an Atmosphere-Ocean General Circulation
Model (AOGCM) suf ciently ef cient for running multi-millennial palaeo simulations (e.g. Gregory et al., 2012; Gregoire

et al., 2012; Roberts et al., 2014; Dentith et al., 2020) and large ensembles for uncertainty quanti cation (Gandy et al., 2023;
Gregoire et al., 2011; Sherriff-Tadano et al., 2024).

We use the atmospheric component of FAMOUS, a hydrostatic, primitive equation grid point model with a horizontal reso-
lution of 7.5 longitude by 5 latitude with 11 vertical levels and a 1-hour time step (Williams et al., 2013). The land processes
are simulated using the MOSES2.2 scheme (Essery et al., 2003) with vegetation prescribed to present-day distributions as ir
Patterson et al. (2024). A high-latitude cold bias in FAMOUS, also seen in other GCMs, can produce overly large ice sheets
(Gregoire et al., 2016). Thus, we chose to prescribe sea surface temperatures and sea ice (see Sect. 2.3.1), rather than usi
FAMOUS' dynamical ocean component (e.g. Dentith et al., 2020), to correct for model biases.

FAMOUS-ice has bi-directional coupling between the atmosphere and the Glimmer or BISICLES ice sheet model (FAMOUS-
ice; Smith et al., 2021), accounting for the mismatch between the atmosphere and ice sheet grid sizes using sub-grid scale
downscaling. The atmospheric surface air temperature and longwave radiation is calculated in FAMOUS at the mean orogra-
phy and downscaled onto 10 vertical “ice tiles" distributed vertically (at 100, 300, 550, 850, 1150, 1450, 1800, 2250, 2750,
3600 m elevation) using a constant lapse rate, tgrad. No downscaling is applied to precipitation and downwelling shortwave
radiation. SMB is calculated on the 10 ice tiles based on the energy budget equation and a multi-layer deep snowpack model.
Then the SMB is passed onto the ice sheet model, which projects and linearly interpolates the coarse 3D lat-lon-elevation SMB
eld onto the higher resolution ice sheet surface on its Cartesian grid. The resulting changes in ice extent and surface elevation
simulated by the ice sheet model are passed back to FAMOUS to update the fraction of ice present within each ice tile and
the orography elds. The mean of the surface uxes weighted by ice fraction within the ice tiles sets the land-atmosphere
exchanges within FAMOUS. The full details of the climate-ice sheet coupling within FAMOUS-ice are described in Smith
et al. (2021), including a description of how the snowpack model deals with the meltwater percolation and runoff. Since our
simulations do not include an interactive ocean, there is no need to close the climate system hydrological cycle, and so routing
of surface and basal meltwater that have the potential to modify ocean circulation are not involved in the coupling. In this
study, we use a 10 times acceleration meaning one year of climate integrated in FAMOUS is used to force 10 years of ice shee
integration (Gregory et al., 2020).

Sherriff-Tadano et al. (2024) found that some of the FAMOUS-BISICLES 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 over
the ice sheet interior in the atmospheric model, which are ampli ed by the downscaling method and a positive height-mass
balance feedback. A similar temperature bias was pointed out by Smith et al. (2021) using the same model under the moderr
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
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of the atmospheric model. In reality, a very cold atmospheric layer often forms at the surface of the ice sheet, especially in

the 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 the
surrounding atmosphere and the ice sheet surface. As a result, FAMOUS overestimates the temperature in the ice sheet interic
1@0d causes a high ELA bias, which results in surface melt.

Here, we take a practical approach to mitigate the effect of the warm temperature bias in FAMOUS. This is done by mod-
ifying the height adjustment of atmospheric surface temperature to the ice tiles through the introduction of a new parameter
in the model, elevcon, which is intended to make the parts of the ice sheet surface well inside the margins colder. Appendix
A includes a description of how the elevcon parameter is implemented and works to affect the surface temperature and SMB
during height correction, and of sensitivity experiments performed to validate the effect of different values of elevcon on the
modern and LGM ice sheets and climates. Since the optimal value of this adjustment is uncertain, we include elevcon in the
ensemble as a varied parameter value, between the range of 1 and 1.5 (0-50 %). These values were chosen based on testing tl
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 Ice sheet model

The BISICLES marine ice sheet model uses the L1L2 approximation which is a variant of Glen's ow law that includes
longitudinal and lateral stresses and approximates vertical shear strains in vertically integrated models (Schoof and Hindmarsh
2010). In this set-up, we also use a pressure-limited Coulomb basal sliding law that is sensitive to the presence of till water
(Gandy et al., 2019; Tsai et al., 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 that include this law than those without (Nias et al., 2018; Schoof, 2006; Tsai et al., 2015). The upper
surface temperature boundary condition in the ice sheet model (surface heat ux) is determined by the climate model and the
basal boundary condition (basal heat ux) is set as a constant ux (¥¥a0 m? ). 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 drainage wate
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 transported elsewhere by the basal hydrology model (Pelt and Oerlemans,
2012). Itis lost vertically at a rate proportional to the till water depth which is determined by the speci ed till water drain factor
(drain). A maximum till water thickness of 2 m is set following previous studies (Bueler and van Pelt, 2015; Gandy et al., 2019;
Moreno-Parada et al., 2023). A recent comparison study by Drew and Tarasov (2023) shows that this simpli ed “leaky bucket'
hydrology scheme produces similar results to more complete models over centennial or longer timescales and continental scal
ice sheets. Additionally, the implementation of this basal sliding scheme coupled with this hydrology parameterisation allows
the simulation of spontaneous ice stream generation and evolution (Gandy et al., 2019, 2021).



The upper surface thickness ux (i.e. accumulation/melt) is calculated by the climate model and the lower surface (basal)
thickness ux (i.e. oceanic melt) is set to zero for grounded ice and is proportional to the SSTs for oating ice, according to
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Sub-shelf melt rate(myt )=c(Toen T 1) 1)

Where c is a constant,.J, is the prescribed sea surface temperature gnid The freezing point of seawater, assumed to

be -1.8 C at the surface (Alvarez-Solas et al., 2019; Beckmann and Goosse, 2003; Gandy et al., 2018; Martin et al., 2011;
Rignot and Jacobs, 2002). Since 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 parameterisation. In addition, many studie
have found a quadratic relationship to be a better t to present-day observations (e.g. DeConto and Pollard, 2016; Favier et al.,
2019; Holland et al., 2008). However, the lack of constraints on ice shelves, ocean temperatures, and sub-shelf melt rates fol
the periods covered in 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 sub-shelf melt over a more complex quadratic relationship. We account for this
uncertainty in the wide range of sub-shelf melt constant (c) values used (1 — 58 m@* ). This relationship produces an
average subshelf melt rate across the ice shelves of between around 1.6 —28whigh are not unrealistic when compared

to the estimates from present-day Antarctica of 0 — 43 'm{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 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 lithosphere above a uniformly viscous asthenosphere (Kachuck et al., 2020). A relaxation time of
3000 years is applied in this model based on previous studies (Pollard and DeConto, 2012). This 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 changing globe
ice sheet volume (e.g. Gomez et al., 2010).

Ice streams exert an important control on the behaviour and geometry of an ice sheet and therefore it is crucial that in
our study, the simulated location and dynamics of at least the major ice stream features, are consistent with reconstructions
Gandy et al. (2019) highlighted that the most important model ingredient necessary to successfully model ice streams is the
representation of idealised subglacial hydrology. The till water layer coupled with the Coulomb sliding law described above is
crucial for the spontaneous generation of ice streams. However, this scheme is highly sensitive to the drainage and temperatur
structure of the ice sheets. Inadequate consideration of these factors can lead to a poor representation of ice streams (e.
Sherriff-Tadano et al., 2024). Therefore, 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. We also perform sensitivity tests
varying the level of re nement of the ice streams and the rate of till water drainage to nd an optimum set-up that balances
computational cost with the representation of ice dynamics. These methods are described in appendices B and C.
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2.3.1 Boundary and initial conditions

The coupled simulations broadly follow the PMIP4 protocols for the LGM (Kageyama et al., 2017, 2021) and the PGM (Men-
viel et al., 2019), which prescribe greenhouse gases, orbital parameters and the Antarctic Ice Sheet con guration. Following
the method of Patterson et al. (2024), we also prescribe SSTs and Sea ice from HadCM3 simulations of 21 ka and 140 ka (Figs
la-c). A description of the HadCM3 simulations, the justi cation for this choice of approach, and a discussion on how these
SSTs may affect the result is also presented by Patterson et al. (2024).

The interactive ice sheet model domain covers the whole NH, including the North American, Greenland and Eurasian
ice sheets. Patterson et al. (2024) showed that the initial ice sheet model conditions used in the glacial maxima simulations
overwhelmingly determined the con gurations of the nal ice sheets due to the ice-albedo 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 up to the glacial maximum are important
in determining the con gurations 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 ice sheet geometry for 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 the sensitivity to the model
parameters that control key earth system feedbacks (e.g. ice-albedo feedback, ice-elevation feedback and climate-ice shee
interactions). The LGM orography was initiated from the GLAC-1D reconstruction (Briggs et al., 2014; lvanovic et al., 2016;
Tarasov et al., 2012, Fig. 1d) and the PGM was initiated from a combination of a simulated PGM NAIS by Patterson et al.
(2024) and simulated PGM EIS by Pollard et al. (2023) (Fig. 1e) and their corresponding topographies.

240 2.3.2 Ensemble design

245

250

As well as the initial ice sheet conditions, modelled ice sheet volumes and areas are also sensitive to a number of uncertair
parameters related to climate processes, surface mass balance and ice sheet dynamics. To assess this sensitivity, we design
ensemble using maximin Latin Hypercube Sampling (Williamson, 2015; Santner et al., 2003), that consists of 120 combinations
of 12 uncertain climate and ice sheet model parameters, varied over a speci ed range (Table 1). These 120 simulations are eac
run with the 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 con guration and spun-up internal
temperatures, this is enough 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 around 35 hours on 8 cores
complete (~280 core hours).

The choice and range of parameters is adapted from several previous ensemble studies (Gandy et al., 2023; Gregoire et al
2011; Patterson et al., 2024; Sherriff-Tadano et al., 2024). We vary three uncertain parameters related to ice sheet dynamics i
BISICLES; the basal friction coef cient in the power law relation (beta), the till water drain factor (drain), and the sub-shelf
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Figure 1. Boundary and initial conditions for the LGM and PGM simulations. Sea surface temperature anomaly from a HadCM3 pre-
industrial control 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 (c) LGM and (d) PGM.

melt constant (c). The elevcon parameter controls the magnitude of the height adjustment applied and the remaining parameter

control the climatic conditions and ice albedo in the simulations.
2.4 Evaluating the ensemble

To evaluate the performance of the LGM ensemble members and nd sets of model parameters that produce Not Ruled Out Yet
(NRQY) ice sheet con gurations, we employ an implausibility metric, following a similar approach to Patterson et al. (2024).
This allows a robust comparison of model output to empirical evidence and previous modelling studies, taking into account
their uncertainties. As in Patterson et al. (2024), the implausibility metric considers constraints on LGM NAIS ice volume and
southern ice extent, however, in this study these values have been revised and the metric has been expanded to also incluc
EIS volume and area constraints and Global Mean Air Temperature (GMT). The plausible ranges are derived from studies
using palaeo-records of past climate and ice 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 tt



Table 1. Parameters varied in the ensemble and the ranges sampled.

Parameter Unit Ensemble range  Notes

1=3

Weertman friction coefcient, Pam®™® a 20,000 to 60,000 Represents the resistance of ice at the base to motion. The

beta higher the value, the stronger the friction between the ice and
the bedrock over which itis owing.

Till water drain factor, drain yrit 0.01to 0.05 Controls the rate of vertical till-stored drainage and therefore
water pressure in the till layer. The higher the value, the more
rapidly till water is removed.

Sub-shelf melt constant, ¢ myr C!? 1t0 50 Characterises the relationship between ocean thermal forcing
and sub-shelf melt rate.

Lapse rate, tgrad Knt -0.01t0-0.002  Airtemperature lapse rate used to calculate surface temperature
at each ice elevation tile in FAMOUS. The more negative the
number, the stronger the lapse rate effects (Smith et al., 2021).

Sensitivity of bare ice albedo, K? -0.4t00 The sensitivity of bare ice albedo to surface air temperatures

daice above the melt threshold (mimics darkening of the surface due
to melt ponds forming in summer). The minimum value reduces
the bare ice albedo to as low as 0.15 (Smith et al., 2021).

Surface snow density threshold, kgm?3 350 to 800 The density threshold for snow beyond which the surface is re-

fsnow garded as bare ice. The higher the value, the higher the albedo
for denser snow, tending to increase ice sheet albedo overall
(Smith et al., 2021).

Sensitivity to surface grain size, um? 0to00.01 The sensitivity of the surface snow albedo to increasing grain

av_gr size. The higher the value, the more the albedo decreases over
time, reducing snow albedo overall (Smith et al., 2021).

Relative humidity threshold, Pal 0.6t00.9 The threshold of relative humidity above which large-scale

rhcrit clouds form (Smith, 1990).

Precipitating ice fall out speed, ms? lto2 The precipitating ice fall out speed (Heyms eld, 1977).

vfl

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

rate, ct tion (Smith, 1990).

Cloud liquid water threshold,  kgm?

cw

Height correction, elevcon

1x10* to 2x10°

1tol5

The threshold of cloud liquid water (over land) above which
precipitation forms (Smith, 1990).

Scaling factor for the height of the vertical levels read by the ice
sheet model (this study).
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PGM ensemble members that correspond to the selected LGM members to enable comparison, see whether the same parame
values produce plausible PGM ice sheets based on known con guration differences and allow us to learn more about the PGM
without the restriction of uncertain constraints.

The NAIS area is evaluated based on the southern extent of the ice sheet reconstructed by Dalton et al. (2020), within
3 times the area of the ice lobes (Fig 2a). We set this envelope of uncertainty (based on ice-lobe area) to account for known
common model biases, such as over-estimated Alaskan ice, and limitations such as the inability to simulate the dynamic ice
lobes (Patterson et al., 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 from (Hughes et al., 2016), since none of our simulations maintain ice over this area
(see Sect. 3.1) and we do not want to compensate for/hide this limitation by over-estimating ice elsewhere. The GMT range is
determined from different estimated levels of LGM cooling, and their uncertainties, relative to a pre-industrial GMT of 13.7
0.1 C (1880-1900; NOAA National Centers for Environmental Information, 2023; Sherriff-Tadano et al., 2024).

Figure 2. Reconstructions used in the implausibility metric. (a) North American Ice sheet extent from Dalton et al. (2020); the large red box
delimits the southern extent footprint used in the implausibility metric; the smaller red box indicates the area of the lobes used to calculate the
range of plausible values. (b) Eurasian ice sheet extent from Hughes et al. (2016); the red box indicates the area of the BIIS used to calculate

the range of plausible ice areas.

2.5 Gaussian process emulation and Sobol sensitivity analysis

To determine which of the model parameters had the most in uence on the uncertainty in modelled ice sheet con gurations,
and whether this differed for each of the NH ice sheets and each glacial maxima, we perform a Sobol Sensitivity Analysis
(Saltelli, 2002; Sobd) 2001) on four diagnostics for each ensemble; NAIS ice volume, NAIS southern area, EIS ice volume
and EIS area. This produces a rst order sensitivity 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 anc
a total order index which is the contribution by a model parameter as a result of its rst order sensitivity and all higher order
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Table 2. The ranges of plausible values for ice sheet volume and extent (in metres global mean sea level equivalent; m s.l.e), and global mear
surface air temperature@) used in our implausibility metric, and references to the published work used to derive these ranges.

Metric Plausible range References
North American Ice Volume (m s.l.e) 68 — 88 (Abe-Ouchi et al., 2015; Gregoire et al., 2012; Lambeck
Sheet (NAIS) et al., 2017; Moreno-Parada et al., 2023; Peltier et al.,
2015; Simms et al., 2019; Tarasov et al., 2012)
Area kn? 2.0x16-7.16x16 (Dalton et al., 2020)
Eurasian Ice Sheet Volume (m s.l.e) 13-235 (Abe-Ouchi et al., 2015; Hughes et al., 2016; Lambeck
(EIS) et al., 2006; Patton et al., 2016; Peltier et al., 2015;

Tarasov et al., 2012)
Area km? 3.83x16-8.02x16 (Hughes et al., 2016)
Global Mean surface air Temperatur&) 56-12.1 (Annan et al., 2022; Annan and Hargreaves, 2013;
Holden et al., 2010; Liu et al., 2023; Osman et al., 2021;
Schmittner et al., 2011; Schneider von Deimling et al.,
2006; Zhu et al., 2022)

interactions. An index value of 0.05 is often used as the threshold above which a parameter is considered to have an importan
in uence on the output variance (Zhang et al., 2015).

The Sobol analysis requires a uniform sample of thousands of model inputs, for example, generated following Saltelli's
extension of the Sobol sequence, which are outside of our initial parameter sample. This would therefore require additional
evaluations of the model, which would require signi cant additional computational resources. To this end, we train independent
Gaussian Process (GP) emulators (Kennedy and O'Hagan, 2001; Oakley and O'Hagan, 2004) on each of the four diagnostics
from the two 120 member ensembles. These emulators are then employed to evaluate the additional parameter sets generated
the Sobol sequence. Using this sequence and the emulators, we are able to generate and evaluate more than 200,000 sample:
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 number of uncertain parameters, a sample of this size is necessary in order to increas
the reliability of the Sobol analysis.

To evaluate the performance of our emulators and ensure their predicted output is sensible compared to the modelled output
we perform a Leave-One-Out Cross-Validation (LOOCV) on each emulator (Bastos and O'Hagan, 2009; Rougier et al., 2009).
In general, leave-k-out cross-validation involves splitting the dataset of input parameters and output diagnostics into separate
training sets and testing sets. An emulator is tted to the training set and then fed the input parameters from the test set to
evaluate. The values it then predicts is then compared to the actual modelled values. In the 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 left out. This process is
then repeated for each of the 120 model outputs. We found that, compared to the modelled outputs, seven of the ensembls
input parameter sets consistently produced poor predictions for four or more of the eight diagnostics. Therefore, to improve the
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quality of the emulator t, we removed these seven inputs, re-trained the emulators, and once again performed the LOOCYV. The
predicted values (and their 95% credible intervals) compared to the modelled values for each emulator are shown in Appendix
D (Fig D1). Overall, between 84-93% of the predicted intervals contain the true model output, which we determine is enough
for the purposes of the Sobol analysis.

3 Results
3.1 Ensemble

After running the ensembles of simulations for the LGM and PGM, we obtain two sets of 120 simulations with a wide spread of
NH ice sheet con gurations (Fig. 3). The ensemble mean volume of the NAIS at the LGM is 37.6 m s.l.e., with a smaller mean
at the PGM of 22.8 m s.l.e.. In contrast, the LGM has a smaller mean EIS volume of 5.39 m s.l.e. compared to 12.6 m s.l.e. at
the PGM. Both ensembles have a similar mean Greenland ice sheet volume of ~7 m s.l.e. The evolution and distributions of
ice volume across the ensembles shown in Fig. 3 reveals that ice sheets collapse in a signi cant proportion of simulations due
to an unsuitable combination of parameter values, but that many simulations sustain the initial ice volume, and a few grow.

We 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 sheets. All ensemble members have a global mean surface air temperature within th
plausible range (6.3—9.Z at the LGM and 7.1-10.1C at the PGM) due to the prescribed SSTs. Two LGM simulations t
all four of our implausibility criteria for the volume and extent 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 number and ranges of parameter
values sampled. Previous work with FAMOUS-ice (Gandy et al., 2023; Patterson et al., 2024; Sherriff-Tadano et al., 2024) has
shown that nding combinations of parameter values that produce realistic ice extent during glacial times is challenging, due
to strong albedo-surface mass balance feedbacks. Thus, nding two parameter combinations that produce plausible results fo
both time periods and both ice sheets is a good outcome. Additional simulations from the NROY parameter space could be
found by iterating this process and using emulators within the implausibility measures to ef ciently identify such parameter
combinations given the rst ensemble, as was done in Patterson et al. (2024). This is computationally expensive and was not
required for our purposes. Nevertheless, we apply the extent and volume constraints separately to explore additional plausible
ice sheet con gurations, especially since the volume constraint is still very uncertain and our minimum volume for the NAIS
is less lenient than limits that have been used previously (e.g. Gandy et al., 2023; Sherriff-Tadano et al., 2024). This results in
the selection of two more ensemble 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). All four NROY simulations are shown in Fig. 4, with the
corresponding four PGM simulations presented in Fig. 5. The time series of ice volume, surface mass balance and sub-shel
melt plus calving rate for these simulations are provided in Appendix E. The nal volumes and extents of the NROY simulations
are outlined in Table 3. A full comparison of the simulations against reconstructions of ice extent and other modelling studies
is presented in Section 4.1.
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Figure 3. Time series of ice volume over the 500 climate years (5000 ice sheet years) of simulation for each ensemble member (left hand
panels) and histograms of the distribution of nal ice volumes across the ensembles (right hand panels) for the LGM and PGM (a) Northern

Hemisphere; (b) North American ice sheet and (c) Eurasian ice sheet.

The parameter values used in the two NROYa and NROYb simulations are in a similar region of the parameter space for all
parameters except tgrad (lapse rate) and drain (till water drainage rate), suggesting the ice sheets are fairly insensitive to these
two parameters (Supplementary Fig. S1). Interestingly, there are ve simulations that produce only a plausible LGM NAIS
but do not meet constraints for the EIS (Figs. 6a and 6b) . Furthermore, as we have already seen, there are also simulation
that produce plausible ice sheet extents but fall short on the volume and vice versa. Many of these simulations are situated in
different areas of the parameters space than the two NROY simulations for most of the parameters (Supplementary Fig. S1).
Figures 6¢ and 6d show that the NROYa and NROYb parameter sets also produce the largest PGM ice sheet extents in the
ensemble but there are additional simulations that produce an EIS of similar or larger volume, which was not the case for the
LGM. These results all suggest that both ice sheets and both time periods display different sensitivities to model parameters.
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Figure 4. Final ice thickness and surface mass balance for the four NROY LGM simulations. The 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 gure.

Figure 5. Final ice thickness and surface mass balance for the four NROY PGM simulations. The red contours indicate the reconstructed
MIS 6 ice sheet extents of Batchelor et al. (2019) and the blue contours indicate the extent of the modelled ice sheets displayed in the gure.
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Table 3. Ice sheet volumes and extents at the end of the 5000 ice sheet years for the two NROY LGM simulations and the corresponding

PGM simulations

LGM PGM

NROYa NROYb NROY NROY NROYa NROYb NROY NROY

extent  volume extent  volume
NAIS Volume (m s.l.e.) 72.6 76.9 64.7 824 48.1 52.2 41.5 57.5
EIS Volume (m s.l.e.) 14.2 17.0 12.7 13.7 38.7 44.0 35.6 50.7
NAIS area (southern area)14.2 13.9 12.4 131 10.9 10.8 9.31 10.1
(x10° km?) (4.44) (417) (291) (351) (1.87) (1.66) (0.75) (1.32)
EIS area (x16km?) 4.53 5.0 4.08 3.56 9.86 10.1 9.04 9.61

Figure 6. 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 in the implausibility metric for area and
extent and the dotted line shows the actual extent of the ice sheet reconstructions. Simulations that fall within the green box satisfy area and
volume constraints for each individual ice sheet, the orange box indicates they satisfy the 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 box for both ice sheets) and the points outlined
in pink are the additional NROY extent and NROY volume simulations. Panels (c) and (d) show the equivalent results for the PGM ensembles

without the constraints.

16



345

350

3.2 Parameter sensitivities

We used Gaussian Process emulation and Sobol Sensitivity analysis (Sect. 2.5) to quantify the sensitivity of ice extent and vol-
ume to the model parameters we varied. Given emulator uncertainties, we focus on the largest values and differences betwee
the Sobol indices. We encourage the reader not to over-interpret the relative importance of the less signi cant parameters.

Figure 7 shows the rst and second order sensitivity indices for the NAIS and EIS volumes during the LGM and PGM. The
ice sheets were relatively insensitive to the parameters vfl (precipitating ice fall out speed), drain (till water drainage rate), ct
(cloud liquid water conversion rate), rhcrit (relative humidity threshold) and ¢ (sub-shelf melt constant).

Figure 7. 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 sheets. The darker colour represents the rst
order index and the lighter colour the second order index (together showing the total sensitivity). The variance of the Sobol indices plus the
mean emulator variance is indicated by the black error bars. The red line indicates the index value of 0.05, above which the sensitivity is

signi cant.

The most in uential parameters are fsnow (surface snow density threshold) and av_gr (sensitivity to grain size), which
control the albedo of the ice sheet, with larger values of fsnow and smaller values of av_gr leading to larger ice sheets. Daice
(bare ice albedo sensitivity) also played a role, especially for the NAIS, though its effect was secondary when fsnow and av_gr
already produced high albedo (Fig. F1). These three albedo parameters also showed strong interactions with each other an
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other parameters. Our Sobol analysis not only con rms the importance of albedo parameters, consistent with previous studies
(Gandy et al., 2023; Patterson et al., 2024; Sherriff-Tadano et al., 2024), but also quanti es the in uence of other parameters,
particularly for the EIS. For the EIS, the other important parameters are beta (Weertman friction coef cient), cw (cloud liquid
water threshold) at the LGM, and tgrad (lapse rate), especially for the PGM. The NAIS is also sensitive to new parameters
introduced in this study that were not tested in Gandy et al. (2023) or Patterson et al. (2024), including beta, and elevcon
(height correction; which the LGM volume is sensitive to). We discuss the reasons why parameters are more or less important
for different ice sheets and time periods in Section 4.2

3.3 Ice dynamics

By performing an internal temperature spin-up and sensitivity tests (Sect. 2.2 and Appendices B and C), we have improved ice
streaming in our simulations compared with FAMOUS-BISICLES simulations of the NAIS (Sherriff-Tadano et al., 2024). Ice
stream velocity in the NROY simulations ranges from a few hundred fn yo 5000 myr! , in agreement with present day
observations of Antarctica and Greenland (Joughin et al., 2010; Rignot et al., 2011). We assess to what extent the modelled ice
streams in the simulations match empirical reconstructions by performing a qualitative comparison of NROYa and NROYb to
LGM reconstructions of the Laurentide (Fig. 8a; Margold et al., 2018) and Eurasian ice streams (Fig. 9a; Patton et al., 2017).

Figure 8. (a) Empirical reconstruction of the active LGM Laurentide ice sheet ice streams (adapted from Margold et al. (2018), and (b)
NROYa and (c) NROYb ice velocities at the end of the 5000 year simulations.

For the Laurentide Ice Sheet, the locations of many of the ice streams show good agreement, particularly in NROYb (Fig.
8). This includes; (1) Mackenzie Trough, (18) Amundsen Gulf, (129) Prince Gustaf Adolf Sea, (123) Massey Sound, (126)
Smith Sound/Nares Strait, (22) Lancaster Sound, (23) Cumberland Sound, (24) Hudson Strait, (45) Notre Dame Channel,
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