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Abstract

The Penultimate DeglaciatioRDG;~140 128thousand years agka) is the transition from

the Penultimate Glacial Maximum (PGM; ~140 ka) to the Last Interglacial (LIG;14120

ka). The LIGexperienced warmer temperatures than predaytand it was the last time in
Earthos history t htlzab todag due tb largee dostributiens feomthe g h e r
Greenland and Antarctic ice sheets. Understanding the mechanisms that led to their retreat is
importantfor accurately projectinfuture sea level risdoecausdarge uncertainties remain in

how the ice sheets will respond to a warming climatee climate and ice sheets at the LIG

were still responding to changes that occurred during the, R&Gery little is known about

their evdution during this period due to incomplete and highly uncerggalogical data.
However,from what records do exist,is thought that the magnitudedsequence of events
differed fromthe more recent and betteonstrainedLast Deglaciation (LDG; ~21 ka).
Numerical modelling of these two periods can help fill the gaps irethgricalrecord and

provide a deeper understanding of the complex interactions that occurred between the ice sheets
and climate during glaciahterglacial cyclesThis will require the improvemendf complex

coupled climatdace sheet modslsothatthey areable to simulate atime periods well.

This thesisstrives to contribute to this endeavourdxamiring the similarities and differences
between the last two deglaciatiomsdugh a series of coupled climate sheet simulations

using the model FAMOU%e. First, the model istuned to produce realistic Northern
Hemisphere ice sheets during the Last and Penultimate glacial maxima through large ensemble
analysesand modeldatacomparisonThis provides a range of initialdst Glacial Maximum

and RenultimateGlacialMaximumice sheet conditions for use in subsequent simulatiennst
marginsresulting from uncertain model parameters are exploaad tle importance of
different processes and feedbacks on the configuration of the glacial maximum ice sheets is
guantified through sensitivity experiments and statistical analyses. Finally, transient
simulations of the Last and Penolate dglaciations are performed in which the satad
patterns of Northern Hemisphere ice sheet retreat are comftaseshown thamodelled rates

of deglaciationoccurred at a quicker ratturing the PDGhan the LDG and the different
Eurasian ice sheet configurations led to different padtef retreat through varied instability
mechanismd-urther sensitivity tests are undertaken to investigate the role of sutfachedf

and dynamic processeastheice sheetetreaf aswell asthe relativeimportance of insolation,

greenhouse gasesdsea surface conditions in driving deglaciatibimis work highlightsthe



high sensitivity of the surface mass balance to the albedo of the ice sheets, and its dominant
role in determining the configuration of the simulated ice sheets during all stagds dhe
ice-albedo feedback. Accurate representation of ice dynamics becomes more important when
simulating ice sheet retreddut the ice sheet evolution is na$ sensitive to the rate of sub

shelf melt, exceptvhenconfined ice shelves fornThisthesis also highlights the need for the
tuning of coupled climat&ce sheet models across transient simulations to find sets of
parameters that produce plausible ice sheet configuraticlispdiases of glaciahterglacial

cycles, as well as for presesnid future scenarios, to increase the reliability of simulations of

future sea level rise.

Vi
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Chapter 1

1 Introduction

1.1 Motivation

By the end of the Zicentury, human induced climate change is projected to cause up to 4.8°C

of atmospmeric warming depending on the emissions scenaftielative to 199-2014)
(Intergovernmental Paneln Climate Change (IPCC), 2023brhis will have significant
impacts globally, including sea level rise due to the melting of the Greenland and Antarctic ice
shees, which will threaten coastal environments, causing catastrophic economic, social and
environmental losses. However, the magnitude of sea level rise, and therefore the severity of
the impacts, is highly uncertain with projections ranging from1063m d@ending on the
emissions scenari@ne ofthe biggest uncertaieisstems from how ice sheets will respond to
warming and the likelihood of processes such as marine ice sheet instability oq@ariger

et al., 2022; Intergovernmental Paoel Climate Change (IPCC), 2023¢opp et al., 2017;

Pattyn et al., 2018)ce sheets can respond to changes in climate across millennial timescales
for which direct observations are not avhia However, in the past, the climate system has
experienced huge shifts, albeit as a result of natural processes and not anthropogenic, causing
significant changes in ice sheet extent and sea level. Thus, studying these past periods, through
the palaeaecord and numerical modelling, could advance our understanding of how ice sheets
respond to changes in climate forcing (such as solar insolation and greenhouse gases) and the
processes and mechanisms responsible for higher sea levels, therefore helpirgincon
projections of future sea level rig€ischer et al., 2018; Haywood et al., 2019; Masson
Delmotte et al., 2013; Stokes et al., 216 addition, modeblata comparison will enable us

to determine the robustness of the models when performingf@aimple i.e. in future

projection scenarios

In particular, the Last berglacid period (LIG; ~129116thousand years agka) was thenost

recent period in Earthoés hi st enduystriaMimestieis t e mp e
estimated that average global surface temperatures we2éC-higher(Otto-Bliesner et al.,

2013a; Turney and Jones, 201@)th high latitude temperatures exceeding (@iapron et al.,

2017a; Landais et al., 201&ausinga sea level 499 m higher thanpresent dayDutton and

Lambeck, 2012; Dyer et al., 2021; Kopp et al., 200%)s implies there was significant ice



loss from the Greenland and Antarctic ice sheets but the individual contribintionsach, as

well as the total global mean sea level rise, is uncettagely due to a lack of understanding

of the mechanisms involved in their retréautton et al., 2015; Quiquet et al., 2013; Stone et

al., 2013) The LIG has therefore been the focus of numerous studies seekingniamite

the interactions that occurred between the climate and the ice sheets during this period of
substantial change, since it is seen as a partial analogue for future climate (Giioge et

al., 2020; Golledge et al., 2021)

Due to the response timesioé sheets being on the order of millennia, changes in sea level
during the LIG were still responding to changes in the climate and ice sheets that took place
during the deglaciation that preceded it; the Penultimate Deglaciation (PDG1284@)
(Menviel et al., 2019)Not much is known about the evolution of the climate and ice sheets
during the PDCdue to the erasure of glaciological evidence dutivgmore recent glacial
advance and difficulties in datingider records(Capron et al., 2017b; Govin et al., 2015)
Nevertheless, there is some evidence that the pace, magnitude and timing of changes during
the PDG differed to the Last Deglaciation (LDG; -2X%a), which preceded the current
Holocene interglacial, ®sibly contributing to the different interglacial characteristics
(Landais et al., 2013; Menviel et al., 201%jhus, developing a deeper understanding of how
and why theséwo deglaciations differed, will provide important knowledge on how the earth

system responds to large changes in internal and external forcings.

Whilst the padeo-data record can provide important constraints on how the components of the
earth system clmged over time, they do not easily explain what caused these changes or how
these components interacted with each o(karrison et al., 2016)This is therefore the
motivation of this PhD project, as well as many others in treareh community, who aim to

fill in some of the gaps in the data record by using numerical models to simulate the evolution
of the Last and Penultimate glacial cycles. For example, the Paleoclimate Modelling
Intercomparison Project phase 4 (PMIP4) has ypeed protocols for performing simulations

of the deglaciations, usir@mplex climate modelso investigate the responses of the climate
system to large changes in boundary conditigvenovic et al., 2016; Menviel et al., 2019)

This PhD project contributes to this modelling effort anelsuse climate boundary conditions
outlined in these protocols. However, it also seeks to capture the important feedbacks that occur
between the climate and the ice sheets (outlinS&at.1.2.2 by coupling ajyenerakirculation

model (GCM) to anice sheet model (ISM). This will help further understanding on the
evolution of the earth system during the last two glaot&rglacial cycles and how this may

have contributed to the higher sea level during the Last Interglasiglared to present day.



In addition, comparing the results of these modelling studies to the available-gataeo
provides valuable information on the capabilities of the models used for future projections of
sea level rise. This can then be utilisedrovmle estimates dhe uncertainty in projectiorss

a result of model limitations, as well as help improve the representation of certain processes in
numerical modeland increase their ability to robustly simulate all time per{@ilaconnot et

al., 2012; Hargon et al., 2016)

1.2 Context

1.2.1Quaternary glaciainterglacial cycles

During the Quaternary (2.6 million years aggc
long, colder glacial andorief, warmer interglacial conditionfisiecki and Raymo, 2005;

PAGES, 2016) The huge shifts in the climate and ice sheets that occurred during this period

are documented in the palasgrord (see Sect$.2.1.1and1.2.1.9 which shows how Igcial

periods involve a gradual coolingdecreasin@f greenhouse gases (GHGs) and the slow build

up, over 70,00®0,000 years, of large ice sheets over the Northern Hemisphere (NH)
continentsThiscawsedsea levels to decrease by up to @88t the glacial maximurBintanja

et al., 2005; Lambeck et al., 2014) contrast, the transition to interglacial conditions, called
deglaciations or terminations, happens relatively quickly (~10,000 years) causiegadieof

changes in climate to display a sawtooth pat{Eigure 1.1; Broecker and van Donk, 1970;

PAGES, 2016) During deglaciations, temperatures and GHGs increase and the large
continental ice sheets retreat, releasing large fluxes of meltimsbethe oceanscausing a

global mearsea levelise These large scale shifts in climate are triggered by changes in
summer insolationreceivedh i gh nort hern | atitudes @hee t o v
Milankovitch Theory; Berger, 1978, 1980; Hays et al., 197#)s includes changes to the
shape of the Earthds orbit (eccenherdiectiont y) , t
the axis is pointed (precessiomjowever internal amplifications mechanisms and feedbacks

are needed to explain the magnitude and timings of the rapid deglac{&igeski, 2010)

After the long term builelp of ice sheets reaches a critical threshold, they can then become
susceptible to rapid disintegratiounder a modest insolation forcing due to -finear
responses of the climate systéabe-Ouchi et al., 2013; Barker and Knorr, 2021; Imbrie et al.,
1993; AGES, 2016) These mechanisms are related to increases in atmas@igrichanges

in atmospheric and oceanic circulation, and feedbacks related to the ice sheets themselves
(Abe-Ouchiet al., 2013; Cheng et al., 2009; Denton et al., 2010; Stap et al., R@diipnally,

within each deglaciation, there is evidence of abrupt millennial scale events in which the



climate oscillates between colder stadial and warmer interstadial condbiansgaard et al.,
1993; McManus et al., 1999 AKBES, 2016) Ice core isotope records from Greenland and
Antarctica show large and abrupt changes in temperature and GHGs occurring asynchronously
over the Northern and Southern Hemisphegarbante et al., 2006; Blunier et al., 1998;
Blunier and Brook, 2001; Jouzel et al., 200/@ading to the widely accepted theory that these
events are related to a change in the strength of the Atlantic Meti@wegurning Circulation
(AMOC) and thus the transport of heat across the equatos concept is known as the
At her mal b i(Broedker,r1998; MaVarauswedal., 2004; Stocker and Johnsen,.2003)
AMOC weakeninghas been suggested to arise due talaaten of North Atlantic Deevater
(NADW) formation as a result of increased meltwater into the North Atlantic from ice sheet
disintegration (triggered by rising insolatiqiyanovic et al., 2017; Ngt al., 2018)To support

this, ice rafted @bris (IRD) layers in North Atlantic sediment cores provide evidence of huge
iceberg discharges from the North Amerigem sheet providing additional freshwater to the
region (called Heinrich events) during sewif the stadials (called Heinrich Stadiddginrich,
1988)which could be a consequenakand/orlead to a strengtheningf these abrupt events
(Barker et al., 2015; Broecker, 949, Hemming, 2004)
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Figure 1.1: Structure of glacial-interglacial cycles over the past 500,000 years shown througgd the benthic
U'%0 record (a proxy for temperature and global ice volumeLisiecki and Raymo, (2005) and (b) EPICA
Dome C CQ record (Bereiter et al., 2015)



The characteristics of each glaenaterglacial cycle differ as a result of variations in the
evolution ofexternal climate factors, such as insolation, and complex interactions between all
components of the earth system, most of which are not yet fully under@togties and
Gibbard, 2018)To further our understanding of the Quaternary cycles, these processes need
to be explored on all spatial and temporal scales. Some of the major interactions arck$eedba
affecting the evolution of the climate and ice sheets that need to be considered are outlined in
Sect 1.2.2

1.2.1.1 Ice sheet records

There are a number of lines of empirical evidence that can help determine the extent,slynamic
and chronology of the ice sheets throwggrciatinterglacial cyclesThis includes the useof
landforms, such as drumlins and moraines, and properties of sediment deguditsanalso

be dated using methods such as radiocarbon dating and cosmexgeostireto provide a
geochronological recor(Ely et al., 2021; Klemast al., 2006; Kleman and Borgstrom, 1996;
Stokes et al., 2015)or example moraine ridges can be mapped and dated to show change in
ice sheet extent and flow direction over tif@ark et al., 2012a)penthicii*®O isotope records

from marine sediment cores are used as a proxy for changes in global ice volume and sea level
(Lisiecki and Raymo, 2005and sediment dropped from melting icebergs (IRD) can indicate
the marine extent of ice sheets and periods of rapid ice sheet disinte@taiioming, 2004;

Knies et al., 2001)

The accuracy of reconstructions based on this empiricdérge is limited by the spatial and
temporal resolution of geomorphological evidence and chronological controls, low precision
of available dates, sample contamination, measurement uncertainty and contradictions and
discrepancies between different linesdata(Dalton et al., 2020; Hughes et al., 2016; Patton

et al., 2017)Nevertheless, several compilations of data have been produced to reconstruct the
evolution of tle extent of the ice sheets and ice streaming atdbe=lacial Maximum (LGM)

and through the Last Deglaciation (eBatchelor et al., 2019; Clark ett,&2022; Dalton et al.,

2020; Dyke et al., 2002; Hughes et al., 2016; Margold et al., 2048¢h have been used as

boundary conditions and constraints for numerical modelsTargsov et al., 2012)

The Penultimate Deglaciation efforts have been limited to reconstructing the maximum extent
through the whole Penultimate Glacial Cy(Batchelor et al., 2019; Svendsen et al., 2004)
This is because there are fewer constraints on periods predating the LGM as much of the
glaciological evidence was erased by the last glacial adyvamt¢here are also difficulties in
dating older recordgHughes and Gibbard, 2018; Svendsen et al., 20@4addition, the
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thickness distribution and surface topography of the ice sdeetg both glacialsare more
uncertain since there is little direct evideicen the empirical recordnd they must therefore
be inferred from indirect constraints such as relative sea level (R&ljison et al., 2016;
Stokes et al., 2015)

Whilst the addition of wagr into the ocearaisesthe global mean sea leyéhe spatial pattern

of sea levethangevaries globally due to a feadditionalprocesses that act upon the oceans

and land The sea level measured at a specific locatiefatjve to the local topography is

known as RSLThe main processes that can affect the R_changes tand ice volume

(and hence global mean sea lg¢waldchanges to the height of the land dugléazial isostatic
adjustment(GIA). GIA is the response of the solid earth,wipational field and oceans to the
loading of ice massd8Vhitehouse, 2018; Yokoyama and Purcell, 202E)an ice sheet grows

it depresses the lithosphere and mantle beneath kvhad it retreats the elastic lithosphere
rebounds almost instantaneously whereas the viscoudentaata delayed responsever
thousands to hundreds of thousands of yé&rke et al., 2018; Yokoyama and Purcell, 2021)
This redistribution of mass al so a.fAbmalet s Ear
ice sheet mass exerts a smaller gravitational influence on the ocean, causing a fall in local sea

level (Yokoyama and Purcell, 2021)

RSL data can be obtaeéd from coral reefs, raised shorelines and faunal assamblages on
continental shelves and combined with GIA modelling, sometimes along with ice extent and
chronological constraints, to reconstrghkibalsea level change (and therefore total ice volume
change) and ice thickness over the deglaciatifirecavalier et al., 2014)Global mean sea

level changecan also be measured from evidence at sites far from the past ice sheets and
measurements can be supplemented by GPS data of present day vertical velocities @f the lan
(Argus et al., 2014; Lambeck et al., 2006, 2017; Milne et al., 2002; Peltier et al., 2015)
However,there ardarge uncertainties in the rheological structure of the emrthdiferent

earth models can produce multiple ice sheet configurations that fit the RS{Sdhtaidt et

al., 2014b) These methodsan also not provide information on mechanisms of retreat and
often produce ice shiesthat are inconsistent with ice sheet physied climatgTarasov et al.,

2012)

1.2.1.2 Climate records
The climatic conditions, and timingf changes, during glaciaiterglacial cycles can be
inferred from empirical evidence obtained from ice and sediment cores and speleothems.

Measurements made from air bubbles in ice cores provide a direct record of the atmospheric



composition over time naming GHG concentrations (including gN>O and CH) over
several glacialnterglacial cycles are relatively well known. Greenland ice cores (e.g. NGRIP)
only span the last glacial cycle (~123,000 years) whereas ice cores from Antarctica (e.g. EPICA
DomeC) go as far as 800,000 yearsfdre presen{Andersen et al., 2004; Augustin et al.,
2004) In addition, measurements GO and deuterium isotopes from ice cores can also
provide a proxy for air temperatures over the ice shi@etdersen et al., 2004; Jouzel et al.,
2007b) Rates and amount of dust deposition can also be determined from icevtickslso

serve as a proxy for Antarctic air temperature during glagaise dust depositiobecomes
increasinglypositively correlate with Antarctic temperature as it gets coldeambert et al.,

2008) The distribution and chemistry of microfossils (e.g. insects, pollen, foraminifera) and
sediments found in cores and rocks in marine, lake and terrestrial environments can provide
proxiesfor temperatire, salinity and precipitation, and provide information on past vegetation
(e.g.Martrat et al., 2014; Oppo et al., 20083 well as providing a proxy for global ice volume,

the marineoxygen isotopeecord is also affected by ocean temperat(lrisgecki and Raymo,

2005) These can be disentangledprovide a record of sea surface temperat{(&T s)and

ice volume(Shakun et al., 20155peleothems are cave formatigmeducedwhen mineral
deposits are carried by ground water percolating through the rock and build up over tens of
thousands of years. Similar to cores, measurements of isotopes and trace elements in the
deposits can provide information on multiple climate variafilrysdale et al., 2020; Wong

and Breecker, 201%nd give relatively precise timings of climate eveg@beng et al., 2009)

As with empirical data on palagce sheets, uncertainties arise from unreliable chronologies,
irregular sampling, different techniques used and discrepancies betweserdifflatasets
(Govin et al., 2015; Harrison et al., 201B) addition, palaedimate proxies can beontrolled

by multiple factors making it difficult to disentangle the influence from a single variable of
interest. Theycan also be influenced by nowlimatic factors (e.g. C¢), and rely on the
assumption that relationships observed between the proxy and the climate vaeiable
throughout the pagBraconnot et al., 20)2Therefore, multiple proxies are usually combined
to reconstruct past climate variables (e/daelbroeck et al., 2009nd numerical climate
models can be employed to further our understandmdy fill in gaps by constraining the
physical processes that lead to the spatial and temporal patterms sEmrdgJonkers et al.,
2021) These models are usually forcedttwappropriate insolation values which can be

calculated from the orbital parameters (eccentricity, obliquity and precession).



1.2.2Ice sheekarth system interactions

Whilst it is mostly changes in summer insolation and atmospheriti@0drives changes in

the climate, pacing the waxing and waning of the ice sheets through-giéerglacial cycles,

the ice sheets themselves also exert a large influence on the climate and other components of
the earth system, which in turn modulate the response of thiedetsdo the external climate
forcings (Figure 1.2; Clark et al., 2009; Fyke et al., 201&eedbacks that result from these
two-way interactions can be positive (amplify the response) or negative (have a dampening
effect) and can have a significant effect oa #olume and extent of an ice shbgtchanging

its mass balanc@~yke et al., 2018)The mass balance is primarily determined by the mass
change of ice in contact with thenaisphere (surface mass balance; $Mthich is the net
balance of accumulation (i.e. from snow and freezing rain) abldtion from melt and
sublimation at the surface of the ice sheet, and the mass change of ice in contact with the ocean
where ice can be lost to calving and ocean driven basal melt. There is also a small contribution
from bottom melt of grounded ice byegthermal heat fluxbut this is minor compared to
atmospheric and oceanic loss@ézcaino, 2014) Changes in summer air temperatures,

precipitation patterns, ocean temperatures and circulation, and ice dynamics affect this balance.

1.2.2.1 Ice sheei atmosphere interacins

Ice sheets affect atmospheric conditions in many ways. Theyhigvesurface elevations and
a high albedo(reflect a large proportion of the incoming shortwave radiatidhis leads to
global and local cooling of surface air temperatures and chamdasgescale atmospheric
circulation, which in turn affect wind and precipitation patt§rl@e ghi n et al ., 20
et al.,, 2019; Manabe and Broccoli, 1985; Roe and Lindzen, 2601 )examplejt has been
shownthat the large ice sheet that covered North America during the last glacial period, may
have been high enough tause a zonalisation agtrengtheningf the jet streanand a shift

in stationary waves, whicbould have caused a warming over the Aratid a reduction of
precipitation over parts of Euragigageyama and Valdes, 2000; Liakka et al., 2016; Liakka
and Lofverstrom, 2018; Ullman et al., 201%heseice sheeproperties also lead to important
feedbacks including the ieadbedo feedback. As snow and icarsto melt, the surface darkens

and the albedo decreases. This allows more absorption of incoming solar radiation, warming
the surface and causing more melt, especially in surderOuchi et al., 2007; Pritchard et

al., 2008; Stap et al., 2014hhis is a main contributor to present and future mass loss across
GreenlandBox ¢ al., 2012; Zeitz et al., 2021yhe same effect occurs if the melting snow
exposes the underlying firn or bare ice, produtest poolsor, over longer timescales, is

replaced by rocks, soil or vegetation, since these all have lower albedos thamdmesimd



ice (Box et al., 2012; Stone and Lunt, 2013; Tedesco et al., 2Chkhnges to dust deposition
on the ice sheet can also lowke albedo and enhance surface rfidtr-Or et al., 2008)

Another important positive feedback is the temperaélggation feedbackAbe-Ouchi et al.,

2007) An increase in ablation will lower the elevation of the ice sheet into warmer air
temperatures due to the lapse rate effect, this in turn enhances the ablatiorfLfavdenann

and Winkelmann, 2016)lhe impact of this increases with greater levels of elevation change
and larger ablation areas. This has been showigter large areas of rapid deglaciatéuring

glacial periodsas a threshold in geometry is reacf@degoire et al., 2016However, elevation
change also results in a negative feedback since warmer air holds more moisture, leading to
higher precipitation/accumulation in the so called elevatiesert effec{MassorDelmotte et

al., 2013) Another negative elevation feedback occurs when an ice sheet gains mass causing a
larger advance into the ablation area, warmer lower latifudethe marine margins where
further growth is then inhited (Fyke et al., 2018)Already, from this first section, it is clear

that earth system interactions are numeroudjrectional, and complex.
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Figure 1.2: Schematic of interactions between ice sheets and other components of the eartbtesy from
IPCC AR5 (MassonDelmotte et al., 2013)

1.2.2.2 Icesheeti ocean interactions

Ice sheets also affect oceanic conditions through the input of freshwater as a result of surface
meltwater runoff and melting of icebergs, outlet glaciers and ice shelves. This acts to freshen
and cool the ocean which affecte ticean circulatiothrough reducing deewater formation.

This in turn impactsthe transfer of heat across the glo#ed shiftstemperature and



precipitation patterngAn et al., 2024; Li et al., 2023bfror example, evidence suggests that

the AMOC has slowed down over the twentieth century which may be due toditieradf

meltwater from Greenland causingealuction in surface ocean density and thus the formation

of North Atlantic Deepwater(Bakker et al., 2016; Rahmstorf et al., 2QI®)e atmospheric

cooling caused by the presence of ice sheets also contributes to cooler sea surface temperatures
which leads to a larger expansion of sea ice cover in the North Atlantic. Thisvireduces

global temperatures further through the -adbedo feedback which again influences

atmospheric circulatio(Colleoni et al., 2011)

Moreover where ice sheets discharge into the ocetiner through outlet glaciers or floating

ice shelves (for ice sheets that lie on bedrock that is below sea level) at marine margins,
interactions with the ocearan have a significant impact on the mass balance of the ice sheet.
The two main processes that lead to ice n@ssby the ocean are sabelfmelt and calving

of icebergs, which are closely linked to the ice sheet dynamics through the transpdroaiice

the interior to the marine margins. However, both of these processes are poorly understood
since theydifficult to observe and measure aawk affected by many complex processes and
feedbacks(Benn et al., 2007; Truffer and Motyka, 2016ubshelf melting is largely
controlled by the temperaturé the subsurface ocean water at the front of the glaciers and in
the ice shelf cavities, and it is therefore affected by global ocean temperatures and transport of
water onto the continental shéBenn et al., 2007; Fyke et al., 2018; Joughin et al., 2012;
Rignot and Jacobs, 2002)ne positive feedback related to this process occurs when increased
freshwater flux leasl to stratification of the water column and reduced vertical mixing. This
increases temperatures on the continental shelf and thus increases the melting of ice shelves.
This process may have contributed to the production of massive icebergs and rajpékice s
retreat during Heinrich eventélvarezSolas et al., 2010; Marcott et al., 201Cxlving of ice

by the ocean occurs as a result of mechanical processes that cause fraghicingan be
exacerbated by incases in ocean temperatures through the thinning and weakening of ice

shelves and thermal undercutting of the termifBenn et al., 2007)

In addition to directly decreasing the mass of the ice sheet, ice@tesinteractions impact

the stability of an ice sheet. The presence of confined ice shelves (i.e. in an embayment or has
pinning points) provides buttressing that restricts the flow of grounded ice from upstream of
ice streams and glaciefslanna et al., 2013)Therefore, if an ice shelf starts to thin or
disintegrate through sedhelf melt or clving, a series of positive feedbacks can be set up. Loss

of buttressing leads to increased strain rates, acceleration and thinning of grounded glaciers

(Dupont and Alley, 2005; Liu et al., 2015)his results in an increase in the discharge of ice
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across the grounding line (the zone where ice transitions from the grounded ice sheet to the
floating ice shelves) and groundlingédi retreat which can further reduce basal trag®ann

et al., 2017; Gudmundsson et al., 20I¥servations under Pine Island Glacier in Antarctica
have provided evidence of this processes ocwyrnere over the past few decades due to
changes in heat transport under the ice shesulting in the largest contribution to sea level

rise from any Antarctic glacier over this tini@enkins et al.,, 2010; Rignot et al., 2019)
Furthermore, increased speeds can lead to more rifting and calving and retreating grounding
lines lead to a larger areas being subjected to warmer ocean tempddatuges et al., 2012)
Grounding line retreat can also become unstable, leading to irreversible and rapid ice sheet
collapse, if it occurs across bedk that slopes down towards the interior of the ice sheet. This

is because it will retreat into deeper water and thicker ice which results in an increased ice flux
which in turn further thins the ice leading to continued retreat and so on. This psoedssed

to as mane ice sheet inshality (Hanna et al., 2013; Joughin et al., 2012; Pattyn et al.,;2018
Schoof, 2007 and is the cause for much of the uncertainty related to ice sheet response to
climate changelhe West Antarctic iceheet is particularly vulnelde to this instability owing

to the retrograde bed that is present under many of its large outlet glabiers.is evidence

that this process may have led to periods of accelerated retreat across Pine Island Glacier from
1940s1990s(Reed et al., 2024¥hich causes concern for the future rate of ice mass loss and
sea level rise as grounding line retreat continues across potentially unstable glaciers around
Antarctica(Joughin et al., 2014)

1.2.2.3 Ice dynamics

Thedynamics of an ice sheet is also influenced byniss balancandin turn plays a role in

its evolution ad stability over the glacial cycles. Ice sheets flow under gravity and speeds vary
from a few meters per year in the interior to a few kilometres per year in fast flowing outlet
glaciers, ice streams and ice shelves. The gravity driven movement ofcenitthm where it

has accumulated in the interior to the thinner ice at the edges where ablation occurs, controls
the ice sheet geometry and therefore its impact on the earth gyStkenet al., 2018)The

flow of ice to the margins can also lead to feedbacks that result in deglaciatieaxafule,

as more ice flows into ablations zones and to the marine margins, the height of the ice sheet in
the interior decreases (initiating a temperatleyation feedback) and more ice is lost through
ablation and calvingMarshall and Clark, 2002)

The rate of ice flow through deformation and basal sliding gadly afunction of ice
temperature and displays ascillatory behaviour. Warmer ice flows faster which results in

thinning of the ice sheet leading to cooling through advection and the potential for ice to freeze
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to the bed. This slows down the ice flow allowing ice thickness to increase again untigmelti
point is reached again at the ice b@darshall and Clark, 2002Y he presence of water at the
ice-bedrock inteface is also important for determining the ice flow since basal sliding increases
with the subglacial water pressyit¢offman and Price, 2014)

1.2.2.4 Ice sheet solid earth interactions

GIA processegancontrol the ice sheet response to atmospheric and oceanic forcings. For
example, as an ice sheet grows and the bedrock lowers so does the elevation of the ice sheet
which decreases the SMB through the temperagleneation feedback. Therefore, onbe ice

sheet reaches a certain height it only requires a small change in insolation to trigger rapid retreat
due to delayed isostatic rebou@be-Ouchi et al., 2013)When a marine icehget retreats,

the elastic uplift reduces the sea level in the region of the ice shelves which can slow down
grounding line retreat and help prevent marine ice sheet instal{iliiesez et al., 2010, 2015;
Konrad etal., 2015)

1.2.2.5 Other interactions

Other earth system feedbacks also alter the pace of giatgaglacial cycles, e.giegetation
feedbackgHorton et al., 2010; Willeit et al., 20245orinstance the northern boreal treeline

shifts southward with decreases in summer insolation and is replaced by tundra which has a
higher alledo, enhancing orbitally induced summer cooling and promoting ice expansion
(Kageyama et al., 2004; Stone and Lunt, 2013; Willeit et al., 2024)

Interactions with large proglacial lakes that form in front of terrestrial ice sheet margins as they
retreat and meltwar fills in the depressions left behind, can affect the rate of deglaciation. For
example, they increase the subglacial water pressure, reduce basal friction, accelerate sliding
and promote the formation of ice streams. Also, ice shelves can form orogtecial lakes

and can therefore undergomilar processet marine ice shelvedeading to grounding line
retreat and potentially instabilities, whiatay have caused the collapse of the ice saddle over
Hudson Bay during the LD@Carrivick and Tweed, 2013; Hinakt al., 2022; Quiquet et al.,
2021b; Scherrenberg et al., 2023dpwever, the rates of calving and sshelf melt differ due

to differences in circulation of the freshwater compared to ocean water and they tend to have
less of an impact on mass balanod dynamics than the atmospheric mass (@asquet et

al., 2021b; Truffer and Motyka, 2016lhese large lakes also impact 8B of the ice sheets
through their effects on the energy budget since they have low albedos and high thermal heat
capacities which causes a reduction in summer ablg@iarmivick and Tweed, 2013; Hostetler

et al., 2000)
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It is clear that these interactions do not act in isolation as all parts of the system are connected
and a change in one will impact others in complex waysekample, changes in wind patterns

can affect the ocean circulatifDavini et al., 2015; Sherrdffadano et al., 2018purface melt

and rainwater can percolate through ice shelves causing them to thin, gdreabturing

and penetrate to the ice bed where it acts to increase ice flow to marine margins and ablation
zones through basal slidif@eConto and Pollard, 2016; Parizek and Alley, 2004; Zwally et

al., 2002) Freshwater that dikarges into the ocean from surface melt can also form buoyant
plumes that carry warmer ocean water to the shelf front, enhancing ice loss through oceanic
processegHewitt, 2020) Reduced basal friction causes higher velocities and the formation of
ice shelves which lowers the surface elevation, increasing surfalte This is turn can
accelerate mass loss through marine/proglacial lake instabiliHeasck et al., 2022;
Scherrenberg et al., 2023a)

1.2.3The Last [2glaciation ersusthe Penultimate Bglaciaton

The last two deglaciations differed in terms of the conditions under which they were initiated,
the evolution of the climate and ice sheets and the characteristics of the following interglacials
(Menviel et al., 2019)The Last Deglaciation (~22 ka occurred during Marine Isotope Stage

2 (MIS 2;~29-14 kg and began after the sbGlacial Maximum (LGM; 21 ka) which is the

period during the glacial cycle in which sea level records show the largest drop (i.e. global ice
volume was at its largedffughes et al., 2013; Ivanovic et al., 201&Yetreat of the ice sheets

was then triggered leading to a rise in sea levels and a transitioth@icurrentHolocene
interglacial (~11 ka The Penulmate Deglaciation (~14@28 ka) occurred during Marine
Isotope Stage 6 (MIS 6; ~191B0 ka). It began after the PenultiteaGlacial Maximum (PGM;
~140ka) and led into the Lasnterglacial (~129116 ka) (Menviel et al., 2019)This thesis

uses the dates 21 ka and 140 &= in the PMIP4 modelling protocols, to be the LGM and
PGM, respectively. However, it is important to note that marine isotope and sea level records
show alow in global sea level spanning ~28 ka(Clark et al., 2009; Clark and Mix, 2002)

and ~155140 ka(Rohling et al., 2017)

1.2.3.1 Ice sheets

Studiesbased on proxy data, RSL records and GIA mode#liggesthatthe LGM sea level
was around 12130 m lower than present dgyustermann et al., 2013; Clark et al., 2009;
Clark and Mix, 2002; Grant et al., 2014)he PGM shows more uncertainty with some
estimates from Red Sea and Mediterranean RSL amdgsthoreline records suggesting the
sea level drop was 21 + 14 m lower than the L@Eant et al., 2014; Rabineau et al., 2006;
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Rohling et al., 2017and so global ice volume was also smaller. However, reconstructions
based on the marine bentkif€O record suggest a sea level drop of similar or even larger value
than the LGM (up to 15@n below present dayBintanja et al., 2005; Shakun et al., 2015;
Wadbroeck et al., 2002)and some sources state the presence of larger ice sheets overall during
MIS 6 (e.g.Batchelor et al., 2019; Margari et al., 2014)

The sea level evation determined from a nurab ofthesestudies is shown ifigure1.3 and
displays the large spread in these estimalbsse discrepancies may be due to inaccurate
estimates of GIA, uncertainties in the effe€t@mperature oii*®O data or measurements of
RSL data.

—— Waelbroeck et al., 2002
Shakun et al., 2015

—— Grant etal, 2014

—— Bintanja et al., 2005

—— Berends et al,, 2021
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Figure 1.3: Sea level evolution over the past two glacial cycles relative to present day from a number of
different studies (Berends et al., 2021; Bintanja et al., 2005; Grant et al., 2014; Shakun et al., 2015;
Waelbroeck et al., 2002)

Since the determination of ice sheet configuration from empirical evidence antaSéa
constraints is difficult (see Sed.2.1.), they can be combined witthpsics-based ice sheet
modelling to help fill in some of the dagaps and provide further constraints on the ice sheet
evolution, especially in regards to ice volume and thickness of specific ice sheets and ice
dynamics (e.gSejrup et al., 2022; Tarasov et al., 2012; Tarasov and Peltier,. 2&04djch, in

recern years there has been significant improvements in our understanding of the evolution of
the Northern Hemisphere ice sheets, especially through the Last Degla@iiton et al.,

2017; Tarasov et al., 2012 lumerical modelling haalso been employed to help understand

the contribution of different processes to the ice sheet retreat and the individual ice sheet
contributions to sea level (e.§be-Ouchi et al., 2013; @ledge et al., 2021; Quiquet et al.,

2021a) From all these available data sources, it is clear that the ice sheet configurations, timing

14



and patterns of changes, and the processes that cause them, differ between the last two glacial

maxima and deglaciains but how and why is still very uncertain.

The Eurasian Ice Sheet (EI&mprises the lagy marine based Britishiish Ice $eet (BIIS)

and BarentsKara Ice Sheet (BKISand thelargelyterrestrial Fennoscandian Ice Sheet (FIS)
which were all conneed during the glacial maxima and extended out to the continental shelf
along most of the marine margfRigure1.4; Clark et al., 2012a, 2022; Hughes et al., 2016)
During the LGM the southern extent reached to around 53° N and reconstructions show a
maximum extent of 5.48 x $&n" (Figure1.4a), however the ice did not reach this maximum

in all areas at the same tirftdughes et al., 2016; Patton et al., 20 example, pés of the

BIIS may have reached their maximum as early a8&®Ka before starting their retreat before

21 ka(Clark et al., 2012a, 22), but the eastern margins may have continued to advance until
20ka(Hughes et al., 2016; Patton et al., 20NQmerical and GIA modelling studies estimate
that the LGM EIS volume was around-238 msealevelequivalent (m s.l.g. (Lambeck et al.,
2006; Patton et al., 2016; Peltier et al., 2015; Simms et al., 2B&®eat started after 19 ka
mostly from the BKIS, wth the BIS and FIS separating by 18,kand then was relatively
constant acres the whole EIS until 242 kawhere it slowed for the FIS and BKIS. The FIS
and BKIS separated by 15 kad after 11 kanly significant portions of the FIS remained. By

9 kathe EIS was almost entirely deglaciatetlighes et al., 2016ptudies have suggested that
the majority of initial retreat of the marine based sectors of the BIIS and BKIS are controlled
by glacicisostatic loading aided by instabilitiesggered by increased sea levels, ice stream
acceleration and temperatwgkevation feedback€lark et al., 2022; Gandy et al., 2018, 2021;

Petrini et al., 2020)Climate warming then melted the remaining terrestrial regions.

The glaciation of Eurasia during MIS 6 was likely tlaegkest since MIS 2 (478424 kg
(Hughes and Gibbard, 2018hd reconstructions show an EIS ~50% larger than dthientast

glacial cycle, extending 20m further south and 1000n further east in Siberigigurel.4b;
Batchelor et al., 2019; Hughes and Gibbard, 2018; Svendsen et al., 3084 suggest
contributing factors to this include; warmer global oceans causing enhanced precipitation over
Eurasia, lower rates of dust deposition increasing albedo, different vegetation cover, presence
of large proglacial lakes and less extensive and seasona&lly sga ice cover in the North
Atlantic and Arctic(Rohling et al., 2017)

During MIS 6 theravere two major ice advances in Europe, thore extensive Drenthe (~160
ka), which was followed by partial melting amngh to 30 m s.l.esea level rise ~15754 ka,

under increasing summer insolation, and then a readvance aftead&ing the less extsive
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Warthe After this, global mearsea level records indicate that global ice volumehed its
maximum extent ~140 kaeflecting the gvwth of the North Ameacan ice eet, and perhaps
expansion in Russia and Sibefildughes and Gibbard, 2018; Margari et al., 20T4us the

extent of the EIS during the PGM is not well known and evidence may correspond to previous
advances during MIS 6. Similarly, the volume of the EIS is very uncertain but most estimates
from modelling studies fall betweeni4® ms.l.e.(Colleoni et al., 2016; Lambeck et al., 2006;
Pollard et al., 2023; Rding et al., 2017; Wekerle et al., 2016)

Few geological records are available to constrain the pattern of retreat of the Penultimate
Glacial ice sheets but GIA modellirspuggests that by around 135, kee over Russia had
retreated to the Kara Sea ahére was also substantial e=it over Scandinavia. By 129,ka

the majority of the ice sheet had disappedtesnbeck et al., 2006)

Geologicalevidence suggests that North East Siberia was ice free around the LGM but that
there was extensive ice cover present at some point in time, likely during iNEB<en et

al., 2013) It has been suggested that the dust deposition rate can influence the présence

in this region and high rates during the LGM contributed to Siberia being ice free due to
lowering the albedo and thus increasing r{@tilleoni et al., 2009a; Krinner et al., 2008he

EPICA Dome C Antarctica cores show dust deposition rates were ~40% lower at PGM
(Delmonte et al., 2004 his feature is also reproduced in numerical models of the PGM which
show that summer temperatures in Siberia are very sensitive to changes in stationary wave
fields and associated northward heat transport. Therefore, smalksiragtacial climates and

ice sheet configurations can cause large differences in Siberian temperatures allowing the
formation of an extensive ice cap and shelf over this region in some glacial simulations but not
in others(Bakker et al., 2020; Colleoni et al., 2016; Colleoni and Liakka, 2aa®ddition,
Jakobsson et al., (2010, 20Xscribe evidence of a thick ice shelf extendirig the Arctic

Ocean from the Barents and East Siberian margins dating to MIS 6 that was not present during
MIS 2. This could explain some of the discrepancies between sea level reconstructions during
MIS 6 (Gasson et al., 2018However, both of these features are highly uncertain and debated
(Stein et al., 2017)

There is evidence for the existence of large proglacial lakes at the terrestrial margins of the EIS
during the Last Deglaciation, including the Baltic Ice Lake and White Seadke Wwhich

rapidly drained large amounts of freshwater into the North Atlantic and Arctic Ocean, likely
affecting the ocean circulation and global clim@t&kobsson et al., 2007; Patton et al., 2017)
There were several ice streams draining the EIS, the main ones being the Norwegian Channel

Ice Stream which flowedrom the FIS into the North Sea until around KB(Patton et al.,
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2017; Sejrup et al., 2008nd the Barngyrenna Ice Stream draining the BK&ndreassen and
Winsborrow, 2009]Figure 1.5a).

(a) LGM ‘ (b) MIS 6

Figure 1.4: Reconstructions of the extent othe Northern Hemisphere ice sheets based on empirical and
model data for (a) LGM (Dalton et al., 2020; Hughes et al., 201@é)nd (b) MIS 6 (Batchelor et al, 2019)

The three large ice sheet complexes are labelled on panel (a); NAIS = North American Ice Sheet, EIS =
Eurasian Ice Sheet, GrIS = Greenland Ice Sheet. The individual ice sheets that make up these complexes
are labelled on panel (b); LIS = Laurentde Ice Sheet, CIS = Cordilleran Ice Sheet, 1IS = Innuitian Ice Sheet,
BIIS = British -Irish Ice Sheet, FIS = Fennoscandian Ice Sheet, BKIS = Barertsara Ice Sheet.

The North American Ice Sheet (NAI®Jas a largely terrestrial based ice sheet composed of
the Laurentide (LIS) Cordilleran (CIS) and Innuitialce Sheets (lISjFigure 1.4). At the

LGM, all three ice sheets coalesced and extended to the continental shelf in many regions, with
a total area of 15.47 x i&n?. Ice lobes (formed by extensions of terrestrial ice streams)
extended from the southern margin reaching a latitude of around (#@§uxe1.4a; Batchelor

et al., 2019; Dalton et al., 2020, 202Hpwever as with Eurasia, the timing of the local glacial
maximum was asynchronous across the different areas of the ice sheet and some sections
reached a maximum extent prior to the LGDhaIton et al., 2020, 2023; Hughes et al., 2013)

The volume of the NAIS at the LGM is estimated by a number of different studies to be ~68
88 ms.l.e.(e.g.Lambeck et al., 2017; Peltier et al., 2015; Rohling et al., 2017; Simms et al.,
2019; Tarasov et al., 2012peglaciation began at around 18 ka with a slow retreat of the
southern and eastern margins. The LIS and CIS gradually sepamatethé noth and south

from ~17.514 ka The CIS wasleglaciatecby ~11 kawhile ice remained over the Hudson

Bay until ~8 ka(Dalton et al., 2023)
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In general, there is a lack of evidence for the extent of the NAIS during the PGM and the
following deglaciation. There is some evidence that, at some paimgdMIS 6, it extended
150km further south in lllinois and 3dm in Wisconsin compared to the LGM but the timing

is uncertain(Figure 1.4b; Batchelor et al., 2019; Hughes and Gibbard, 20T8)erall, the

limited data suggests that the LGM advance was larger in most areas compared to the PGM
(Dyke et al., 2002) with reconstructions also suggesting that the LIS and CIS were
disconnected at the PG{Batchelor et al., 2019A smaller volume PGM NAIS is backed up

by additional empirical evidence such as IRD layers dinsent cores in the North Atlantic.
Theyshow reduced levels during the Penultimate Glacial Cycle compared to thehmst,
suggests less iceberg discharge into the North AtlgRgenming, 2004; Naafs et al., 2013;
Obrochta et la 2014) Additionally, climate and ice sheet simulations using a smaller NAIS
(~30ms.l.e) and a larger EIS give the best fit to global environmental proxy(Gatéeoni et

al., 2016; Wekerlet al., 2016)and GIA modelling combined with pEdo-sealevel data across

The Bahamas has demonstrated a 98% probability that the LIS was between 16nemtle23
smaller than at the LGNDyer et al., 2021)In addition, given the constraints on the EIS and

the global mean sea level drop, the NAIS must have been smaller to match the global ice
volume. The volme has thus been estimated to have been aroub@ 8%s.l.e.(Rohling et

al., 2017)

Progladal lakes also existed at the southern margin of the NAIS during the Last Glacial Period,
the largest one being Lake Agasftarrivick and Tweed2013) This may have accelerated

the retreat of the NAIS due to grounding line instability triggered by negative @MBuet

et al., 2021h)The drainage of this lake into the Arctic Ocean could have triggered the Younger
Dryascool perioddue to its impact on ocean circulatigyorris et al., 2021)it also may have
caused a regional cooling and reduced precipitat the southern Laurentide ideest at 1ka

which would have impacted the deglaciatitiiostetler et al., 2000)Theice streams of the
Laurentide ice Iseet have been reconstructed from geomorphological and geological records,
the main ones persisting through much of the deglaciation being; the HatllabnAmundsen

Gul f and M6 CI ur(Bigu®l.bb, Margold et@le2088) r e a ms

The different topographies of the NAIS has been shown to have a large impact on the climate
of each glacial due to its location in the westerly mean flow, and therefore some studies have
concluded that it has an influence tiwe size and configuration of the EIS during that period
(Beghin et al., 2015; Liakka et al., 2016pr example, atmospheric modelling shows a larger
LGM-like NAIS causes changes to planetary waves that yield a cooling over Europe but

warmer surface air temperatures over B8&@nd Beringia. This prevents the expansion of
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snow and sea ice in NE Asia, resulting in a decrease in albedo, and contributes to the more
westward migration of the EIS. This could explain the lack of evidence of glaciation in Eastern
Siberia during th&GM (Liakka et al., 2016; Lofustrom et al., 2014; Lofverstrom and Lora,
2017; Ullman et al., 2014)The more western EIS may have also blocked moisture from the
Atlantic, further inhibiting ice accumulation in the Eg@stinner et al., 2011)A larger NAIS

also enhances tlgtationary waves downstream which causes an acceleration, zonalisation and
southward displacement of the jet stream and associated storm tracks in the North Atlantic.
This shifts precipitation to the south of Europe in winter, further starving the Eieisture

(Hofer et al., 2012; Lofverstrom and Lora, 2017; Merz et al., 2068pntrast, a smaller PGM

like NAIS causes a more meridional Jetstream and a shift in stationary waves thatoddlo

Arctic air to penetrate downstream and cause colder temperatures across Siberia and Beringia
and enhanced snow and sea ice cover, consistent with evidence of more extensive glaciation
over this region during MIS §Colleoni et al., 2016; Ullman et al., 2014lhere is also
increased storm track activity and precipitation seen over North Atlantic and the EIS, allowing
the growth of the ice sheéColleoni et al., 2016; Lofverstrom and Lora, 201F9sitive SMB

values induced by a smaller NAIS could have also contributed to the largeigectioelf that

may have been present during the Penultimate Glacial Clakobsson et al., 2016; Liakka

and Lofverstrom, 2018)

(a)

Greenland

NGRIP
.

D,
Fennoscandia\n‘>

Z)
Gulf,of

Figure 1.5: Major ice streams and drainage routes of the (a) LGM Eurasian Ice Sheet frorRatton et al.
(2017)and references thereinl = Bjgrngyrenna Ice Stream; 2 = Norwegian Channel Ice StreamTMF:
Trough Mouth Fans; PB: Porcupine Bank; BDF: Barra and Donegal Fans; RB: Rosemary Bank; NSF:
North Sea Fan; Bj: Bjgrngyrenna Fan and (b) LGM Laurentide Ice Sheet fromMargold et al. (2018)and
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referencestherein.1 = Hudson Strait,; 2 = Amunds e nABGAlderfa; 3 =
BF: Bay of Fundy; CB: Cape Bathurst; DI: Devon Island; El: Ellesmere Island; MB: Manitoba; MI:
Magdalen Islands; NB: New Brunswick; PCI: Prince Charles Island; SK: Saskatchewan

The Greenland Ice Sheet (GrlS) and Antarctic3heet (AlS)extended onto the continental
shelesin many areas during the glacial maxima but again the local glacial maxima was not
syndironous(Bentley et al., 204; Hughes et al., 2013; Vasskog et al., 20Biudies show

that the GrIS reached its maximum volume during thst IGlacial Cycle ~1-86 ka(Vasskog

et al., 2015and was connected to the IIS during both glacial periods. Reconstructions based
on empirical and model data estimate the GrIS wasrix.l.e.larger at the LGM than present

day (presenvolume of 7.4 ns.l.e) (Lecavalier et al., 2014; Simms et al., 2019; Vasskog et
al., 2015)and the AIS 715 ms.l.e.larger (present volume of 58 srl.e) (Simms et al., 2019)
During the LDG, the eastern GrIS margin stdrto retreat before the maximum volume was
reached whilst the southern margin stattecetreat~16-14 ka.In the west icedid not retreat

from the sheledge until around 13-82.2 ka The volume then decreased continuously after
~13.5 ka until ~4 kdLecavalier et al., 2014; Vasskog et al., 200Whilst some areas of
Antarctica started to retreat by ~18,kaost of the deglaciation took place later on and through
the Holocene, between Hoka (Argus etal., 2014; Bentley et al., 2014; Briggs et al., 2014;
Mackintosh et al., 2014)

Since there is limited preservation of offshore geomorphological evidence from the PGM, most
modelling studies assume both ice sheets were similar to the LGM configu(@iadiey et

al., 2018) Howeve, there is some evidence that suggests that the maximum volume of the
GrlS was larger during MIS 6 than MIS 2, including glacial deposits showing some surfaces
have not been glaciated since MISRbberts et al., 2009nd marine deposits showing sea
water moved further inland at the LIG than the Holocene as a result of more ice causing a larger
isostatic depression during MIS 6. This data is sparse and there could be alternative
explanations, for example sea level being already higher when the GrlS started to melt due to

earlier melting of ice sheets elsewhéidley et al., 2010)

Sea level records indicate that the LIG sea level was higher than present day. Whilst previous
geological dee-based estimates put the peak value betwe2mehigher(Dutton et al., 2015;

Dutton and Lambeck, 2012; Grant et al., 2014; Kopp et al., 2688) revised estimates lower

this to between 1:8.3 m, peaking at 127 K®yer et al., 2021)Since thermal expansion and
mountain glaciers cdrbuted less than th to this ris§McKay et al., 2011)the rest must have

come from the Antarctic and Greenland ice shigston and Lambeck, 201.2Jhe magnitude

and drivers of individual contributions are very uncertain, but there is evidence in ice core and
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marine records that the GrIS was smaller than present day, with mesb-gata and
mocelling basedestimates converging on around-2 fins.l.e.contibution occurring after 125
ka (range from ~0.46.5m) (Quiquet et al., 2013; Rohling et al., 201%he AIS contibution
ranges from ~3:4.4ms.l.e.(DeConto and Pollard, 2016; McKay et al., 20With the timing
of peak contribution occurring before 126 (Rohling et al., 2019)This large range of values
makes it difficult to determineshether sections of the AIS collapsed during the [ID&tton
and Barlow, 2019) There is some evidence from ice cores that thg EBIS persisted
throughout the LIG but the ¥$tAIS is less certaigChandler and Langebroek, 2021)

1.2.3.2 Climate

The orbital confjurations and evolution of solamsolation differed between the Last and
Penultimate Glacial ¥&les. The average incoming insolation was similar at both glacial
maxima(Berger ad Loutre,1991) but the seasonal and latitudinal patterns differed due to the
orbital configurations. Eccentricity was larger at the PGM (0.033) compared to the LGM
(0.019) which enhances the effects of preceg8enger, 1978)This causes cooler and longer
springs and early summetsit shorter and warmer late summers and autumns in the NH high
latitudes(Colleoni et al., 2011)The colder springs reduce the melting of snow accumulated in
winter which could explain some of the differences in ice sheet configurationGHIG2
concentrations were also similar with a Sfncentration of ~19ppm at the LGMBereiter

et al., 2015pnd ~191ppm atthe PGM(Kéhler et al., 2017)

Due to the presence of the large continental ice sheets and lower atmospheric CO
concentrationthe global mean air temperatures were cooler during glacial periods compared
to present day, and precipitation was decreéBarlein et al., 2011 However,the magnitude

of this cooling is still very uncertain withcombination of modelling studies and global climate
proxy compilations estimatgy a LGM cooling of between 1:8.0 °C relative to the pre
industrial (e.gAnnan et al., 2022; Tierney et al., 2020B)ere are muclefver constraints on

the PGM due to low resolution climate records and challenges with establishing chronologies
for these ecordgGovin et al., 2015)However 80 records and modelling suggests a smaller
global cooling than the LGMwhich modelling has attributed tthe different orital
configurationgColleoni et al., 2016; Menviel et al., 2019; Quiquet and Roch#4)20

One recent LGM SST reconstruction from proxy data has a global average cooling of 1.7 °C
compared to the present day (GLOMAPaul et al., 2021yvhereas another that combined
proxies with modelling prduced a larger global cooling of 3.6 fTerney et al., 2020a)

Surface ocean fields can also be extracted from GCM simulations that produce a range of
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values ad spatial patterns depending on the model us&aheyama et al., 2021)n
comparison, no similar global reconstructions have been producee @G but it has been
suggested that SSTs may have been warmer, and séamiwer and smaller iaxtent, during

MIS 6 compared to MI which could have allowed greater moisture supply leading to the
larger NH ice sheet#Hughes and Gibbard, 201&8omparison of individual marine sediment
core records supports th{lartrat et al., 2014as do modelling studigQuiquetand Roche,
2024) A synthesis of Southern Ocean SST proxies for the Penultimate Glacial Cycle shows
that annual/summer cooling at the PGM reaci3e6t:1°C/-4.0+1.2°C, which is similar to the

LGM (Chandler and Langebroek, 2021)

The evolution of the climate and the sequence of abrupt millennial scale events differed
between the last two deglaciations. The Last Deglaciation began around 19 ka following an
increase in 65° N summer inatbn after the LGMIvanovic et al., 2016)From ~17.5 ka, as

CO; concentrations also rose, the Nig gheets started to disintegrate draining large amounts
of freshwater into the North Atlantic, weakening the formation of NADW and therefore the
AMOC (Clark et al., 2012b; McManus et al., 200%his led to a cooling and drying in the NH

but an increase in temperatures over Antarctica, due to the thermal bipolar seesaw effect, and
rapidly increasing Cé&potentially due to release from thenvang Southern OcegiBarbante

et al., 2006; Buizert et al., 2012015; Marcott et al., 2014; Stocker and Johnsen, 2@)3ge

IRD layers have been found in North Atlantic sediment records during this time indicating the
discharge of large ice bergs from the Laurentide ice sheet, this cold NH period is known as
Heinrich Stadial 1 (HS1jHemming, 2004)This lasted until around 14.7 kahen the AMOC
strengthene@nce again, possibly due to a reduction in the meltwater mpatshift in the
threshold for a weakened AMOC as a result of rising @@els (Barker and Knorr, 201
causing an abrupt warming over Greenland andenNbrth Atlantic known as the Bglling
Allergd (BA) interstadialBuizert et al., 2014)A rapid rise in sea leveif 14-18 m in less than

500 yearsgoincided with (and possibly triggeredhe BA warming referred to as Meltater

Pulse 1A (MWP1A; ~14.5 kaDeschamps et al., 201Following this, a period of cooling in

the Antarctic regioroccurreduntil ~12.8ka, called the Antarctic Cold Reversal (ACR), and
there was pause in the increasing atmospherie (JOuzel et al., 2007bY his may have been
caused by the resumption of NADW enhancing meard heat transport from the southern
hemispherer a meltwater pulse from the A®enviel et al., 2011)However,morerecent

GIA modelling constrained by sea level data disproves this latter fanset al., 2021)The

NH returned to cooler stadial conditions during the Youngga®({ D) between ~12.81.7ka

(Alley, 2000a; Buizert et al., 2014)ossibly due to further increases in meltwater into the NH
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oceanswhilst the warmingesumed in Antarctica along with the increase in.Cibe end of
the YD was marked by a rapid warming into the Holocene intergktigurel.6; lvanovic et
al., 2016)
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Figure 1.6: Records of (a) atmospheric CHfrom the EDC ice core, Antarctica (Loulergue et al., 2008)
which reflects abrupt AMOC changes during deglaciation, (b) Antarctic temperatureanomalies relative to
present dayfrom the EDC ice core(Jouzel & al., 2007a) and (c) global mean sea level estimate from Red
Sea RSL recordsgcompared to present dayGrant et al., 2014). Pink shaded areas show the HS1 and YD
stadials and the blue shaded area shows the BA interstadial/ACR. The green dashed lines denote the
approximate start and end of the HS11 stadialTime spans 921ka for the LDG (black x-axis) and 128140

ka for the PDG (blue xaxis).

In contrast to the two abrupt climate changes during the LDG (HS1 and theng&)sources

of evidence point to onlgneabrupt climate event during the PDG, Heinrich Stadial 11 (HS11),
towards the end of the deglaciation and sththe interglacigl which lasted longer than HS1
(~135129 kg (Cheng et al., 2009; Jiménéanat and Zahn, 2015; Marino et al., 201%his

has been linked to cold, dry conditions over the North Atlantic, as a result of a weakened

AMOC from freshwater pertbation (Martrat et al., 2014)a gradual Antarctic warming to
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~2°C higher than prendustrial and associated ¢@se of ~60ppm (Capron et al., 2017a;
Landais et al., 2013; Obase et al., 202)d a sea level rise of ~89 (Grant et al., 2014)
Following this the AMOC strengthened again in the (F&urel.6).

The cause of the differencbstween the two deglaciatiorssnot yet well knownSomehave
suggestd thatthe disintegration of the NH ice sheets could have caused a larger freshwater
input during the PDG, thus allowing the weakened AMOC to persistofgyer and only
recover at the start of the LI&arlson, 2008; Obase et al., 202Ihe addional freshwater

may be a result of the varying continental ice sheet configurations and orbital forcing scenarios
that each deglaciation is initiated under. For example, NH summer insolation rose much
quicker during the PDG and peak anomalies reached than 70 Wm compared to ~5ovnr

2 during the LDG(Menviel et al., 2019)This may have caused faster disintegration of the LIS
explaining the faster sea level response to insolation forcing seen for th@di@er, 1978;
Carlson,2008; Obase et al., 2021; Parker et al., 2022; Stirling et al., 1998; Stoll et al., 2022)
The larger EIS at the PGM could also be a source of this additional mel(@#isk et al.,

202Q Stoll et al., 2022 In contrast, during the Lastdglaciation there was a relatively small
amount of meltwater which allowed the AMOC to striman again before the onset of the
current interglacial, thusazising the BAvarming. The BA warming and following ACR was
critical in causing lower Antarctic temps during LDG as the follow¥iy warming in this

region was not large enough to compensatéhfe 2000 years of coolingbase et al., 2021)
However, even when the different size of the PGM ice sheets is not considered, the higher
summer insolation during the PDGdizeen shown to have inased the rate of ice sheet melt
(Obase et al2021; Quiquet and Roche, 2027hus,Obase et al., (202Buggest that during

the early stage of the PDG the large EIS was an importamtes of additional meltwater
causing the stronger and longer HS11 but during the later stages the higher insolation becomes
importantfor maintaining this meltwater input and allowing the weakened AMOC to persist
for longer, into the later stages of thegthciation and start of the LIG, which was more
important for the peak Antarctica temperatures. This indicates that differences in orbital forcing
werean important factor in the occurrence of abrupt events during the deglaciations and the
temperature ofAntarctica in the following interglacial@Govin et al., 2015; Landais et al.,
2013; Obase et al., 202Mjore recent records have indicated that there may haveah@siod

of AMOC recovery duringhe beginning oHS11(~134.5 ka) in contrast to what has been
previously reportedStoll et al., 2022)This could be due tastrong temporal variations in the
meltwater forcing More investigation into the mechanisms behihe rapid AMOC shifts

during both deglaciati@is needed to come to a conclusion.
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As mentioned irBect 1.1, evidence from ice and sediment cores indicates that the LIG global
mean air temperature wds2 °C higher than the aent interglacial(Otto-Bliesner et al.,
2013Db; Turney and Jones, 20Hi)d peak global sea surface temperatures were around 0.2
1°C higher(Hoffman et al., 2017; Shackleton et al., 2020; Turney et al., 20Z0a)ic
temperatures have been measured to be even highédCq(4Anderson et al., 2006ps have
Greenland surface temperatures3(8C; Anderson et al., 2006; Daliensen et al., 2013nd
Antarctic surface and Southern Oceamperatures (~R °C;Capron et al., 2017a; Chandler

and Langebroek, 2021Howe\er, the difference in mean annual radiative forcing is only
+1.4Wm? which is not high enough to explain these temperature differgiBmea et al.,

2021) The differing deglaciation pathways have therefore been hypothesised to be the main
driver of the different interglacial climates that followed, rather than forcings within the
interglacials themeves. For example, the weaker AMOC persisting into the LDG has been
proposed to be a significant contributor to the higher Antarctic and Southern Ocean
temperaturegObase et al., 2021Additionally, the faster Penultimate &gaciation compared

to the Last [@glaciation, with ice sheets reaching near modern levels by the onset of the LIG
compared to only half of the retreat occurring by the start of the Holocene, may have also
contributed to the warmerlG, since greater ice extent during the Holocene would act to cool
the planet through higher albedo, starting the Holocene off at lower tempédidueeet al.,

2021)

Some studies have suggested that the increase in Southern Hemisphere temperatures at the
onset of the LIG led to a significant mass loss from the AIS through increased subsurdace oce
warming, contributing to the higher LIG sea lev@¥ark et al., 2020; Marino et al., 2015;
Turney et al., 2020b)This is supported by recent studies suggesting an asynchronous
contribution to the LIGhigh standDyer et al., 2021; Rohling et a2019) The reconstructions
show a peak between ~129.5 to 124.5 ka mostly derived from Antarctica, a loedcent
125124 kg and then variable influences from both thiS Aand GrIS from ~124 to 119 ka
(Rohling et al., 2019)If this warming led to areas of the AIS collapsing throogrine ice
sheet instabilitiesthe contribution to the sea level high stand could have been significant.
Improving the representation of processes sucmarine ice sheet instability models and
modelling ice sheet dynamics during past periods siscthe LIG, will therefore be vital in

constraining projections of sea level rise under climate change.

1.2.4Numerical modelling of glaciahterglacial cycles

It is clear that understanding the evolution of the climate and ice sheets during past glacial

interglacial cycles is important for understanding the response of these components of the earth

25



system to changes climate forcing. Due to limitations of empirical data in terms of resolution,
accuracy and precision and what it can tell us, numerical madela vital tool that can be
employed to help us make sense of these data and improve understmléngrocesses and
mechanisms of glacials and deglaciations. In turn, the empirical data from past periods can be
used to help improve models through camgon of model output with constraints on climatic
conditions and ice sheet configuratidqidy et al., 2021; Haywood et al., 2019 particuér,

since the tweway interactions between ice sheets and all other components of the earth system
are so important, the use of climate and ice sheet models coupled together is needed to capture
the relevant processes leading to the changes obsamnednprove our knowledge of the
climate system. There are several types of climate and ice sheets models that have been
developed that range in complexity that can be chosen depending on the purpose of the study.

Enagy Balance Modelsan range from zero to badimensional and are the simplest numerical
climate models that represent the Earthods te
incoming and outgoing enerdizdwards, 2011)The transport of heat from the tropics to the

polar regions is then approximated based on the horizontal temperature gradient across a single
level and ice cover is parameterised by increasitbgdo where temperatures are below a

certain value. Since the equations that are resolved are so simple, these models can be run for
millions of years, but they can only capture large scale variations in temperatures and do not
simulate other atmospherprocesses such as precipitation. As such, they are useful for
understanding how the Earthds temperature r e
provide much information on chges to other components of thath systeniBudyko, 1969;

Polard, 2010)

Earth System Models of Intermediate Complexity (EMICsitain all the basic components

of the global climate system in two to three dimensions at a level of complexity that allows
integration over a wide range of temporal and spatial s¢@lasssen et al., 2002 herefore,

they areoften used to simulate and explore slow climate changes associated with feedbacks
over millennial time scalessuch as ice sheets and vegetafiGrucifix and Loutre, 2002;
Petoukhov et al., 2005; Weber, 2010his is possible as many pesses are parameterised or

not included such as the radiative effect of cloy@&okes et al., 2015pr aremodelled at a
relatively coarse spatial resolution. This reduces computational costs and increases the
flexibility of EMICs, enabling more freedom to tune the model to remove potential biases.
However, it also limits the scope of the information they can provide, for example they are
unsuitable formodelling small scale or high frequency climate variations (e.gd wriven

ocean circulationintergovernmental Panel on Climate Change (IPCC), 2014; Weber,.2010)
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Furthermore, the highly simplified nature of some processes riegngarameter calibration
may be limited in improving biases if there are model structural prol{emet al., 2019)

General Circulation ModelsSGCMs) are three dimensional and provide the most complex
representation of the Eamanyobthe raelvantnpeotesses, e x p |
although some sugrid scale processesuch as those related to cloud formatiare still
parameterise{iGordon et al., 2000; McGuffie and HemgenSellers, 2005)They can consist

of models of the atmosphere (AGCM) or ocean (OGCM) or both can be combined to fully
interact with each other (AOGCMMcGuffie and HenderseBellers, 2005)In addition, over

time, other components have been coupled to AOGCMs making them even more complex (e.qg.
vegetation, sea icearbon cycle) creating integrated tmdystem models called earth system
models (ESMs)YEdwards, 2011)They have a relagely fine resolution of 45° allowing the
simulation of sma#r scale ocean and atmospheric circulation patteséch enables the
investigation of mechanisms responsible for the large scale climate regpntGeffie and
HendersorSellers, 2005) However, the large computational expense means that they are
largely restricted to performing snapshot simulations (i.e. LGM) or shorter timescales of a few
hundreds to thousands of years at a time @tgrbit et al., 2007)rather than full glacial

cycles

Ice sheet models (ISMgayeable to simulate the 3D dynamic and thermodynamic evolution of

ice at a variety of scales and solve equations of ice flow through several approxiiagares

1.7). The simplest ones use shallow ice (SIA) and shallow shelf approximations (SSA). SIA
models are a relatively good approximation for slow moving, large areas of grounded ice (i.e.
ice sheets) that have a smadpthto-width ratio and where vertical deformation in response

to gravity is important. Whilst SIA is computationally cheap to run, it cannot represent ice flow

in key regions such as ice domes, ice streams and ice shelves since it does not consider
longitudinal stresses or vertical stress gradi¢Regtyn, 2003; Rutt et al., 2009p contrast,

SSA is suitable for modelling floating ice shelves and low drag ice streams lavhgitedinal

stresses dominate. However, it vertically integrates ice velocity and so cannot accurately
simulate regions where there are large vertical variations in speeds, such as across the
grounding line(Bueler and Brown, 2009 here are also hybrid models, such as the Sehoof
Hindmarsh model (L1L2), which combine SSA and SIA to ém#te simulation of entire ice
sheets. For example, SIA can be used to model the interior of the ice sheet, SSA for the ice
shelves and a combination of both for areas of ice streaming across the groundPgllémd

and DeConto, 2012; Schoof and Hindmarsh, 20R0¥step up from this are higher order

models, such as the BlatiBattyn type models or second order mog¢Blatter, 1995; Pattyn,
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2003) These incorporate additional stresses making them a better representation of whole ice
sheet systems than hybrid models but they still may not perform well in grounding zones and
they are also much more computationally exgpee. The most complex models use no
approximations and resolve the full Stokes equations that include all relevant stresses. As such,
these models are very computationally expensive and can only feasibly be used to model small
areas of ice flow over shiotimescales (e.g. at a specific grounding li(@fatter et al., 2011,
Kirchner et al., 2016)
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Figure 1.7: lllustration of the hierarchy of stress balance approximations available in ie sheet models.

From Nowicki and Seroussi, (2018)

Whilst modelling techmjues and the processes represented in them have improved
significantly over the past few decades, there are still many challenges that scientists face that
introduce large uncertainties in the modelled output. Firstly, model structural uncertainty arises
due to limited knowledge of climate and ice sheet processes and computational constraints.
This means that each model differs in terms of spatial resolution, governing physical equations,

initialisation methods and parameterisations of processes, produsprgad in model output

28



and leading to large biases in simulated climates and ice Jfetst al., 2021; Li et al.
2023a) For example, the relationship between ocean temperatures asbedimelt rates is
uncertain and ice sheet models implement several different parameterisations, ranging from
simple linear relations to complex ice shelf cavity models. Studieparing rates of ice sheet
retreat using these different metlstdve shown they produce a large range of re@éirends

et al., 2023; Burgard et al., 2022; Favier et al., 203@pilarly, climate model intercomparison
studies have demonstrated the wide rangsimilated climates obtained by the different
models despite using the same boundary conditjplasrison et al., 2015)They have also
shown howmodel deve®pment does nalwaysguarantee increased confidence in the results,
evidenced by thé&rger range in equilibriuralimate sensitivity of the@ewer set of models in

the Coupled Model Intercomparison Project (CMIP6) compared to the previous generation
(CMIP5) (Meehl et al., 2020)The numerical schemes used by the models require input
parameters which can also be very uncertain leading to parametric uncertainty. Thus models
need to be tuned to find values of these paramétat produce reliable representations of the
processes being modell¢@regoire et al., 2011)Another large source of uncertainty arises
from the choice of boundary conditions including sheetopography and meitater forcing,

which have been shown to significantly impact the modelled o(itpuni et al., 2023; Kapsch

et al., 2022; Snoll et al., 2024h addition, palaesimulations often reqte a spirup to allow

the boundary conditions to adjushich requires extra computational tirfldaywood et al.,

2019)

To this end, many researchers employ techniques of uncertainty quantification to account for
these model limitations and quantify the uncertainties thee.arhe main approach employed

to evaluate parametric uncertainty isatprbed physics ensemiPE)in which a selection

of model parameters are varied systematically across their plausible ranges to produce multiple
combinations of model inputs to bealuated by the model. The spread in the resulting outputs
highlights the model sensitivity to the input parameters and each ensemble member can then
be compared to empirical constraints to find the sets of parameters that produce plausible
simulations m order to tune the model (e @andy et al., 2023; Gregoire et al., 2011, 2016;
Hopcroft et al., 2021)The number of samples needed increases with the number of parameters
being tested leading to the use of efficient sampling techniques such as Latin Hypercube
Sampling, which generatestatistically efficientrandom samples across mudimensional
distributions(McKay, 1992; Williamson, 2015)The extent to which parametric uneanty

can be reduced througimingis limited by the complexity of the model and the computational
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resairces available to run ensemble members, as well as the number of reliable observational

constraints against which to compare the model output.

The structural uncertainty of a model can also be quantified by evaluating the discrepancy
between model outpwnd observational constraints. Many studies summarise one or more
output fields into a metric, such as ice sheet volume and extent, which can be compared against
empirical and model reconstructions and used as a measure of structural uncertainty (e.g.
Gregoire et al., 2011 Multi-model ensembles have been performed to assess the structural
uncertainty of a range of models frequently used for climate projections, in which these models
are employed toimulate past climates under most of the same boundary corsdiioc
benchmarked against palatimate data synthesgBraconnot et al., 2012; Harrison et al.,
2015)

To assess the inddual impact a specific parameter or boundary condition has on the modelled
output, sensitivity analyses can be performed. This can in‘oba approaches whene
inputis variedat a time whilst keeping everything else constant @igck and Huybrechts,
2005) orglobalmethods such & o b $ehshtiyity AnalysigSoboNj, 2 é&ng €t al., 2821)
which calculates the relative contribution of each parameter to the overall output vandnce

considers the interactions between parameters

Methodsof sensitivity analysisan be extended through history matching which ineslv
identifying areas of the parameter space that cannot be ruled out based on empirical and model
constraints taking into account model and data uncert@@dydner et al., 2020; Williamson

et al., 2013, 2015Usually, a sensitivity analysis is performed fistind the parameters that

are responsible for most of the variation in model output in order to reduce the dimensions of
the parameter space, so that a larger sample of each parameter can be explored in a PPE. Once
this PPE has been run, many groupksetemulation methods in order to increase the number

of samples able to be evaluated further. An emulator (e.g. Gaussian R@Rgssulator) is

a statistical approximation of a numerical model that is trained on the ensemble model output
but can therbe used to evaluate many more inputs using only a fraction of the computational
costs. The resulting emulated outputs are compared to the constraint data, usually in the form
of a singular implausibility metric, which identifies aredste parameterspac t hat ar e i
Rul ed QNROY)YThdes®areas can then be resampled for additional waves of ensemble
simulations and history matching to refine the space fu@ardner et al., 2020; Li et al.,

2019)
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Other challenges arise due to technological and computational limitations that make the
coupling of ice sheet and climate models problematic. Most AOGCMs resolve weather and
climate processes on spatial scales of tens to hundreds of kilometres, and tempsaifscal
minutes todays, since this is the characteristic length scale of atmospheric and oceanic
circulation. However, ISMs need to resolve much smaller scale features (a few kilometres or
less) such as gradients of SMB on ice sheet slopes, groundingdirsgiom and ice streaming
(Pattyn et al., 2017)many of which evolve over millennial timescales. Running a GCM over
these long glaciaihterglacial timescales and at higihough spatial resolutions is not
computationally feasible and has therefore led to a number of different strategies by modelling
groupsto account for thigPollard, 2010)

Despite these challenges, significant advancements to our understanding otwWedéestiat
interglacial cycles has occurred thanks to numerical modelling. The next section reviews some
of these studies, which use a range of models and techniques to look at a variety of aspects of
these time periods, and gives an overview of whateatirtechnological capabilities has
enabled us to conclude.

1.2.5Previous studies

Before recent technological advances made coupling of climate and ice sheet models feasible,
many studies treated these components independently and either prescribed the ice sheet
forcing in climate models or the climate forcing in ice sheet models. These methods have been
used to simulate the ice sheet evolution over multiple gladidglacial cycles for use as
forcings in the PMIP4 protocelfor the Last and Penultimate@adations(Abe-Ouchi et al.,

2013; Briggset al., 2013, 2014; Tarasov et al., 2QI)ere is also an extensive literature using
these methods aiming to reconstruct the ice sheets and climate of the Last Glacian@ycle

investigate the mechanisms behind the sequence of deemtlatton et al., 2017)

Many of these studies also explore the sensitivity of the results to modelling choices such as
model parameters and boundary conditiorts. é&xamplePetrin et al., (2020)performed an
ensemble of simulations using a 3D ISM of the Last Deglaciation of the BKIS forced by climate
fields from AOGCM snapshot simulation§the LGM and prendustrial interpolated using a
climate index, and global mearsea leel curve. They found that ocean forcing is the main
driver of the retreat of the ice sheet and its sensitivity teskeltf melting is amplified by the
global mearsea level rise. Converselyan Aalderen et al., (2023%)erformed some similar

ISM simulations 6 the EIS forced by LGM climate fields from five different PMIP

simulations, to test its sensitivity to different drivers of deglaciation. They find that atmospheric
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warming is the primary trigger of retreat with increasing atmospheric temperatures sgplify
t he i ce s heetghelfnek mheyarguevthattthese difererst cohclusions result
from the methodologies used to generate the initial LGM ice sheet.

Several other studies show how the choice of AOGCM used to generate the climatadields
drive ISMs causes significant variations in the simulated ice sheet evolution due to the
dominant role of atmospheric conditions on SMB. They also highlight how, although the main
features of ice sheet evolution are captured, there are still lagephncies when compared

to geological reconstructiondikely as a result of missing climatee sheet interactions,
missing processes in the ice sheet model itself or the choice of ice sheet reconstruction used as
a boundary conditiofAlder and Hostetler, 2019; Blasco et al., 2021; Charbit et al., 2007; Niu

et al., 2019; Scherrenberg et al., 2023W)e sensitivity of the NH ice sheets during traest.
Glacial Cycleto the representation of the climate is also lgted byZweck and Huybrechts,
(2005)who vary 11 parameters in an ice sheet model, the GCM climate used as forcing and
the glacial index used to scaleTihe uncertainty in parameters controlling climate conditions
over the ice sheet dominate the variability in the results but ice rheology and basal processes
are also important for simulated ice sheet thickness. The importance of the climate forcing, as
well as the interpolation method, used is further explore8dherrenberg et al., (2023@hey

force an ISM over the LDG using output from several climate models and two interpolation
methods; climate matrix and glacial index. The GCM used to generate the climate forcing was
much more importarthan the method used to interpolate the snapshots, with the majority of
models resulting in unrealistic LGM ice volumes. However, the interpolation method used
impacted the pattern gflacial inception and rate of deglaciatidue to the representatio o

the icealbedo feedback he glacial index method does not include the effects on temperature
due to albedo. This leads to biases in regions with particularly high and low albedos, which
impacts the ice sheet evolution and produces a worse match tgigabdmnstraintsThey use

the results of these experiments to select a climate forcing for ISM simulations over several
glacial cycles and show that proglacial lakes accelerate the deglaciation of ice sheets
(Scherrenberg et al., 2023a)

Abe-Ouchi et al., (2007¢valuated the influences of different feedbacks on the climate at the
LGM through performing sensitivity tests in which they drive a GCM using different inigal ic
sheet and climate conditions. The results of these GCM simulations are then used to drive an
ISM over the last Glacial Cycle They show that the iealbedo feedback, temperature
elevation feedback and desertification effect significantly influenced¢éhehieet mass balance

and therefore must be treated carefully when simulating glete&iglacial cycles. Other
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studies have also investigated possible mechanisms responsible for the abrupt events recorded
in proxy records during the LDG. For exampldjas been proposed that the NAIS could have
had a significant contribution to MWPA through a sadle collapse triggered by theA
warming (Gregoire et al., 2012, 2016n addition, simulations of the LDG using an EMIC
forced by transient ice sheet and freshwater forcings show that the North Atlantic is a key driver
in the observed m#innial scale variability due to freshwater input varying the strength of deep
water formation(Menviel et al., 2011)However, the ice sheet reconstruction and meltwater
distribution used to force climate models has alsenb®und to significantly impact the
simulated millennial scale variability in transient simulati@iapsch et al., 2022; Smith and
Gregory, 2012)The former is largely because differences in topographies have anigayet

on the atmospheric circulatighiakka et al., 2016; Ullman et al., 2014)

Fewer studies have focused on the Penultimate Glacial Cycle but several attempts have been
made to model theGM ice sheets in order to provide better constraints on their configurations.
They find that using a smaller PGM NAIS to force a GCM results in a PGM climate that is
more in line with proxy record€olleoni et al., 2016)Similarly, using a climate field produced

using a smaller prescribed NAIS to force an ISM results in global ice volumes that are more in
line with sea level reconstructiof@/ekerle et al., 2016)This supports the evidence that the
NAIS was snaller during the PGM than the LGM. The last two deglaciations have been
compared in transient simulations using an AOGCM with prescribed ice sheets and freshwater
forcing. One study showed that a greater ice sheet discharge is needed during the PDG to
simulate the abrupt change of HS11 compared to the LDG, highlighting the importance of the
different orbital forcings in causing different patterns of ice mass loss and meltwater flux
(Obase et al., 2021Another showed that the longer period of reduced AMOC during HS11
caused a greater subsurface warming in the Atlantic and lead to the more rapid sea level rise
during the PDG compared to the LDG. They then used these two GCM climate outputs to drive
an ISM which they first optimised by performing ensembles of the better constrained LDG,
and found that this greater subsurface warming, along with the greater glacial isostatic
depression by the EIS, contributed to the excess ice loss from the AlS and GriShkLIG

(Clark et al., 2020)However, both of these studies used an LGM ice sheet confguesia

starting point for both deglaciations which neglects any affects the different ice sheet

configurations may have on the climate.

Technological developments have permitted several solutions to the computational limitations
of directly coupling clinate and ice sheet models. As such, fully coupled simulations of the

last two glacial periods can now be undertakérch reduces some of the uncertainties related
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to missing feedbacks, choice of climate or ice sheet forcing or inconsistencies between the
simulated components. To get around the issue of different atmospheric and ice sheet grid
resolutions, the surface mass balance calculated by the coarser atmospheric model is
downscaled onto the finer ice sheet model grid by splitting each atmosphet®xgriato

several sulgrid scale tiles representing a different elevation rgi@gnopolskiet al., 2010;

Smith et al., 2021b; Ziemen et al., 201%hese tiles are then used separately to provide finer
scale information to the ice sheet model.

One approach to dealing with the mismatch in temporal sbategen climate and ice sheet
processess to use an EMIC. These much simpler models are capable of simulating longer
timespans with minimal computational effort and have therefore been coupled with ISMs to
perform simulations of glacial cycles. These studies have provided insights into tiephys
mechanisms and feedbacks that drove the Last Deglaciation through the performance of
sensitivity tests. For example, in support of the Milankovitch theory, the primary trigger for ice
sheet retreat has been shown to be an increase in insolatioresisitaof changing orbit,
however CQ concentration provides a key contribution especially in terms of modulating the
timing of melt(Chabit et al., 2005; Ganopolski and Brovkin, 2017; Heinemann et al., 2014;
Quiquet and Roche, 2024 addition, simulations that include the effects of dust deposition
and snow ageing have found it to be an important feedback in producing a full deglawiat

the NH during the LDGGanopolski et al., 2010; Willeit and Ganopolski, 20T&¢ magnitude

of the freshwateforcing has also been shown to be important in whether millennial scale
variability is simulated in the models due to the sensitivity of the AMOC, and thus also impacts
the deglaciation of the ice sheé@harbit et al., 2005; Ganopolski and Bkoy 2017; Quiquet

et al., 2021a)For example, simulations of the LDG using a coupled EMIM by Quiquet et

al., (2021ayo not produce any abrupt changes when a realistic freshwater forcing is used since
it causes a complete shutdown of the AMOC. Similarly, in the absence of this forcing there are
also no abrupt changes as the AMOC remairong. This also causes a more rapid deglaciation

of the ice sheets, especially for North America. However, when the magnitude of the forcing
is reduced, abrupt changes in AMOC state are simulated leading to abrupt changes in
temperature over Greenland@his highlights that some models can be too sensitive to
freshwater input. Additional sensitivity tests also showed that model parameters that affect
basal sliding can impact the rate of retreat of the ice sheets due to affecting the sensitivity of
the gounding line, but the effect on the climate evolution is limited. Changes to parameters
controlling the SMB impact the overall size of the ice sheets but maintain similar retreat

patterns. Finally, they show that the retreat is mostly driven by the mdgmnitusurface
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ablation and is relatively insensitive to ssiielf melt rates. This study was followed by one
that performed equivalent simulations of the Penultimate Deglaciation in which they compared
the two (Quiquet and Roche, 2024yhey revealed that NH insolation is the main driver of
retreat for both periods but the difference in solar insolation leads to a different rate of ice
retreat, despite both sets of simulations stgrfrom the same LGM ice sheet configuration.
Warmer air temperatures and subsurface Southern Ocean tempesaeui@so simulated
during the PDGas ardlifferent AMOC sensitivities between both periods even without the
inclusion of freshwater forcing, itth the PDG circulation being more prone to collapse. They
also highlight the importance of vegetation changes in simulating a full deglaciation due to its
impact on albedo.

The atmospheric and oceanic dynamics in EMICs are highly parametpriseding an
oversimplified representation of many processes that can lead to biases in the model output and
limit confidence in the result§ herefore, it is preferable to use AOGCMs which have a much
more detailed representation of these procesedscing somefdhese uncertaintie®ut are

much more expensive. To overcome this, many simulations are performed asynchronously
whereby the climate model is run for a short period of time and the output is then used to drive
the ice sheet model for a much longer pgndhich is then fed back to the climate model and

so on(e.g.Niu et al., 2021)This decreases the computational expense diecdimate model

does not have to run for the entire simulation length required. In addition, several studies use
low resolution versions of AOGCMs to further reduce costs and enable longer transient
simulations or large ensembles to be perforndéeinen et al., (2014)erformel steady state

LGM simulations using an AOGCNSEM coupled model which produced NH ice sheets that
agreed reasonably well with reconstructions. A subsequent study using the same model
investigates the characteristics of Heinrich events over the Last Cegladihrough several
transient simulations. They show a tetep response of the climate system to the events; first

to the freshwater discharge which strengthens the stratification of the North Atlantic reducing
deepwater formation. This weakens ocearcuglation and cools the North Atlantic. Second,
once the freshwater discharge ends, and the NAIS surface elevation is at a minimum, the lower
elevation allows the Jetstream to expand northwards, weakeningtimdesigyre and cooling
Europe. The effectsf ice sheet topograplon atmospheric circulation provislan explanation

for the observed twastage behaviour during Heinrich eventsvhich experiments using
uncoupled climate models have been unable to sim(Raberts et al., 2014; Ziemen et al.,
2019) The importance of climatiee sheetnteractions is further highlighted in a study by
Gregory et al., (2012)vho simulated the Last Glacial Inception over North America. They
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found that the icaalbedo feedback has a dominant role on the initial expansion of ice over the
continent, with the temperature elevatieedback also becoming important for the thickening

of the ice sheets later on in the glagedriod There are also topographic influences on
atmospheric circulation which affects the cloud and temperature patterns and therefore the ice
sheet growth.

Thes studies all used one set of model parameters, the values of which can be very yncertain
causing uncertainty or error in the resulis, has been shown in ensemble and sensitivity
experiments performed by uncoupled mod&isegoire et al., 2011; Pittard et al., 2022; Pollard

et al., 2016) As such, more recent efforts to simulate the LGM NAIS and Ga\# tried to
quantify this uncertainty in coupled GCMM ensemble experiment&andy et al., (2023)
found that the value of parameters controlling the surface alldatie dIAIS determined the
majority of the uncertainty in the LGM configuration and that different values are needed to
produce realistic modern day Greenland configurati®iserriftTadano et al., (2024)
expanded on this by including a slab ocean model and a more complex ice sheethecid

better simulate ice dynamicBhey also show the importance of albedo parameters on the NAIS
volume but find that Greenland is more affected by the rate of basal sliding due to the larger

contribution from calving on its mass balance.

The coars resolution of the climate and ice sheet models used in these studies leads to some
biases in the simulated climates and the underestimation of some smaller scale features such
as ice lobes and ice streams. For example, simulations tend to grow toacmoekr Alaska

and Northern Siberia due to a cold bias over this region which is then amplified by albedo and
altitude feedback$Gandy et al., 2023; Sherrifadano et al., 2024; Ziemen et al., 2014)
Ziemen et al., (20143lso suggest that these discrepanciesdcbeldue to the effects of dust
feedbacks not being included in the model or too long integration times under a constant LGM
boundary condition. They highlight that in reality the ice slaeet climate state at the LGM
werenot in equilibrium and transiesimulations over the last glacial would produce a better
representation. Many coupled simulations also underestimate the southern extent of the ice
sheets possibly due to an underestimation of the stationary wave effect that cools these areas
(Abe-Ouchi et al., 2007; Roe and Lindzen, 2001; Shefrftlano et al., 2024)

1.3 Aims and approach of this study

The overall aim of this thesis is to understand the evolution of the Northern Hemisphere ice
sheets during the Last and Pemulite Deglaciations and why thegiffered This will be

achieved by performing the first transient simulations of these two time periods using a GCM
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coupled to an ISM under the different climate forcings and initial ice sheet conditions. The

following four research questions will be investigated to help achieve the aim:

RQ1. Why did the configuration of the Northern Hemisphere ice sheets differ during

the Last Glacial Maximum and Penultimate Glacial Maximum?

RQ2. Which climatological and glaciological prasses and feedbacks are important

when simulating glacial periods?

RQ3. What are the similarities and differences between the last two deglaciations due
to the different transient climate forcings (orbit, GHGs, sea surface conditions) and

initial ice sheestates?
RQ4. Whatwerethe main drivers of ice sheet retreat during the last two deglaciations?

In order to answer these questions there are a number of steps that must be performed that
direct the approach that this thesis has taken. Thus, the nextctheipters of this thesis tackle
four main objectivesutlined inTable1.1.

Table 1.1: Research objectives and the relevant thesis chapters in which they are addreds

Objective Chapter(s)

OBJ1. Develop implausibility metrics to constrain the model output| 2, 3
find simulations that produce plausible LGM and PGM North

Hemisphere ice sheets

OBJ2. Assess the uncertainty in the simulated ice sheets that faise| 2, 3, 4

model parameter and boundary condition uncertainties

OBJ3. Determine the sensitivity of the individual ice sheet evolution 2, 3, 4

model parameters

OBJ4. Evaluate the importance of different drivers in the deglacial 4

through sensitiy tests

The strong, diversénteractions between the atmosphere and ice shaetsa large influence
on the surfacenass balance of the ice sheets (e.g. thraligddo and topography feedbacks)
and therefore their evolution through glagigterglagal cycles. They thus need to be explicitly
modelled in order to understand the differences between the last two-giteriglacial cycles

and answer the research questions. This requires the use of a fully coupled atmasgpheric
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sheet model to perforsimulations of these periods: this thesis we use a version of the
FAMOUS general circulation model that has been developed to enable-divedbional
coupling to an ice sheet model (FAMOW®; Smith et al., 2021b)Since the research
guestions and géctives require runningulti-millennial simulationsind large ensemblethe

use of a high resolution AGCM is unfeasible. FAMOUS uses the same physics as the HadCM3
AGCM but at a loweresolution, making it more comptitanally efficient. Whilst it runs at

similar resolutions to many EMICs, it has a much more complex representation of many

atmospheric processe=ducing the uncertainty from simplified parameterisations.

We use twdD ice sheet models that are suitable for diffeglications. Glimmer is a fast,
low resolutiondynamical ISM that uses the shallow ice approximatmaking itadequatdor
simulating continental ice sheets over glaaigérglacial scalegRutt et al.,, 2009)We also
employ the more complex ISM, BISLES, which uses L1L2 physics and allows smaller areas
of interest to be simulated at higher resolution through adaptive mesh refinemagintg it
more suitable for simulating ic#reaming across grounding lines which could be important for

the largely marine based Eurasian ice sf@etnford et al., 2013)

Thecoupling procedure and representation of albedloatatest version dfFAMOUS-ice used

in this thesisalso give it advantage over other model approadrdbé representation of SMB.
Surface mass balancedaslculatedusinga multi-layer surface snowcheme on sufyrid scale

tiles atsetelevations within eacplaciatedgrid box in FAMOUS, enabling to beeffectively
downscaled onto the finer ice sheet model ¢&hith et al., 202b). This scheme calculates

SMB based on the surface energy budget and snowfall making it more realistic compared to
empirical parameterisatiofi®msed on surface air temperatures and precipitation, that are often
used (e.gGregory et al., 2012; Quiquet et al., 2021a)addition, the snow and ice albedo is

a prognostic quantity in FAMOU#®e, rather than prescribedalculated using the age, density

and temperature of the snow or ice at the surface.

Simulations of deglaciations must start from a spipnglacial maximum condition with the
different ice sheet configurations consistent with the different glacial climates. Starting from
the different glacial maximum conditions is important because the coafigarof the ice
sheets impacts the interactions they have with the climate, as discusSectdri.2.2 and
1.2.3.1 However, as we have seen, the ice sheet configuration is sensitive to the athoic
model parameterssandy et al., (2023performed simulations usingAMOUS coupled to
Glimmerand found that the model was overtuned to fit present day Greenlantacsndnd

deglaciated under LGM conditions. So, work first needed to be done to tune the model to
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simulate a plausible NAIS at the LGM. This was done by performing an ensemble of
simulations varying 13 climate and ice sheet parameters over their rgyagsiifie values and
ruling out any simulations that do not have a reasonable match to volume and extent
constraints. By doing this they obtain a small set of ptdespun up LGM North American

ice dheets. However, we still lack a PGM NAIS initial conaliti This forms the basis of
Chapter 2 of this thesisexpandng the work ofGandy et al., (2023)y running ensembles of
simulations ofthe LGM and PGM North Americamce sheets under their respective climate
boundary conditions (i.e. orbital parameters and GHGSs) to equilib@ivapter 3 develops

this work further by including the Eurasian ice shieethe simulations and using timeore
complex ice sheet model, BISICLES,perform additional LGM and PGM ensembles varying
12 parameter£hapter 4then uses the glacial maxima equilibrium simulations produced from
Chapter 3 as initial conditions for transient simulations of the Last and Penultimate

Deglaciations.
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Chapter 2

2 Contrasting the Penultimate and t.&sacial
Maxima (140 and 21 Kausing coupled climate
iIce sheet modelling

This chapter has been published as Patterson et al., @02#asting the Penultimate Glacial
Maximum and the Last Glacial Maximum (140 andk&)l using coupled climatece sheet
modelling Climate of thePast, 2010), pp2191 2218, https://doi.org/10.5194/c@0-2191-
2024

2.1 Abstract

The configuration of the Northern Hemisphere ice sheetmgluhe Penultimate Glacial
Maximum differed to the Last Glacial Maximum. However, the reasons for this are not yet
fully understood. These differences likely contributed to the varied deglaciation pathways
experienced following the glacial maxima and rhaye had consequences for the interglacial
sea level rise. Therefore, a better understanding of how and why these two glacial maxima
differed is crucial for developing the full picture on why the Last Interglacial sea level was up
to 9 meters higher thanday, and thus may help constrain future sea level rise. To understand
the differemes between the North American ideest at the Last and Penultimaglacial
maxima (21 and 140 kawe perform two perturbeghysics ensembles of 62 simulations using

a cowled climateice sheet model FAMOU#®e, in which the North American and Greenland

ice sheets are dynamically simulated with the Glimmer ice sheet model. We select six ensemble
members that match reconstructed ice extent and volumes at thendld3trsultnate glacial
maxima. To understand the role of orbit, greenhouse gases and initial conditions on the final
ice sheet configurations, we use a factor decomposition technique. This reveals that the initial
ice sheet conditions used in the model are extreimglgrtant in determining the difference in

final ice volumes between both periods due to the large effect of tHadbiedo feedback. In
contrast to evidence of a smaller Penultimate North Ameiasasgheet, our model shows that

the climate boundary coitgbns at these glacial maxima, if considered in isolation, imply a

larger PenultimateGlacial Maximum North American icehset than at the Last Glacial
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Maximum, of around 6 meters sea level equivalent. This suggests the growth of the ice sheet
prior to the glacial maxima is key in explaining the differences in North American ice volume.

2.2 Introduction

The Penultimate Glacial Maximum (PGM) occurred around thé@sand years agaka),

within Marine Isotope Stage 6 (MIS 6). Greenhouse gas (GHG) concentratidnglobal
average insolation were similar to thest&lacial Maximum (LGM; ~21 KRa(Bereiter et al.

2015; Berger and Loutre, 1991oulergue et al., 200&)ut the orbital configuration differed,
affecting the seasonal and latitudinal distribution of incomingrtelave radiation(Berger,
1978; Colleoni et al., 2011Yhe global total ice sheet volume, and thus the global mean sea
level, was likely similar between the two glacial maxima (~130 m below present), with
larger uncertainty at the PGlassorDelmotte et al., 2010; Rabineau et al., 2006; Rohling
et al.,, 2017) Both geological evidence and numerical modelling suggest that despite the
similarities in total ice volume between the PGM and the LGM, the configurations of the
Northern HemispheréNH) ice sheets differed significantl{e.g. Batchelor et al., 2019;
Colleoni et al., 2016; Svendsen et al., 2004)

Same reconguctions suggest the Eurasian itea (EIS) may have been up to “®darger

during the Penultimate Glacial AgqMIS 6: ~190130 kg than during the Last Glacial Cycle
(~115-12 ka) (Svendsen et al., 2004However evidence of multiple advances and
uncertainties in dating proxy records means that #nemum extent mapped at 140 éauld
correspod to previous advances during MIS(®olleoni et al., 2016; Ehlers et al., 2018;
Margari et al., 2014; Svendsen et al., 2004 extent of the NortAmerican ice keet (NAIS)

during the PGM is even less well constrained due to a lack of glaciological evidence (e.g.
moraires and till). The scarcity of empirical data in itself suggests that it was smaller in most
areas than at the LGM because the subsequent larger ice sheet could have largely erased the
evidence of prior glaciation®yke et al., 202; Rohling et al., 2017)Additionally, evidence

of reduced ice rafted debris (IRD) discharge from the Hudson Strait in the North Atlantic IRD
belt (e.g. Hemming, 2004; Naafs et al., 2013; Obrochta et al., 20fdative sea level
assessment studig¢s.g. Rohling et al., 2017hand clmate, ice sheet and glacial isostatic
adjustment modellin¢e.g.Colleoni et al., 2016; Dyer et al., 202l point to a smaller volume

PGM NAIS. Forexample, assuming a similar global mean sea level fall (and Antarctic ice
sheet volume) at the PGM as at the LGM but with a larger volume EIS at the PGM (estimated

at 3353 m sea level edualent (ms.l.e) versus 1429 ms.l.e.at the LGM), this followsHhat
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the NAIS must have been smaller than atltEM to compensate (389 ms.l.e.versus 5188
ms.l.e) (Rohling et al., 2017)

The reason for these differences is likely complex and is not yet fully understood. The evolution
and surface mass balance (SMB) of ice sheets depends on many factors such as; background
climate, climate and ice sheesturies, dust deposition, vegetation, ice albedo and sea surface
temperature$SSTs) as well as the interactions and feedbacks between thé@oditoni et

al., 2009a, 2011; Kageyama et al., 20Qd4nner et al., 2006, 2011, Liakka et al., 2012; Stone
and Lunt, 2013)The ice sheets themselves also strongly influence the climate through their
interactions with atmospheric and oceanic circulation and the energy balance. This alters global
and localtemperature and precipitation patterns which in turn affects ice sheet ablation and
accumulation (i.e. SMBjAbe-Ouchi et al., 2007; Beghin et al., 2014, 2015; Gregoire et al.,
2015, 2018; Izumi et al., 2023; Kageyama and Valdes, 2000; Liakka et al., 2016; Snoll et al.,
2022; Uliman et al., 2014J hese interaabins between the vast ice sheets and other components
of the climate system exerted an important control on the initial climate state for the
deglaciations, and hence on the subsequent chain of events, thus impacting the climate, ocean
and sea level evoluth during deglaciation. Thus, the contrasting configurations dfthee

sheets at the glacial maxima may have contributed to the different deglaciation pathways that
followed. The timings and magnitudes of the climate and ocean circulation changes that
occurred during th Penultimate Deglaciation (~14@8 ka) differed tohe Last Deglaciation

(~21-9 ka) (Landais et al., 2013; Menviel et al., 2018pr examplethe Last Deglaciation
experienced two abrupt climate changes associated with a weakened Atlantiohaér
Overturning CirculationHeinrich Stadial 1 and the Yourmg®ryas (Denton et al., 2010;
Ivanovic et al., 2016)compared to evidence of only one, much longer abrupt changeds

the end of the Penultimate Deglaciation, Heinrich StadigCteng et al., 2009; Govin et al.,
2015; JiméneAmat and Zahn, 2015; Marino et al., 2013he deglaciations also led to
interglacials with very different characteristics to one another, incluiagage global surface
temperatures-2 °C higher and sea level up to 9 m higher than thenphestrialduring the
LastInterglacial (~129116 kg (Dutton et al., 2015; Dutton and Lambeck, 2012; Dyealet

2021; Grant et al., 2014; Kopp et al., 2009; RBtesner et al., 2013b; Turney and Jones,
2010)

In this context, it is important to examine the complex physical interactions between the climate
and the ice sheets to better understand why ttevi@ glacial maxima had different ice sheet
configurations and evaluate the ice sheetsb

different orbits andsHG concentrations.
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Despte the challenges in coupling atmospheoean generalirculationmodels (AOGCMSs)

with ice sheet models due to the mismatch between the required spatial and temporal scales,
recent technical advances have meant that this is now possible. A combination of increased
computer power, the development of more computationdiigient, lower resolution
AOGCMs and suigrid scale schemes translating ice sheet relevant atmospheric processes onto
the higher resolution ice sheet grid, has madelirbictional, coupled climatEe sheet
simulations over longer timescales, and in lasysembles, feasibléFyke et al., 2011,
Sellevold et al., 2019; Smith et al., 2021b; Vizcaino et al., 2013; Ziemen et al., 2014)

This study uses a coupled climate sheet model, called FAMOUi€e (Smith et al., 2021b)

to perform ensemble simulations of the PGM and LGM to explore input climate and ice sheet
parameter uncertainties, their effects on the North American ice sheet volume during each
period, and find parameter combinations that give a reasonable ice stfegiration for both

glacial maxima. The ensembles are also constrained basedumnevahd extent metrics and

t he fANoOt R u (NRQY) Shoutationy are @nalysed to try and understand the
similarities and differences between both periods. We findtheainitial conditions used in

the LGM and PGM experiments played an important role in some of the differences seen and

we quantify this impact through the use of sensitivity tests and factor decomposition analysis.

2.3 Methods

2.3.1Model description
FAMOUS isa fast, low resolution AOGCM that is based on Hadley Centre coupled ,model

HadCM3 and therefore retains all the complex processes represented in an AOGCM but uses
only half the spatial resolution and a longer time .st@pce it requires only 20 of the
computational costs of HadCM3, it has been successfully used for long transient palaeo
simulations(Dentith et al., 2019; Gregoiret al., 2012; Gregory et al., 2012; Roberts et al.,
2014; Smith and Gregory, 2012hd large ensembles for uncertainty quantificaf®andy et

al., 2023; Gregoire et al., 201 T)his study uses the atmospheric component, which is a quasi
hydrostatic, primitive equation grid point model with a horizontal resolution of 7.5° longitude
by 5° latitude with 11 vertical levels and ah&ur tme step(Williams et al., 2013) Land
processes are modelleding the MOSES2.2 land surface schessery et al., 2003yvhich

uses a set of sugridscale tiles in each grid box to represent fractions of nine different surface

types, including land ic€Smith et al., 2021b)Whilst this study prescribes sea surface
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temperature$SSTs) and sea ice concentrations, FAMOUS can also be run fully coupled with
a dynamical oceafe.g.Dentith et al., 2019)

FAMOUS now allows the direct two way coupling to an ice sheet model in the configuration
FAMOUS-ice (Smith et al., 2021b)Here, we use FAMOUS in combination with Glimmer to
interactively simulate the North American and Greenland ice sheets lamn4@solution.
Glimmer is a fast running, 3D thermomechanical ice sheet model which uses the shallow ice
approximation. This allows it to model ice sheet evolution over long timescales as it is more
computationally efficient, and therefore has been used to simulate continental ice sheets over
glaciatinterglacial cyclegGregoire et al., 2016; Rutt et al., 2009)

FAMOUS-ice accounts for the mismatch between atmosphere and ice sheet grid sizeg by us

a multilayer surfacesow s cheme t o tlesdatlo $ebetevatioSsMihin each i
grid box that contains land ice in FAMOUS. This SMB is then downscaled from the coarse
FAMOUS grid to the much finer Glimmer grid at each model y&anith et al., 2021b)
Glimmer uses this SMB field to calculate ice flow and surface elevation and passes this back
to FAMOUS in which orography and ice cover is updated. In this study, toceedu
computational costs further, FAMOU€e runs at 10 times ice sheet acceleration: for every
year of climate integrated in FAMOUS, the simulated SMB field forces 10 years of ice sheet
integration in GlimmerFigure 2.1 shows a simplified diagram of this coupling process and
full details can be found iBmith et al. 2021b) The currentomputational cost of this sep

is around 50 decades (dircate years) per wallclock day using 8 processors.

FAMOUS-ice has been shown to perform well in simulations of past and future ice sheets
including Greenland and North Ameri@@andy et al., 2023; Gregoryat, 2020; Smith et al.,
2021b) In particular, the LGM North Americaoe $eet study oGandy et al(2023)was able

to utilise the useful constraints of the LGM tdeinthe importance of parameters controlling

ice sheet albedo on ice sheet configuration in this model.
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Figure 2.1: Schematic illustrating the calculation of SMB at different elevations on the FAMOUS grid

followed by downscaling onto the Glimmer grid.

2.3.2Experiment design

2.3.2.1 Climate boundary conditions

With the exception of including dynamic North American and Greenland ice sheets, our
FAMOUS-ice simulations are set up following the Paleoclimate Modelling lateparison
Project Phase 4 (PMIP4) protocols for the L&K&geyama et al2017)and PGM(Menviel

et al., 2019) These protocols prescribe climatic boundary conditions, including orbital
parametes and GHG concentrations, thelwes of which can be found ifable 2.1.
Concentrations of C§ CHs, and NO are very similar between the LGM and PGM, but orbital
parameters are significantly different. The largecentricity at the PGM enhances the effect

of precession compared to the LGM, which affects the seasonal and latitudinal distribution of
insolation. These changes are important for ice sheet surface mass balance since melting is
particularly sensitive t@pring and summer temperatufgtiybers, 2006; Niu et al., 2019)

The PGM received lower insolatiamthe Northern Hemisphere in late winter to early summer
but higher levels in late summer to early winter compared to the LGNurg 2.2a).

Subsequent to the completion of this work, it was discovered thattizien for the role of
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eccentricity on solar insolation was incorrect in the model code. The magnitude of the error is
larger for periods with higher eccentricity values, and so a sensitivity test was run to determine
the effect this correction has on SMBd ice volume at the PGM. Details of this error and the
results of the sensitivityest can be found in Se@.7.1, but the impactvas shown to be

minimal, and it has been corrected for the work in Chapters 3 and 4 di¢bkis(Figure2.12).

Table 2.1: Climate boundary conditions used in the LGM and PGM experiments as prescribed by the

PMIP4 protocols for each period(Kageyama et al., 2017; Menviel et al., 2019)

Eccentr | Obliquity | Perihelion| Solar CO: CHs | NoO | Orography and
icity ®) 7 180 (°) | Congant | (ppm)  (ppb)  (ppb) | ice extent
(Wm?)
LGM 0.019 22.949 114 1360.7 | 190 375 | 200 | GLAC-1D
(21 ka) (Briggs et al.,
2014; lvanovic
et al., 2016;
Tarasov et al.,
2012)
PGM 0.033 23.414 73 1360.7 | 191 385 | 201 | Combined
(140 ka) reconstruction
(Abe-Ouchi et
al., 2013;
Briggs et al.,
2014; Tarasov
et al., 2012)

In the climate model, the global orography (including the Eurasian and Antarctic ice sheets)
and landsea mask for the LGM are calculated from@e\C-1D 21 kareconstructioriBriggs

et al., 2014; lvanovic et al., 2016; Tarasov et al., 2048jch is one of three recommendations

in the PMIP4 protocolKageyama et al., 2017)or the PGM simulations wesed the 140 ka
combined reconstructioAbe-Ouchi et al., 2013; Briggs et al., 2014; Tarasov et al., 2012)
detailed in the PGM PMIP4 protocenviel et al., 2019)Vegetation is prescribed based on

a preindustrial distribution and kept constant. As ice casi@nges, the fractions of grid cells

that are land ice versus other surface types changes proportionally, altering albedo. However,
since there is no dynamical vegetation component, some important eli®atgetation
feedbacks are neglected, which cob@e a significant impact on ice sheet evolu(iStone

and Lunt, 2013)

Because of the low resolution of the FAMOUS model, using a dynamical ocean and sea ice
can introduce large ksas in the simulated clima(Bentith et al., 2019)By prescribingSST

and sea ice, we are able to limit the amplification of climate biases arising from atmesphere
oceansea ice interactions. Thus, SSTs and sea ice concentration are also prescribed and

constant and are taken from higher resolution HadCM3 simulationkaf{Rijure2.13a; see
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details inlzumi et al.(2023)and 140 kgFigure2.13b). The 140 kaimulation is part of a suite

of simdations covering the last 140,000 yeétdlen et al., 2020) It was performed using a

version of HadCMJ3specifically HadCM3BM2.1aD, see&/aldes et al(2017) which was the

same version as used kumi et al.(2023)for the LGM andDaviesBarnard & al. (2017)).

The sinulation was forced with 140 karbital configuration(Berger and Loutre, 1995hnd

greenhouse gasékoulergue et al., 2008; Petit et al., 1999; Spahni et al., 2008)sheet

forcing and land sea mask were fradmBoer et al(2013)who modelled the evolution of all

the major ice sheets. 't was run as a fisnap:

deeper ocean tdtain near equilibrium.

FAMOUS atmospherecean GCM has not been run for the PGM, and we lack sufficient data
density for precisely dated PGM SSTs and-iseato produce statistically varied
reconstructions, as iBandy et al(2023) Thus, for physical consistency between the LGM

and PGM periods, HadCM3 output was used for the surface ocean boundary conditions. Of all
possible options, HadCM3 output is the most apprapahbice for this because it is the parent

model for FAMOUS; they share the same physics, differing mainly in their resolutions, and
HadCM3 was used as the tuning target for FAMOUS during model develo@reith et al.,

2008) We akethemulty e ar mont hly mean Acl i matologyo of
from the final 100 years of the simulations. Thesenidhth climatologies are repeated
throughout the duration of the simulations to provide a seasonal forcing with ntetong

trend and no interannual variability.

The modelled annual average SSTs are cooler at the LGM than at the PGM, everywhere, except
in the North Atlantic due to less sea ice cover in this redi@u(e2.2b). However, the summer

SSTs are warmer in the Northern Hemisphere at the LGM compared to theFrRfBk2.2¢).

The HadCM3 LGM SSTs are colder on average than the reconstrucGamdy et al(2023)

with the largest differences, of up to 6 °C, occurring in topits and midatitudes Figure

2.13c).
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Figure 2.2: Difference between the LGM and PGM (a) latitudinal distribution of incoming top of the
atmosphere shortwave radiation each month (b) modelled annual sea surface temperatures and (c)

modelled summer (JJA) sea surface temperatures.

2.3.2.2 Icesheet boundary and initial conditions

In all our simulations, the ice sheet extent is set to the PMIP4 boundary conditions for the LGM
and PGM as described irable2.1, except in the interactive ice sheet modwindin, which

covers North America and Greenland. Here, we describe how the ice extent and elevation is
initialised in FAMOUS and Glimmer over the interactive domain in our ensemble of PGM and

LGM simulations and sensitivity experiments.

In our ensemble diGM and PGM simulations, Glimmer is initiated from an 18.2 ka NAIS
taken from a previous Last Deglaciation ensem(i@eegoire et aJ] 2016) This smaller
intermediate (MIS 3ike) ice sheet was used Bandy et al(2023)as an approximate pre
glacial maximum extent from which to grow the ice shieetards an equilibrium ice volume.

For consistency, we used the same initial ice sheet conditiongGandy et al(2023)when
running our ensembles of LGM and PGM slations. The coupling between the models
passes this orography field from Glimmer to FAMOUS, updating the PMIP4 boundary
condition that FAMOUS was initiated from. However, due to the technical formulation of the
coupling, where entire gridboxes were irisad as covered in ice at all elevations in

FAMOUS, the tiles in such gridboxes would not subsequently update to reflect the existence
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of any nonglaciated fractions that might exist in the Glimmer state. This means that when the
initial conditions are rdically different in FAMOUS and Glimmer (as in our ensemble of
simulations), the FAMOUS ice extent over the North American continent is not updated to
match the Glimmer initial conditions. Thus, in our ensemble of LGM simulations, the albedo
remains highhroughout the saddle region (the area between the Laurentide and Cordilleran
ice sheets) because the FAMOUS ice extent re
conditions {.e. the GLAG1D 21 kareconstruction) for the duration of the simulasdRigure

2.3). This coupling procedure has since been improved to allow tile fractions to update to match
those in the ice sheet model despite drastically different initial ice cover. The different ice sheet
configurations used in FAMOUS and Glimmer in the ensembles, are outlined in our table of
experimentsTable 2.2 (experiments 1 and 2). The impact of thisgetcompared to an ice
sheet configuration matched in FAMOUBdaGlimmer isexplored in Sect.4.2and2.7.3

—200 0 1000 2000 3000 —200 o] 1000 2000 3000
Orography anomaly (m) Orography anomaly (m)

Figure 2.3: Topography anomaly from present day used as the initial condition in FAMOUS and the &
masks (red lines) for (a) the LGM and (b) the PGM.

We perform two sets of sensitivity experiments to understand the relative impact of the initial
ice sheet conditions and the climate forcing on the resulting LGM and PGM NAIS volumes.
The first set of gperiments uses matching ice sheet configurations in FAMOUS and Glimmer,
set either to the LGM GLAQD reconstruction or to the end of one of our PGM coupled
simulations Table 2.2; experiments B6). The second saises the same initial ice sheet
configurations as in the ensemble, i.e. GLAD and PMIP4 reconstructions in FAMOUS and
the 18.2 ka ice sheet in Glimmdrable2.2; experiments -2L0). A full description of the inial

conditions and methods used in these sensitivity experiments can be found th3gct.
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Table 2.2: Table of experiments performed in this study €t ai | i ng

configuration, trace gases and global orography as outlined in Table 2.1 and SSTs/sea ice from HadCM3),

initial ice extent set in FAMOUS over Greenland and North America, initial Glimmer ice sheet conditions

and input parameter values. NROY ar e

implausibility metric described in Sect.2.3.4

Experiments

t he

si mul ati ons

Climate | FAMOUS initial ice | Glimmer initial

t ha#ier applying thefi N o t

Input paramesr

forcing | extent condition values
1) LGM ensemble LGM PMIP4 LGM 18.2 ka ice sheet | Randomly sampled
(GLAC-1D) from Table2.3 ranges
(See Sect2.3.3
2) PGM ensemble PGM PMIP4 PGM 18.2 ka ie sheet Randomly sampled
from Table2.3 rarges
(See Sect2.3.3
3) V.1(full LGM) | LGM PMIP4 LGM PMIP4 LGM Matching NROYa
(GLAC-1D) GLAC-1D simulation
4) Ve 1 PGM PMIP4 LGM PMIP4 LGM xpken/xpkyn (See
(GLAC-1D) GLAC-1D Sect.2.3.4and2.4.])
5 Vi1 LGM PGM NROYa PGM NROYa
(xpkyn) (xpkyn)
6) Va_1(full PGM | PGM NROYa PGM NROYa
PGM) (xpkyn) (xpkyn)
7) V 2(NROYa LGM PMIP4 LGM 18.2 ka ice sheet
LGM) (GLAC-1D)
8) Vc2 PGM PMIP4 LGM 18.2 ka ice sheet
(GLAC-1D)
9) Vi LGM PMIP4 PGM 18.2 ka ice sheet
10) Vi 2(NROYa | PGM PMIP4 PGM 18.2 ka ice sheet

PGM)

2.3.3Ensemble design

The ensemble b§andy et al(2023)showed that uncertainty in parameters controlling SMB,

ice sheet dynamics and climatic conditions over the ice sheets had a siginifiicentce on

the extent and volume of the LGM NAIS, with albedo parameters explaining the majority of

the variation in model output. Since these parameters neediacimg from simulations of the

present day Greenland ice sheet to produce an acceptable NAS configuration in

FAMOUS-ice under LGM climate conditions, the PGM may also show different sensitivities

t hei nigebital mat e
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to the uncertain parameters. Therefore, we ran new ensembles of the LGM and PGM in order
to explore uncertainties and identify combinations ahate and ice sheet parameters that

perform well for both periods.

Following on fromGandy et al.(2023) a second wave of simulations was performed and
compared to remstructions of ice sheet extent and volume to idefitiffot Rul ed Out
(NRQY) parameter combinatiofsee methodology in Se&.7.9, the results of which formed

the basis of the ensemble design in this stWdyreran he LGM ensemble to allow for slight
changes in the experiment design compare@andy et al(2023) we u® orbital parameters

for 21 karathe than 23 kaand HadCM3 SSE instead of a statistical reconstruction (see Sect.
2.3.2.). Table2.3 details the 13 parameters that were varied in these simulations. Out of the
176 NROY parameter combinations fraime Wave 2, a representative subset of 62 were
selected which provided adequate coverage of the NROY spacBgseR.7.4for details).

Each was run for 1000 climate years (10,000 ice sheet years) for both the LGM and PGM
experiments until the majority of the ice sheet reached close to equilibriumi®dsf@rences

in the model setip between this study ar@andy et al. Z023) we expecthe 62 samples
chosen from their design to be a good estimate to an optimal parameter design for our

experiment desigrSect.2.7.4).

Table 2.3: Description of parameters varied h the ensembles. Adapted fronGGandy et al. (2023)

Parameter Range Description
lapse ate -0.017 -0.002 | Prescribed lapse rate for air temperatureluselownscale
(tgrad) K m? FAMOUS nearsurface ice sheet climate onto surface

elevation tiles. Down welling longwave radiation is also
adjusted for consistency. More negative values lead to

stronger lapse rate effedSmith et al., 2021b)

daice -0.47 0 Sensitivity of bardce albedo to surface air temperatures on
K* the surface is in a melt regime. Albedo reduced to as low &
0.15 with minimum valuéSmith et al., 2021b)
fsnow 35071 800 The threshold in surface snow density at which the FAMO!
kg m?® albedo scheme switches from a scattering paradigm

appropriate for a conglomeration of snow grains to one mc
appropriatdor a solid surface. Higher values correspond ta
using brighter albedos for denser snow, increasing ice she
albedo(Smith et al., 2021h)

51



av_gr

rherit

vil

ct

Cw

entrainment

coeff

alpham
basal $iding

mantle

relaxation tme

flow
enhancement
factor (flow

factor)

071 0.01

pomt

0.61 0.9

pa*

1i 2

m st

5x10°7 4x10*
S—l

1x10*7 2x10°

kg m?®

1.571 6

0.27 0.65
0.57 20
mm yr?
3007 9000

yrs

17 10

Sensitivity of the sow albedo to variation in surface grain
size. Higher values enhance the darkening of snow over ti
decreasing the albed8mith et al., 2021b)

The threshold forelative humidity for cloud formatio(Smith,
1990) A higher value means clouds can form less easily.

The precipitating ice falbut speeqHeymsfiet, 1977)

The conversion rate of cloud liquid water droplets to
precipitation(Smith, 1990)

The threshold values of cloud liquid water forrhation of
precipitation(Smith, 1990) Only the value for the land is
varied.

Rate of mixing between environmental air and convective
plume. Higher values enhance migiaf convective plumes
with ambient dry air.

The sea ice lowest albedo (Cstey & Roberts, 1995).

The basal sliding rate. A higher value allows increased ice
velocity.

The relaxation time of the mantle, a lower value making th
mantle less viscous, thus allowing a quicker topographic
rebound.

enhancemen

Gl ends Fl ow Law

makes the ice saft and more deformab(Rutt et al., 2009)

2.3.4Implausibility criteria

To filter out implausible ice sheet configurations in the results, a set of constraints, based on

southern ice sheet extent and volume, were applied to tiv éBemble. Both ensembles

were filtered based on the LGM results since the extent of the NAIS is very well constrained

by geological data and there are more estimates of ice volume for the LGM than the PGM. This

is because there is a lack of empiricabd@tver both space and time) on ice sheet configuration

at the PGM due to destruction of evidence by subsequent glaciations and difficulties with

dating what is availabl@Parker et al., 2022 hus, most of the reconstructions of NAIS PGM

extent are actually the maximum extent reached thwewhole of MIS 6 (190.30ka) and are

mostly based on numerical modelling combined with this scarce proxyedgt8atchelor et
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al., 2019; Colleoni et al., 2016)his leaves asetofplabsi e or @A Not (NROY)ed Out

LGM simulations that can then be compared to the corresponding PGM simulations to
determine whether parameters that performed well for the LGM also give plausible PGM
results. LGM ice extent was assessed against the teectien byDalton et al.(2020) We

focus our evaluation of ice extent on the southern N&kE& and chose to disregard regions of
known model bias. This includes marine margins that are subject to processes not included in
Glimmer and the Alaskan regions where small climate model biases lead to ice sheet
overgrowth(e.g. Ganopolski et al., 2010; Gregoire et al., 2016; Shefailano et al., @4;
Ziemen et al., 2014 Additionally, ice lobes are not well captured in many models as they are
likely to be transient, shofived features that may be caused by complex ice dynaieigs
Zweck and Huybrechts, 2005)herefore, we do not expect our simulations to perfectly match
the reconstructed Southern NAIS extent. To account for the expected mismatch between model
and cata, we applied a tolerance on the Southern ice sheet area of 1.7RBe168quivalent

to threetimes the area of the lobdsigure2.4). We thus calculate the Southern NAIS ice area

as the integrated area withihe large box shown ikigure 2.4 at the end of each LGM
simulation and selected simulations that matched the reconstructed areBditom et al.
(2020)within plus or minus 1.79 x 2&m?. The volume of the NAIS is not as well constrained

by proxy data and so estimates rely on ice sheet, glaciahti®oatjustment and sea level
modelling studies. Based on a number of these st@Bashelor et al., 2019; Gowan et al.,
2021; Lambeck et al., 2014; Marshall et al., 2002; Peltier et al., 2015; Rohlihg 201 ;
Tarasov et al., 2012; Tarasov and Peltier, 2002, 2@0#)nimum NAIS (includig Greenland)
volume of 70 ms.l.e.(2.8 x 10 km®) was applied to the ensemble. The translation of ice

volumes into meters of sea level equivalent are calculated lmaspresent day ocean area.
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Figure 2.4: Outline of the LGM North American i cesheet byDalton et al. (2020) The large red box shows
the region used to calculate reconstructed and modelled Southern NAIS area. The small red box shows the
region used to calculate the area of the lobes from whichenset the upper and lower target bounds for

southern ice extent (See Se@.3.4.

2.3.5Sensitivity analysis

We choose one of the resulting NROY parameter combinations, NROYa (specifically
experiments xpken/xpkynlhich has LGM and PGM ice volumes lying in the middle of
estimated ranges and the least excess ice growth over Alaska, to investigate the relative impact
of the initial conditions versus the climate on the resulting ice sheet configurations. This is
achieved through a sensitivity analysis along with factorisation based on the metlibbdyuse
Gregoire et al.(2015 and Lunt et al(2012) We divided the differences in inputs between

LGM and PGM into two factors; the initial ice sheet configurations used in FAMOUS and
Glimmer and the climate boundary conditions (orbital parameters, greenhouseagdses
SSTs/sea ice). Thus, the total difference in final ice volupy between the LGM and the

PGM can be written as EQ.01):

Yo o w , (2.1)
wheredVe is the difference in final ice volume due to thiffadent initial ice sheet

configurations andVcimate is the difference due to the difference climate boundary conditions

used.

The factorisation method required' Zimulations (where N is the number of different
components) to determine the contribatiof each component to ice volume difference,

therefore 2 = 4 experiments are needed that systematically change one variable. These
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experiments are listed ifable 2.2. The relative contributions of the initiabrditions and
climate can be calculated by Eg8.2) and 2.3):

o A IR AN (22)
(o) -0 6 6 6, (23)

To properlyunderstand the effect of the initial conditions, we performed two sets of sensitivity
experiments. In the first set, labellediVVc 1, Vi1 and i 1 (Table 2.2; experiments 135),

both the topography and ice @vare set to be consistent between the climate and ice sheet
model components. Specifically, for the LGM, the Glimmer initial bedrock topography and ice
surface elevation was prescribed from the GERAC reconstruction used in the FAMOUS
LGM boundary condion. For the PGM, the ice thickness data needed for the PMIP4
reconstruction to be converted to the Glimmer initial condition were not available. Instead,
both Glimmer and FAMOUS were initialised with the final timestep of the NROYa PGM
(xpkyn) experimentsince it closely resembles the PMIP4 reconstruction. Experiment V
corresponds to a full LGM simulation and; Y corresponds to a full PGM simulation. In the
second set of sensitivity experiments, we use the initial Glimmer ice sheet used in the
ensembds, i.e. the 18.2 ka misize ice sheet, only varying the FAMOUS initial ice sheets to
see how this difference in orography between the climate and ice sheet models may have
impacted the result. These experiments are labelled W 5, Vi > and V. 2 (Table 2.2;
experiments i710), with V> corresponding to the LGM NROYa (xpken) andi ¥
corresponding to the PGMROYa (xpkyn).

2.4 Results
2.4.1Ensembles

Our ensenbles of 62 North American icehset configurations spans uniznty in model
parameters and reveals the wide range of possible modelled ice sheet evolutions. Over the full
ensembles, we find that the 4gi of the original Wave 2 meant that the albedo values were
too high and so the use of more realistic albeddbese ensembles led to many of the runs

deglaciating to very low volumes as showrkigure2.5 (seeSect.2.7.4for more detalil).
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Figure 2.5: (a) Ice volume evolution over modelled time, and (b) density distribution of final ice volumes
for the full LGM and PGM ensembles. Percentage of simulations with ice cover for (c) LGM (with the
Dalton et al. (2020yeconstructed margin shown in red); (d) PGM (with the PMIP4 PGM modelled margin
shown in solid red and theBatchelor et al. (2019yeconstructed maximum MIS 6 margin shown in dashed
red), and (€ the difference between the LGM and PGM, at the end of the simulations.

Table 2.4: Average volumes (NAIS + Greenland) and southern NAIS areas and their standard deviations

(SD) of the NROY LGM and PGM simulations. Also shown are estimated values from literature for

comparison.
Mean Total Estimated Total Mean Southern Area Estimated Southern
Volume (SD) Volume, ms.l.e. (SD), x 16 kn? Area, x 16 kn?
ms.l.e.
LGM | 82.1 (8.29) 61-98 (Rohling et | 5.55 (0.33) 6.28(Dalton et al.,
al., 2017) 2020)
PGM | 62.3 (10.3) 49-69 (Rohling et | 3.64 (0.82) 3.32(Menviel et al.,
al., 2017) 2019)

After applying our implausibility criteria (Sec2.3.4), six norimplausible or NROY LGM
simulations remainedable 2.4 gives the average volumes and areas of these six simulations
and the corresponding six PGM ice sheets compared to estimated values from eamgirical

model data. All six LGM simulations show an overgrowth of ice in Alaska of varying
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magnitudes, as a result of the previously mentioned climate model bias. However, in other
regions the simulations display a very similar ice extent, with the soutrearoaly varying
by 9.7 x 16 km?. None of the simulations form ice lobes, as expected, but they do show a close

match to reconstructed ice extent in our target area, although towards the lower end of the

plausible range, and in the marine regidfg\fre 2.6a andFigure2.7a). There is aninimum

ice volume of 73.9 m.l.e.and a maximum of 97 s.l.e. The maximum ice thickness varies

by around 300 m but the overall skapof the ice sheets remain the same, with the thickest ice

towards the east of the ice sheet over Hudson Bay.
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Figure 2.6: (a) The relationship between final ice volume and southern area for the LGM ensenat and

the relationship between the LGM and PGM (b) final ice volume, and (c) final southern areas. The filled in

blue dots represent the six NROY LGM simulations and the solid lines on panel (a) show the minimum

volume and area constraints applied to thensemble. The ensemble member chosen as NROYa is outlined

in red (Sect2.3.5.

All the PGM ice sheets were smaller in volume than their LGM counteripiguré 2.6 and

Figure2.7) and displayed a smaller extent in the southern margin and the saddle etgiearb

the western Cordilleran icehe¢ and eastern Laurentide icéegt. However, the PGM

simulations also displayed movariability in their ice extent and volumes. Tle volumes

range from 53.4 ra.l.e.to 83.37 ms.l.e.and the southern extent varies by 2.44 %K. The

range in maximum ice thickness is also over double the LGM, varying by around 613 m. These

PGM canfigurations also look plausible compared to the less well constrained extent data

available, including previous empirical and modeliecbnstructions of the PGM/MIGextent

(Batchelor et al., 2019; Menviel et al., 20Hgure 2.7b). Forexample, all the simulations

maintain an icdree corridor between the Laurentide and Cordilleran ice sheets which is a

common feature in these PGM reconstructions. In addition, the excess Alaskan ice seen in

LGM simulations is also present at the PGM, boer the growth is not as excessive.
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Figure 2.7: Percentage of simulations with ice cover for (a) LGM with théalton et al. (2020yeconstructed
margin shown in red; (b) PGM with the PMIP PGM modelled margin shown in solid red and thé&atchelor
et al., (2019)econstructed maximum MIS 6 margin shown in dashed red, and (c) the difference between

the LGM and PGM, at the end of the simulations for the six NROY ensemble members.

2.4.2Impact of initial ice sheetarsts climate

Out of our six NROY model configurations, we selected the parameters of a pair of LGM and
PGM experiments xpken/xpkyn (NROYRigure 2.6) to perform two sets of four sensitivity
experiments to decompose the effects of climate forcing and initial conditions on the final ice
sheet volume. This included repeating xpken and xpkyn using matching FAMOUS and
Glimmer LGM and PGM initial conditions respectivelyable2.2, experiments 3 and 6). For
both glacial maxima, using the matching initial conditions resulted in more execeser
Alaska Figure 2.14), though the southern ice extents are relatively similar between the two
sets of experiments. Overall, for the LGM, using the GLHT reconstruction in Glimmer
(V_1) resulted in an ice sheet 9.7 grl.e.larger than if the 1. ka ice sheet was used (Y
(Table2.5; Figure2.14q). For the PGM, the matching initial conditionsc(\) resulted in only

0.45 ms.l.e.increase from the NROYa simuilai (Vi 2) due to a decrease in ice volume over
the Laurentide ice sheeldble2.5; Figure2.14b).
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Table 2.5: Final ice wolumes of the four sensitivity experiments performed with matching climate model
and ice sheet model ice sheets and the equivalent four performed with different initial ice sheets in each

model.
Experiment Final ice volume Experiment | Final icevolume
(ms.l.e) (ms.l.e)

V_1(full LGM) 100.3 Vo, 90.6

V¢ 1(LGM ice , PGM 104.2 Ve 2 97.1

climate)

Vi 1(PGM ice, LGM climate) 64.7 Vi 63.0

Ve 1(full PGM) 68.6 V2 68.1

The final ice sheet volumes from the first set of four sensitivity experimdiaiislg 2.2;
experiments 136) are displayed ifiable2.5 and shown irFigure2.8. The results of the second

set of four experimentélable 2.2; experiments i710) are also included imable 2.5. The

results of the factor decomposition analysis show that the simulated ice volume at the PGM
was 31.7 ms.le. (1.25 x 10 kn?®) lower than at the LGMdV ;). The initial ice sheet
configuration Vi 1) alone caused a 35% decrease in volume, but this was partially offset by
the climatic conditionsdV:_1), which resulted in an increase in volume of 4%. The regast
similar for the second set of experiments, with the initial ice sheet configurdtios) €ausing

a decrease of 31% in ice volume at the PGM compared to the LGM, but the cliviate (

caused a 6% increase in volume.

0 500 1000 1500 2000 2500 3000
Ice thickness (m)

Figure 2.8: Final ice thickness in the sensitivity tests using (a) LGM ice sheets and LGM climate; (b) LGM
ice sheets and PGM climate; (c) PGM ice sheets and LGM climate, and (d) PGM ice sheets and PGM

climate.

The PGM climate is condiwxe to growing a larger ice shedtigure2.9a) because the orbital
configuration results in the Northern Hemisphere receiving less incoming solar radiation in
spring and early summeT&ble2.1; Figure2.2a). This reduces the melting of snow that has

accumulated in wintefHigure2.9b). The winter snow accumulation is also higher at the PGM
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than at the LGMFKigure2.9c) due to the PGM having warmer air temperatures in autumn and
winter, because of the orbital forcing, leading to a wetter climate. Summer SSTs are also cooler
at the PGM [Figure2.2c) due to lower spring insolation, further contributing to reduced runoft.

In contrast, the Greenland ice sheet decreases in size due to PGM climate comidgions (
2.9a), likely due to higher sea ice concentration south of Greenland reducing the moisture
source available for precipitation.

-1000 -500 (v) 500 1000
Ice thickness (m)

(c)

2 4 -15 -1.0

-4 -2 0 -0.5 0.0 05 1.0 15
Runoff (kg m~2) le-6 Snowfall rate (kg m~2s~1) le-3

Figure 2.9: Difference between experiment Vci_1 (full PGM) and Vi_1 (PGM ice sheet withGM climate)
isolating the effect of LGM climate vs PGM climate on (@) final ice thickness simulated by Glimmer and
(b) spring (MAM) runoff and (c) winter (DJF) snowfall over the first 10 years.

2.4.3Uncertainty due to model parameters

Due to the sampling stegy, this ensemble does not have an optimal design for analysing the
sensitivity of the ice sheets during the two time periods to the different model parameter values
because our ensemble of simulations does not uniformly span the uncertain parameter space
For this, we refer the reader to the studie§ahdy et al. Z023) and Sherriff Tadano et al.,
(2024)and Chapter 3 of this thesighich present larger ensembles of experiments. Here, we
first evduate if our results are consistent with these two studies before examining if the

difference between the PGM and LGM ice sheets is sensitive to specific model parameters.
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Based on correlations between the parameters and ice sheet area and volungethaethe

LGM and PGM behave similarly across the parameter rarkggsré 2.16 and Figure 2.17)

and most of the uncertainty in the results for both periods can bereeglay parameters that
affect the surface albedo of the ice sheleice, av_grand to a lesser exterfsnow Higher

values ofdaice andfsnowand lower values adv_grcause higher albedos and lead to larger
ice sheetsTable2.3). Basal slidingalso influences the volume of the ice sheet, with less impact
on the area, with lower values and thus lower ice velocities causing larger volume ice sheets.
The cloud paramet@walso shows a relatively high positive aalation for the PGMKigure

2.10). This is consistent with the findings of previous studies and current understanding on the
importance of albedo for ice sheet evoluti@andy et al., 2023; Sherrifadano et al., 2024;
Willeit and Ganopolski, 2018)

Additionally, there is a negative correlation between the difference in ice volume and area
between the LGM and PGM and the paramesergyr, basal sliding andrhcrit. Conversely,

there is a positive correlation between the L&MWPGM difference in ice volume/area and

daice (Figure 2.18). This suggests that lower valuesanf grand higher values afaice and

thus a higher albedo, as well as lower ice sheet velocity and more cloud, make the ice sheet

more sensitive to changes in radiative forcings from the orbital boundary conditions.
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Figure 2.10: Relationship between LGM southern area and the four most influential parameters. The green
shaded region shows the southern area constraint applied with the dotted line showing the exact area of the
reconstruction and the solid line the minimum bound applied. Theolour scale represents ice volume and
the dots outlined in red are the six NROY LGM simulations with the red line on the colour bar showing the
volume constraint.

2.5 Discussion

After constraining our ensembles based on the available empirical and modiet tiagd GM,

we find that the model was able to successfully simulate the ice sheet at both periods under
different LGM and PGM climate boundary conditions (orbital parameters, SSTs and global
orography) and initial ice sheets. However, the southern sxte#nthe constrained LGM
simulations all fall towards the lower end of the plausible range, which is a common feature
seen in other simulations using a low resolution atmosphere model due to biases that cause a
reduced stationary wave effect over thisioegGandy et al., 2023; Sherrffadano et al.,

2024; Ziemen et al., 2014Additionally, the ice lobes that are present over the Great ladkes

North Americaare not captured in these simulations. Again, this is common in ice sheet models
andis likely a result of missing subglacial processes or the low resolution of the climate and

ice sheets models.
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Analysis of the behaviour of the modelled ice sheets across the parameter spaces reveals that
both the LGM and PGM ice volume and extent havmilar sensitivities to parameter
uncertainties. We therefore conclude that parameters that produce a good LGM NAIS also
produce a plausible PGM NAIS under PGM boundary conditions and thus similar model
parameters are appropriate for use when modellinggibds. Our simulations can thus be
compared and analysed to understand the causes of the different configurations between the
two periods. However, since the ice volume is most sensitive to surface albedo and most
simulations deglaciate under low valwdslaice this suggests that the value of bare ice albedo

in the model may need to be increased for future work.

The results of the sensitivity analysis show that the difference in initial ice sheet boundary
conditions overwhelmingly determined the di#ece in final ice volume between the LGM

and PGM in the ensemble of simulations. We tested the impact of starting from LGM and PGM
ice sheet configurations @limmer instead of the 18.2 kee sheet and found that this caused

an even larger difference ice volume between the two glacials. Comparing the simulations
that use the same initial ice topography in FAMOUS and Glimmer (first set of experiments),
to those that use different topographies (second set of experiments), whilst keeping the ice
cover cosistent, reveals that the relative contribution from the initial ice sheet boundary
conditions, compared to the climate conditions, to the simulated differences between the LGM
and PGM ice sheets, remains similar. This suggests that the dominant feedipacisible for

this result is the icalbedo feedback rather than the temperatlggation feedback. A similar
conclusion was obtained be-Ouchi et al. 2007)who studied the relative contribution to
climate over ice sheets from the ice sheet itself and the orbital parameters and CO
concentration. They found the cooling caused by the ice sheet themselves was the dominant
effect, mostly due to albedo feedbacks, whiotréase with ice sheet arééageyama et al.
(2004)also highlighted in their study the importance of the albedo feedback on the maximum
modelled North American ice volume. They show that changes in vegetation are needed to
initiate glaciation over North America which is thaocelerated by the ieabedo feedback.

The North American ice sheet was larger at the LGM than at the PGM. However, this
sensitivity analysis reveals that the difference in orbital parameters, GHGs and SSTs (climate)
between the LGM and PGM encouradas growth of a larger North American ice sheet at the
PGM (Figure2.9a). This effect would likely be even strongewi had used the orbit at 137

ka (the timing of the minimum in Northern Hemisphere summer insolaFigure 2.11a-c)

since the PGM would have received even lower insolation in spring and early summer.
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This result highlights the importance of the evolution of these climate factors and the ice sheets
during the preceding glacial cycles in determining the glacial maxima configurations. For
example, during the start of the Lada@al Cycle (MIS 5; ~1180 kg, the variation in 65° N
summer insolation was relatively large as a result of changes in orbital parsrgegure
2.11a-c), which resulted in multiple cycles of growth aedession of the North American ice
sheets during this period, but total ice volume remained Bownelli et al., 2009; Dalton et al.,
2022; Ganopolski et al., 2010nsolation then redes a minimum at ~70 k&igure2.11c)

which, combined with decreasing concentrations o CGQ90 ppm at ~65 kd&igure2.11f),

led to a significant increase in ice sheaume to almost LGM extent (Fig.11d) and a switch

to more widespread glacial conditions at the MIS 5/MIS 4 trans(fgomelli et al., 2009;
Dalton et al., 202R The size of the NAIS at this time was large enough to induce positive
feedbacks, such as the-akedo feedback, allowing its maintenance throughout MIS 4 and
MIS 3 (~7-30 kg despite an increase in insolatiGtom ~5030 ka(Figure2.11c). This was

also supported by a continued decrease in(E@Qure2.11f). Growth of the ice sheet could
then continue to its glacial maximum extent following a further insolation &d&crease
during MIS 2 (~3621 ka) Figure2.11c-f). In contrast, prior to the PGM there were peaks in
insolation at ~172 and ~148 Kaat reached higher levels than were reached prior to the LGM
during MIS 4 andMIS 3 (Figure 2.11c; Berger, 1978) This may have inhibited an initial
significant buildup of iceover North America, as during MIS 4, preventing the initiation of an
ice-albedo feedback strong enough to enable the continued growth towards a larger LGM
configuration and/or maintain its volume through the second insolation peak. In addition, there
was nore time between the LGM and thesolation maximum at ~580 kacompared to the

PGM and the maximum at ~147.Keherefore, the PGM NAIS may have not had enough time

to regrow before insolation started to increase again. Thus, investigation of the meacesse
interactions that took place prior to the glacial maxima will be needed to fully understand why
the LGM and PGM NAIS configuration differed.
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Figure 2.11: Evolution of climate proxies over the last tw glaciakinterglacial cycles: (a) precession index

(red) with eccentricity as an envelope (yellow); (b) obliquityBerger, 1978) (c) July insolation at 65° N

(Berger and Loutre, 199); (d) reconstruction of global mean sea level and uncertainty estimate (dotted

lines) (Waelbroeck etal.,2002) (e) bent hi c U1 glGieakilamdbrayimo, 8005 ank(f) r ec or d
EPICA Dome C carbon dioxide ice core record¢Bereiter et al., 2015; Lithi et al., 2008)The PGM and

LGM are indicated by the dotted line.

Additional feedbacks that played a role in the development of glacials into either atike&sM

or PGMlike mode are also missing in these simulations due to computational constraints. For
example, the low resolution of the atmospheric component of FAMOUS meaing th
capable of performing ensembles and long palaeo runs while directly coupled to an ice sheet
model. However, it also means that many stsadlle atmospheric processes (e.g. stationary
wave response) caused by and affecting the ice sheet topognaplmpt represented well
(Beghin et al., 2014, 2015; Kageyama and Valdes, 2000; Liakka et al., 2012, 2016; Liakka and
Nilsson, 2010) Additionally, the shallow ice approximation used in Glimmer means that the
ice sheet will not be able to sinate marine instabilities of advance and ret(Pattyn et al.,

2012) This effect will be minimal for the NAIS, but a more advanced ice sheet model would

be requiredo simulate a marine ice sheet like the EIS.

65



As a reminder, the vegetation was kept fixed atipdestrial distributions, but the vegetation

prior to and next to the ice cover has been shown to be very important for determining ice sheet
expansion in mdels through the vegetatiaibedo feedbac{Colleoni et al., 2009b; Horton et

al.,, 2010; Kageyama et al., 2004; Stone and Lunt, 200&refore, implementing glacial
maxima distributions or dynamical vegetation may affect the results sincedietioa in

forest and expansion of tundra/shrubs compared to present day would increase the albedo of
the surface next to the ice and affect the clim@teissner et al., 2003)Similarly, the
prescribed SSTs and sea ice concentrations used introduce an additional source of uncertainty.
As well as impacting the global mean temperature and precipitation patterasimthations,

the SSTs and sea ice used can have local climate impacts that affect the simulated ice sheets.
This includes causing a warming or cooling over the more coastal areas affecting the melt rate,
and impacting evaporation rates, which affectsaitmeunt of snowfall the ice sheets receive.

The SSTs used in this study are cooler (as a global average) than thpraxyltand data
assimilation LGM SST reconstructionsérney et al. (2020gndPaul et al. (2020and the
constraned statistical reconstruction @andy et al. (2023pnd Astfalck et al. (2024)
HadCM3 also tends to simulate cooler SSTs compared to other PMIP4 models, although they
are similar to CESM1.2ZKageyama et al., 2021 herefore, the use of colder SSTs in this
study causes lower global meamiperature overall, but also would have caused a cooling next

to the ice sheets and reduced snowfall, which would have impacted the ice sheet growth in
different waygAstfalck et al., 2024; Hofer et al., 2012; Marsiat and Valdes, 20018 latter

impact was showrotbe most dominant in the study Agtfalck et al. 2024) suggesting that

our simulated ice sheet volumes may have been larger had we usedatimeér LGM SST
reconstruction, due to increased evaporation. Prescribing the ocean forcing also neglects any
effects changes in ocean conditions and ice sheets have on ea¢b.gt@eileoni et al., 2011,
Sherrift Tadano et al., 2018, 2021; Timmermann et al., 2010; Ullman et al.,.208#hp a
dynamical ocean would include the effe of meltwater and changes in atmospheric
circulation, arising from the ice sheets, on ocean circulation and temperature, which would in
turn affect the climate, feeding back onto the ice sheets themselves. Further work will be
required to investigate ¢hfeedbacks between ice sheets and sea surface at the PGM, but this
is beyond the scope of this study. We recommend the use of a fully coupled atmaoselaere
vegetationice sheet model to further investigate these feedbacks. The effect of dust deposition
and ice dammed lakes have also been shown to have a large influence on the biiiick
(e.g.Colleoni et al., 2009a; Krinner et al., 2004, 2006; Naafs et al., 2@d&¢ver further

model developments would be needed to investigate these effects.
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Finally, the Eurasian ice sheet also displaye@artant differences between the LGM and
PGM and had a large influence on the climate. It is likely that some of the differences in the
configurations of the NAIS and EIS between the two glacial maxima resulted from their
interactions with each othéBeghin et al., 2014, 2015; Liakka et al., 2QIK) investigate the

EIS at the PGM, we recommend the use of an efficient marine ice sheel suxh as
BISICLES that uses adaptive megimement(AMR) to refine the processes occugiat
marine margins that are more important for the marine based Eurasian ic€Csinatird et

al., 2013; Gandy et al., 2019)

2.6 Conclusions

We have performed and compared ensemble simulations of the LGM and PGM using a coupled
atmospherace sheet model (FAMOU&e) with prescribed surface ocean conditions and
interactive Noth American and Greenland icheets. We tested the relative importance of the
initial ice sheet configuration versus the climate boundary conditions on the resulting ice sheet
volumes through sensitivity tests and factor decomposition analysis. The melastmms of

this study are as follows:

1. Successful simulations of the LGM and PGM North American and Greenland ice sheets
are produced using a coupled climate sheet model. We find that uncertain model
parameters tuned to produce a plausible LGM Nortlegan ice Beet also perform
well for the PGM.

2. The initial ice extents used as boundary conditions in coupled chioetsheet
simulations have a much larger impact on the modelled NAIS than the climate boundary
conditions, causing a ~30% decrease @molume at the PGM compared to the LGM.

This is due to the icalbedo feedback.

3. The climate of the PGM causes an increase in NAIS ice volume of ~6% compared to
the LGM due to the orbital configuration causing the Northern Hemisphere to receive
less insoldion in spring and early summer. Since the LGM ice sheet was larger than the
PGM, this suggests that the climate and ice sheet evolution prior to the glacial maxima

contributes to the differences seen between the LGM and PGM ice sheets.
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2.7 Appendces

2.7.1Eccentrcity equation correction

The equation for the role of eccentricity on solar insolation used sirthdations in this paper
was:

Yo Y p — p QA T 0oOr p Q (2.4)
However, this is incorrect and has now been corrected in the model to:
YO Y p QA T vor p Q (2.5)

where; S(t) is the incoming solarsolation, $is the solar constang is the eccentricity
oftheE r t h 0 s vsthdtriud ancemaly(the angleodE t hds current posit

The PGM e xp e rwasrertmiwithithe pokegt@guation and shows that on average
the SMB was slightly lower in our simulations than it should have been (decreased by 16% at
the end of the simulations), leading to sligtgipaller ice sheet$-igure2.12). However, the
impact is small (and would be @vsmaller for the LGM given the lower eccentricity) and does

not affect our overall conclusions.
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Figure 2.12: (a) Difference between the SMB at the end of the experiments between the original simulation
and the simulation using the corrected eccentricity equation and (b) the evolution of ice sheet volume for
both experiments.
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2.7.2Sea surface temperatures
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Figure 2.13 Mean annual SSTs used in this study fronHadCM3 for (a) LGM and (b) PGM and (c) the
difference between the LGM SST reconstruction used iGandy et al. (2023and the HadCM3 LGM SSTs.

2.7.3Impact of different initiaice sheets
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Figure 2.14: Difference in the final ice thickness between the simulations with matching initial conditions
in FAMOUS and Glimmer and the NROYa ensemble member for (a) the LGM and (b) the PGM.

2.7.4Wave 2 methodology
The ensemble designn t hi s st udy was bas éNROY) paramnetee fi Not

combinations from a second wave of ensemble members that followed on from the 280 member
ensemble performed @andy et al(2023) From the first wave of simulations, only 18 out of
these 280 members producedaagé enough LGM North Americard sheet to meet the
volume and extent criteria they imposed (see deitaileference). Further work was thus

performed to augment the ensemble of simulations that met the NROY criteria. We used
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statistical emulation to identify plausible regions in the parameter space. As there was limited
information to constrain the domainf plausibility in the parameter space, we instead
implemented an eadgtopping criteria that allowed us to prevent the full execution of model
runs that were not expected to produce good ice sheets. To do this we first modelled, from
Wave 1, the predictedquilibrium area of the ice sheet from the value of the initial surface
mass balance. Mathematically, we specified;

5 Qd T, (2.6)

wher e AequiliEriunt ibessheét area after 10,000 ice sheet years, b is the 20 year
averagedSMB value over the ice sheet affd) may be any function. We consideretb be
either linear or sampled from a Gaussian Process (GP) and found the linear model gave more
conservative uncertainty estimates which was desired since the Wave 2 runs néeded to
the NROY space. The predictive interval for the modeP(p) =[f(b) + 3 &N #b) ( 1
3 & v and we targeted equilibrium ice sheet areas in the int&redll.5x10 kn?, 2x10
km?]. The intervalTi s analogous to the target-sigmat er val
rule in standard history matchin@ukelsheim, 1994)Plausible values ob satisfy the
condition thatP(b) T4s nonzero, that is, fob to be plausible, the predictive bouR(b) and
the plausible equilibrium ice sheet afleaust intersect. It was found that the yar areraged

SMB had to be at least positive to produce a plausible ice sheet.

To further improve efficiency, we us&hussian Processnulation to produce plausible values
of b (and hence equilibrium ice sheet areas); iterating the training déte emulator with
each wave of simulator runs. Define ®#yhe multivariate vector of parameters that they build
the emulator over: here comprised of the 4 most influential parametsrow, av_gr, dice,
andflow factor. We modeb with a random error proces®D "O0c —, where the effects

of the paramiers not explicitly represented enare handled by the stochasticity of the process
represented by. Values ofb were sampled using a stratifiedektended Latin Hypercube
design(Williamson, 2015yand three sulivaves were executed, from which, a candidate set for

the Wave 2 ensemble was extracted.

The first sibwave (Wave 1.1) samples 200 ensemble members, which are predicted from the
emulator to have nenegligible probability of positive SMB. This results in around 50% of
simulations in this sulwave having a positive SMB, an increase frdfalin the originawave

(Figure 2.15, Wave 1.1). We attempt to refine the predictive boundtherGP model twice

more Figure 2.15, Wave 1.2 and 1.3), with no improvement. This is likakg do the inherent
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stochasticity of the climate model and cumulative effects of the parameters that they absorb
into the predictive error term. At the end of this process of iterative short waves, the candidate
set contains over 1000 3@ar long simulatios that have a positive SMB over the North
American ice sheet. From this candidate set, and again using stratéierided Latin
Hypercubes, we select an optimal (with respect to spling and accounting for the previous
Wave 1 runs) design of 20(h&mble members to continue for a full 10,000 yearanto
equilibrium North American iceleet. These 200 simulations make up the Wave 2. For context,
this workflow of GP model sutwaves saved around 230,000 core hours (or about two months

of real time) conpared to running a full second ensemble wave.

Out of these 200 Wave 2 simulations, 176 members were identified to be NROY based on the
original volume and extent thresholds. It is based on these results that \wangpled 62
parameter combinations forosimulations. This number of simulations was selected to enable

us to run long equilibrium LGM and PGM simulations over a full ensemble within reasonable
computational requirements. From the 176 NROY parameter combinations we randomly
generated 10candichte designs of size 62 from which we selected an approximate maximin
design. This is obtained by: first linearly transforming each parameter onto the same range of
[0, 1] to aid comparability; before computing the minimum distance between a parameter
vecta and its nearest neighbour; and then selecting the candidate design that maximised this
distance. The resulting design possesses parameter vectors which sspaaedl and thus

adequately cover the NROY space.

Our simulations use slightly different orhlitparameter values and sea surface conditions to
that ofGandy et al.Z023)(see Seci2.3.3. Thus, we do not expect the sample of 62 patar
combinations to provide full coverage of the NROY space but, as seen in Sect. S2 of the
supplementary information Bandy et al(2023) the output trends are sigfently similar that

we expect this to be close enough to an optimal sample. Whilst we may have also sampled
some parameter combinations outside of the NROY space, we feel these will still provide
valuable information about uncertainty in outputs at tf@M_and PGM. Our detailed
comparison to empirical evidence and other model data (see2Sdtand2.4.]) identified

six parameter combinations that match our criteria for LGM and PGM ice extenblme,

thus demonstrating the success of this approach. Further exploration of the parameter space
may produce NROY simulations in a different part of the parameter space but would not change

the conclusion of this paper.
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Upon analysing the results, i@und a technical error in the original Wave 2 ensemble which
resulted in the values of the paramei&ice being shifted from its intended rangei ®4-0 K°

1to 0-0.4 K1, this means that the albedo of the bare ice was increasing with melting, which is
likely not the case. This produced larger values of surface albedo and thus larger ice sheets in
these Wave 2 simulations (not shown here). In the ensemble of simulations presented here, we
corrected thedaice values to match the intended parameter rahgsome simulations, the

switch ofdaice value from a large positive number to a large negative number would have
resulted in a decrease in surface albedo and resulting ice sheet volume. This effect is negligible

for values ofdaicecloser to zero.
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Figure 2.15: Ice volumes simulated in the successive ensemble suhves of simulations sampled to have a

positive initial surface mass balance using the Gaussian Process emulator
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2.7.5Metrics versus parameters plots
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Figure 2.16. Southern area versus each of the 13 parameters varied for the LGM ensemble. The green
shaded region shows the southern area constraint applied with the dotted line showing the exact areaef t
reconstruction and the solid line the solid line the minimum bound applied. The colour scale represents ice
volume and the dots outlined in red are the six NROY LGM simulations with the red line on the colour bar

showing the volume constraint.
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Figure 2.17: Southern area versus each of the 13 parameters varied for the PGM ensemble. The colour

scale represents ice volume and the dots outlined in red are the corresponding six NROY PGM simulations.

74



[) ] [] [
T3 T3 T3 <3
£ ol = E o | ¢
$,0 o9 @ o ¢ g, @ ° '00:‘ g, ® 4w ¥ s, .“o.
© o o [ ] ° [ [ ° ) © o % [ | © o @
£ Pe o (] E |p 0 @ ° £ o, & £ e o
2 ® 2 e, £ > £.,]%qg ®
51 LIPS 51 ° [ 51 o 51 ] °
g e & e g ® 3
L} [} [ ] L J
0 0 ) 0
-0.010 -0.008 -0.006 -0.004 —0.002 -04 =03 -02  -01 0.0 400 500 600 700 8OO 0000 0002 0.004 0.006 0.008 0.010
Lapse Rate (K km™) Daice (K™% Fshow (kg m—3) AV_GR (um™)
O O O O
&3 o3 T3 < 31
g g g g
5. o0 &% o S |leo % o 3 ° L ) 3 o ®
g L e, o g o & . £./% we® g, % @ o
52 ®e °? $%1e ° . ° e 4 ® ° £21 “e®_ 0
£ ° L oo c |0® o e e | o (] c | @ 4%
] ] ] ]
® ®
S14 L £1 ° @ ° £, 4 ° s ERR @ o,
& [ & @ 8 @ & ©
[ ] (] ® [ ]
0 0 [} 0
2 4 6 8 10 2000 4000 6000 8000 5 10 15 20 0.6 0.7 0.8 09
Flow Enhancement Factor Mantle Relaxation Time (yr) Basal Sliding (mm yr=1) RH Crit (Pa~1)
O ° ) 0
T3 <3 T3 < 3
£ £ £ B
s ®q® ® (X ] = o ° g0 z LX) = ) 4
£,|0%e® o9 © g, o0 o g, e 8 o L s, e o %
5 »® © ™ od e % o o0 5 o 3 o
c B Gee £ ° ,° ® s | e a® d < e %% o °
2 s © 2 o, [ ] £ L ] Y 2 Y [ ]
51 ' 51 ( & s1 [ ] Py s 14 [ ] °
3 e & e & e & e
L ] L] [ ] [ ]
0 0 ) 0
10 12 14 16 18 20 0.0001 00002  0.0003  0.0004 0.0005 0.0010 0.0015  ©.0020 2 3 4 5 6
VF1(ms~t) CT (s7h) oW (kg m—3) Entrainment Coeff
°
=3
s .
3 * o %g8 0
52 .. LY
c PY ® Too ® -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
2w ® Ice Volume (km*)
ER] ° °
3 [
[ ]
0
02 0.3 0.4 05 0.6
Alpham

Figure 2.18: Difference in southern area versus each of the 13 parameters varied between the LGM and
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are the sixNROY simulations.
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Chapter 3

3 Exploring the sensitivity of the Northern
Hemisphere ice sheets at the last two glacial
maxima to coupled climatee sheet model

parameters

3.1 Abstract

Simulations of pasglacial periods are useful for testing the ability mimerical models to
simulate ice sheet changes under significantly different climate conditions to present day. This
can help improve projections of future sea level rise made by these same, modelsoid
overtuning to particular (e.g. moderalmate conditions. The Last Glacial MaximuLGM;

~21 thousand years ago;)Kaas been extensively used for this purpose since it is relatively
well constrained by empirical evidence. However, less is known about the Penultimate Glacial
Maximum (PGM; 440 ka) and why the vast ice sheets covering much of the Northern
Hemisphere, differed to the LGM. The answer likely lies, at least in part, in the different orbital
configurations between the two periods, and the resulting impact on ciceasheet

interactions.

Here, we perform and compare the first large ensembles of coupled elmasbeet
(FAMOUS-BISICLES) simulations of the LGM and PGM to better understand howhirn
Hemispheréce sheets interact with the climat®e alsogquantify how sensive the simulations

are to the choice of uncertain model inputs, including physical parameter values. Specifically,
we vary 12 uncertain parameters that control the model representations of ice sheet albedo, ice
dynamics and climate. The ensembles arduated against palaesvidence of global mean
temperature, ice volume and exteaotcalibrate the model and find combinations of parameters
that simultaneously yield plausible ice sheets and climates for both periods. The sensitivity of
the North Americarice sheet and the Eurasian ice sheet during the LGM and PGM, to each of
the 12 parameter values, is explored usir@mbination ofsaussian Process emudat and

S 0 b selhdijvity analysis. From the whole ensemble 120 simulations we find two

simulations that meet our evaluation constraints for the LGM ice sheets. The parameter values
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that influence the albedo of the ice sheet have the largest influence @suhang ice sheet
volumes, but several other parameters display different sensitivity indices depending on the ice
sheet (North American versus Eurasian) and time period (PGM versus LGM). This includes
parameters that affect the cloud liquid water, lapse, basal sliding and downscaling elevation
heights.

3.2 Introduction

During glacial periods of the last 800,000 years, large ice sheets built up over the Northern
Hemisphere (NH) continentéEhlers et al., 2018)impacting the climate through their
interactions with atmospheric circulation, oceanic circulation and the energy Iljudgdteck

et al., 2014; Scherrenberg et al., 2023t)wever, the evolution of the NH ice sheets differed
between each glacial periplading to different geometries at the glacial maxirtiee periods

during the glacials in which global ice volume is at its largest and global mean sea level is at
its lowest(Ehlers et al., 2018)

Geological evidence and numerical simulations of the last two glacial maxima, the Penultimate
Glacial Maximum (PGM; ~140 ka) and the Last Glacial Maximum (LGM; ~21 ka), for
example, suggesery different configurations of the North American ice sheet (NAIS) and the
Eurasian ice sheet (EI$pvendsen et al., 2004; Colleoni et al., 2016; Batchelor et al., 2019)
despite similaries in greenhouseag (GHG) concentrations (G&190 ppm), global average
insdation and global ice volume {30 meters sea\el equivalent (m s.l.§ (Berger and
Loutre, 1991; Loulerguet al., 2008; Rabineau et al., 2006; MasBatmotte et al., 2010;
Bereiter et al., 2015; Rohling et al., 201Geomorphological evidence suggests that the extent
of the Penultimate EIS could have been ~50% larger than during the Last Glacial Cycle and
expanded 200 km further south and 1000 km further east in S{fBaiehelor et al., 2019;
Knies et al., 2001; Svendsen et al., 2004pwever, there are large uncertainties in its
maximum extent athe PGM since there is evidence of two major ice advances in Europe, the
more extensive Drenthe (~160 ka), which was followed by partial melting and sea level rise
~157154 ka under increasing summer insolation, and then a readvance after 150 ka during the
less extensive Warth@Hughes and Gibbard, 2018Jhus, current reconstructions of the
maximum mg incorrectly incorporate previous advances durirayiNelsotopeStage6 (MIS

6; 195123 ka)(Ehlers et al., @18; Margari et al., 2014; Svendsen et al., 2004)

Since the volume of ice sheets cannot be directly inferred from empirical evidence, it must be
indirectly estimated from datasets such as relative sea level proxies through glacial isostatic

adjustment GIA) inversion modelling and numerical ice sheet modelfing. Lamleck et al.,
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2006; Tarasov et al., 2012; Rohling et al., 20€Onsequently, there is even larger uncertainty

in volume estimates than there are in extent estimates. Nonetheless, ice volume estimates
support the ice extertterived evidence that EIS volumes indeed larger at the PGM, with

most estimates ranging from ~Z0 m s.l.ecompared to ~1:24 m s.l.eat the LGM(Lambeck

et al., 2006; Peyaud, 2006; Pollard et al., 2023; Rohling et al., 2017; Simms et al., 2019;
Tarasov et al., 2012)

In contrast, whilst there is some evidencattlluring the PGM, the NAIS extended slightly
further south ito the states ofillinois and Wisconsin(Batchelor et al., 2019; Hughes and
Gibbard, 2018) most available evidence suggests that the NAIS was smaller in extent and
volume compared to the LGM. This includes relative sea level assessment(stgdiBshling

et al., 2017)reduced ice rafted debris layers in the North Atlantic (pointing to reduced iceberg
discharge from the Hudson Bay regidfemming, 2004; Naafs et al., 2013; Otihta et al.,
2014) climate and ice sheet modelling studi@be-Ouchi et al., 2013; Colleoni et al., 2016;
Wekerle et al., 2016and GIA modelling studie@yer et al., 2021; Wainer et al., 201The
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 tife previous glacial maximugalton et al., 2022; Dyke et al.,
2002; Rohling et al., 201 7T herefore, the footprint of the PGM NAIS remains very uncertain,
while LGM NAIS ice extent is relatively well constrained from a range of glacial geological
evidence, which abeen updated in recent yefesy. Dalton et al., 2020As with the EIS,

the volume of te NAIS is more difficult to assess from empirical evidence and mostly relies
on modelling, which estimates it at being between-539n s.l.e at the PGM compared to
~68-88 m s.l.eat the LGM(Rohling et al., 2017; Simms et al., 2019)

The difference in the shape and size of the ice sheets between the LGM and PGM are not well
understood. They result from complex interactions occurring between different components of
the earth system (e.g. atmosphere, ocean, ice sheets, and solid earth) leadendugt the

glacial maximum. Despite similar levels of average global incoming solar radiation between
the LGM and PGM, the seasonal and latitudinal patterns differed between the two periods, as
did its evolution prior to the maxima, as a result of differ@bital situationgBerger 1978;

Berger and Loutre, 1991The orbital forcing, along with concentrations of GHGs, would have
altered the radiative balance between the periods. As well as affecting the ice sheet evolutions
directly, this also would have influenced the sources and pathways of moisture advection
(Hughes and Gibbard, 2018; Krinner et al., 2011; Rohling et al.,, 20¥8 surface
temperatures (SSTs) and sea ice concentrderk et al., 2009; Colleoni et al.,, 2011,
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Kageyama et al., 1999; Kageyama and Valdes, 20@@etation distributiofColleoni et al.,
2009b; Kageyama et al., 2004; Stone and Lunt, 2@k8} depositioiColleoni et al., 2009a;
Krinner et al., 2006; Naafs et al., 201 2in)dproglacial lake coveragéColleoni et al. 2009a;
Krinner et al., 2004)which all have important feedbacks onto tiienate. Additionally,
feedbacks on the climate from the ice sheets themselves are very important in regulating ice
sheet surface mass balance (SMB), for example through thenoéuwof the icalbedo and
temperatureelevation feedbacks on surface temperature and energy bédnee®uchi et al.,

2007; Patterson et al., 2024)nd interations between atmospheric and oceanic circulation,
surface temperature and precipitation pattéBeghin et al., 2014, 2015; Liakka et al., 2Q12)
Some studies have also concluded that the topography of the NAIS had a largeanfiubac

size and configuration of the EIS through its effect on the jet stream and stationary waves
(Beghin et al., 2015; Liakka et al., 2016)

Direct observations of processes occurring during glacial cycles are not available and while
proxy evidence can provide importantnstraints on how the ice sheets changed, it cannot
reveal the mechanisms behind these changes. Numerical modelling is therefore required to
understand the response of the NH ice sheets to external and internal forcings and unpack why
they differed betweeglacial periods. This is an important source of information in the context

of understanding how ice sheets may respond to future climate cf@regmry et al., 2012)
Currently there are large uncertainties in projections of future sea lev¢Edaards et al.,

2021; Intergovernmental Panel On Climate Change, 202diply as a result of limited
knowledge of several important ice sheet processes, such -diseammbehaviours of the ice

sheet system, and climate ameé isheet interaction&olledge et al., 2019; Gregoire et al.,
2012; Kopp et al., 20175imulations of past periods can help improve our understanding of
these processeas well as help evaluate and refine the numerical models used for these
projectiongBraconnot et al., 2012; Gandy et al., 2018; Harrison et al., 2016; MBssotte

et al., 2013; Schmidt et al., 2014a8he LGM has bee extensively used for this purpose
because the climate and ice sheet states are relatively well constrained by empirical evidence
and thus allow evaluation of model performance, helping constrain climate and ice sheet
models and future sea level projeasdGandy et al., 2023; Ziemen et al., 201B)rthermore,

the EIS has large marine based sectors in the Bakanéssand North Sea regigrand thus it

is often considered an analogokthe current West Antarictice seet(Winsborrow et al.,

2010) Modelling and identifying the mechanisms responsible for the different EIS evolutions
might help with understanding the processes in effect in West Antarctica and its vulnerabilities
to climate changévan Aalderen et al., 2023; Gandy et al., 2018)
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Many prevous studies simulating the NH LGM and PGM climate and ice sheets have treated
the components independently. Either prescribing the ice sheets as a boundary condition in a
climate model, which neglects any affects the climate has on the ice @eggis et al., 2015;
Colleoni et al., 2016; Hofer et al., 2012; Merz et al., 2015; Ullman et al., 20i#ycing ice

sheet models with climate output fraganeralcirculationmodels GCMs), which introduces

large uncertainties depending on the model used and can produce unrealistic ic@\bkeets
Ouchi et al., 2013; Alder and Hosestl 2019; Charbit et al., 2007; Gregoire et al., 2016; Niu

et al., 2019; Scherrenberg et al., 2023b; Wekerle et al., 2016; Zweck and Huybrechts, 2005)
Thus, the use of directly coupled climate sheet models to perform these simulations will
explicitly resolve some of these important feedbacks and interactions between the climate and
the ice sheets, reducing some of the uncertainties and inconsistencies caused by prescribing
one of the components, and provide a better understanding of these pr{&bsgschi et

al., 2013; Niu et al., 2019; Quiquet et al., 2021a; Ziemen et al., 2014)

Recent deMepments have allowed the twaay coupling between GCMs and ice sheet models
(ISMs), but previous studies using this method have focused on just one time period and/or one
ice sheet and there have so far been no coupled-GB8BMsimulations of the NH ice glets at

the PGM(Gandy et al., 2023; Gregory et al., 2012; Patterson et al., 2024; Quiquet et al., 2021a;
SherriftTadano et al., 2024; Ziemen et al., 201Agditionally, it has been shown that
uncertainties in certain model parameters can have a large influence on the resulting ice
volumes simulated by the coupled model through altering the strength of important-atienate
sheet feedback$Gandy et al., 2023; Patterson et al., 2024; SheFatfano et al., 2024Yhe

work presented in Chaptere¥aluated a range of model parameter values based on whether
they produced plausible NAIS configurations for bote ttGM and PGM. However, the
different processes operating on ther&sian ice sheet (see S&8.)), the interactions that

may occur between both ice sheets and the use of a different ice sheet model with more
advanced physic and an updated experimental design, require additional uncertainty
guantification to be carried authis can be donérough a large ensemble analysis, to re
evaluate the collection of parameter combinations that yield model output consistent with
obsewation data (up to the assessed uncertist)) |, referred to as the
(NRQOY) parameter spadc@Villiamson et al., 2013)

The aim of this work is therefore to perform and compare ensemble simulations of the NH ice
sheets at the LGM and PGM using a coupled clinedeheet model (FAMOUSISICLES).
After performing some sensitivity tests to optimise the model for ice streamthg NH ice

sheets, we assess the ability of the model to produce reasonable simulations of both the NAIS
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and EIS for both periods. We evaluate the impact of uncertainty in model parameters on the
resulting ice sheets and whether both ice sheets shalarsgansitivities to the parameters.
The model is evaluated against an implausibility metric based on ice sheet volume and extent

data, and the representation of ice streams is assessed.

3.3 Methods

3.3.1Models

The climate model used in this study, FAMOUS, idisigntly efficient that it is suitable for
running long (multimillennial) palaeo simulation&.g. Gregory et al., 2012; Gregoire et al.,
2012; Roberts et al., 2014; Dentith et al., 2020)d large ensembles for uncertainty
guantification(Gandy et al., 2023; Gregoire et al., 2011; Shefr#flano et al., 2024yvhilst
still resolving the same complgxocesses as represented in an atmosgitwan general
circulation nodel (AOGCM). It is based on HadCM3 AOG((@ordon et al., 2000; Pope et
al., 2000)but has half the spatial resolutiordaam longer timestep, thus requiring only 10% of

the computational costs of the parent GCM.

We use the atmospheric component of FAMOUS, which is a hydrostatic, primitive equation
(i.e.resolveghe fundamentajoverningequations of atmospheric dynamigsid point model

with a horizontal resolution of 7.5° longitude by 5° latitude with 11 vertical levels afitbarl

time step(Williams et al., 2013)FAMOUS can also be run coupled with a dynamical ocean
(e.g. Dentith et al 2020) however, in this study, we prescribe sea surface tempesatnd

sea ice (see Se@&.3.3.). The land surface scheme MOSESES&sery et al., 20033 used to
represent land processes on a set ofggithscale tiles in each grid box representing fractions

of nine different surface types, including d¢aice (Smith et al., 2021b)

This study uses a version of FAMOUS developed to hadérdctional coupling to an ice sheet

model (FAMOUSice; Smith et al., 202 accounting for the mismatch between the
atmosphere and ice sheet grid sizes by usinggsidbscale elevation tiles. The atmospheric

surface air temperature and long wave radiation is dkedlin FAMOUS at the mean

elevation within each grid cell and for ice sheet grid cells, these quantities are downscaled onto

10 vertical dAice til em, 300m b50rh 85m, i@y 1450m, el ev a
1800m, 2250m, 2750m, 3600m. Theair temperature downscaling is done by using a constant

lapse ratet@rad) to adjust for the differences in the elevation between each tile and the mean
elevation, and humidity and downwelling longwave are adjusted to be consistent with the
temperature gdstment. No downscaling is applied to precipitation and shortwave radiation in

this version of the model. The surface energy fluxes and SMB are calculated on the 10 ice tiles
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based on the energy budget equation and a-haykr deep snowpack model. Thive SMB

is passed onto the ice sheet model, which projects and linearly interpolates thisSédBrse

field onto the higher resolution ice sheet surface. The resulting changes in ice extent and surface
elevation simulated by the ice sheet maatel passed back to FAMOUS to update the fraction

of ice present within each ice tile and the orography fields. Within FAMOUS, the mean of the
surface fluxes weighted by ice fraction within the ice tiles sets theaandsphere exchanges
within FAMOUS. Inthis study, this process is run at 10 times ice sheet model acceleration
meaning one year of climate integrated in FAMOUS is used to force 10 years of ice sheet
integration in the dynamical ice sheet model before the ice cover and orography fields are

pased backGregory et al., 2020)

In Chapter 2FAMOUS wascoupled to the Glimmer ice sheet model to simulate the North
American ice sheet. However, the coarse resolution and the séaltdw ice aproximation

(SIA) in the Glimmer ice sheet model used in that study does not resolve thescahall
processes or longitudinal stresses required to accurately simulate ice strdanorewy
grounding line migration. Whilst these processes are not as important to capture in an
equilibrium spirup of a continental size terrestrial ice sheet, such as NAIS, they have a large
influence on the behaviour, configuration and stability ofaaine ice sheetHubbard et al.,

2009; Pattyn et al., 2012; Stokes and Clark, 2001 particular, the Eurasian ice sheet has
many ice streams within marine sectors (e.gtfiN8ea and Barents Sea) that are vulnerable to
processes that may cause instabilities of retreat, for example Marine Ice Sheet Instability
(MISI), and are likely to have been important in its evolution and deglacigKiopp et al.,

2017) Theseprocesses are similar to those in operation today in West Antarctica, currently
forming a large source of uncertainty in future sea level project@msAalderen et al., 2023,
AlvarezSolas et al., 2019; Edwards et al., 2019; Gandy et al., 2019, 2021; Petrini et al., 2020)

BISICLES is well suited to simulating marine ice shdgnamics due to its use of the L1L2
physics for approximating the sliding and flow of the ice sheet, instead qfCoiiford et al.,

2013) The L1L2 approximation is a variant of
lateral stresses and approximates vertical shear strains in vertically integrated(Soiutzds

and Hindmarsh, 2010This makes it able to represent-gigelves and fadtowing ice streams
(Hindmarsh, 2009) Additionally, some ice sheet processes, such as ice streaming and
grounding line migration, require high resolution to simulate accurately. BISICLES enables
thisto be feasible in millennial scale and large ensemble simulations through its adaptive mesh
refinement (AMR). Where required, the model can simulate at high resolution, whilst the rest

of the domain (i.e. the slower moving interior of ice sheets) remaam®aer resolution, thus
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increasing the efficiency of the mod€lornford et al., 2013)With these features, BISICLES

is a model welsuited to simulate the past evolution of marine ice sheets such as the Eurasian
ice sheet. It also allows for better physical accuracy in the representation of ice streams within
the North American ice sheet. BISICLES has previously been used to sultgessiulate the

ice streams and retreattbé marine based Britisinish icesheet(BIIS) at the Last Deglaciation
(Gandy et al., 2018, 2019, 2021he final retreat of the NAIS during the early Holocene
(Matero et al., 2020Q)produce an initial condition of the preselaty Greenlanite deet(Lee

et al., 2015and model the fuire evolution of the Antarctic é&cheet(Cornford et al., 2015;
Siahaan et al., 2022)Additionally, FAMOUSBISICLES has been used to explore the
sensitvity of the NAIS and Greenland icaeet at the LGM to model parameter values through

large ensemble analygiSherrift Tadano et al., 2024)

We use the updatedngion of BISICLES developed lfyandy et al., (2019hich implements

a pressure limited basal sliding law that is sensitive to the presence of till water. This is mostly
found to be applicableear the grounding lineand 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 wittiias et al., 2018;
Schoof, 2006; Tsai et al., 201Bhe upper surface temperature boundary condition in the ice
sheet model (surface heat flux) is determined by the climate model and thédasdary
condition (basal heat flux) is set as a constant flux (35333 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 wétaetion 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 i®st vertically at a rate ppmrtional to the till water depth which

is determined by the specified till water drain factna{n) (Van Pelt and Oerlemans, 2012)

This basal hydrology schemi therefore nommass conservingA maximum till water
thickness of 2 m is set following previous studiBsieler and van Pelt, 2015; Gandy et al.,
2019; MoreneParada et al., 2023\ recent comparison study @rew and Tarasov (2023)
shows that this simplifiedleaky u ¢ k bBytr@logy scheme produces similar results to more
complete models over centennial or longer timescales and continental scale ice sheets.
Additionally, the implement#n 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)
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The upper surface thickness flux (i.e. accumulation/melt) is calculated byirtta#ecmodel
and the lower surface (basal) thickness flux (i.e. oceanic melt) is set to zero for grounded ice

and is proportional to the SSTs for floating ice, according to the linear relationship;
Yo &I A @ @ 060 i @Y “Y h (31)

where c is a constafycnis the prescribed sea surface temperaturdaadhe freezing
point of seawater, assumed to-fkeB °C at the surfag@\lvarezSolas et al., 2019; Beckmann
and Goosse, 2003; Gandy et al., 2018; Martin et al., 2011; Rignot and JacobsSi@@2he
freezing point of sea water varies with depth of the ice shelf baseviindalinity, and the
surface temperatures are used rather than subsurface, this is a highly idealised parameterisation.
In addition, many studies have found a quadratic relationship to be a better fit to-pegsent
observations (e.gDeCmto and Pollard, 2016; Favier et al., 2019; Holland et al., 2008)
However, the lack of constraints on ice shelves, ocean temperatures, afckbubelt rates
for the periods covered in this study makes this a large source of uncertainty in our odellin
In this context, it is preferable to choose a simple linear representationsieifilmelt over a
more complex quadratic relationship. We account for this uncertainty in the wide range of sub
shelf melt constantc] values used {50 m yr! °C1). This relationship produces an average
subshelf melt rate across the ice shelves of between arouin@8lré yr!, which are not
unrealistic when compared to the estimatesnf presentlay Antarctica of 043 m yr!
(Depoorter et al., 2013; Jourdain et al., 2022; Rignot et dl3)2B8lowever, some regions in

some simulations display very large rates of 100s of metres per year.

Glacial isostatic adjustmemtf bedrock topography due to changes in the ice sheet load is
included through coupling BISICLES to a simple Elastic Lith@sptRelaxing Asthenosphere
(ELRA) model, which approximates this response by assuming a fully elastic lithosphere above
a uniformly viscous asthenosphdkachuck et al., 2020 relaxation time of 3000 years is
applied in this model based on previous studislard and DeConto, 2012Jhis method

does not account for changes in the gravitational pull that ice sheets exert on sea level or
adjustments iglobal mearsea level caused by chamg global ice sheet volun{e.g. Gomez

et al., 2010)

Sherrift 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 themfEnis
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 positive height

mass balance feedback. A similar temperature bias was pointed Buatithyet al., (2024)
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using the same model under the modern Greenland ice sheet, which produced a higher
Equilibrium Line Altitude (ELA) (around 2 km high in places) compa@@ highresolution

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 ofe sheet, especially in thenterior, 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 surroundingtmosphere and the ice sheet surface. As a result, FAMOUS
overestimates the temperature in the ice sheet interior and causes a high ELA bias, which results

in surface melt.

Here, we take a practical approach to mitigate the effect of the warm tempdiiaiiia
FAMOUS. This is done by modifying the height adjustment of atmospheric surface
temperature to the ice tiles through the introduction of a new parameter in the eted=in,

which is intended to make the parts of the ice sheet syuttagards theentre of the ice sheet,
colder.Section3.6.1includes a description of how tleéevconparameter is implemented and
works to affect the surface temperature and SMB during height correction, andio¥isens
experiments performed to validate the effect of different valuetewtonon the modern and

LGM ice sheets and climates. Since the optimal value of this adjustment is uncertain, we
includeelevconin the ensemble as a varied parameter value,degtihe range of 1 and 1.5
(0-50%). These values were chosen based on testing that showed that a value of 1.5 produced
an equilibrium line altitude height that represents an upper limitrdeted by empirical data
(Figure3.14).

3.3.2Ice dynamics in BISICLES

It has been established that 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 theajor ice stream features, are consistent with reconstrucGarsly

et al. (2019)highlighted that the most important model ingredient necessary to successfully
model ice streams is the represeion of idealised subglacial hydrology. The till water layer
coupled with the Coulomb sliding law described in S8@&.1is crucial for the spontaneous
generation of ice streams. However, this scheme is highly sensititlee tdrainage and
temperature structure of the ice sheets. Inadequate consideration of these factors can lead to a
poor representation of ice streams (&herrift Tadano et al., 2024 herefore, we perform a

spinup of BISICLES that results in the internal temperatures of the iost fleeng more

conducive for ice stream generation over shorter integration times. We also perform sensitivity
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tests varying the level of refinement of the ice streams and the rate of till water drainage to find
an optimum setip that balances computatioralst with the representation of ice dynamics.

These methods are described in the following sections.

3.3.2.1 Temperature sp+ap

The internal temperature of ice sheets is an important factor in controlling the deformation,
rheology and velocity of the ice due tie temperature dependence of the sliding law and
enthalpy schemeB(atter et al., 2010)The ice sheets start with a uniform internal temperature

of 268 K and it can take tens of thousands of years for the process of cold ice advection from
the interior and heat conduction from the bed to occurraeadh an equilibrium, which is
important for the formation of ice strealfs/ke et al., 2014; Heine and Mctigue, 199B)us,

we perform ice sheet model only spips for the L®1 and the PGM to allow the ice sheet
internal temperatures to reach close to equilibrium. This temperature profile is then used as the
internal ice sheet temperature in the initial condition for the sensitivity tests.(&8c2.2and

3.3.2.3 and coupled simulations.

The spinups were run at 32 km resolution for 20,000 years using single surface mass balance
and surface temperature fields taken from a FAMEBJISICLES eqilibrium simulation that
usedclimate model parameters identified to be NROY in simulations of the NAGhapter

2, default ice sheet model parameters andlevnconvalue ofl.2 (Figure3.16). The initial ice

sheet configurations weredhlsame as used in the coupled simulations (described in Sect.
3.3.3.). The sliding law was set to a temperature dependent Weertman sliding without till
water dependent Coulomb sliding enabled since the bulk of the tempdieltlienot affected

much by Coulomb sliding near the coast. The resulting temperature profilelscavn irSect.
3.6.2(Figure3.17 andFigure3.18).

3.3.2.2 Drain factor sensitivity tests

In their studySherrift Tadano et al., (2024)sed much higher values dfain (0.2-0.6 m yrt)

than has typically been used in previous studies (600005 m yr'; Gandy et al., 2019;
Kazmierczak et al., 2022; MoretiRarada et al., 2023 his was to prevent large till water
depths leading to too large velocities across the entire ice sheet and long simulation times, as
high velocities require more iterations and smaller timesteps to solve. This resulted in the till
water drainage outpacingeltsupply 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 knh yr

which have a disproportionate effect on siniola time. To prevent this we introduce an
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artificial drag term rising with the fourth power of ice speed and calibrated to be negligible for
ice speeds below 1 km¥r This drag factor is also used in the coupled simulations throughout
the rest of thistudy. We then perform sensitivity tests with different valuedraih spanning

the range 0.000.06 m yrt but all other factors kept constant. The results of sortieese tests

are shown irFFigure 3.19. Valuesof drain above 0.05 prevent much of the coulomb sliding 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-Q000G) cause too

large vebcities and ice streams that remove much of the ice sheet, especially in Eurasia.
Therefore, in this study, we implement a range of @@b to cover values just below the
default till water supply rate of 0.02, to where no coulomb sliding occurs. Fbestihat seek

to examine ice streaming of the glacial 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 presentystud

3.3.2.3 Spatial resolution sensitivity tests

The base resolution of theei sheet model is 32 km. The adaptive mesh refineatiemts the

areas covered by ice to be refined once to 16 km, which shows some improvement to the
simulated ice streams, although tiéerence is only about 1.2 m¥ron average cr the

whole ice sheetHigure3.20a and 3.2D). Additional sensitivity simulations were performed
refining areas of ice streaming t@8 km and up to 4 kni{gure3.20c and 3.20d). These tests
showed that after refining to 16km, the difference in average ice velocity for any further
refinement converges to zereigure3.21) and tle pattern of major ice streanmaferes Figure

3.20), the position of the marine margins and the ice volume across the NH ice sheets is not
significantly changed, except across the southern area of the Eurasiueatdrigure 3.1).
However, computational costs are quadrupled with each level of refineffbus, we
determine one level of refinement (16 km) to be sufficient for this study in which we are
focussing more orhe largescale geometry of the ice sheet rather than the finer details of the
ice streams. This is a similar conclusion to that drawn from the simulations presented by
Albrecht et al., (2020andGandy et al., (2019}1he latter further showing anything finer than

4 km does not improve the match of simulated ice streams to empirical data.

There is an increase the velocity of up to around 3000 ni'yat the centre of some of the ice
streams at the higher resolutions, which could be important during simulations of the
deglaciatior(Robel and Tziperman, 20168)e performed an additional simulation refining the
margin of the marine section of the Eurasian ice sheet to 2 km to see if any marine processes

would be captured that could not have been resolved at lower resolutions. This did not lead to
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any significant difference in the ice velocity in this region comag#o the 4 km simulation
(Figure3.20e), but again could be important in deglaciation simulations when MISI could be
triggered(Gandy et al., 2020; Patton et al., 2015; Petrini et al., 2020; van Aalderen et al., 2024)

32km - 16km 16km - 8km 8km - 4km

T T T T
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Figure 3.1: Difference in final ice sheet thickness between simulations with different levels of refinement

3.3.3Experiment design

3.3.3.1 Boundary and initial conditions

The coupled simulations broadly follow the PMIP4 protocols forliB& (Kageyama et al.,
2017) and the PGM(Menviel et al., 2019) which prescrie greenhouse gases, orbita
parameters and the Antarctic ideest configuration. Following theamemethod in Chapter

2, we also prescribe SSTs and Sea ice from HadCM3 simulations of 140 ka and 21 ka. A
description of the HadCM3 simulations, the justfion for this choice of approach, and a
discussion on how these SSTs may affect the result is also preseGtempter 2Vegetation

is kept at prandustrial distribution, which could have an effect on the results since studies
have shown the importancé the albedevegetation feedback during glacials, particularly for
the PGM(Colleoni et al., 2009b; 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 American,

Greenland and Eurasian ice she@&tw results of the work in ChaptesBowed that the initial

ice sheet model conditions used in the glacial maxima simulations overwhelmingly determined
the configurations of the final ice sheets due to thalbedo feedack, 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 maximanmn@ important in determining the configurations
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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 eacperiod, 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-glbiedo feedback, ieelevation
feedback and climatee sheet interactions). The LGM orography was initiated from the
GLAC-1D reconstructior(Briggs et al., 2014; Ivanovic et al., ZQ1Tarasov et al., 2012;
Figure3.17a)and the PGM was initiated from a combination of a simulkife@Y PGM NAIS

from the ensemble in Chapter(:8kyn) anda simulated PGM EIS byPollard et al., (2023)
(Figure3.18a), and their corresponding topographies.

3.3.3.2 Ensemble design

As well as the initial ice sheet conditions, modelled ice sheet volumes aasl aree also
sensitive to a number of parameterisations related to climate processes, surface mass balance
and ice sheet dynamics. To assess this sensitivity, we design an ensemble using maximin Latin
Hypercube Sampling(Williamson, 2015; Santner et al., 2003hat consists of 120
combinations ofL2 uncertain climate and ice sheet model parameters, varied over a specified
range Table 3.1). These 120 simulations are each run with the LGM and PGM initial
conditions described in Se@.3.3.1 resulting in 240 total simulations. Each was integrated

for 500 climate years (5000 ice sheet years). Since we start from a glacial maximum
configuration and spuap internal temperatures, this is enough time for the ice sheets to (i)
reach quilibrium (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

running on 8 cores to complete (~280 core hours).

The choice and range of paraters is adapted from several previous ensemble s{@hesly

et al., 2023; Gregoire et al., 2011; Patterson et al., 2024; Stieadénoet al., 2024)We vary

three uncertain parameters related to ice sheet dynamics in BISICLES; the basal friction
coefficient in the power law relatiobé€tg, the till water drain factordtain), and the sushelf

melt constant d). The elevconparameter @ntrols the magnitude of the height adjustment
applied and the remaining parameters control the climatic conditions and ice albedo in the

simulations.
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Table 3.1: Parameters varied in the ensemble and the rjes sampled.

Parameter Unit Ensemble Notes

range
Weertman Pam’? 20,0001 60,000 Represents the resistance of ice at the base 1
friction a® motion. The higher the value, the stronger the

coefficient,beta

Till water drain | yr

factor,drain

Subshelf melt | myrtoC?
consant,c

Lapse rate, K m?
tgrad

Sensitivity of | K*
bare ice albedo,

daice

Surface snw kg m?®

density

thresholdfsnow

Sensitivity to pum*

surface grain

size,av_gr

0.0171 0.05

17 50

-0.0171 -0.002

-0.41 0

35071 800

07 0.01

friction between the ice and the bedrocleov
which it is flowing.

Controls the rate of vertical tiitored drainage
and therefore water pressure in the till layer.
The higher the value, the more rapidly till wat

is removed.

Characterises the relationship between oceat

thermal forcing and subhelf melt rate

Air temperature lapse rate used during
downscaling to the ice sheet surface. The ma
negative the numibgthe stronger the lapse rat
effects(Smith et al., 2021b)

The sensitivity of bare ice albedo to surface a
temperatures above theelt 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 0.1%
(Smith et al., 2021b)

The density threshold for snow beyond which
the surface is regarded as bare ice. The high
the value, the higher the albedo for denser sr
tending to increase ice sheet albedo overall
(Smith et al., 2021b)

The sensitivity of the surface snow albedo to
increasing grain size. The higher the value, tt
more the albedo decreases over timducing
snow albedo overafSmith et al., 2021b)
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Relative Pa 0.61 0.9 The threshold of relative humidity above whic

humidity largescale clouds forniSmith, 1990)
thresholdrhcrit

Precipitating ice. m s* 171 2 The precipitating ice fall out speeddymsfield,
fall out speed, 1977)

vfl

Cloud liquid st 5x10°7 4x10* | Rate of conversion of cloud liquid water
water droplets to precipitatio(Smith, 1990)
conversion rate,

ct

Cloud liquid kg m?® 1x10*7 2x10° | The threshold of cloud liquid water (over land
water threshold, above which precipitation form{&mith, 1990)
cw

Height 17115 Scaling factor for the height of the vertical
correction, levels read by the ice sheet model (this study
elevcon

3.3.4Evaluating the ensemble

To evaluate the performance of the LGM ensemble members and find sets of model parameters
that produce NROY ice sheet configurations, we emph implausibility metric. This allows

a robust comparison of model output to empirical evidence and previous modelling studies,
taking into account their uncertainties. The implausibility metric considers constraints on LGM
ice volume, ice exteraind gbbal mean airdmperature (GMT) derived from studies using
palaeerecords of past climate and ice sheets and numerical modéeladeB.2). Since the

PGM is poorly constrained in these areas, we are unable litatvahe performance of the

PGM ensemble in the same way. Instead, we opt to select the PGM ensemble members that
correspond to the selected LGM members to enable comparison, see whether the same
parameter values produce plausible PGM ice sheets bagedwn configuration 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., (202Q)within £ 3 times the area of the ice lobé&sg(re 3.2a). We set this
envelope of uncertainty (based on-lobe area) to account for known common model biases,

such as oveestimated Alaskan ice, and limitations such as the inability to simulate the
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dynamic ice lobeqPatterson et al., 20245imilarly, the plauble range of the EIS is
considered to be within £ 3 times the area of the BFi§ure3.2b) based on the reconstruction
from Hughes et al., (2016yVe chose to not tune toeetBIIS constraintssince none of our
simulations maintain ice over this area (see Sedtl) and we do not want to compensate
for/hide this limitation by oveestimating ice elsewhere. The GMT range is determined from
differert estimated levels of LGM cooling, and their uncertainties, relative to-anqustrial
GMT of 13.7 £ 0.1 °C (1882900; NOAA National Centers for Environmental Information,
2023;SherriffTadano et al., 2024)

Figure 3.2: Reconstructions used in the implausibility metric. (a) Noth 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 fronHughes et al., (2016)the red box indicates the area of the BIIS used to

calculate the range of plausible ice areas.
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Table 3.2: The ranges of plausible values for ice sheet volume and extéexpressed in metres global mean
sea level equivalent; m $.e.), and global mean surface air temperature (GMT; given ir°C) used in our
implausibility metric, and references to the published work used to derive these ranges.

Metric Plausible range Refaences

North Volume (m 6871 88 Abe-Ouchi et al., 2015; Gregoire et al.,
American ice | s.l.e) 2012; Lambeck et al., 2017; Moreno
sheet (NAIS) Parada et al., 2023; Peltier et al., 2015;

Simms et al., 2019; Tarasov et al., 2012
Area (knf) 2.0x 167 7.16 x | Dalton et al., 2020

10
Eurasian ice | Volume (m 137 235 Abe-Oudi et al., 2015; Hughes et al.,
sheet (EIS) s.l.e) 2016; Lambeck et al., 2006; Patton et al.,
2016; Peltier et al., 2015; Tarasov et al.,
2012
Area (knf) 3.83 x 167 8.02 x | Hughes et al., 2016
10
Global Mean surface air 5671 12.1 Annan et al., 2022Annan and Hargreaves
Temperature (GIT; °C) 2013; Holden et al., 2010; Liu et al., 2023

Osman et al., 2021; Schmittner et al., 20
Schneider von Deimling et al., 2006; Zhu
al., 2022

3.3.5Gaussian process emulation &ha b semsiMyity 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 perfornSao b 8ehdijity Analysis (Saltelli, 2002;S o b, @00Nj

on four diagnostics for each ensemble; NAIS ice volume, NAIS southern area, EIS ice volume
and EIS area. This produces a first order sensitivity index whickuresathe contribution to

the output variance by each model parameter alone; a second order index which measures the
contribution from interactions between two parameters and; a total order index which is the
contribution by a model parameter as a resitsdfirst order sensitivity and all higher order
interactions. An index value of 0.05 is often used as the threshold above which a parameter is

considered to have an important influence on the output varfgheag et al., 2015)

The S o b anhlydjs requires a uniform sample of thousands of model inputs, for example,
gener ated f ol | owifthgS ocSkeskduégde,lwhich sre @utsitleefrosr initah
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parameter sample. This would therefore require additional evaluations of the model, which
would require significant additional computational resources. To this end, we train Gaussian
Process (GP) emators( Kennedy a,nd200®Hag@ak!| ey @reach O6Hag
of the four diagnostics from the two 120 member ensembles. These emulators are then
employed to evaluate the additional parameter sets generated $ythesetuBince. Using

this sequence and the emulators, we able to generate and evaluate more than 200,000
samples in only a few minutes, a number which would have been computationally intractable
using FAMOUSBISICLES directly. Since we use a complex model with a large number of
uncertain parameters, a sampfelos size is necessary in order to increase the reliability of

theS o b analyNis.

To evaluate the performance of our emulators and ensure their predicted output is sensible
compared to the modelled output, we perform a L&ameOut CrossValidation (LOOCV)
oneachemulatof Bast os and OO6Hagan, .IhQeDDa, leddoautgi er e
crossvalidation involves splitting the dataset of input parameters and output diagnostics into
separate training sets and testinggsséhe emulator is trained using the training set and then

fed the input parameters of the testing set to evaluate. The values it then predicts can be
compared to the actual modelled values. In the case of the LOOCV, all but one set of inputs
and outputs @ 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 ensemble input parameter sets consisbettye poor
predictions for four or more of the eight diagnostics. Therefore, to improve the quality of the
emulator fit, we removed these seven inputsiramed the emulators, and once again
performed the LOOCYV. The predicted values (and their 95%ildeethtervals) compared to

the modelled values for eaemulator are shown in Se@t6.4(Figure3.22). Overall, between
84-93% of the predicted intervals contain the true model augghich we determine is enough

for the purposes of th& o b analyNjs.

3.4 Results and discussion

3.4.1Initial 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 @pmfitions. The ensemble mean volume of
the NAIS at the LGM is 37.6 m s.l,ewith a smaller mean at the PGM of 22.8 m s.le
contrast, the LGM has a smaller mean EIS volume of 5.39 mcahgared to 12.6 m s.l.at

the PGM. Both ensembles have mi&r mean Greenland ice she®lume of 7 m s.l.e. The
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range in ice volume and extent across the ensembles are shBignr®3.3 which reveals a

larger spread in NAIS volume at the LGM but a larger EIS spatakde PGM.Figure 3.3c

shows that the LGM simulations tended to have more extensive ice across the Laurentide ice
sheet and in the area joining the Laurentide to the Cordilleran ice sheet, but that the PGM had
more extensive ice to the south and east of the EIS and over Alaska while maintaining an ice
free corridor between the Laurentide and Cordilleran. Whilst these relative volumes and extents
between the LGM and PGM are consistent with knowledge of the difféteinice sheet
configurations at each glacial maxima, the average values are much lower than current
estimates suggest. This is due to a large proportion of the ensemble members deglaciating to

very low or zero ice extenF{gure3.3aand3.3b).

(a) NAIS (b) EIS
35 60 =3 LGM
[ 0 Em PGM
330 2
c 1 £ 50 1
] [}
E 251 E 40
9] [}
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Figure 3.3: Histograms of the distribution of (a) North American and (b) Eurasian final ice volumes across
the LGM and PGM ensembles and percentage of the ensemble membehatthad ice over areas of the
domain for (a) the LGM (with the extents ofDalton et al., (2020) and Hughes et al., (2018) red), (b) the
PGM (with the Batchelor et al., (2019extent in red), and (c) the differene between the LGM and PGM

ensembles.

In particular, all simlations lack a Bli&nd most display a poor match to reconstructions over
Scandinavia and in the southern margin and eastern marine extent of North America. This is
due to large negative SMB vakiever these region&ifjure3.4) causing rapid deglaciation,

with the BIIS disappearing in 600 ice sheet years or less. This is a similar reBrdttey et
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al., (2024who used a GCM to simulate the SMB across the LGM ice sheetssirhelations

showed large ablation areas across the BIIS, the southern margin of Scandinavia and the
southern, Pacific and Atlantic margins of the NAIS, but low ma#s across the Baresi{ara

ice feet and Greenland. Whilst they did not use a dyralnde 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 ice sheets.

Surface mass balance, m yr—!

Variance, m yr—1

Figure 3.4: Ensemble mean surface mass lance and variance at ice sheet year 200 for (a) and (c) the LGM
and (b) and (d) the PGM.

This result could reflect the asynchronous timing of the local maxima of the NH ice sheets
since, for example, there is evidence that much of the NAIS reachedxitsiuna extent at

~25 ka(Dalton et al., 2022, 2023nd te BIIS reached it maximum aR5-23 ka lefore
starting its retreait 22 ka due to a warming trend caused by a chamgehital parameters
between 2621 ka(Clark et al., 2022; Hughes et al., 201dpwever, these reconstructions of

the NAIS aml BIIS still suggest there was extensive ice over these regions at 21 ka even if not
at their maxima. In additioBradley et al., (20243Iso performed a simulation using boundary
conditions for 26 karad obtained a similar result to 21 ka. They therefore concluded that the
too negative SMBs are likely a result of biases in the simulated climate or ice sheet

reconstruction, a highly neequilibrated climate and ice sheet at the LGM, and/or the need to
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retune the model for LGM climate conditions (as also shown to be necess@anby et al.,

2023) Indeed, many other numerical modelling studies have also found it tifbamaintain
extensive ice in these regions using a range of different models, boundary conditions and model
parametergvan Aalderen et al., 2023; Quiquet et al., 2021a; Scherrenberg et al., 2023b;
SherriftTadano et al., 2024; Ziemen et al., 2014; Zweck and Huybrechts,.2005)

In this present study, the compromise with using a coarse resolution model is that it is not able
to accurately capture some of the smaller scale atmospheric circulation effects that influence
precipitation and temperature patterns. This leads to biases in theedadliate that result

in some areas of the ice sheets not matching reconstructions. For example, simulations of the
NAIS have grown too much ice over Alaska and the southern extents are not extensive enough
(Patterson et al., 2024; ShenTtadano et al., 2024; Ziemen et al., 20I4)is is likely aresult

of an underestimation of the stationary wave effect on temperature patterns; a common feature
when using low resolution atmospheric mod@be-Ouchi et al., 2007; Ganopolski et al.,
2010; Liakka et al., 2012; Roe and Lindzen, 2001)

3.4.2Non-implausible parameter sets
We a@ply the implausibdity metric, described in Sect3.3.4 to the ensemble of LGM

simulations to see if there are any sets of model parameters that produce plausible ice sheets.
All ensemble members have a GMT that falls witthia range included in the implausibility
metric due to the control in surface conditions imposed by the prescribed SSTSGVhe
simulations range from 6.89.20 °C and the PGM from 7.120.12 °C. This suggests that the
SSTs used produce plausible LGM d&@M climates, causing a warmer PGM compared to
the LGM, which is also in agreement with palaeo reconstructions and other dynamical models
(Bintanja et al., 2005; Colleoni et al., 201Blpwever, due to ice extent and volume, only two
LGM simulations are NROY é&belled alNROYaandNROY). Furthermore, we acknowledge

the risk that our evaluation metric may be too tightly constrained by uncertain palaeo
reconstructions; ice sheet volume, in particular, is not well known. We therefore also apply the
extent and volme constraints separately to explore additional plausible ice sheet
configurations, especially since the volume constraint is still very uncertain and our minimum
volume for the NAIS is less lenient than limits that have been used previousl@éady et

al., 2023; SherrifiTadano et al., 2024)his results in the selection of two more ensemble
members; one that meets only the ice extent criteria (labelldtR&Y extentand one that
meets only thece volume criteria (labelled adROY volume All four of these NROY
simulations are shown iRigure 3.5, with the corresponding four PGM simulations shown in

Figure3.6.
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The volumes and extents of the NROY simulations are outlin€dbte3.3. Overall, the LGM
NROY simulations show a good match to the reconstructed extents of the LGM ice sheets and
the equivalent PGM simulationssgilay a smaller NAIS and larger EIS in line with empirical
evidence and previous studies. Whilst the equivalent PGM simulations show a smaller NAIS
than the extent dBatchelor et al., (2019jhis reconstruction represents the maximum MIS 6
extent (190132 ka) and therefore is likely larger than the 140 ka icetshkeuld have been,
particularly for the NAIS. These four NROY model silations suggest the NAIS wa25-m

s.l.e smaller at the PGM compared to the LGM, and tie 427 m s.l.elarger. There are

very few existing reconstructions of the PGM ice sheets none produced using a coupled
climateice sheet model. Our simulations perform well in comparison to these reconstructions
(Figure3.7) and thus provide a great alternative for use as boundary conditiofigrgndlimate

and sea level modelling studies.

Table 3.3: 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  72.6 76.9 64.7 824 48.1 52.2 41.5 57.5
(ms.lLe)
EIS Volume @ 14.2 17.0 12.7 13.7 38.7 44.0 35.6 50.7
(ms.lLe)

NAIS area 14.2 13.9 12.4 13.1 10.9 10.8 9.31 10.1
(southern (4.44) | (417) (2.91) (351) (1.87) (L.66)  (0.75) | (1.32)
area) (x16

km?)

EIS area (x19 4.53 5.0 4.08 3.56 9.86 10.1 9.04 9.61
km?)
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Figure 3.5: Final ice thickness and surface mass balancerfthe four NROY LGM simulations.

All NROY simulations still lack a BIIS, however, which suggests that biases in the climate
model are the cause rather than model parameter values. Digh t@ates of sushelf melt
(~60-75 m yrt), the NROY simulationslso 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 deglaciation of the Bl&cherrenberg et al., 2023lhowever, there are not
many constraints on the extent of ice shelves during thd b6PGM since they leave few
glaciological traces behind. There is some evidence that a large, thick ice shelf extended into
the Arctic Ocean during the MIS 6 glaciati@fakobsson et al., 2016; Svendsen et al., 2004)
and during the last glaciation a thick ice shelf may have covered Baffif(Bayette et al.,

2022) Similarly, 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 based sectors of the NH ice shg&isarezSolas et al., 2019; Clark et al., 2020; Petrini

et al., 2020)it may be useful to implement a more complex parameterisation or perform some

additional sensitivity tests to explore this process further in future studies.
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