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Abstract. During the Last Glacial Maximum (LGM, ~ 23,000 to 19,000 years ago), the Patagonian Ice Sheet (PIS) covered
the central chain of the Andes between ~ 38° S to 55° S. Existing paleoclimatic evidence —meostly—mostly derived from
glacial tandforms—Ilandforms— suggests that maximum ice sheet expansions in the Southern and Northern Hemispheres were
not synchronized. However, large uncertainties still exist in the timing of the onset of regional deglaciation as well as its major

drivers. Here we present an ensemble of numerical simulations of the PIS during the LGM.

We assess the skill of paleoclimate model products te-reproduee-in reproducing the range of atmospheric conditions needed to

enable the-an ice sheet growth in concordance with geomorphological and geochronological evidence. The resulting ensemble

PISbest-fitted climate product is then applied as forcing in transient simulations during the last 70 ka using a glacial index
roach based on offshore records and Antarctic ice cores. Our analys1s suggests a strong dependence of the PIS geometry

on near-surface air temperature forcing.
reconstrueted-Most ensemble members underestimate the ice cover in the northern part of Patagonia—tn-centrast-the-modelled
PIS-tends-, while tending to expand beyond its constrained boundaries in south-eastern Patagonia. We largely attribute these

discrepancies between the model-based ice geometries and geological evidence to the low resolution of paleoclimate models

and their prescribed ice mask. We conclude that among all tested climate fercings;the PMIP4-elimate- models INM-CM4-8-and

roducts, the forcing data from the MPI-ESM1-2-LR ﬁfed&ee%h&ﬁeeesw\nmondmons for ice sheet growth
across Patagonia -

becatse-geological-constraints-on-that best align with the available evidence. Our transient simulations reveal that the fermer
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Patagonia leave a discernible mark on off-shore records along the region. In the southernmost sector, evidence suggests full
glacial conditions during Marine Isotope Stage 3 (MIS3), succeeded by a warming trend towards MIS2. However, in northern
Patagonia, this deglacial trend is absent, indicating a relatively consistent signal throughout MIS3 and MIS2. Notably, Antarctic
cores do not reflect a glacial history consistent with the geochronological observations. Therefore, investigations of the glacial
history of the PIS should take into account southern midlatitudes records to capture effectively its past climatic variability.

1 Introduction

At present, there are only two ice sheets on Earth. The Antarctic ice Sheet is the largest, with an ice volume of 26.04 £+ 0.4
% 10% km3 that can be translated into a sea-level equivalent (SLE) of 57.0 £ 0.9 m (Morlighem et al., 2020). The Greenland
Ice Sheet contains 2.99 £ 0.2 x10° km? of ice, which is-eguivatent-corresponds to a SLE of 7.42 + 0.05 m (Morlighem et al.,
2017). However, during the last glacial period, especially during the global Last Glacial Maximum (LGM, 23,000 to 19,000
years before present, ka), much of North America was buried under the North American Ice Sheet complex, the Eurasian
Ice Sheet complex stretched across most of Northern Europe, and the Patagonian Ice Sheet (PIS) covered the western part
of southern South America. Fogether,The ice locked away in these former ice sheets represented a SLE of around 113.9 m
(Simms et al., 2019)and:-eonsequently-global-seatevel-dropped-to- When the contributions from Antarctica and Greenland are
added on top, this results in an estimated total sea-level drop at of 120-134 m below present between 29 and 21 ka (Lambeck
et al., 2014). As-such;-this-This period was marked by partly exposed continental shelves, strong winds, dry conditions, and a
total greenhouse gas concentration lower than during the Pre-Industrial (PI; Monnin et al., 2001; Bartlein et al., 2011; Kohfeld

et al., 2013; Simms et al., 2019)—’Phelafteffﬂggefeé7’f lowering of the global mean air-temperature;-with-eurrent-estimates

me-surface air temperature by 3.2 Cto 6.7 C
with respect to the pre-industrial level (Schneider von Deimling et al., 2006; Holden et al., 2010; Annan and Hargreaves, 2013;

Tierney et al., 2020; Kageyama et al., 2021).

The PIS was relatively-a-a relatively small ice sheet, comparable in size to the former Celtic Ice Sheet that covered the British
Isles during the LGM (Hughes et al., 2016). At-present—its-Its former evolution is still subject to considerable uncertainties
regarding its-past-extents;-volumes;-and-relative-contributions-ice extent, ice volume, and contribution to sea level variations,

mainly due to the scarcity of solid-geologieal-evidenee-geological evidence (Hulton et al., 2002; Davies et al., 2020; Wolff et al., 2023)

. Only recently, Davies et al. (2020) succeeded in building a geochronological data set of a reasonable size and robustness, ar-
riving at the conclusion that the PIS reached its maximum extent during the Marine Isotope Stage (MIS) 3 at ~ 35 ka. This
state remained nearly unchanged until 27 ka, which is much earlier than the global timing estimates for LGM. This is a generic
estimate because the evidence suggests that the timing of its maximum extent changed with latitude: the northern sector lo-

cated between of 38° S to 48° S is thought to have reached its largest area between 33 to 28 ka, while its southern counterpart

(between 48° S to 56° S) peaked much earlier, at around 47 ka. Based on simplifying assumptions, Davies et al. (2020) esti-
mated a uniform maximum PIS extent of 492,600 km? at 35 ka, corresponding to a SLE of around 1.5 m.Fo-date-the-meost
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-Recently, Yan
et al. (2022) modelled the PIS extent during the LGM combining present-day-climatology-and-PMIP-eutputs-the temperature
and precipitation from 21 PMIP outputs from phases 2, 3 and 4, to analyse the degree of agreement between their modelled
geometries and the PATICE reconstruction (Davies et al., 2020). One of the main findings of their study is that most of the
uncertainty in the modelled PIS geometry is associated with the PMIP forcing, producing an overestimation of the ice-covered
extent over vast regions, while showcasing an underestimation of ice in other areas. These results reflect the inability of PMIP3
most PMIP model products to provide climate conditions that allow for ice sheet advance in the northernmost sectors of Patag-
onia during the LGM, even under a somewhat extreme choice of model parameters. In-eentrast—Only some of the PMIP4

models seem to present the climate conditions needed to trigger ice sheet inception and growth in this region. However, Yan

et al. (2022) did not provide potential reasons for these discrepancies.

Kohfeld-et-al52613)In-this study, we use the numerical ice sheet model SICOPOLIS (Greve, 1997; Sato and Greve, 2012)

to explore the range of climate conditions that leads to a good match between the modelled PIS and field-derived geometries

—during the global LGM. The resulting best-fitted climate model is then used to perform transient simulations throughout the

MIS4 and MIS2 to explore the timing of the local maximum ice extension and the consequent deglaciation. Our ice sheet
modelling experiments are driven by climate products from phases 3 and 4 of PMIP and employ the glacial index method

derived from off-shore records and Antarctic cores. Furthermore, we assess the relative performance of EGM-elimate-foreings
in-different-sectors-of the-formertee-sheet-our simulations against the geochronological reconstruction of Davies et al. (2020).
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2 Methods

2.1 Model set-up

discretisedusing an equidistantgrid with a horizontalresolutionthat

nsourceth e

dimensional,

Eyperiments igneewith-an-1), This model domainjs

ux ++#-of 100mwW m 2 is applied—in agreement with averaged values observed in Patagonia (Hamza and Vieira;-2018)
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(seeTablel).

calvedout on the coast Oceantemperatur@nddynamicsbeyondthe sealevel changehaveno implicationwhatsoevem our

tween solid and liquid precipitation is linearly proportional to variations in air temperature (Marsiat, 1994). Here we use a
transition range of 0C to 2 C, producing purely solid or purely liquid precipitation below or above this temperature range,

respectivelyfo-aceeuntior-the-As_the model domainsurfaceevolvesdue to the advanceand retreatof the PIS during a

memberforcedby adifferentpair of matchingnear-surfaceir temperatureandtotal precipitation elds from 15 climate mod-

els that participated in the LGM experiments during phases 3 and 4 of FlWtR, we evaluateheresultinggeemetriemgainst
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LGM climatesnapshoareappliedin aconstanmanner

of the emergingPIS, The extentof this advancewill_be limited by areaswherea negativeSMB fully compensateor the

time, thesecompetingeffectsshapgheadvancingPISuntil abalancéietweertheaccumulatiorandablationzonesof theentire

former, the in uence of warmeror colder pastclimateson englacialconditions
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rangeof far- andnear- eld corelocations,we investigatewhetherthe offshorerecordsalongthe Paci ¢ margincontainany

imprints of an earlier,|local glacial maximumin_the Patagoniamegion. Eachof the simulationsin the transientensemblés

3 Results

e

the geologically constrained ice extents, while others yield considerably reduced and/or overextended ice co¥ef)(Fig.

We have divided the former PIS extent into 3 distinct latitudinal ranges based on their model sensitivity and response to the
imposed climate. Each of these areas is described and analysed in detail in the following sections. First, south of 52° S, most
ensemble members exhibit an unrealistic build-up of ice in south-eastern Patagonia, with a much larger ice-covered area thar
inferred from the geological evidence. Second, between 44° S and 52° S, a continuous ice sheet growth is reached by nearly
all ensemble members with an overall good match for both eastern and western margins of PATICE. Finally, in the third zone

between 38° S ané244° S, PIS growth is not uniformly captured by the ensemble members, with most of them failing to build

a consistent ice cover.

Among the PMIP climate model products tested in this sttdi}-EM4-8-AWI-ESM-1-1-LR and MPI-ESM1-2-LR models

(both from PMIP4) produce the most consistent ice sheet extents relative to the PATICE reconsti{igfoh). The near-
surface air temperature and precipitation patterns derived from these two climate models enable the modelled ice sheet to reac
as far north as 39° S and 40° S, respectively, and occupy total aré&&éé%a%ﬁ%%é&G?,??GandSM,Og&mz. This is

respectively. In the following, we zoom in on the drivers of the dissimilar model performances across these three distinct zones.
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3.2 ExeessivePatagenianicecoverin-seuth-easternPatageonia

the excessivegrowth towardsthe easterrsidewith relatively cold conditionson the leewardside of the Andes,accompanied

the PMIP models used in this studetweend4>Sand52°S;aA continuous ice sheet build-up is reached by most ensemble
members, with an overall good match along both the eastern and western margins constrained by the PATICE data. Although
temperature and precipitati

large dispersionyangingfre

this does not lead to drastic changes in the resulting ice sheet extiem
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anextentthatmatcheghe PATICE reconstruction.

The PIS growth towards its northern con nes is not uniformly captured by the ensemble. Most of the PMIP climate products

tested here do not allow for an ice sheet expansion noré244° S (Fig.224), while the geologically constrained northern




285 out as the only PMIP model products providing atmospheric conditions that enable the growth of an ice sheet in agreement
with the PATICE data set.

290

295

300

spatialcomparisonyve showthe modelledextensionof the PIS at 35, 30%-higherthanduringthe PHnr-thisregien{, 25.and

305

The coresQDP-1233and MD07-3128showa quite similar pattern,with a low glacial index during the beginningof MIS3,

310 between0.6.to_1.3. The glacial index derivedfrom MDO07-3128exhibits a slightly negativetrend from 50.to 25 ka before

simulationgackice in northern Patagonidatthenortherntip) andaregenerallysmallerthanthegeologicalreconstructiorn
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simulationsforcedby this offshorecorerecord

and20 ka whenit reachech closerextentto the PATICE reconstructior(Fig. 6) with anice volumeof 400.000km?3 whichis

anda maximumevenlater closerto 15 ka, Theseconditionsleadto a small PIS during MIS3 with anice volumeof 100.000

km?3 until 25 ka, whenthe ice sheetstartsto increaseyeaching400.000km? at 20 ka. However,the maximumextension

beginningof MIS3, reachinga maximumat 25 ka, with valuesthatkeepcloserto 1 until 18 ka, markinga changein jts trend

11
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simulatethe extent of the northernmosteeterssectarof the PIS during the LGM38-42as suggestedy reconstructions.

whenleekingattheirparticttaritiesnthisregiorarethosethatexhibitthecoldest. GM temperatur@uringthemeltingseason.

The models AWI-ESM-1-1-LR, INM-CM4-8and MPI-ESM1-2-LRsuggesgeneratdarger negative temperature anomalies

very cold conditions during the LGM nearly throughout the entire year, with a higher amplitude during January and February
(austral summenFig. 2, 7). its dropin-near-surfactemperaturest-aroundl2 duringthemelting seasotis-anoutlier;shewing
a-differenceef-atleastdrelative to-etherPMiP4-medels-Lower temperatures inferred from INM-CM4-8 act as a driving
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Iheice sheeforcing itself is an impor-
tant component of paleo experiments, introducing regional-scale climate feedback through additional topographic barriers and

the albedo effect (Lbfverstrdm etal., 2014, Beghin et al., 2015; Liakka et al., M&e@%ﬁ%&p@ﬁmﬁeﬂe{&ha{

reproduce LGM cllmate conditions that enable our ice sheet model to build an ice sheet extension consistent W|th PIS north
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Bozkurt et al.,

2019; Almazrow et al.,
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The offshorerecord GeoB3327-5suggestsa climate condition that enablesa more extensiveice sheettowardsthe MIS3.

However,t shouldbetakeninto accounthecoarsesamplingresolutionandthe consequenotwell-resolvechistoryproposed

showsa pronouncedlecreasén easterrPatagoniagvento zeroin someplaces.This combinationdoesnot allow theice sheet

to gverexpandiowardsthe gast.

was in a steady-state under global LGM climate conditieaseand, if not, how to treat the lack of reliable climate forcing

for the earlier periods of the last glacial cycle. The second challenge is related to the interpretation of major planetary drivers
that enabled an asynchronous glacial response of the two hemispheres to changes in the orbital and greenhouse gas forcin
(Doughty et al., 2015).

that the local glacial peak in the southern Andes and Patagonia happened at dtao(#eth et al., 2011; Davies et al., 2020),
which is much earlier thathe local LGM inferred for most of the paleo ice sheets in the Northern Hemisphere. Aside from
the Barents-Kara Sea Ice Sheet and smaller glaciations in Asia, ice masses of the last glacial cycle attained their maximum
extents and were driven towards maximum ice volumes during/thenelsetepeStageMIS 2, at about 24-18a, (Hughes

et al., 2016; Patton et al., 2016; Gowan et al., 2021) by a strong cooling between 30 lmd\20ording to the current state

of knowledge, these massive ice sheets only began disintegrating at arokadPa&ton et al., 2017; Stokes, 2017; Gowan

et al., 2021). The situation tsweverdifferent for the Southern Hemisphere. Due to a lack of large-scale paleo ice sheets and
scarce information about past uctuations of the Antarctic Ice Sheet, it is necessary to look at the existing evidence for the
advance and retreat history of smaller ice bodiesrderto contextualise the situation in the Southern Hemisphere during the
last glacial cycle. For example, records coming from an ice eld located in the Southern Alps in New Zealand indicate that
this ice mass reached its maximum extent at arounde2@ (Rother et al., 2014). According to recent studies, its growth
towards 28ka-ka was in uenced by a slight decrease in temperatures in the preceding two millennia (Darvill et al., 2016).

accompanied by a precipitation reduction of up26-25 % (Golledge et al., 2012b). During the period betweerie2énd
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20ka, this ice eld is thought to have undergone a slow and continuous retreat, followed by a standstill at ardand i3
coincides with the time when most of the Northern Hemisphere ice sheets began retreating from their maximum positions due
to slowly increasing solar radiation and activation of positive climate feedback mechanisms. Arguably, the Antarctic Ice Sheet
seems to have been stable until aboukag8after which it experienced an increase in air temperatures synchronised with the
increase iINCO, concentrations (Parrenin et al., 2013; Brook and Buizert, 2018). This triggered the retreat of ice margins in
Antarctica, New Zealand, and South America, where the PIS experienced an accelerated retreat startingdr(ivanii8s

et al., 2020). The current evidence of an early local LGM in Antarctica is inconclusive, partly due to an extreme sensitivity
of the Antarctic Ice Sheet to the ocean forcing as opposed to the thermal atmospheric forcing playing the largest role in the
deglaciation of formerly ice sheet-covered areas (Golledge et al., 2012a). However, pieces of evidence from Patagonia and New
Zealand suggest that the Southern Hemisphere might have responded very differently to the global cooling of the last glacial
period compared to the Northern Hemisphere (Darvill et al., 2016; Shulmeister et al., 2019).

5 Conclusions
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635 PlSadvancehatpeaksaroundMIS3. In addition,we_nd_latitudinaldifferencegn the evolutionof the PIS betweerthis local
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Figure 2. LGM summemeantemperatur@nomalywith respecto the multi-modelsummemeantemperature.
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