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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 – mostly
::::::::
—mostly derived from

glacial landforms –
::::::::::
landforms— 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. Our aim is to assess the ability5

:::
We

:::::
assess

:::
the

::::
skill of paleoclimate model products to reproduce

:
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

is then used as a guideline for the evaluation of the PMIP3 and PMIP4 model performance across different sectors of the former

PIS
::::::::
best-fitted

::::::
climate

:::::::
product

::
is
::::
then

:::::::
applied

::
as

:::::::
forcing

::
in

:::::::
transient

::::::::::
simulations

::::::
during

:::
the

::::
last

::
70

:
ka

::::
using

::
a

::::::
glacial

:::::
index

:::::::
approach

:::::
based

:::
on

:::::::
offshore

:::::::
records

:::
and

::::::::
Antarctic

:::
ice

:::::
cores. Our analysis suggests a strong dependence of the PIS geometry10

on near-surface air temperature forcing. All the ensemble members driven by PMIP products are not able to reproduce the

reconstructed
::::
Most

::::::::
ensemble

::::::::
members

::::::::::::
underestimate

:::
the ice cover in the northern part of Patagonia. In contrast, 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 forcings, the PMIP4 climate models INM-CM4-8 and15

:::::::
products,

:::
the

:::::::
forcing

::::
data

::::
from

:::
the

:
MPI-ESM1-2-LR produce the necessary

:::::
model

::::::::
produces

:
conditions for ice sheet growth

across Patagonia . It should be kept in mind that this analysis is based only on the evaluation of the modelled ice sheet extent

because geological constraints on
:::
that

:::
best

:::::
align

::::
with

:::
the

::::::::
available

::::::::
evidence.

::::
Our

:::::::
transient

::::::::::
simulations

:::::
reveal

::::
that the former

ice thickness are still lacking. Nevertheless, our analysis suggests that a realistic PIS geometry at the LGM can be reproduced

only if the complex topographic features of the Andes are properly resolved by climate models
::::::
distinct

::::
local

::::::
glacial

:::::
peak

::
in20
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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.25

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

×106 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 ×106 km3 of ice, which is equivalent
::::::::::
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 19,00030

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. Together,
:::
The

:::
ice

::::::
locked

:::::
away

::
in

:
these former ice sheets represented a SLE of around 113.9 m

(Simms et al., 2019)and, consequently, global sea level 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 (Lambeck35

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). The latter triggered a ;
:

lowering of the global mean air temperature, with current estimates

of the LGM-PI global surface air (negative) temperature anomaly ranging from
::::::
surface

:::
air

::::::::::
temperature

::
by

:
3.2 � C to 6.7 � C

::::
with

::::::
respect

::
to

:::
the

:::::::::::
pre-industrial

::::
level

:
(Schneider von Deimling et al., 2006; Holden et al., 2010; Annan and Hargreaves, 2013;40

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 geological evidence
::::::::
geological

::::::::
evidence

:::::::::::::::::::::::::::::::::::::::::::::::
(Hulton et al., 2002; Davies et al., 2020; Wolff et al., 2023)45

. 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 counterpart50

(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 km2 at 35 ka, corresponding to a SLE of around 1.5 m.To date, the most

common way to define the LGM is through a globally integrated ice volume, zooming in on the global climate that was closest
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to equilibrium during the last glacial period. However, this is a limiting assumption: during the last glacial period, many of the

then-existing ice sheets seem to have reached their maximum extent at different dates (Hughes et al., 2013), with both the ice55

masses and the climate broadly in equilibrium.

Studies of past climate conditions commonly rely on global climate models validated and calibrated against paleoclimate proxy

data (Braconnot et al., 2012; Annan and Hargreaves, 2013; Evans et al., 2013). This combination of models and observations

is a fundamental tool for understanding how Earth’s climate has responded to changes in external (e.g. orbit, insolation) and

internal (e.g. greenhouse gases) conditions on global and regional scales. When coupled to large water reservoirs, such as the60

ocean and ice sheets, these models can provide important insights into the role of climate-ocean-ice feedbacks (e.g. albedo,

freshwater influx) that can have long response times. To better understand the results from these models, the Paleoclimate

Modelling Intercomparison Project (PMIP) has focused exclusively on paleoclimate reconstructions, aiming to provide an

effective mechanism for standardising and coordinating paleoclimate modelling experiments among research groups across

the globe (Meinshausen et al., 2011). During the different stages of PMIP (1-4), paleo experiments have been performed with65

prescribed forcings, including orbital parameters, sea level, topography (including ice sheet elevations), and greenhouse gas

concentrations (Joussaume and Taylor, 1995; Braconnot et al., 2007; Harrison et al., 2015; Kageyama et al., 2017).Recently, Yan

et al. (2022) modelled the PIS extent during the LGM combining present-day climatology and PMIP outputs
:::
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 the70

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 contrast,
::::
Only

:
some of the PMIP4

models seem to present the climate conditions needed to trigger ice sheet inception and growth in this region. However, Yan75

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

In a much earlier study, Hulton et al. (2002) used numerical modelling to show that a drop in present-day temperatures of at

least 6 and modified wind patterns (decreasing wind intensity at ∼ 50° S where the core of the westerlies is concentrated and

increasing them in other latitudes) were a prerequisite for PIS inception. This is because present-day precipitation rates are

very high in southern Patagonia and very low in northern Patagonia, compared to a more even distribution during the LGM80

(Kohfeld et al., 2013).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

:::::::
method85

::::::
derived

::::
from

::::::::
off-shore

::::::
records

::::
and

::::::::
Antarctic

:::::
cores. Furthermore, we assess the relative performance of LGM climate forcings

in different sectors of the former ice sheet
:::
our

:::::::::
simulations

:
against the geochronological reconstruction of Davies et al. (2020).

Finally, we investigate potential reasons for their different performance throughout Patagonia. Present-day topographic map of
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Patagoniabasedon ETOPO1(Amante and Eakins, 2009). Present-dayice �elds areindicatedandcorrespondto theNorthern

PatagonianIce�eld (NPI), SouthernPatagonianIce�eld (SPI) and Cordillera Darwin Ice�eld (CDI). PIS reconstructionof90

(Davies et al., 2020)for 20 . LGM coastallinesmarkinglowersealevel (-120m) areshownin darkturquoisecontour.

2 Methods

2.1 Model set-up

OurPISsimulations
::
All

:::::::::
numerical

:::::::::
simulations

:::
of

::
the

::::
PIS

::
in

:::
this

:::::
study

:::
are

::::::::
performed

:::::
using

:::
the

::::
open

::::::
source,

::::::::::::::::
three-dimensional,

:::::::::::::::
thermomechanical

::
ice

:::::
sheet

:::::
model

:::::::::::
SICOPOLIS

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(SImulation COde for POLythermal Ice Sheets; Greve, 1997; Sato and Greve, 2012)95

:::
and

:
cover the area between 80° W and 62° W and between 36° S and 58° S (Fig.??)and are performedusing the open

source,three-dimensional,thermomechanicalpolythermalice sheetmodelSICOPOLIS(SImulationCOdefor POLythermal

Ice Sheets)version5.2 (Greve, 1997; Sato and Greve, 2012). Experimentsare designedwith an
::
1).

:::::
This

::::::
model

:::::::
domain

::
is

:::::::::
discretised

:::::
using

::
an

::::::::::
equidistant

::::
grid

::::
with

:
a
:::::::::

horizontal
:::::::::
resolution

::::
that

::::::
ranges

:::::::
between

::
4

:::
and

:
8 horizontalresolutionand81

vertical grid pointskm
:
,
:::
for

::::::::::
equilibrium

::::
and

::::::::
transient

::::::::::
simulations,

:::::::::::
respectively

::::
(see

::::::::
Sections

:::
2.2

::::
and

::::
2.3).

:::
In

:::
the

:::::::
vertical100

:::::::::
dimension,

:::
the

::::
grid

::
is

::::::::
extruded

::::
into

::
81

:::::::::::::::
terrain-following

:::::
layers

::::
that

:::::::
densify

:::::::
towards

:::
the

::::
base, from which 3 are allocated

to
:::::::::::
accommodate

:::
the

::::::::
potential

:::::::
presence

::
of

:::::::::
temperate

:::
ice.

::::::
Within

:::
this

:::::::::::::::
three-dimensional

::::
grid,

:
thetemperateice layerif it exists.

In addition,41 gridpointsare reservedfor the bedrock,wheregeothermal�ux towardsthe ice sheetbed is prescribedat

thebottomof thebedrocklayer.Themodelcombinestheshallow-iceapproximation(SIA ) andshelfy-streamapproximation

(SStA) in orderto reproducethe entirerangeof ice �owing conditionsacrossan ice sheet(Bernales et al., 2017). The time105

stepfor thecalculationsof ice velocity , topographychanges,internalice temperature,watercontent,andageof ice is setto

:::::
model

:::::::::
discretises

:::
and

::::::::::::
approximates

:::
the

:::::
Stoke

::::::::
equations

:::
for

:::
ice

:::::::::
velocities

::::
using

::
a

:::::::::::
combination

::
of

:::
the

:::::::
shallow

:::
ice

:::
and

::::::
shelfy

:::::
stream

:::::::::::::
approximations

:::::
(SIA

:::
and

:::::
SStA,

:::::::::::
respectively)

::::::::
following

:::
the

::::::
hybrid

::::::::
approach

::
of

:::::::::::::::::::::
Bueler and Brown (2009),

:::
as

::::::::
described

::
in

:::::::::::::::::
Bernales et al. (2017)

:
.
::::
This

::::::
hybrid

::::::
model

:::::
solves

:::
for

:::
an

:::
ice

:::::::
velocity

::::
�eld

::::
that

:::::::::::
corresponds

::
to

:
a
:::::
given

:::
ice

:::::::::
geometry,

:::::
mass

:::::::
balance,

:::
and

:::::::
thermal

:::::
state.

::::
The

::::::::
resulting

:::::::
velocity

::::
�eld

::
is

::::
then

:::::
used

::
to

:::::::
compute

::::
the

::::::::
evolution

::
of

:::
ice

::::::
within

:::
the

:::::::
domain

:::
by110

:::::::::
integrating

:::
the

:::::
model

:::::::
forward

::
in

::::
time

:::::
under

::
a

::::
time

:::
step

::::
that

::::::
ranges

:::::::
between 1year.

:::
and

:::
0.5

:::::
years,

:::::::::
depending

::
on

:::
the

:::::::::
horizontal

:::
grid

:::::::::
resolution

:::::::
applied.

At the beginning of each simulation, an ice-free topography is prescribedfrom the
:::
and

:::::::
mapped

::::
onto

:::
the

:::::::::
horizontal

:::::
model

::::
grid

:::::
based

::
on

:::
the

:
ETOPO1 data set (Amante and Eakins, 2009).This initialisationassumesa globalsealevel dropof 120, based

on reconstructionsfor the LGM (Lambeck et al., 2014), which is appliedhomogeneouslyover the entiremodeldomain.We115

use
::::::
Within

:::
this

::::::::
bedrock,

:
a
:::::::::::

lithospheric
:::::
model

:::::
layer

::
is

::::::::::
represented

::
by

:::
an

::::::::
extension

:::
of

:::
the

:::::::
extruded

:::::::::
horizontal

::::
grid

::::::::
spanning

::
41

:::::::::
additional

::::::
vertical

::::::
points.

::
At

:::
the

::::
base

:::
of

:::
this

:::::
layer,

:
a constant, spatially homogeneousvalueof 100for thegeothermal heat

�ux , in
:
of

::::
100mW m � 2

:
is

:::::::
applied

::::
—in agreement with averaged values observed in Patagonia (Hamza and Vieira, 2018)

:::
—,

:::::
which

::::::
serves

::
as

:::
the

:::::
lower

:::::::::::::::
thermodynamical

::::::::
boundary

::::::::
condition

:::
for

:::
the

::::::
model. Glacial isostatic adjustment

::
of

::::
this

:::::::
bedrock

:::::::
produced

:::
by

::::::::
temporal

::::::::
variations

::
of

:::
the

:::
ice

:::::
mass

::::
load

:
is accounted for through an elastic-lithosphere, relaxing-asthenosphere120

model (ELRA) , in which the effects of ice loading and unloadingon the planet's surfaceare parameterisedthrough a
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constantrelaxationtime(e.g., Greve and Blatter, 2009).
:::::
model

:::::::::::::::::::::::::
(e.g., Greve and Blatter, 2009)

:::::
using

:::::::
standard

::::::::
parameter

::::::
values

:::
(see

:::::
Table

:::
1).

The
:::
This

:::::::::::
initialisation

:::::::
assumes

:
a

:::::
global

:::
sea

:::::
level

::::
drop

::
of

:::
120

:
m

:
,
:::::
based

::
on

:::::::::::::
reconstructions

:::
for

:::
the

:::::
LGM

::::::::::::::::::
(Lambeck et al., 2014)

:
,

:::::
which

::
is

::::::
applied

:::::::::::::
homogeneously

::::
over

:::
the

:::::
entire

::::::
model

:::::::
domain.

:::
The

:::
ice

::
is

::::
only

::::::
allowed

::
to

:::::::
advance

:::
on

::::
land,

:::::
being

:::::::::::
immediately125

:::::
calved

:::
out

:::
on

:::
the

:::::
coast.

::::::
Ocean

::::::::::
temperature

:::
and

::::::::
dynamics

:::::::
beyond

:::
the

:::
sea

::::
level

::::::
change

:::::
have

::
no

::::::::::
implication

:::::::::
whatsoever

:::
in

:::
our

::::::::::
simulations.

:::
The

::::::::
inception

::::
and

::::::::
evolution

:::
of

:::
the

::::
PIS

::
in

::::
our

::::::
model

::
is

::::::
driven

::
by

::::
the

:
surface mass balance

::::::
(SMB),

::::::
which is calculated

as the difference betweenice accumulationand
::::::
applied

:::::
�elds

:::
of

:::::::::::
accumulated

::::::::::
precipitation

::::
and

:::::::
surface ablation. The lat-

ter is computed using a positive-degree-day (PDD) model(Calov and Greve, 2005). Accumulationdependson
::::::::
following130

:::::::::::::::::::
Calov and Greve (2005)

:
,

:::::
based

::
on

::
a

:::::
given

::::::::::
near-surface

:::
air

::::::::::
temperature

::::
�eld

::::
and

:::
the

:::::::::
parameters

::
in

:::::
Table

::
1.

:::::
PDD

:::::
values

:::::
have

::::
been

:::::::
selected

:::::
based

::
on

:::::::::::
contemporary

::::
and

::::
paleo

::::::
studies

::
in

:::
the

::::
area

::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Fernández and Mark, 2016; Yan et al., 2022; Cuzzone et al., 2023)

:
.

::::::
Surface

:::::
mass

:::::::::::
accumulation

::
is

:::::::
assumed

::
to

::::::
depend

:::
on monthly precipitation and temperature �elds, such that the transition be-

tween solid and liquid precipitation is linearly proportional to variations in air temperature (Marsiat, 1994). Here we use a

transition range of 0� C to 2 � C, producing purely solid or purely liquid precipitation below or above this temperature range,135

respectively.To accountfor the
::
As

:::
the

::::::
model

:::::::
domain

::::::
surface

:::::::
evolves

::::
due

::
to

:::
the

:::::::
advance

::::
and

::::::
retreat

::
of

:::
the

::::
PIS

::::::
during

::
a

:::::::::
simulation,

:
discrepancies between thetopographiesin climateand ice sheetmodels,

::::::::
prescribed

::::::
(�xed)

::::::::::
topography

::::
used

:::
in

::
the

::::::
PMIP

::::::
climate

::::::
model

::::::::
snapshots

::::
and

:::
the

::::::::
dynamic

:::
one

:::
in

::::::::::
SICOPOLIS

:::
are

:::::::::
accounted

:::
for

:::
by

::::::::::::
implementing

:
a
:
near-surface

air temperaturesarecorrectedusinga lapserate
::
air

::::::::::
temperature

:::::::::
lapse-rate

::::::::
correction

:
of -6.5 K km � 1. At the coasts,where

theice might becomea�oat, calvingat thefront of ice shelvesis parameterisedthroughaninstantaneouscalvingof ice-�lled140

modelcellswhoseice thicknessbecomesthinnerthan50 . Generalmodelparametervaluesusedin the ice sheetsimulations

aresummarisedin Table1
:::
The

:::::::::::
precipitation

:::
has

::::
been

:::::::
reduced

::
as

:::::::
function

::
of

:::
the

::::::::::
temperature

::::::::::::::::
(Huybrechts, 2002)

:
.

:::
The

::::::::
resulting

::::::::::
atmospheric

:::::::::::
temperatures

::::
near

:::
the

:::::::
surface

::
of

:::
the

:::
ice

:::
are

:::::
then

::::::
applied

:::
as

:::
the

:::::
upper

:::::::::::::::
thermodynamical

::::::::
boundary

:::::::::
conditions.

Descriptionof the most importantparametersin the modelset-up.Model componentDescriptionValue Units Ice rheology

Ice density910.00Gravity acceleration9.81Glen's �ow law exponent3.00- Ice speci�c heatcapacity4170.00Ice thermal145

conductivity2.10Waterlatentheatof fusion3:34� 105 Enhancementfactorfor theSIA andSSA1,0.5- BedrockGeothermal

heat�ux 100.00Lithospheredensity3300.00Sealevel-120.00SurfaceandatmospherePDDstandarddeviation3 Temperature

of snowprecipitation0 Temperatureof rainprecipitation2 Degreedayfactorfor snow8 Degreedayfactorfor ice3

2.2 Climate forcing and experimentaldesign

Wegeneratea rangeof PISgeometriesby forcing theicesheetmodelwith atmosphericproductsfrom several150

2.2
::::::::::
Equilibrium

::::::::::
simulations

:::
at

:::
the

:::::
global

::::::
LGM

::::::
Starting

:::::
from

:::
the

::::::
ice-free

:::::::::
conditions

:::::::::
described

::
in

::::::
Section

::::
2.1,

::
an

::::::::
ensemble

:::
of

:::::
model

::::::::::
simulations

::
is

:::
run

:::::::
forward

::
in

:::::
time,

::::
each

:::::::
member

:::::
forced

:::
by

:
a

:::::::
different

::::
pair

::
of

::::::::
matching

::::::::::
near-surface

:::
air

::::::::::
temperatures

::::
and

::::
total

::::::::::
precipitation

:::::
�elds

::::
from

:::
15 climate mod-

els that participated in the LGM experiments during phases 3 and 4 of PMIP.Then,weevaluatetheresultinggeometriesagainst
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thecorrespondingtime-snapshotat
::
A

::
list

:::
of

::::
these

::::::
climate

:::::::
models

:
is

::::::::
presented

::
in

:::::
Table

::
2.

::::
The

::::::
forcing

:::::
�elds

::::::::
contained

::
in

:
a

:::::
given155

::::
LGM

:::::::
climate

:::::::
snapshot

:::
are

::::::
applied

::
in

::
a

:::::::
constant

:::::::
manner,

:::
i.e.,

:::::::
without

:::
any

::::::::
temporal

::::::::
variations

::
as

:::
the

::::::
domain

:::::::
evolves,

::::::
except

:::
for

::
the

:::::::::
lapse-rate

::::::::
correction

::::
and

::::::::
elevation

:::::::::::
deserti�cation

:::::::::
described

::
in

::::::
Section

::::
2.1.

::
In

::::
areas

::::::
where

:
a
:::::::::::::::::::::
temperature-precipitation

::::
pair

:::::
results

::
in

::
a

::::::
positive

::::::
SMB,

::::::::
inception

::
of

:::
ice

:::
will

:::::
occur.

::::
The

:::
ice

::::
mass

::::
will

::::
then

:::::
grow

:::
and

::::::
advect

::::::::
outwards,

::::::
leading

::
to

:::
an

:::::::
advance

::
of

:::
the

::::::::
emerging

::::
PIS.

::::
The

:::::
extent

:::
of

:::
this

::::::::
advance

:::
will

:::
be

::::::
limited

:::
by

:::::
areas

:::::
where

::
a

:::::::
negative

:::::
SMB

:::::
fully

:::::::::::
compensates

:::
for

:::
the

:::::::
advected

:::
ice

::::
from

:::::::::
upstream.

:::
As

:::
the

:::
PIS

::::::::
thickens,

:::
the

::::::
amount

::
of

:::
ice

::::::::::
transported

::::::::::
downstream

::::::::
increases,

:::::
while

:::::::
surface

:::::::
ablation160

::::::::
decreases

:::
due

::
to

:::
the

::::::
cooling

:::
of

::::::::::
near-surface

:::::::::::
temperatures

::
as

:
a

:::::
result

::
of

:::
the

::::::::
lapse-rate

::::::::::
correction.

::::
This

::::::
positive

::::::::
feedback

::
is

::::
then

:::::::
balanced

:::
by

:
a

::::::::
reduction

::
in

:::
the

::::::::
available

::::::::::
precipitation

:::
as

:::::::
elevation

::::::::::::
deserti�cation

::::
sets

::
in.

:::
As

:::
the

:::::
model

::
is

:::::::::
integrated

:::::::
forward

::
in

::::
time,

:::::
these

::::::::
competing

::::::
effects

:::::
shape

:::
the

::::::::
advancing

::::
PIS

::::
until

:
a

:::::::
balance

:::::::
between

:::
the

:::::::::::
accumulation

:::
and

:::::::
ablation

:::::
zones

::
of

:::
the

:::::
entire

::
ice

:::::
sheet

::
is

:::::::
reached.

::::
Each

::::::::::
equilibrium

:::::::::
simulation

::
in

::::
this

::::
study

:::::
spans

::::::
10,000

:::::::::::
model-years,

:::::
which

::
is

:::::::
enough

::
to

::::
bring

:::
the

:::::::
domain

::
to

:
a

::::::
steady

::::
state

::::::
under

::::
each

::
of

:::
the

::::::::::::
time-invariant

:::::::
climate

:::::::::
conditions.

::::
The

::::::::
resulting

:::
PIS

:::::::::
geometry

:::
for

::::
each

::
of

:::
the

:::::::::
ensemble165

:::::::
members

::
is

:::::::::
evaluated

::::::
against

:::
the

:::::
LGM

::::::::
snapshot

:
(20 ka)

:
from the PATICE geological reconstruction (Davies et al., 2020).

Near-surfaceair temperatureandprecipitationfrom thirteenclimatemodels(seeTable2)wereusedto computeanomaliesas

thedifference(for temperatures)or ratio (for precipitation)betweentheir respectiveLGM andPI climatesnapshots,separately

for eachclimatemodel.ThemonthlymeanLGM-PI temperaturedifferencesareaddedto thepresent-dayclimatefrom ERA 5,

averagedovertheperiod1979-2020.Themonthlymeanpresent-dayprecipitation�elds aremultiplied by their corresponding170

monthlymeanLGM/PI precipitationratios(insteadof differences)to preventnegativevalues. Using theresultingensemble

of precipitationandnear-surfacetemperaturepairsasforcing, eachice sheetmodelsimulationis thenrun for 10, 000model

years,which is enoughto reachanequilibriumwith thesetime-invariantclimateconditions.
::
in

::::::
Section

::
3.

:

PMIP3andPMIP4modelsanalysedin thepresentstudy.ModelnamePMIPphaseAtmosphericmodelresolution

2.3
::::::::
Transient

::::::::::
simulations

:::::::
through

:::
the

::::::
MIS3

:::
and

::::::
MIS2175

:::
The

::::::::::
equilibrium

:::::::::
simulations

::::::::
described

::
in

:::::::
Section

:::
2.2

::::::
assume

:::::::
constant,

:::::
peak

:::::
glacial

:::::::::
conditions

::::
from

::::
PIS

:::::::
inception

::
to

:::::::::::
steady-state.

:::::
These

::::::::::
assumptions

::::::::
introduce

::
a

::::
cold

::::
bias

::::
both

::
in

:::
the

:::::::
internal

::::::
thermal

::::::
regime

:::
of

:::
the

::
ice

:::::
sheet

::::
and

::
in

:::
the

::::::
applied

:::::
SMB.

::::
For

:::
the

::::::
former,

:::
the

::::::::
in�uence

::
of

:::::::
warmer

::
or

::::::
colder

::::
past

:::::::
climates

:::
on

::::::::
englacial

:::::::::
conditions

:::
can

:::
last

:::
for

::::
tens

:::
of

::::::::
thousands

:::
of

::::
years

:::::
after

::::
such

::::::::
conditions

:::::
have

::::::::::
disappeared,

:::::
given

:::
the

::::
slow

::::::::
response

:::::::::
time-scales

::
of

:::
ice

::::::
sheets

::::::::::::::::::::
(Rogozhina et al., 2011).

CCSM4III 1.25x 0.9CNRM-CM5 III 1.4x 1.4COSMOS-ASOIII 3.8x 3.7FGOALS-g2III 2.8x 3-6 GISS-E2-RIII 2.5x180

2.0IPSL-CM5A-LRIII 3.8x 1.9MIROC-ESMIII 2.8x 2.8MPI-ESM-PIII 1.88x 1.9MRI-CGCM3III 1.18x 1.1INM-CM4

IV 1.5x 2.0MPI-ESM1-2-LRIV 1.88x 1.88MIROC-ES2LIV 2.8x 2.8AWI-ESM-1-1-LR IV 1.88x 1.88
::::
With

:::
the

::::
aim

::
of

:::::::
reducing

:::
the

:::::
biases

:::::::::
mentioned

::::::
above

:::
and

:::::::
explore

:::
the

::::::
glacial

::::::
history

::
of

:::
the

:::
PIS

::::::
before

:::
the

::::::
global

:::::
LGM,

:::
we

:::::::
perform

::
a

::::::
second

::::::::
ensemble

::
of

::::::::::
simulations

:::::
using

:::::::
transient

:::::::
climate

::::::
forcing.

:::::
This

::::::
forcing

::
is

::::::
derived

:::
by

::::
�rst

:::::::
selecting

::
a

::::::::::::::
well-performing

:::::::
member

::::
from

:::
the

::::::::::
equilibrium

::::::::
ensemble

::
of

::::::::::
simulations

::::
(see

::::::
Section

:::
3).

:::::
Then,

:::
the

:::::
LGM

::::::
climate

::::::::
snapshot

::::
from

:::
the

:::::
same

::::::
climate

::::::
model185

:
is

:::::::::::::
complemented

::
by

:
a
::::::::::::
corresponding

::
PI

::::::::
snapshot,

:::::::::::
representing

::::
peak

::::::
glacial

:::
and

:::::::::
interglacial

::::::::::
conditions,

::::::::::
respectively.

::
In

:::::
order

::
to

:::::::
generate

:
a

::::::
climate

:::::
state

:
at

::::
any

:::::
given

:::::
model

::::
time,

:::::
these

:::
two

:::::::::
snapshots

:::
are

:::
then

::::::::
subjected

::
to

::
a

::::::::
weighted

::::::::::
interpolation

::::::::
following

::
a

:::::
glacial

:::::
index

::::::::::
(henceforth

:::
GI)

::::::::
approach

:::::::::::::::::::::::::
(e.g., Mas e Braga et al., 2021).

:::::
Here,

:::
the

:::::::::::::
time-dependent

::::::
weight

:
is

::
in

::::
turn

::::::
derived

:::::
from
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:
a

:::
list

::
of

:::
ice

:::
and

:::::::
offshore

::::::::
sediment

:::::
cores

::::
(see

:::::
Table

::
3).

::::
For

::
all

::::
core

:::::::
records,

:::
the

::::::::::
computation

:::
of

:::
the

::
GI

::::
uses

:::
the

:::::
19-23

:
ka

:::::
mean

::
of

:::::
either

:::::
d18O

:::
(for

:::
ice

:::::
cores)

::
or

::::::::::
sea-surface

::::::::::
temperature

:::::
(SST;

:::
for

:::::::
sediment

::::::
cores)

::
to

:::::
de�ne

::::
peak

::::::
glacial

:::::::::
conditions.

:::::::::
Likewise,190

::::
peak

:::::::::
interglacial

:::::::::
conditions

:::
are

:::::::
de�ned

::::::
against

::
a

::::::
near-PI

::::::
period

:::
by

::::::::
averaging

::::
over

:::
the

::::
last

::
3 ka

:
.

:::
The

:::::
latter

:::
is,

::::::::
however,

:::
not

:::::::
possible

:::
for

:::
the

:::::::::::
GeoB3327-5

:::
and

::::::::::
PS75/034-2

:::::::::
sediments

::::::
cores,

:::::
which

::::
lack

::::
late

::::::::
Holocene

:::::
data.

:::
For

:::::
these

::::
two

:::::
cores,

::::::
values

::::
from

:::
the

:::::::::
centennial

:::::::::
time-scale

::::
SST

::::::::::::
reconstruction

::::::::
COBEV2

:::::::::::::::
(Ishii et al., 2005)

::::
have

:::::
been

::::
used

::
to

:::
�ll

:::
the

::::
data

::::
gap.

::::
With

::::
this

::::
range

:::
of

:::
far-

::::
and

::::::::
near-�eld

::::
core

::::::::
locations,

:::
we

:::::::::
investigate

::::::::
whether

:::
the

:::::::
offshore

::::::
records

:::::
along

:::
the

::::::
Paci�c

:::::::
margin

::::::
contain

::::
any

:::::::
imprints

::
of

::
an

:::::::
earlier,

::::
local

::::::
glacial

:::::::::
maximum

::
in

:::
the

::::::::::
Patagonian

::::::
region.

:::::
Each

::
of

:::
the

::::::::::
simulations

::
in

:::
the

::::::::
transient

::::::::
ensemble

::
is195

::::::::
initialised

::::
from

:::::::
ice-free

:::::::::
conditions

:::
and

:::::::
keeping

:::
the

:::::
setup

::
of

:::
the

::::::::::
equilibrium

::::::::
ensemble

:::
as

::::::::
described

::
in

::::::
Section

::::
2.2,

::::::
except

:::
for

::
the

:::::::
climate

:::::::
forcing.

:::::
Then,

::::
each

:::::::
member

::
is

:::
run

:::::
under

::
a

:::::::
different

::::::::::::
record-derived

:::
GI

::::::::
spanning

:::
the

:::::
period

:::::::
between

:::
70

:
ka

:::
and

:::
PI,

:::::::::::
encompassing

::::
both

:::
the

::::
MIS

::
3

:::
and

::
2.

:

3 Results

Our200

3.1
:::::::::::
Performance

::
of

:::
the

:::::
PMIP

:::::::
models

::
at

:::
the

::::::
LGM

::
in

:::::::::
Patagonia

:::
Our

::::::::::
equilibrium

:
model experiments produce a wide range of PIS geometries, some of which are generally comparable with

the geologically constrained ice extents, while others yield considerably reduced and/or overextended ice cover (Fig.??
:
4).

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, most205

ensemble members exhibit an unrealistic build-up of ice in south-eastern Patagonia, with a much larger ice-covered area than

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 and42
::
44° S, PIS growth is not uniformly captured by the ensemble members, with most of them failing to build

a consistent ice cover.210

Among the PMIP climate model products tested in this study,INM-CM4-8
:::::::::::::::
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 reconstruction.
::::
(Fig.

::
1).

:
The near-

surface air temperature and precipitation patterns derived from these two climate models enable the modelled ice sheet to reach

as far north as 39° S and 40° S, respectively, and occupy total areas of519,552and423,360
:::::::
467,776

:::
and

:::::::
564,096

:
km2. This is

in broad agreement with the earlier estimations by Davies et al. (2020). Total ice volumes produced by these two simulations215

are532.4103and417.0103,
::::::
347,020

::::
and

:::::::
471,859km3,

:
corresponding to SLEs of1.47and1.15

:::
1.04

::::
and

::::
1.37m (Fig. ??k,l

:
4),

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 ExcessivePatagonianicecover in south-easternPatagonia

3.1.1
::::::::
Excessive

::::::::::
Patagonian

:::
ice

:::::
cover

::
in

::::::::::::
south-eastern

:::::::::
Patagonia

Our model experiments show that acrosssouthernmost
:::::::
southern Patagonia (52° S to 56° S), most ensemble members exhibit an220

unrealistic build-up of ice, with a much larger eastern ice extent than inferred from the geological evidence (Fig.??
:
4). In some

cases (e.g., ensemble members driven by CCSM4, GISS-E2-R, MIROC-ESM,and MRI-CGCM3
:::::::::
Trace21ka,

::::::::::::
CESM2-FV2

:::
and

:::::::::::::::::::
CESM2-WACCM-FV2), this excessive ice cover reaches what is at present the Atlantic coast.TheLGM/PI annualmean

precipitationanomaliesvary signi�cantly amongmodelsfor this area(Figs.??a and??f). While someof theclimatemodels

show a precipitationincreaseby up to 50 % at 52° S whencomparedto the PI climate,othermodelssuggestmuch drier225

conditionsin thesamearea(up to -50 %). Regardingnear-surfaceair temperatures,we observea uniform rangeof LGM-PI

anomalies,with mostclimatemodelssuggestingaveragedvalueswithin the rangeof -8 to -6 (Figs. ??b,f). In this region,

CCSM4andMRI-CGCM3 exhibit thecoldestconditionsrelativeto thePI, while displayingprecipitationincreasesof up to

20%. Thiscombinationof climateconditionsleadsto astrongicesheetadvancetowardsandbeyondtheeastern
:::
We

::::::::
associate

::
the

:::::::::
excessive

::::::
growth

:::::::
towards

:::
the

::::::
eastern

::::
side

::::
with

::::::::
relatively

::::
cold

:::::::::
conditions

::
on

:::
the

:::::::
leeward

::::
side

::
of

:::
the

:::::::
Andes,

:::::::::::
accompanied230

::
by

::::::::
relatively

:::::
larger

:::::::::::
precipitation

::::::::
amounts

:::::
when

::::::::
compared

::::
with

::::
the

::::::::::
multi-model

::::::
mean.

:::::
These

:::::::
climate

:::::::::
conditions

::::::
reduce

:::
the

:::::::
ablation,

:::::::
allowing

:::
the

:::
ice

:::::
sheet

::
to

:::::::
advance

::::::
beyond

:::
the

:
margins of the PATICE reconstruction.

Ensemble members that reproducea reasonableextensionrequireLGM-PI
::
an

:::::::::
extension

::::::::::
comparable

::::
with

::::
the

:::::::::
geological

:::::::::::
reconstruction

:::
of

:::::::
PATICE

::::::::
showcase

:::::::
positive

:::::
LGM

:
temperature anomalies of around-6

:
2
:

� C, combined witha dry LGM/PI

precipitationanomalyof about-20 %
:::
drier

::::::::::
conditions

:::::
when

::::::::
compared

::::
with

:::::::::::
multi-model

:::::
mean

:
(Fig. ??f,

::
2,

::
3,

:
see climate235

modelsAWI-ESM, MIROC-ES2L,MPI-ESM
::::::::::::::::
AWI-ESM-1-1-LR,

:::::::::::::::
MPI-ESM1-2-LR,

:::::::::::
CNRM-CM5).

3.2 Low sensitivity of icesheetextentsto climate uncertainty in mid-Patagonia

Between42

3.1.1
:::
Ice

::::
sheet

:::::::
extents

::::
and

::::::
climate

:::::::::::
uncertainty

::
in

:::::::::::::
mid-Patagonia

:::::::
Between

:::
44° S and 52° S

:
, the model ensembleshow

:::::
shows a relatively low sensitivity to the climatic uncertainty provided by240

the PMIP models used in this study.Between44°S and52°S,a
:
A

:
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 precipitationanomalies
::::::
within

:::
the

:::::::
margins

::
of

:::
the

:::::::::::
geologically

:::::::::::
reconstructed

::::
PIS

:
at these latitudes show a

largedispersion,rangingfrom -9 to -3 (LGM-PI) andfrom -30 to 25 % (LGM/PI), respectively(Fig. ??e
:::::
spread

:::::
(Fig.

::
2,

::
3),

this does not lead to drastic changes in the resulting ice sheet extents.However,differencescanbeobservedwhencomparing245

themodelledicesheetthicknessunderdifferentclimateregimes.Undercolder(LGM-PI) andwetter(LGM/PI) conditions,the

modelledmeanice thicknessof PIS increases.In theoppositecaseof warmer(LGM-PI) anddrier (LGM/PI) conditions,the

modelledmeanthicknessdecreases.
:::
The

:::::::
eastern

::::::::
expansion

::
of

:::
the

::::::::
modelled

::::
PIS

:::::
seems

::
to

::
be

::::::
linked

::
to

:::
the

:::::::
summer

::::::::::
temperature
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::
in

::::::
eastern

:::::::::
Patagonia,

::::::::
inhibiting

:::
the

::::::
melting

::::::
during

:::
the

:::::::
summer

::::::
season,

:::::::
despite

::
the

:::::::
reduced

:::::::::::
precipitation

::::
(Fig.

:::
3).

This is in starkcontrastwith the relativeperformancesof thesemodelsnorth of 44 °S, whereclimateconditionsprovided250

by COSMOS-ASO,IPSL-CM5A-LR andAWI-ESM-1-1-LR areonly ableto build fragmentedice structures(Figs.??c,f,j),

with the main body of the ice sheetnot advancingfurther north of � 44° S. The resultingice sheettemperaturesarelinked

to a temperatureanomaly(LGM-PI) thresholdequalor colderthan-5 anda precipitationratio (LGM/PI) of at least1. These

thresholdsestablishthe minimum conditionsneededto promotePIS advancenorth of 44º S (Figs. ??a,b,d,e).
:::
The

:::::::
forcing

::::
from

::::::::::::
MIROC-ES2L

::::::::
generates

:::::
LGM

::::::
climate

:::::::::
conditions

::::
that

:::
lead

:::
to

::
the

:::::::
smallest

::::
PIS

::
in

:::
the

::::::::
ensemble.

::::
Due

::
to

::::::::
relatively

::::
high

:::
air255

:::::::::::
temperatures,

::
all

:::
ice

:::::::::::
accumulated

::::::
during

:
a

::::::
model

:::
year

::
is

::::
lost

::::::
during

::
the

:::::::
ablation

:::::::
season,

:::::::::
preventing

:::
ice

::::
sheet

::::::
growth

::::
and

::::
thus

::
an

:::::
extent

::::
that

:::::::
matches

:::
the

:::::::
PATICE

::::::::::::
reconstruction.

:

3.2 Drivers of model failure in northern Patagonia

3.1.1
::::::
Drivers

:::
of

:::
the

::::
lack

::
of

:::
ice

::
in

::::::::
northern

:::::::::
Patagonia

The PIS growth towards its northern con�nes is not uniformly captured by the ensemble. Most of the PMIP climate products260

tested here do not allow for an ice sheet expansion north of42
::
44° S (Fig.??

:
4), while the geologically constrained northern

ice sheet margin is placed at 38° S
::::::::::::::::
(Davies et al., 2020). As stated earlier, positions of the former PIS margins derived us-

ing the
::::::::::::::::
AWI-ESM-1-1-LR,

:
INM-CM4-8

:
,

::::::::::
MPI-ESM-P

:
and MPI-ESM1-2-LR products are closer to those inferred from the

PATICE data set. Although
::
on

::
its

::::::::
northern

:::::::
margin.

::::::::
However,

:
the forcing fromAWI-ESM-1-1-LR enablesan ice-covered

areacloseto the reconstructednorthernboundary(similar to the resultingice extentsfrom the MPI-ESM1-2-LRensemble265

member),theicecoverproducedby thissimulationcannotqualify asanicesheetnorthof 44°S,but ratherasan
::::::::::
MPI-ESM-P

::
in

:::
this

::::
area

:::::::
produces

::
a

:::::::::
fragmented

:::
ice

:::::
cover

::::
that

::::::::
resembles

::
an

:
isolated ice cap(Fig. ??j). Towardsthenorthernmostpartof the

geologicallyconstrainedPISextent(northof 40° S),noneof theensemblemembersis ableto reproducethereconstructedice

cover.However,a few icebodiesresemblingicecapsaregeneratedby thesimulationsdrivenby GISS–E2-RandMPI-ESM-P

(Figs.??e,h
:::::::::::
disconnected

::::
from

:::
the

:::::
main

:::
ice

::::
sheet

:::::
(Fig.

:
4).270

Between40°Sand42°S, the
:::
The

::::::::
modelled

:::::::
climate

::::
from INM-CM4-8 modelshowcases a pronounced reduction in precipita-

tion rates during the LGMrelativeto thePI, reachinga -40 % dropat ,
:::::
with

:
a

::::::
decline

:::
of

::
up

::
to

:::
-50

:::
% around 40° S, leading to

signi�cantly drier LGM conditions (Fig.??a).This contrastsall otherclimatesimulations(from bothPMIP3andPMIP4),in

whichLGM precipitationratesareeitherequalto or evenlargerthan(up to 10%) their correspondingPI values(Figs.??a
::
3).

:::::::::
Conversely,

::::::::::::::::
AWI-ESM-1-1-LR, d)

::::::::::
MPI-ESM-P

::::
and

::::::::::::::
MPI-ESM1-2-LR

:::::::
indicate

:::::::::
relatively

:::::
wetter

:::::::::
conditions

::::
than

:::::::::::
INM-CM-8,275

:::::::::::
accompanied

::
by

::
a

::::::::::
comparable

:::
ice

:::::
sheet

::::::
extent.

::::::::::
Meanwhile,

::::::::::::
MRI-CGCM3

::::::
depicts

::::
the

::::::
highest

:::::::::::
precipitation

:::::::
amounts

:::
in

:::
the

::::
zone,

:::::::
however

:::::
with

::::::
ice-free

:::::::::
conditions. Despite these signi�cantly wetter conditions (25 to 50 % larger precipitation rates than

in the INM-CM4-8 model), these ensemble members fail to initiate an ice sheet in this region.

In the samerangeof latitudes,mostPMIP3andPMIP4modelsshowLGM-PI
::::::
latitude

:::::
range,

::::::
models

::::
with

:::
ice

:::::
extent

::::::::::
comparable

::
to

:::
the

::::::::
geological

::::::::::::
reconstruction

::::::::::
consistently

::::::
depict

:::::
colder

:::::
LGM

:::::::
summer

:::::
mean

:::::::::::
temperatures

::::
than

:::
the

::::::::::
multi-model

::::::
mean,

::::
with280

temperature anomalies ranging from -3 to -6� C , while
::::::
relative

::
to

:::
the

::::::::::
multi-model

::::::
mean. INM-CM4-8infers

:::::
shows

:
a much

9



larger temperature anomaly, reachingavalueof -11
:::
-10 � C around 40° S. However, this anomalysuddenlydecreases

:::::::::
diminishes

towards the northernmost margin of the PIS, preventing ice sheet growth there under precipitation-starved conditions (Figs.

??b,d
:::
Fig.

:
3). In this part of Patagonia, climate forcings from

::::::::::::::::
AWI-ESM-1-1-LR, INM-CM4-8 and MPI-ESM1-2-LR thus stand

out as the only PMIP model products providing atmospheric conditions that enable the growth of an ice sheet in agreement285

with the PATICE data set.

Our results highlight the critical role ofregionalair
::
the

:::::::
summer

:::::
mean

:
temperatures in the inception and expansion of the PIS

over the northernsectors.On theonehand,drier
:::::
sector.

:::::
Drier but colder climate statesareableto providea setof conditions

that promote
:::
can

:::::
foster

:
ice sheet advance. On the other hand,wetter but warmerclimates(i.e., meanannualanomalyof

around-7 ) tendto prevent
:
,
:::::
while

::::::
wetter

:::
yet

::::::
warmer

::::::::
climates

::::
tend

::
to

::::::
impede

:
ice accumulation despite relatively highrates290

of precipitation. These�ndings underline
::::::::::
precipitation

::::
rates

:::::
(Fig.

::
2,

::
3).

::::::
These

::::::
results

:::::::::
underscore

:
the importance ofreduced

:::::::::
minimizing

:
modelled temperature biasesasa prerequisitefor robust model-based reconstructions ofthe Patagonian glacial

history.

3.2
::::::::
Evolution

::
of

:::
the

::::
PIS

:::::::
through

:::::
MIS3

::::
and

:::::
MIS2

:::
The

::::::
timing

:::
of

:::
the

:::::
local

:::::::::
maximum

::
in

::::
the

:::
ice

:::::::
volume

:::
and

::::
the

:::::::::
subsequent

:::::::::::
deglaciation

::::
has

::::
been

:::::::::::
documented

::
at

::::::::
multiple295

:::::::
locations

::
in

:::::::::
Patagonia

::::
and

:::::::
recently

::::::::
compiled

::
in

::::::::::::::::
Davies et al. (2020)

:
.
::::
This

::::
data

:::
set

::::::::
indicates

:::
that

::::
the

::::::
former

:::
PIS

:::::::
reached

:::
its

::::::::
maximum

::::::
extent

::
at

::::::
around

::
35

:
ka,

:::::::::
preserving

:::::::::
relatively

:::::
stable

:::::::::
conditions

::::
until

:::
25 ka

:
.

::::
Here

:::
we

:::
use

:::
the

:::::::
PMIP4

::::::
climate

::::::
model

::::::::::::::
MPI-ESM1-2-LR

::
as

:::
the

::::
best

:::::
�tted

:::::
model

::
to

:::::
perm

:::
our

:::::::
transient

::::::::::
simulations

::::
(See

::::
sec.

::::
2.3).

Our resultssuggestthatin orderto enableaPISbuild-upnorthof 40ºS thatmatchesthePATICEreconstruction,meanannual

temperatureanomalies(LGM-PI) of at least-5 andprecipitationratios(LGM/PI) closeor aboveto 1 arerequired.Although300

someof theclimatemodelsexhibit muchwetterconditionsduringtheLGM –with precipitationratesbeingup to
:::
For

::
a

:::::
better

:::::
spatial

:::::::::::
comparison,

:::
we

::::
show

:::
the

::::::::
modelled

:::::::::
extension

::
of

:::
the

:::
PIS

::
at

:::
35,

:
30% higherthanduring thePI in this region(

:
,

::
25

::::
and

::
20ka

:
to

::::::
enable

::
a

:::::
direct

::::::::
evaluation

::::::
against

:::
the

::::::::::::
corresponding

::::
time

:::::
slices

:::::
from

::
the

::::::::
PATICE

:::::::::::
reconstruction

::::
(See

:::::::
section

:::
2.3,

:
Fig.

??)–, theyalsoproducesmalleranomaliesin temperatures(-2 to -4 , seeFigs.??a-c).Suchclimateconditionsappeartoowarm

to maintainapositivesurfacemassbalance,thusprohibitingicesheetinceptionor advance.In thiscontext,thecombinationof305

near-surfaceair temperaturesandprecipitationratesfrom GISS-E2-Rseemsto de�ne anabsoluteminimumthresholdfor the

presenceof anicesheet
:::
5).

:::
The

:::::
cores

:::::::::
ODP-1233

::::
and

::::::::::
MD07-3128

:::::
show

::
a

::::
quite

::::::
similar

:::::::
pattern,

::::
with

::
a

:::
low

::::::
glacial

:::::
index

::::::
during

:::
the

:::::::::
beginning

::
of

::::::
MIS3,

:::
and

::::
then

:::::::
reaching

::
�

:::
1.3

::::::
during

:::
45

:::
and

:::
50 ka

:
,

::::::::::
respectively.

::::::::::::
Subsequently,

::::
both

::::::
records

:::::::::::
demonstrate

::::
local

::::::::::
�uctuations

:::::::
ranging

:::::::
between

:::
0.6

::
to

::::
1.3.

::::
The

::::::
glacial

:::::
index

::::::
derived

:::::
from

:::::::::::
MD07-3128

:::::::
exhibits

:
a

:::::::
slightly

:::::::
negative

:::::
trend

:::::
from

::
50

:::
to

::
25

:
ka

:::::
before310

::::::::::
experiencing

:::
an

:::::::
increase,

::::::::
reaching

::::
peak

::::::
values

::
at

:::
20 ka

:
.
:::::::
Despite

::::
their

:::::::::::
geographical

:::::::::
separation,

::::
both

:::::
cores

::::::
depict

:::::::::
transitions

::::
from

::::::
glacial

::
to

:::::::::
interglacial

:::::::::
conditions

::::::
almost

:::::::::::
concurrently,

::::::::
indicating

::
a

:::::
robust

:::::::
regional

:::::::
capture

::
of

:::
PIS

::::::::
dynamics

:::::
(Fig.

::
5).

:::::
Both

:::::::::
simulations

::::
lack

:::
ice in northern Patagonia.

::
(at

:::
the

:::::::
northern

:::
tip)

::::
and

:::
are

::::::::
generally

::::::
smaller

::::
than

:::
the

:::::::::
geological

::::::::::::
reconstruction

::
of

:::::::
PATICE

:
at

:::
35,

:::
30

:::
and

:::
25ka

:
.

:::::::::::
Nevertheless,

:::::
during

:::
the

::::::
LGM,

:::
the

::
ice

:::::::
volume

:::::
range

:::::::
between

:::
the

::::::::
estimates

::
by

::::::::::::::::
Wolff et al. (2023)

:::
and

:::::::
PATICE

:::::::::::::::::
(Davies et al., 2020).315
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:::
The

::::::::
off-shore

::::::
record

:::::::::::
GeoB3327-5

:::::
shows

:::
the

:::::::
highest

::::::
glacial

:::::
index

::::
prior

::::::
LGM,

:::::::
reaching

:::::::::
maximum

:::::
values

:::
of

:::
3.3

::
at

::
�

:::
45 ka

:
,

:::::::
declining

:::::
until

:
it

:::::::
reaches

:::::
values

::::::
below

:
1

::
at

::::::
around

:::
18ka

::::
(Fig.

:::
5).

::::
Our

:::::::
transient

::::::::::
simulations

:::::
forced

:::
by

:::
this

:::::::
offshore

::::
core

::::::
record

::::::::
showcase

::::::
similar

:::
ice

:::::::
volumes

:::
for

:::
the

:::::
time

:::::
slices

::
at

:::
35,

:::
30,

::::
and

::
25

:
ka

:
to

:::::
those

::::::::
proposed

:::
by

:::::::
PATICE

::::
(Fig.

:::
5).

:::::::::
However,

:::
the

:::::
region

:::::::
covered

::
by

:::
the

:::
ice

:::::
sheet

::::
does

:::
not

:::::
match

:::::::::
completely

:::
the

:::::::::
geological

::::::::::::
reconstruction,

:::::::::::::
overestimating

:::
the

:::::
extent

::
in

::::::::
northeast

::::::::
Patagonia

::
in

::::::
several

::::
time

:::::
slices

::::
(Fig.

:::
6).320

Modelledthicknessof thePISandice basevelocity streamlinesfor theLGM. Thegreenline showsthereconstructedglacier

extentfrom theempiricalevidenceat20 (Davies et al., 2020). Thepresent-daycoastlineis shownfor reference.
:::
The

::::::::
off-shore

:::::
record

::::::::::
PS75/034-2

:::::
shows

::
a

::::::
glacial

:::::
index

::
in

::
the

:::::
range

:::::::
0.3–0.6

:::::::
between

::
70

::::
and

::
40

:
ka,

::::
with

::
a

:::::
steady

:::::::
increase

:::::::
between

:::
38

:::
and

:::
30

ka
:::
that

::::::
brings

:::
the

::::::
glacial

:::::
index

::
to

:
a

:::::
value

:::::
above

::
1,

::::::::
reaching

:
a

:::::::::
maximum

::
at

::
�

::
18

:
ka,

:::
and

::::::
�nally

::::::::
followed

::
by

::
a

::::
rapid

::::
drop

:::::
(Fig.

::
5).

:::::
These

:::::::::
conditions

::::
lead

::
to

::
a

::::
small

:::
ice

:::::
sheet

::
at

::
35

:
ka,

::::::
which

::
is

:::
still

:::::::
growing

:::
by

::
30

:
ka,

::::
with

::
a

::::
more

:::::
stable

::::::::
condition

::::::
during

:::
25325

:::
and

::
20

:
ka

:::::
when

:
it

:::::::
reached

::
a

:::::
closer

:::::
extent

::
to

:::
the

::::::::
PATICE

::::::::::::
reconstruction

::::
(Fig.

::
6)

::::
with

:::
an

:::
ice

::::::
volume

::
of

:::::::
400.000

:
km3

:::::
which

::
is

:::::::
between

:::
the

:::
two

::::
most

::::::
recent

:::::::::
estimations

:::::
(Fig.

::
5).

:::
Our

::::::
results

:::::
using

:::::::::
Antarctic

::::::
records

:::::::
suggest

::
a

:::::::::
maximum

:::
ice

:::::::
volume

:::
of

:::
PIS

::::::
closer

::
to

::::
the

::::::
global

:::::
LGM,

::::::::::::
characterized

:::
by

:::::::::
continuous

:::
ice

:::::
mass

::::::
growth

:::::::
between

::::
the

:::::
MIS3

::::
and

:::
the

:::::
MIS2

:::::
(Fig.

:::
5).

:::
On

:::
the

::::
one

:::::
hand,

:::
the

:::::
Siple

::::::
Dome

:::
ice

::::
core

::::::
shows

:::::
glacial

:::::
index

::::::
values

:::::
below

:::
0.5

::::::
during

::::
most

::
of

::::::
MIS3,

::::
with

::
an

:::::::
increase

::::
that

::::::
begins

::
at

::
30

:
ka,

:::::::
reaching

::
a

:::::
value

::
of

:
1

::::::
around

:::
20ka

:
,330

:::
and

:
a
:::::::::
maximum

::::
even

::::
later

::::::
closer

::
to

::
15

:
ka.

::::::
These

:::::::::
conditions

::::
lead

::
to

:
a

:::::
small

::::
PIS

:::::
during

:::::
MIS3

:::::
with

::
an

:::
ice

::::::
volume

:::
of

:::::::
100.000

km3
::::
until

:::
25 ka

:
,
:::::
when

:::
the

:::
ice

:::::
sheet

:::::
starts

::
to

::::::::
increase,

:::::::
reaching

::::::::
400.000km3

:
at

:::
20

:
ka.

::::::::
However,

::::
the

::::::::
maximum

:::::::::
extension

:::
and

::::::
volume

::::
are

::::::
reached

:::::
even

::::
later

::
at

::
15

:
ka

:
.

:::
On

:::
the

::::
other

:::::
hand,

:::::
EDC

::::::
shows

:
a

::::::
glacial

:::::
index

::::
that

::::
starts

:::
to

:::::::
increase

::::::
during

:::
the

::::::::
beginning

::
of

::::::
MIS3,

:::::::
reaching

::
a

::::::::
maximum

::
at

:::
25 ka

:
,

::::
with

:::::
values

::::
that

::::
keep

:::::
closer

:::
to

:
1

::::
until

:::
18 ka

:
,

:::::::
marking

:
a
:::::::
change

::
in

::
its

:::::
trend

::::
with

::
an

::::::
abrupt

::::::::
decrease.

::
In

:::::
terms

::
of

:::
ice

:::::::
volume,

:::
our

:::::::::
simulation

::::::::
achieves

:::::
stable

:::::::::
conditions

:::::::
between

::
25

:::
to

::
18

:
ka

::::
with

:::::::
380.000335

km3.
::::::
While

:::
the

::::::::
extension

::::::::::
reproduced

::
at

::
20

:
ka

:
is

::::::::::
reasonable,

::::
both

:::::
cores

::::::
exhibit

::
a

:::::::::
completely

::::::::
different

::::::
glacial

::::::
history

:::::
when

::::::::
compared

::::
with

:::
the

::::::::::::::
geochronological

::::::
dataset

::
of

::::
PIS

::::
(Fig

::
6).

:

4 Discussion

In thissection,we�rst examinethecorrespondencebetweenthePMIPpaleoclimatemodelexperimentsandavailableconstraints

from empirical paleoglacialandpaleoclimateevidenceacrossPatagonia.In this context,we focuson quantifyingwhether340

model-basedclimatereconstructionsareconsistentwith thereconstructedPatagonianicesheetgeometryoverdifferentsectors

of formerly glaciatedPatagonia.Then,we identify potential impactsof the prescribedtopographicforcing and horizontal

climatemodelresolutionon themodelledclimateconditions.Finally, we discussour �ndings in thecontextof asynchronous

glaciationhistoriesbetweenthePISandpaleoice sheetsin thenorthernhemisphere,consideringthelimitationsarisingfrom

theassumptionof anicesheetequilibriumwith theclimateof theLastGlacialMaximum(LGM).345

4.1 Performanceof PMIP modelsin Patagonia:Phase3 versusPhase4
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Here,we takea closerlook at thePMIP modelsandtheir regionalbehaviouracrossPatagonia,zoomingin on thedifferences

betweenthereconstructedmonthlymeantemperaturesandprecipitationrates.Someof thelargestdifferencesbetweenmodel

performancein thetwo phasesof PMIP arerelatedto thefact thatPMIP3anomaliesshowstrongercoolingduringtheaustral

winter and weakercooling during summerwhich tend to accentuatethe amplitudesof the annualtemperaturecycle (Fig.350

??).This is in contrastwith theoutputsof individual PMIP4experiments,whereMPI-ESM1-2-LRhassimilar characteristics

to PMIP3 models,while MIROC-ES2Lproducesstrongernegativetemperatureanomaliesduring the summer-earlyautumn

period(January-April).In contrast,precipitationratiosshowa high dispersionacrossseasonsandmodels.In general,most

modelsexhibit a generaldecreasein precipitation,particularly in the meanannualrates,eventhoughsomemodelsinfer an

increasein winterprecipitation.Theexceptionis CNRM-CM5,whichshowsageneral,albeitrelativelysmall increasein both355

meanannualandwinter precipitationrates.Whenlooking at the sub-regional(sector-scale)performanceof PMIP climate,it

becomesclearthatmostof them

4.1
:::::::::::
Performance

::
of

:::::
PMIP

:::::::
models

::
in

:::::::::
Patagonia

::
At

:::
the

:::::::::::
sub-regional

::::::
scale,

::::
most

::::::
PMIP

::::::
models

:
fail to reproduce thereconstructedextents

::::::
climate

:::::::::
conditions

:::::::
required

:::
to

:::::::
simulate

:::
the

::::::
extent of the northernmostsectors

::::
sector

:
of the PIS during the LGM(38-42

::
as

::::::::
suggested

:::
by

::::::::::::::
reconstructions.360

::
As

:::
we

:::::
show

::
in

:::::
Sect.

::
3,

:::
the

:::::::
models

:::
that

:::::::
produce

:::
the

:::::
most

:::::::
realistic

::::::
extents

:::
of

:::
the

:::
PIS

::::::::
between

:::::
38-44°S). To investigatethe

origin of this behaviour,we havecalculatedaveragetemperatureandprecipitationanomalieswithin the former PIS outlines

between38°Sand42°S (Fig. ??). Latitudinalannualmeansof a) theLGM/PI precipitationratioandb) temperatureanomaly

within thegeologicallyreconstructedareaof theformerPIS(LGM-PI) (Davies et al., 2020). Shadedareasshowtheenvelopes

betweentheINM-CM4-8 andMPI-ESM1-2-LR.Annualmeanprecipitationratio andtemperatureanomalies,includingmean365

annualstandarddeviationthroughthe year betweenc) 38° S and 39° S, d) 40° S and 42° S, e) 46° S and 52° S and f)

52° S and56° S. LGM-PI temperatureanomalies(upperpanel)andprecipitationanomalies(bottompanel)for the monthly

outputsof CMIP5-PMIP3andCMIP6-PMIP4averagedover the studyzone.LGM-PI temperatureanomalies(upperpanel)

andprecipitationanomalies(bottompanel)for the monthly outputof CMIP5-PMIP3andCMIP6-PMIP4calculatedof the

northernmostsectorof theformerPIS.Calculationsaremadeoverthegrid pointsthatmatchthereconstructedPISextentsby370

Davies et al. (2020)within the 38-42°S studyzone.Largedifferencescanbe observedin the climatemodelreconstructions

whenlookingat theirparticularitiesin thisregion
:::
are

::::
those

::::
that

::::::
exhibit

::
the

:::::::
coldest

::::
LGM

::::::::::
temperature

::::::
during

:::
the

::::::
melting

::::::
season.

The models AWI-ESM-1-1-LR, INM-CM4-8,
:
and MPI-ESM1-2-LRsuggest

::::::
generate

:
larger negative temperature anomalies

during the melting season
:::::
when

::::::::
compared

::::::
against

:::
the

:::::::::::
multi-model

:::::
mean. In particular, INM-CM4-8 stands out by producing

very cold conditions during the LGM nearly throughout the entire year, with a higher amplitude during January and February375

(austral summer)
::::
(Fig.

::
2,

::
7). Its dropin near-surfacetemperaturesof around12duringthemeltingseasonis anoutlier,showing

a differenceof at least4 relative to other PMIP4 models.Lower temperatures inferred from INM-CM4-8 act as a driving

mechanism fortherealistic
::
an

:
ice sheet growth between38-42

:::::
38-44° S.Thetemperatureanomalysuggestedby INM-CM4-8

is lessintenseduringwinter months,beingcloserto therangeof inferredfrom theothermodels.MIROC-ES2Lproducesthe

smallestLGM-PI temperatureanomalyamongall PMIP4models,with anannualmeanof around4 . While MPI-ESM1-2-LR380
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::::::::
Although

::
the

:::::::
forcing

:::::
�elds

::::
from

::::
other

:::::::
models

::::
such

::
as

:::::::::::
MPI-ESM-P andAWI-ESM-1-1-LRreproducerelativelysimilarannual

cycles,MPI-ESM1-2-LRprovides0.5 coldertemperaturesin theannualmean
:::::::::::
CNRM-CM5

:::::::
manage

::
to

::::
build

:::
up

:::
ice

:::::::
towards

::
the

:::::
north

::
of

:::
the

:::::::
domain

::
—

:::::
again

:::
due

::
to

::::::::
relatively

::::::
colder

:::::::::
conditions

:::
—,

:::
the

:::::::
resulting

::::::::
glaciated

::::
areas

::::::::
resemble

:::::::
isolated

:::
ice

::::
caps

:::::
rather

::::
than

::
an

:::::::::
extension

::
of

:::
the

:::
PIS

:
(Fig. ??. In contrast,PMIP3 modelsshowtwo typesof patterns- onesimilar to PMIP4

modelsandanotherwith pronouncedcooling.The�rst groupof experiments(GISS-E2-R,IPSL-CM5A-LR,andMPI-ESM-P)385

resultsin smallertemperatureanomaliesbetweentheLGM andPI summers,while othermodelsshowagreatercoolingduring

the winter, with somehaving largercooling amplitudes(e.g.CCSM4andMRI-CGCM3)
:::
2).

::::::
Despite

::::::
colder

::::::::::
conditions,

:::
the

:::::::::
simulations

::::::
driven

::
by

:::::
these

::::::
models

:::
are

::::
still

:::::
unable

::
to

::::::::::
reconstruct

:::
the

:::::::
formerly

:::::::::::
PIS-covered

::::::::
territories

:::::
north

::
of

:::
39°

::
S.

Regardingthe reconstructedprecipitationrates,PMIP3 and PMIP4 exhibit signi�cant differences.It is apparentthat no

commonmean-annualprecipitationpatternscanbe revealed
:::::::
Similarly,

:::
the

:::::::
eastern

:::::::::
expansion

:
is

:::::::::::
consistently

:::::::::
associated

::::
with390

:
a

:::::::
negative

::::::::::
temperature

::::::::
anomaly

:::::
when

:::::::::
compared

::::
with

:
a
:::::::::::

multi-model
:::::::
summer

:::::
mean

:
(Fig. ??). Most modelspredictmonths

with positiveor negativeanomaliesthroughoutthe year,exceptfor INM-CM4-8, MIROC-ES2L,andMRI-CGCM3, which

consistentlygeneratelower-than-PIprecipitationratiosfor all monthsthat arecloseto the lowestendof the total range.All

othermodelstestedhereexhibit an overall increasein the annualmeanprecipitationratesin this region,with CNRM-CM5

andFGOALS-g2generatingthewettestconditionsamongall models
::
2).

:::
As

:::::
shown

:::
by

:::
the

:::::::::
simulation

:::::
driven

:::
by

::::::::::::
CNRM-CM5,395

:::::::
relatively

:::::::
warmer

:::::::::
conditions

::
in

:::
the

:::::::::::
southern-east

:::::
sector

:::
of

::::::::
Patagonia

:::
are

:::::::
required

::
to

::::::
restrict

:::
the

::::::::
extension

::
of

:::
the

::::
PIS

:::::
within

:::
its

::::::::::
geologically

:::::::::::
reconstructed

:::::::
margins

:::::
(Fig.

::
2),

::::::::::::
coincidentally

:::::
being

:::
the

::::::
model

::::
that

:::::
shows

:::
the

::::
best

::
�t

::
in

::::
this

:::::
zone.

:::::::::
Compared

::
to

::
air

:::::::::::
temperatures,

:::::::::::
precipitation

::::
does

:::
not

:::::
seem

::
to

::::
play

:
a

::::::::
dominant

::::
role

:::::
when

::::::::
analysing

:::
the

:::::
causes

:::
for

::::
PIS

::::::::::::
over-expansion

::
in

::::
this

:::::
region.

As we showin Sect.3, the modelsthat producethe mostrealisticmodelledextentsof the PIS between38-42°S arethose400

that exhibit the strongestnegativeLGM-PI temperatureanomalies(-8 to -12 ) during the melting season.Thesemodelsare

INM-CM4-8 andMPI-ESM1-2-LR,althoughthe northwardice sheetadvanceresultingfrom the latter only reaches40° S

(Figs. ??k,l), leavingthe formerly PIS-coveredterritoriesbetween38° S and40° S ice-free.This is becausethe (LGM-PI)

temperatureanomalyderivedfrom MPI-ESM1-2-LRis at least4 lower thanin INM-CM4-8, which displaysa drasticdrop

in thetemperatureanomaly(between-12 and-10 ) towardsthenorthof Patagonia
:::
The

::::::
forcing

:::::
from

::::::::::::
MIROC-ES2L

::::::::
produces405

::
the

::::::::
smallest

::::::::
modelled

:::
ice

:::::
sheet

::::::::
geometry

::::::
among

::
all

::::
the

::::::
climate

:::::::
models

:::::::::
considered

::
in

::::
this

:::::
study

::::
(Fig.

:::
4).

:::
Its

:::::::
summer

:::::
mean

::::::::::
temperature

::
is

:::
the

::::::::
warmest,

::::
only

::::::::::
comparable

::::
with

:::::::::::::
MRI-CGCM3.

::::::::::
Differences

:::::::
between

::::
the

:::
two

::::::::
resulting

:::
ice

::::::
sheets

:::
can

:::
be

::::::::
explained

::
by

:::::::::
dissimilar

:::::
winter

::::::::::::
temperatures,

:::::
which

::
in

:::
the

::::
case

::
of

::::::::::::
MIROC-ES2L

::::::
restrict

::::::::::::
accumulation

:::::
during

:::
the

::::
cold

:::::::
season,

::::::::
preventing

::
a

:::::::
realistic

:::::::
build-up (Fig.??b

:
2,

::
3).

Paleo-vegetationrecordsat 41° S infer 6
:::::::::
Previously,

::::::::::::::
Yan et al. (2022)

:::::::
analysed

:::
21

:::::
PMIP

::::::
model

:::::::
outputs

::
of

::::::
phases

::
2,

::
3,

::::
and410

::
4, to 7 coldermeanannualtemperaturesduring the LGM thanat present(Moreno et al., 1999). Whenthesereconstructions

arecombinedwith the glacial geologyandpalynologydatacollectedwithin 40-42°S, we arrive at a rangeof 6 to 8 colder

meansummertemperaturesand 6 to 7 colder meanannualtemperaturesat LGM (Denton et al., 1999). On the one hand,

thesedatasuggestthat thecoolingof � 12 observedin INM-CM4-8 duringsummermonthsis relativelyextremecompared

to
::::
infer

:::
the

:::::::
climate

:::::::::
conditions

:::
for

::::
ice

::::
sheet

:::::::
growth.

:::::::
Despite

::::::
efforts

:::
to

::::
fuse

:::::
PMIP

:::::::
models

::::
with

::::::::::
present-day

:::::
data,

:::::::
models415
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:::::::
struggled

:::
to

:::::::::
reproduce

:::
ice

:::::
sheet

:::::
extent

::::::::::
accurately,

:::::::
showing

::::
lack

:::
of

:::
ice

::
in

::::
the

:::::
north

:::
and

:::::::::::::
overexpansion

::
in

:::
the

:::::
south

:::::
east.

::::::::::::::::::
Cuzzone et al. (2023)

:::::::::
investigated

::::::
PMIP4

:::::::
models

::
in

:
a
::::::::
narrower

:::::::
domain,

::::::
�nding

::::::
similar

:::::
issues

:::::::
despite

:::::
higher

:::::::::
resolution.

:::::
Both

::::::
studies

::::
fused

:::::::::::
paleoclimate

:::::::::
anomalies

::::
with

::::::::::
present-day

::::
data,

::::::::
inducing

:::::::
artefacts

::
in

::::::::::::
heterogeneous

::::::::
climates.

::::::::
However, therange

observedin existingproxy records.On theotherhand,theAWI-ESM-1-1-LR andMPI-ESM1-2-LRmodelsarriveat summer

anomaliesthatareconsistentwith theconstrainedrange.However,annualmeantemperatureanomaliesin thesetwo models420

are closeto -5 , which is 1 below the lower limit of the suggestedrange(Fig. ??d). By comparison,INM-CM4-8 infers

a value of around-8 , which overestimatesthe reconstructedcooling by 1 . Nevertheless,amongall modelstestedin this

study,AWI-ESM-1-1-LR, INM-CM4-8 andMPI-ESM1-2-LRproducetemperatureanomaliesthatareclosestto theavailable

paleoclimaticrecordsin northernPatagonia.
::::
lack

::
of

:::::::::::::
grounded-based

:::::::::
validation

::::
data

::
in

:::::::
southern

::::::::::::
mid-latitudes

:::::
limits

:::
the

::::
skill

::
of

::::::::
reanalysis

::::
data

:::
in

::::::::
Patagonia

:::::::::::::::::::::::::::::::
(Masiokas et al., 2020; Sauter, 2020).

:
It is dif�cult to infer what factorsare responsiblefor425

this regionalscatteringbetweendifferent phasesof PMIP , mainly due to the numberof changes
::::::
Several

::::::
factors

:::::
might

:::
be

:::::::::
responsible

:::
for

:::
the

::::
large

:::::::
regional

::::::::
scattering

::::::
among

::::::
model

:::::
results

:::::
from

:::::::
different

:::::
PMIP

::::::
phases,

::::::::
including

:::::::::
signi�cant

:::::::
updates be-

tween model versions,e.g.,the treatment of vegetation, atmospheric dust loading, and prescribed ice thickness and topography

(Kageyama et al., 2017). The latter, in particular,raisesquestionsabouttheimportance
::::::
exposes

::
a

::::::::
circularity

:::::::
problem

::
in

::::::
which

:::::
model

:::::::::::::
reconstructions of the PISfor shapingregionalclimateregimesduringtheLGM andits impactonmodelledatmospheric430

states
:::
are

::::::
driven

::
by

:::::::
climate

:::::::::
conditions

:::
that

:::::::
include

:
a

::::::
poorly

:::::::
resolved

:::
(or

:::::::::
inexistent)

:::
ice

:::::
sheet

:::::::
(Section

::::
4.2). This highlights a

need for studies providing a benchmark for the effects of topographic and albedofeedbacks(amongothers)
::::::::
feedback between

the PIS and the regional climate dynamics.Previously,Yan et al. (2022)modelledthe PIS during the LGM using climate

forcing productsfrom phases2, 3 and4 of thePMIP project.To achievea good�t with geologicalevidence,thePDD factors

in thesurfacemassbalance(SMB) modelwerereducedto promoteicesheetgrowth.However,theappliedPDDfactorsin this435

earlierstudyarenot supportedby existingstudiesof present-dayice sheets(Peano et al., 2017; Seroussi et al., 2020)or ice

�elds in Patagonia(Möller and Schneider, 2008; Bown et al., 2019), indicatingthat this evaluationmay be biaseddueto the

choiceof modelparameters.Thebest�t with thereconstructedicesheetcon�gurationin Yan et al. (2022)wasachievedusing

MPI-ESM1-2-LRoutput,while theforcing usingINM-CM4-8 resultedin a muchlargerPIS.Our �ndings indicatethatusing

a setof modelparametersthat is consistentwith thecurrentknowledgeleadsto anunderestimationof ice sheetextentin the440

northof Patagonia,asobservedin theexperimentdrivenby MPI-ESM1-2-LR,while theclimateconditionsfrom INM-CM4-8

still allow for amoreextensiveicecoverage,albeitwith a lessover-expansion.

4.2 Impacts of
:::
the

:::::
PMIP

:
topography and resolution

In Sect.3 we showthat,underthe chosenparameters(Table1), noneof the experimentscarriedout in this studywereable

to build an ice sheetin agreementwith the reconstructedPIS geometry(Fig. ??). It hasbecomeclearthat all PMIP models445

struggleto reproduceair temperaturesthatareconsistentwith both local proxy recordsandgeologicalreconstructionsof the

formerice sheetextentsin northernPatagonia(Figs.??b,c,d).Dueto thefact thatthenorthernsectorof thePISis a relatively

narrow ice massthat residedin an areaof exceptionallysteeptopography(Fig. ??), herewe analyseto which extentthis

importantfactorfor theicesheetgrowthis reproducedby thePMIPclimatemodels,andwhetherthetypical lackof resolution
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in globalmodelsmaybeapossibleorigin of suchastruggle.Furthermore,theicesheet
:::
The

:::
ice

::::
sheet

:
forcing itself is an impor-450

tant component of paleo experiments, introducing regional-scale climate feedback through additional topographic barriers and

the albedo effect (Löfverström et al., 2014; Beghin et al., 2015; Liakka et al., 2016).In thiscontext,it is importantto notethat

participantsof PMIP
:::::
PMIP

:::::::::
participants

:
used different ice sheetforcingsin differentprojectphases:the

:::::::::::::
reconstructions: PMIP3

ice sheet reconstruction (Abe-Ouchi et al., 2015),theICE-6G_C (Peltier et al., 2015)
:
, and GLAC-1D (Tarasov et al., 2012).All

thesereconstructionsaresuf�ciently differentfrom eachother,leadingto deviations
:::
The

:::::::::
difference

:::::::
between

:::::
these

::::::::::
topographic455

:::::::
forcings

:::
led

::
to

:
a
:::::
large

::::::
spread in climate model results (Abe-Ouchi et al., 2015).In addition,dissimilarhorizontalresolutions

within climatemodelsmay inducefurther differencesin modelledclimate regimeson a regionalscale(Table2). Herewe

focuson theanalysisof PMIP4topographicforcingsandthedifferencesbetweenthem.We expectthatour observationsand

conclusionsbasedon theanalysisof PMIP4modelswill bebroadlyapplicableto otherphasesof PMIP, exceptthatmostof

theearlierPMIPphasesdid not includeanicesheetforcing in Patagonia(Kageyama et al., 2017).460

Prescribedtopography(upperpanel)andice thickness(bottompanel)by thePMIP4modelsconsideredin this study.Etopo-1

(Amante and Eakins, 2009)and the ICE-6G_Creconstruction(Peltier et al., 2015)includedas of the ice sheetforcings in

PMIP4. The Cyan line showsthe PIS extensionfor the 20 ka (Davies et al., 2020). Present-dayocean-continentlimits are

shownfor interpretation. PMIP4 models used inthis studyapplydissimilartopographicforcings,mainly dueto modi�cations

to meet
::
our

:::::
study

::::
vary

::
in

::::::::::
topographic

:::::::
forcing

:::
due

::
to

:
the spatial resolution imposed in each of them.In Patagonia,all models465

includesimpli�ed topographicfeaturesthat do not exceed 1500m in altitude(Fig. ??). Furthermore,thesesimpli�cations

shift
:::
All

::::::
models

:::::::::
simpli�ed

:::
the

::::::::::
topography,

::::::
shifting

:
the position of the Andes and�atten

::::::::
�attening the observed topography,

whichexceed
:::::::
exceeds 3000m above sea level in the north (Fig.??) . Regardlessof its goodice-coveredareaagreementagainst

PATICE, the topographicforcing of INM-CM4-8 (which hasthe �nest latitudinal resolutionamongPMIP4 climatemodels)

hasundergonevisible substantialmodi�cations (Fig. ??). INM-CM4-8 doesfeaturea highertopographyin thenorthernpart470

of themodeldomain,whereit might accentuatecolderanddrier LGM climateconditions.This suggeststhata muchhigher

spatialresolutionis neededto capturetheatmosphericdynamicsandclimategradientsover thecomplexterrainandextreme

environmentof the Andeswhenusinggeneralcirculationmodels(Bozkurt et al., 2019).
::
8)

:::
but

::::
only

:::::::
reaches

::
a

::::::::
maximum

:::
of

::::
1500m

::::
when

:::::::
applied. To compare theicesheetthicknessandice-coveredareaof eachPMIP4ensemblemember

:::::
native

::::::
PMIP4

::
ice

:::::
sheet

::::::::::
thicknesses

:::
and

::::::::
coverage, we compute the difference between the LGM and the PI topographiesassumingthat the475

sealevel during LGM ,
:::::::::
assuming

:::::
LGM

:::
sea

::::
level

:
was 120m lowerthanpresent.The ice maskprovidedby eachensemble

memberis thenusedto delimit the ice sheetgeometry.If we focuson the PMIP 4 modelsalone,we canobservethat ice

sheet.
:::
Ice

:::::
sheet

:
geometries prescribed in the AWI-ESM-1-1-LR, INM-CM4-8 andMPI-ESM1-2_LRclimateexperiments

arebroadlyconsistentwith thenorth-to-southextentsof the formerPIS
:::::::::::::::
MPI-ESM1-2-LR

::::::
climate

::::::::::
experiments

:::::::
broadly

:::::
align

::::
with

:::
the

::::::
former

:::
PIS

:::::
extent

:
derived from the geological evidence (Davies et al., 2020).This doesnot imply, however,that the480

prescribedPIS in anyof theseclimatemodelsis necessarilyaccurate(Fig. ??). This is particularlyevidentin theprescribed

ice sheetwithin
:::::::
However,

::::
this

:::::::::
alignment

::::
does

:::
not

:::::::::
guarantee

::
an

::::::::
accurate

:::
PIS

:::::::::::::
representation.

:
MIROC-ES2L , which is

:::
and

::::::::::::::::::
CESM-WACCM-FV2,

:
the coarsest climatemodelamongthefour PMIP4modelsanalysedthat fails

::::::
models

::::::::
analyzed,

::::
fail to

reproduce LGM climate conditions that enable our ice sheet model to build an ice sheet extension consistent with PIS north
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of 44° S (Fig.??). Within thegeologicallyconstrainedice-coveredarea,ourcomparisonof monthlyanomaliesin near-surface485

meanair temperaturesrevealslarge discrepanciesbetweenthe four PMIP4 modelsnorth of 46° S (Fig. ??b,c,d).
::
4).

::::
For

:::::::
example,

:
INM-CM4-8 infers a morenegativeanomalycomparedto the threeothermodels,peakingat a meanannualvalue

of nearly -12 at around40° S. At this latitude INM-CM4-8 prescribes an ice thickness ofaround
:

300 (Figs. ?? and ??),

whereasMIROC-ES2Ldoesnot includeanyicesheetforcing in this area.As aconsequence,thelattergeneratesmuchhigher

meanannualtemperatures,with an LGM-PI anomalyamountingto only -3 . This implies that in this geographicalsector,490

the two modelsplacedat the extremeendsof the spectrumof possibleregionalthermalclimateregimesareseparatedby 9

. Although AWI-ESM-1-1-LR andMPI-ESM1-2-LRhaverelatively similar ice sheetboundaryconditionsat theselatitudes

whencomparedto INM-CM4-8, theybotharriveat smallertemperatureanomaliesnorthof 42
:
m

:::::
north

::
of

:::
46° S,leadingto a

limited expansionof thePISandicesheetfragmentation(Fig. ??).
:::::::
whereas

::::::::::::
MIROC-ES2L

:::::::
includes

:::
no

:::
ice

::::
sheet

::
at

:::
all.

(a) Hypsometriccurvesof prescribedice forcingsin thePMIP4modelsagainstthereferenceICE-6G_Cgeometry.Meanice495

thicknessfor eachmodelis shownin vertical lines.Meantopographybetween(b) 38º S to 42º S, (c) 42º S to 52º S and(d)

52º S to 56º S. The PMIP4 topographyof eachmemberis shownin dashedandcontinuouslines for its PI andLGM time

periods,respectively.Our simulationssuggestthat mostPIS sectorshadan ice thicknessbetween1000and1500 , with a

maximumcloseto 2000. Suchthick ice covershouldhavegreatly impactedregionalclimateconditionsduring the LGM.

In oneof themostproblematicregions,locatedbetween38° S to 42° S, PMIP experimentsprescribean ice sheetthatpeaks500

at a thicknessof around300 , while our experimentssuggesta likely rangeof thicknessvaluesbetween200 and700 over

this area.However,it appearsdif�cult to constraintheregionalice sheetthicknessandextentusinggeologicalreconstructions

thatarevery fragmentedandlack directconstraintson theformerice surfaceelevations(Boex et al., 2013; Troch et al., 2022)

.Towards the south-eastern sectors of the PIS, ourresultsshowcase
::::::
�ndings

::::::
reveal a consistent overestimation ofmodelledice

sheet extents relative to the geological evidence. We partially attribute thisexcessiveicesheetgrowthto themismatchbetween505

::
to the

:::::::::::
discrepancies

::::::::
between reconstructed PIS coverage and the prescribed topography inthe climatemodels:ice

::::::
climate

::::::
models.

:::
Ice

:
sheets invade formerly ice-free territories, potentiallypromoting

:::::::
inducing

:
extra cooling andleadingto reduced

ablation. Theratherpoorperformanceof climatemodelsalongleewardslopesof theAndescanbethereforepartly attributed

to unrealisticice sheetforcingsthatlost their outlinesandspatialdetailsduringspatialupscaling.Otherpotentialcontributing

factorsto this unrealisticice sheetgrowthin thesouth-eastincludeerroneousalbedoforcingsanda lack of orographiceffects510

duetounresolvedprecipitationbarriers(Fig.??b,c,d).Erroneous
::::::
reduced

:::::::
ablation

::::::
through

::
a

:::::::
stronger

:::::
albedo

:::::::
forcing.

:::::::::
Inaccurate

representation of the orographic effect on precipitationis very likely a contributorto the
::::
likely

::::::::::
exacerbates

:
mismatches be-

tween the modelled and reconstructed ice sheetsin this areadueto very strong�attening of thetopographicforcing (including

mountainrangesandprescribedice sheets),andthusits inability to imposethe ,
:::
as

::::::::::
topographic

::::::
forcing

::
is

::::::::
�attened

::::
(Fig.

:::
8),

::::::::
hindering

:::
the

:::::::::
imposition

::
of

:::
the

:
rain-shadow effect underthesehorizontal

:::::
coarse resolutions (Lofverstrom and Liakka, 2018;515

Bozkurt et al., 2019; Almazroui et al., 2021).The lack of this effect leadsto
:::
This

:::::::::
de�ciency

::::::
results

::
in

:
reduced precipitation

on the windward side but much higher precipitation on the leeward side of the Andes,promotingthe growth andeventually

over�ow of thePIS
:::::::
fostering

:::
PIS

:::::::::
expansion

:
beyond its geologically constrained eastern margin.

Studies of formerice massesin theNorthernHemispherehavebeenusedto
:::::::
Norther

::::::::::
Hemisphere

:::
ice

::::::
masses demonstrate that
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under the same orbital and greenhouse forcings,discrepanciesbetween
:::::::::
differences

::
in

:::
the

:
ice sheet boundary conditionsin520

otherwiseidenticalexperimentsleadto robust,large-scale
::::
yield

:::::::::
signi�cant impacts on the atmospheric circulation and tem-

perature (Ullman et al., 2014; Löfverström et al., 2014; Bakker et al., 2020; Izumi et al., 2023).The PMIP modelsareable

to reproducethegeneral
:::::
PMIP

::::::
models

::::::::
generally

::::::
capture

:
temperature and precipitation conditions over South America during

the LGM (Berman et al., 2016). However,dueto their resolutiontheyareunableto reproduce,
:::
yet

::::
lack

:::
the

:::::::::
resolution

::::::
needed

::
for

:::::::
detailed

:
regional climate responseswith a necessarydetail (Bozkurt et al., 2019). As we haveshown,their resolutionis525

generallytoo coarseto drive modellingstudiesof the
:::::::::::::::::
(Bozkurt et al., 2019).

::::::
Thus,

:::::
coarse

:::::::::
resolution

::::::::
impedes

::::::::
modelling

:::
of

:::::::::
Patagonia's

:
narrow ice sheetin Patagoniasince.We stronglysuggestthat a signi�cantly higher

:
.

::::::
Higher

:
climate model reso-

lution is neededto study
:::::
crucial

:::
for

:::::::
studing the in�uence ofthe Andeantopographyfeatureson the

::::::
Andean

::::::::::
topography

:::
on

past regional climate dynamicsandcapture,
::::::
which

:::::::
requires

::::::::
capturing the longitudinal gradientbetweenthecolderandwetter

windwardsideof theAndeanmountainrangeand
::::
from

:::
the

:::::::::
windward

::
to

:::
the

::::::
leeward

:::::
side.530

4.3
::::::
Glacial

::::::
history

::
of

::::::::
southern

::::::
South

::::::::
America

:
A

::::::
recent

:::::
study

:::
has

::::::::
proposed

:::
the

::::::
earlier

:::::
LGM

::
in

::::::::
Patagonia

::::::::::::::::::
(Davies et al., 2020)

:::
and

::
its

::::::::::
consequent

:::::
earlier

:::::::::::
deglaciation

:::::
when

::::::::
compared

::::::
against

:::
the

:::::::
Northern

::::::::::
Hemisphere

:::
ice

::::
mass

:::
or

::::::::
Antarctica

::::::::::::::::::::::::::::::::::::::::::::::::::::
(Hughes et al., 2016; Batchelor et al., 2019; Gowan et al., 2021)

:
.

::::::::
However, thelesscoldanddrier leewardside.Basedonthisanalysis,wesuggestthatall PMIPmodelscurrentlyoversimplify535

the terrain in our targetarea,distorting the land topographythroughsmoothing,�attening andby prescribingtoo thin and

incorrectlydistributedicecover
:::::
timing

::
of

:::
the

::::::::::
deglaciation

:::::
along

:::
the

:::
PIS

::
is

:::
not

:::::::
uniform

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Darvill et al., 2015; Peltier et al., 2021; Lira et al., 2022; Hodgson et al., 2023; Peltier et al., 2023)

:
.

::
In

:::
the

::::::::
northern

::::
part,

::::
the

:::::::::::::::
geochronological

::::::::::::
reconstruction

::::::::
proposed

::
a

::::::::
relatively

::::::
stable

:::::::
margin,

::::
with

:::::::
several

::::::::::
readvances,

:::::::
between

:::
the

::::
local

::::
and

:::
the

:::::
global

:::::
LGM

::::::::::::::::::::::::::::::::
(Davies et al., 2020; Leger et al., 2021), with amaximumice sheetthicknessreaching

between700and800(Fig.??a) asopposedto theexpectedthicknessof up to 2000(Fig. ??).
::::
rapid

::::::::::
deglaciation

::::
that

::::::
started

::
at540

::::::
around

::
20ka

:::::::::::::::::::::::::::::::::
(Moreno et al., 2015; Davies et al., 2020).

::::::::::
Conversely,

::
in

:::
the

:::::::
southern

::::::::::
counterpart,

:::
the

::::::::::
deglaciation

:::::
signal

::
is

:::::
more

:::::::::
pronounced

::::::
before

:::
the

:::::
global

:::::
LGM,

:::::::::
suggesting

:::
an

:::::
earlier

::::
local

:::::
LGM

::::::::
occurring

:::::::
between

:::
30

:::
and

::
45

:
ka

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Kaplan et al., 2007; Darvill et al., 2015; Davies et al., 2020; Peltier et al., 2021)

:
.

To summarize,climatemodelsshowpoorperformancebothin thesouth-easternsectorof theformerPISandat its northerntip.

::
As

::::::
shown

::
in

:::
our

:::::::
transient

::::::::::
simulations

::
in

::::
Sect

:
3,

:::
the

::::::
glacial

:::::
index

:::::
signal

:::::
based

::
on

::::::::
Antarctic

:::
ice

:::::
cores

:::::
drives

:
a

::::::::::
progressive

::::::
growth545

::
of

:::
the

::::::::
modelled

:::
PIS

:::::::
through

:::
the

:::::
MIS3

::
to

:::
the

::::::
MIS2,

:::::::
reaching

:::
the

:::::::::
maximum

::::::::
extension

::
of

:::
the

::::
PIS

::::::
towards

:::
the

::::::
global

::::::
LGM.

::
In

:::::::
contrast,

::::
local

::::::::
off-shore

:::::::
records

::::
seem

:::
to

::::::
capture

::
a

:::::
signal

::::
that

:::::
drives

:
a
::::
PIS

::::::::
evolution

::
in

:::::::::
agreement

::::
with

:::
the

:::::::::::::::
geochronological

:::::::::::
reconstruction

:::::::::::::::::
(Davies et al., 2020)

:
. On the one hand,thesouth-easternsectorrevealsanexcessiveicesheetgrowthamounting

toupto400thickundocumentedicemassesin formerlyice-freeregions
:::::::::
ODP-1233,

::::::
located

::::
near

:::
the

::::
coast

::
in

:::::::
northern

:::::::::
Patagonia,

:::::::::
reproduces

::::::::
relatively

:::::
stable

::::::
climate

:::::::::
conditions

:::::::
between

::
35

:::
and

:::
20ka. On the other hand,thenorthernsectorof thePISis lacking550

ice , partly dueto thinneror non-existentice sheetboundaryconditionsin PMIP4climateexperimentsandtoo warmclimate

regimesinferredfrom mostPMIPexperiments.
::::::::::
MD07-3128

:::::::
exhibits

:
a
:::::::
negative

:::::
trend

:::::
during

:::
the

:::::
same

::::::
period,

::
in

:::::::::::::
correspondence

::::
with

::
the

::::::::::::
reconstructed

:::
PIS

:::::::::
behaviour

::::
south

:::
of

::::
52ºS.
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:::
The

:::::::
offshore

::::::
record

:::::::::::
GeoB3327-5

::::::::
suggests

::
a

::::::
climate

:::::::::
condition

:::
that

:::::::
enables

::
a

:::::
more

::::::::
extensive

:::
ice

:::::
sheet

:::::::
towards

:::
the

::::::
MIS3.

::::::::
However,

:
it

::::::
should

::
be

:::::
taken

::::
into

::::::
account

:::
the

::::::
coarse

::::::::
sampling

::::::::
resolution

:::
and

:::
the

::::::::::
consequent

:::
not

:::::::::::
well-resolved

::::::
history

::::::::
proposed555

::
by

:::::
them.

:::
The

:::::::
extreme

::::::
glacial

:::::
index

:::::
factor

::::::
induces

:
a
:::::
large

::::
drop

::
in

:::
the

::::::
summer

:::::
mean

:::::::::::
temperatures

:::::
during

::::::
LGM.

:::
The

:::::::::::
precipitation

:::::
shows

:
a
::::::::::
pronounced

::::::::
decrease

::
in

::::::
eastern

:::::::::
Patagonia,

::::
even

::
to

::::
zero

::
in

:::::
some

::::::
places.

::::
This

::::::::::
combination

::::
does

:::
not

:::::
allow

:::
the

:::
ice

:::::
sheet

::
to

::::
over

::::::
expand

:::::::
towards

:::
the

::::
east.

:::
The

::::::::::::
southernmost

:::::::
off-shore

:::::::
records

::::::::
analyzed

::
in

:::
this

::::::
study,

::::::::::
PS75/034-2,

::::::
shows

::
a

::::::
similar

::::::::
behaviour

::
to

::::
the

::::::::
Antarctic

:::
ice

::::
core

::::::
records.

::::
We

::::::::::
hypothesize

:::
that

::::
this

::::
core

:::::::
captures

:
a
::::::::::
transitional

:::::
signal

:::::::
between

:::
the

:::::::
climatic

:::::::::
behaviour

::
of

::::::::
southern

:::::::::::
mid-latitudes560

:::
and

:::
the

::::::::
Antarctic

:::::
cores.

4.4 Potential implications of dissimilar LGM timings in the Southern and Northern Hemispheres

Herewe discussthe limitationsof our studydesignandproposepossiblewaysof overcomingthesein futurework. The �rst

challenge in this study is related to the assumption of climate and ice sheet equilibrium states during the global LGM. It

ishowever,
::::::::
however,

:
an open question whether it is fair to generate PIS model reconstructions assuming that the ice sheet565

was in a steady-state under global LGM climate conditions, and
:::
and,

:
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 forcings

(Doughty et al., 2015).

Thegeologically-constrained
::::::::::
geologically

::::::::::
constrained gap between local LGM timings in Patagonia and different parts of the570

Northern Hemisphere raises an important question about the driversof thesedifferencesin timing
:::::
behind

::::
this

::::::::::::
asynchronicity.

These drivers potentially involve climatic feedback mechanisms, hemispheric climate sensitivities to orbital and greenhouse

gas forcings andinteractions
:::::::::::::
teleconnections between the two hemispheres (Darvill et al., 2016). The current evidence suggests

that the local glacial peak in the southern Andes and Patagonia happened at about 35ka (Zech et al., 2011; Davies et al., 2020),

which is much earlier than
:::
the local LGM inferred for most of the paleo ice sheets in the Northern Hemisphere. Aside from575

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 theMarine IsotopeStage
::::
MIS 2, at about 24-18ka, (Hughes

et al., 2016; Patton et al., 2016; Gowan et al., 2021) by a strong cooling between 30 and 20ka. According to the current state

of knowledge, these massive ice sheets only began disintegrating at around 18ka (Patton et al., 2017; Stokes, 2017; Gowan

et al., 2021). The situation ishoweverdifferent for the Southern Hemisphere. Due to a lack of large-scale paleo ice sheets and580

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 bodiesin orderto 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 around 28ka ka (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).585

The reconstructed air temperature cooling at this location is estimatedas6 to
::
to

::
be

::::::::
between

:
6

::::
and

:
6.5 � C below present,

accompanied by a precipitation reduction of up to-25
::
25

:
% (Golledge et al., 2012b). During the period between 26to

:::
and
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20 ka, this ice�eld is thought to have undergone a slow and continuous retreat, followed by a standstill at around 19ka. This

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 Sheet590

seems to have been stable until about 18ka, after which it experienced an increase in air temperatures synchronised with the

increase inCO2 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 starting from 18ka (Davies

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 the595

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

Wehaveperformedaregionalassessmentof thePMIPpaleoclimatemodelproducts(phases3 and4) acrossPatagoniausinga600

:::::
Using

:
a

:
combination of ice sheet modelling,paleoglacialreconstructions,andpaleoclimateproxy dataasa metricfor climate

modelperformance.As partof thisassessment,wehavenarroweddowntherangeof atmosphericconditionsneededduringthe

LGM to promoteaninceptionandadvanceof thePISin its differentsectors,sothat theyarein agreementwith
::::::::::
paleoclimate

:::::
model

::::::
output,

:::
ice

:::
and

::::::::
sediment

::::
core

:::::::
records,

::::
and

:
a

::::::
recent

:::::::::::::::
geomorphological

::::::::::::
reconstruction,

:::
we

:::::::
explore

:::
the

:::::
glacial

:::::::
history

::
of

the ice sheet-wideempiricalreconstructionPATICE. For this purpose,we havedesigned
::::::
former

:::
ice

::::
sheet

:::
in

:::::::::
Patagonia,

::::
with605

:
a

:::::
focus

:::
on

:::
the

::::::
timing

::
of

:::
its

::::::::
maximum

::::::::
advance.

:::
As

:::
an

:::::
initial

::::::::::
assessment,

:::
we

:::::::
generate

:
an ensemble oflarge-scaleice sheet

model simulations driven by downscaledPMIP climateproductsto obtainPIScon�gurationsthatarein equilibriumwith each

model-basedclimateregime.This setof ice sheetmodelsimulationshasbeenusedto analyseandinterpretthecharacteristics

of contrastingregionalclimate regimesfrom ensemblemembersacrossdifferent latitudinal sectorsof Patagonia.We have

observed,
:::::::
constant

:::::::::::
paleoclimate

:::::::::::::
reconstructions

::
to

:::
get

:
a
:::::::::
�rst-order

::::::::::::
approximation

::
of

:::
the

::::::
extent

:::
the

:::
PIS

:::
can

:::::
attain

:::::
under

:::::
peak610

:::::
global

::::::
glacial

:::::::::
conditions.

:::
By

:::::::::
evaluating

:::
our

::::::::
ensemble

:::::::
against

:::
the

:::::::
PATICE

::::::::::::
reconstruction,

:::
we

:::::::
observe that most paleoclimate

modelsprovidemuchwarmeratmosphericconditionsalongthe northernsegmentof the former PIS thanthoserequiredto

initiate the growth of an ice sheetandsupportits advancetowardsthe geologicallyreconstructedboundaries.Our analysis

indicatesthatasector-averagedmeantemperatureanomalyof at least5 belowthepresent-dayconditionsisneededto generate

an ice cover that matchesthe geologicalevidence.At the northernmosttip of the PIS,
:::::
model

::::::::
products

:::::::
provide

:::::::::
conditions615

:::
that

:::::::
prevent

:::
the

::::::::
inception

::
of

:::
the

::::
PIS

::
at

:::
its

:::::::::::
northernmost

:::::::
margins

:::::
while

::::::::
boosting

:::
an

:::::::::::
overestimated

:::::::
growth

::
in

:::
the

:::::::::
southeast,

::
in

::::::::
alignment

::::
with

::::::
earlier

::::::
studies

::::
that

:::::::::
implement

:::::::
different

:::::::::
modelling

:::::::
choices.

:::
We

:::::::
perform

::
a

::::::::
latitudinal

:::::::
analysis

::::
that

::::::
reveals

::
a

::::::
narrow

:::::::
envelope

:::
of

::
air

::::::::::
temperature

::::
and

:::::::::::
precipitation

:::
rate

:::::
pairs

:::
that

:::::
foster

::
a

:::::::
northern

::::
PIS

::::::
growth

::
in

:::::::::
agreement

::::
with

::::::::
PATICE,

::::
while

::::::
PMIP

::::::
models

:::::::
typically

::::::::
showcase

:::::
much

:::::::
warmer

:::::::::
conditions.

::
In

::::::::
contrast,

:::
cold

:::
air

:::::::::::
temperatures

::
in

:::
the

:::::::
southern

:::
PIS

::::
and

:::
the

::::::::
associated

::::
lack

::
of

:::::::
surface

:::::::
ablation

::::::
prompt

::
an

:::::::::::
unchallenged

::::::::
advance

:::::
under

::::::
too-wet

:::::::::
conditions

::::
that

::::
seem

::
to

::::::
ignore

:::
the

:::::::
Andean620
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::::::::::
topographic

::::::
barrier.

:::
By

:::::::::::
investigating

:::
the

:::::::
original

::::::::::::
representation

::
of

::::
the

:::::
region

::::::
within

:::
the

::::::
PMIP

::::::
models

:
we �nd a relatively

narrowenvelopeof PMIP-derivedtemperatureandprecipitationanomaliesthataccommodatesareasonableagreementbetween

the modelledand reconstructedPIS extents.The warmestclimate regimeswithin this envelopecorrespondto a minimum

coolingof approximately-7 accompaniedby wetter-than-presentconditionswith aprecipitationincreaseof around15%. The

coldestanddriestendof theplausiblerangeisassociatedwith amoresigni�cant coolingof -11andareductionin precipitation625

ratesof around20%to keeptheicesheetfrom excessiveexpansion
:::::::::
topography

::::
that

:
is

:::::::
severely

::::::::
�attened

:::::
along

::
the

::::::
Andes,

::::::
which

:::::
points

::
to

:::
the

:::::::::
possibility

::
of

:
a
::::::::::
diminished

::::::::::
rain-shadow

:::::
effect

:::
and

::::::::::
subsequent

::::::::::::
overestimation

::
of

:::::::::::
precipitation

::
on

:::
the

:::::::
leeward

::::
side

::
of

:::
the

::::::::
mountain

:::::
range.

::::
Our

:::::::
�ndings

::::::::
highlight

:::
the

::::
need

:::
for

:
a
:::::::::::
signi�cantly

:::::
higher

:::::::
climate

:::::
model

:::::::::
resolution

::
to

:::::::
properly

:::::::
capture

::
the

::::::::
complex

::::::::::
longitudinal

::::::::
gradients

::
of

:::
the

:::::::::
Patagonian

::::::
region.

Between44° S and52° S, mostensemblemembersshowa continuousbuild-up
::
To

:::::::
account

:::
for

:::
the

:::::::::
seemingly

::::::::::::
asynchronous630

::::
peak

::::::
glacial

:::::::
advance of the PIS, which is in generalagreementwith thereconstructedeasternandwesternice sheetmargins

at theLGM. We haveconstrainedanenvelopeof
::::::
relative

::
to

:::
the

::::::::
Northern

::::::::::
Hemisphere

:::
ice

::::::
sheets,

:::
we

::::::::::
additionally

:::::::
produce

:::
an

::::::::
ensemble

::
of

:::::::
transient

:::
ice

:::::
sheet

::::::::::
simulations

:::::
driven

:::
by

:::::::::::
time-evolving

:::::::
climate

:::::::::
conditions

::::::
derived

:::::
from

:
a

::::::
variety

::
of

:::
ice

::::
core

::::
and

:::::::
off-shore

::::::::
sediment

:::::::
records.

:::
Our

::::::
results

:::::
show

:::
that

:::
the

::::::
climate

::::::
forcing

:::::
based

:::
on

::::
local

::::::::::
sedimentary

:::::::
records

::
is

::::::
capable

::
of

::::::
driving

::
a

:::
PIS

:::::::
advance

:::
that

:::::
peaks

:::::::
around

:::::
MIS3.

::
In

::::::::
addition,

:::
we

:::
�nd

:::::::::
latitudinal

:::::::::
differences

::
in

:::
the

::::::::
evolution

::
of

:::
the

::::
PIS

:::::::
between

:::
this

:::::
local635

::::
peak

:::
and

:::
the

::::::
global

:::::
LGM:

::::::::
southern

::::::::
Patagonia

::::
and

:::::::::::
far-off-shore

::::::
records

::::::
exhibit

::
a

:::::::
warming

:::::
trend

::::::
during

:::
this

:::::::
period,

:::::::
whereas

::
the

::::::::
northern

::::::
sectors

::::::
remain

:::::::::
relatively

::::::
stable.

::
In

::
a

::::
stark

::::::::
contrast,

:::
our

:::::::::::
experiments

:::::
reveal

::::
that

::::
none

:::
of

:::::
these

:::::::
patterns

:::
can

:::
be

:::::::::
reproduced

:::
by

::::::::
ensemble

::::::::
members

:::::
driven

:::
by

::::::
climate

:::::::::
conditions

::::::
based

::
on

::::::::
Antarctic

:::::::
records.

::::
This

::::::
strong

:::::::::
connection

::::::::
between

::
the

::::::
glacial

::::::
history

::::
and

:::::::
regional

:::::::::
circulation

:::::::
patterns

::
in

::::::::
Patagonia

::::::::
suggests

:::
that

:
theLGM-PI temperatureanomalieswithin this

regionto arangeof -5 to -8 thatis accompaniedby therangeof precipitationratesanomaliesbetween-20% and20% relative640

to their PI counterparts.In sharpcontrastto the resultsfor the northernandsouthernboundaries,climatemodelsexhibit an

overallhighdegreeof agreementwithin thisbroadPISsector.
::::
local

:::::::::::
paleoclimatic

:::::
signal

:::::::::
represents

:
a

:::
key

::::::::::
component

::
in

::::::
studies

::
of

:::
PIS

:::::::::
evolution.
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Figure 1.
::
PIS

:::::::::::
reconstruction

::
of

::::::::::::::::
(Davies et al., 2020)

::
for

::
35

:::
and

:::
20 ka

:::::::::
.Present-day

:::
ice

::::
�elds

:::
are

:::::::
indicated

:::
and

:::::::::
correspond

::
to

:::
the

:::::::
Northern

::::::::
Patagonian

::::::
Ice�eld

:::::
(NPI),

:::::::
Southern

::::::::
Patagonian

::::::
Ice�eld

:::::
(SPI)

:::
and

::::::::
Cordillera

::::::
Darwin

::::::
Ice�eld

:::::
(CDI).

::::
LGM

::::::
coastal

::::
lines

::::::
marking

:::::
lower

:::
sea

:::
level

:::::
(-120

::
m)

:::
are

:::::
shown

::
in

:::::
white.
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Figure 2.
::::
LGM

:::::::
summer

::::
mean

:::::::::
temperature

:::::::
anomaly

:::
with

::::::
respect

::
to

::
the

::::::::::
multi-model

::::::
summer

::::
mean

::::::::::
temperature.
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Figure 3.
::::
LGM

::::
total

:::::
annual

::::::::::
precipitation

::::
ratio

:::
with

::::::
respect

::
to

::
the

::::::::::
multi-model

::::
mean

::
of

:::
the

:::
total

:::::
annual

::::::::::
precipitation.
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