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Abstract.

The Antarctic and Greenland Ice Sheets (AIS and GIS
::::
GrIS) are critical tipping points in the Earth’s climate system. Their

potential collapse could trigger cascading effects, significantly alter the global climate patterns, and cause large-scale, long-

lasting, and potentially irreversible changes within human timescales. This study investigates the large-scale climate response of

the Southern
::::
polar

:::::::
Southern

::::::::::
Hemisphere

::::::
(pSH;

:::::::::
comprising

:::
the

::::::::
Southern Ocean and Antarctica

::::::::
(60-90oS))

:
to the isolated effect5

of reducing ice sheet
::::::
change

::
in

::::::
albedo

::::::::
resulting

::::
from

::::::::
reducing

::::
AIS

:::
and

:::::
GrIS

::
to

:::::::::
prescribed

::::
Late

:::::::
Pliocene

::::
(LP)

:
extent. Using

well-documented paleogeography of the Late Pliocene (LP )
::
LP

:
from the PRISM4D reconstruction, where the West Antarctic

Ice Sheet (WAIS) and the northwestern GIS
::::
GrIS

:
were significantly diminished, we conducted 1450-year

:::::::::::::
multicentennial

simulations with the EC-Earth3 model at atmospheric CO2 2:
concentrations of 280 ppmv and 400 ppmv.

Our results reveal that the implementation of the LP ice sheet configuration
::::
extent

:
leads to a 9.5°C rise in surface air tem-10

perature, approximately 16% reduction in sea ice concentration , and a 0.63 mm/day increase in precipitation over Antarctica

and the Southern Ocean. These changes far exceed those driven by CO2 :2
increase alone, which result in a 2.5°C warming and

a 9.3% sea ice decline. Throughout the simulations, the positive phase of the
:::::
Under

::::
only

:::::
CO2,

::::
there

::
is
::
a
::::
shift

:::::::
towards

:
a
:::::
more

::::::
positive

:
Southern Annular Mode (SAM)persists, intensifying westerly winds and contributing to sea ice export and deep ocean

warming
:
,
::::::::
supported

:::
by

:
a
::::::::::::
strengthening

::
of

:::
the

::::::::
westerly

:::
jet.

::::::::
However,

::::
CO2::::::::

increase
:::::::
together

::::
with

::::::
change

::
in
:::

ice
:::::

sheet
::::::
extent15

:::::
results

::
in

::
a

:::::
highly

::::::
varied

:::::
SAM,

:
a
:::::
result

::
of

:
a
::::::::::
weakening

:::
and

:::
less

:::::
stable

::::::::
westerly

::
jet. The combined effects of ice sheet reduction

and CO2 forcing initially weakened
:2:::::::

forcing
::::::
initially

::::::
reduce

:
Antarctic Bottom Water formation, with major implications for

the
:::::::
transport

:::
of

:::::
water

::::::
masses

:::::::::
associated

::::
with

:::
the

:
Global Meridional Overturning Circulation due to stronger water column

stratification driven by surface freshening and subsurface warming.

By isolating the direct albedo effect of reducing GIS
::::
GrIS

:
and AIS extents, this study offers critical insights into the mecha-20

nisms driving atmospheric and oceanic variability around Antarctica and their broader implications for global climate dynam-

ics. Although the complete Late Pliocene boundary conditions may serve as a valuable analogue for current and future climate

change, excluding the orographic changes allows us to specifically assess the primary role of surface reflectivity. This tar-

geted approach lays the groundwork for future research to explore how the combined effects of albedo and paleogeographical

changes could influence interhemispheric climate feedbacks under scenarios of future ice sheet collapse or instability.25
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1
:::::::::::
Introduction

The Greenland and Antarctic ice sheets (GIS
::::
GrIS

:
and AIS hereafter) are pivotal components of the Earth’s climate system.

Their high albedo reflects a significant portion of solar radiation, thereby cooling surrounding regions and playing a critical role

in regulating global air and sea surface temperatures. In addition, these ice sheets influence atmospheric and oceanic processes

by driving
:::::
ocean

:::::::::
circulation

::
at

:::::::
various

::::::
scales,

::::::::::
modulating

::::
rates

::
of

:
sea ice and dense water formation , which are essential30

elements of global thermohaline circulation
::::
deep

:::::
water

::::::::
formation

::
as

::::
well

:::
as

:::
the

::::
wind

::::::
regime

::::::
across

:::::::
different

:::::::
oceanic

::::::
basins

(Clark et al., 1999). However, the stability of these ice sheets is increasingly at risk
:::::::
currently

::
at

:::
risk

::::
due

::
to

::::::::
enhanced

:::::::
melting

::
of

::::
their

:::
ice,

:::::::::
reduction

::
in

::::::::
snowfall,

:::
and

:::::
basal

:::::::
melting

::
of

:::
ice

:::::::
cavities

:::
that

:::::::
happen

:::
due

::
to
:::::::

climate
::::::
change

::::
and

:::
are

:::::::::
projecting

::
to

:::::::
intensify

::
in

:::
the

::::::::
following

:::::::
decades

::::::::::::::::::::::::::::::::
(Pollard et al., 2015; Song et al., 2025).

Projections indicate that the accelerated melt of the GIS and AIS , coupled with the retreat of their associated ice shelves35

(Naughten et al., 2023; Greene et al., 2024),
:::
loss

::
of

:::
the

::::
GrIS

:::
and

::::
AIS will have far-reaching implications for global climate dy-

namics (Buizert et al., 2018)
:::::::::::::::::::::::::::::::::::::::::::::::::::
(Naughten et al., 2023; Greene et al., 2024; Buizert et al., 2018). These changes are likely to dis-

rupt critical processes such as deep-water formation and the contribution of the southern ocean
::::::::
Southern

:::::
Ocean

:
to global heat

and carbon transport
:::::::
transport

::::
and

::::::
carbon

:::::::::::
sequestration

:::::::::::::::::::::::::::::::
(Cai et al., 2013; Menviel et al., 2023). Understanding these risks is

critical, as the potential collapse of the AIS and GIS
::::
GrIS

:
could trigger cascading climate feedbacks, leading to irreversible40

and long-lasting changes within human timescales.

Paleoclimate records offer unique insights into the behavior of these ice sheets during past warm periods, such as Marine

Isotope Stage 5e (∼125,000 years ago) in the Pleistocene (Steig et al., 2015) and the Late Pliocene epoch
::::
Age (LP ∼3,3 million

years ago) (Naish et al., 2009; Kim and Crowley, 2000). These periods were characterised by significantly smaller ice sheets

than today. Using these
::::::
periods

::
as analogs, we can better understand how ice sheet dynamics influence oceanic and atmospheric45

processes during these past warm periods
::
in

:::::::
climates

::::::
warmer

::::
than

:::::
today, which can offer valuable lessons for predicting future

climate behavior as the Earth continues to warm.

::::::::::
Paleoclimate

:::::::
insights

:::::
from

:::
the

::::
Late

::::::::
Pliocene

:::
are

::::::::::
increasingly

:::::
used

::
as

:::::::::
analogues

:::
for

:::::
future

:::::
warm

:::::::
climate

::::::
states,

:::::::
offering

::::::
critical

::::::
context

:::
for

:::
how

::::::
Earth’s

:::::::
climate

::::::
system

:::
may

:::::::
respond

::
to

:::::::
elevated

::::
CO2::::::

levels.
::::::
Studies

:::::::
focusing

::
on

:::
the

:::::::::
Greenland

:::
Ice

:::::
Sheet

::::
have

:::::::::::
demonstrated

:::
the

:::::::::
importance

::
of
:::::::
surface

::::::
albedo

::::::::
feedbacks

:::::
when

::::::::::
considering

:::::
future

::::::
climate

:::::::
change,

:::::
based

::
on

:::
LP

::::::::
evidence50

::::::::::::::::
(Power et al., 2023).

::::::::::::::::::::
de Nooijer et al. (2020)

::::::::::
investigation

::
of

::::::
Arctic

::::::::
conditions

::::::
during

:::
the

:::
LP

::::
gives

::::::
insight

::
to

:::::
future

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

::
as

::::
does

:::::::::::::::
Feng et al. (2017)

::::
work

:::::::::
identifying

::::::::
amplified

:::
LP

:::::
Arctic

::::::::
warming

::::::
through

::::
key

::::::
oceanic

:::::::::
gateways,

:::
and

:::::::::::::::
Lunt et al. (2012)

:::::::::::
understanding

::
of
::::::::
Pliocene

::::
polar

::::::::::::
amplification

:::
has

::::
aided

::::
our

:::::::::
knowledge

::
of

:::::::::::
amplification

::
in

:
a
::::::::::
prospective

::::::::
warming

:::::
world.

:::::
Both

:::::::::::::::::::::::
Chandan and Peltier (2018)

::
and

::::::::::::::::
Lord et al. (2017)

::::::::::
demonstrate

::::
how

:::::::
bridging

:::
LP

::::::::::
knowledge

:::
and

::::::
future

:::::::::
projections

::::::::
improve

:::
our

::::::::::::
understanding.

:::
In

:::
the

::::::::
Southern

::::::::::
Hemisphere,

:::
the

::::
role

:::
of

:::
the

::::::::
Antarctic

:::
Ice

:::::
Sheet

::
in

::::::::::
modulating

:::::
future

:::::::
climate

::
is

:::::::
gaining55

:::::::
attention.

::::::::::::::::::::::
Weiffenbach et al. (2024)

::::
show

::::
that

::::::::::::
mid-Pliocene

::::::::::
simulations

::::
with

::
a

:::::::
reduced

::::
AIS

:::::
result

::
in

::::::::::
substantial

::::::::
Southern

:::::
Ocean

::::::::
warming.

::::
This

::
is

::::::::
primarily

::::::
driven

::
by

:::
sea

:::
ice

::::
loss,

:::::::
leading

::
to

:::::::
stronger

::::::
surface

::::::::::
stratification

::::
and

:
a
:::::::::
weakening

::
of
:::
the

:::::
deep

::::::
abyssal

::::::::::
overturning

:::::::::
circulation.

::::
Such

:::::::
changes

::
in

:::::
ocean

::::::::
structure

:::
and

:::::::::
circulation

:::::::
provide

:::::::
valuable

::::::
lessons

:::
for

::::::::::
interpreting

:::::
future

:::
AIS

::::::
retreat

:::::
under

::::::
global

::::::::
warming.

::::::::
Building

::
on

:::::
these

:::::::
studies,

:::
our

:::::
work

:::::
offers

::
a
::::::
unique

::::::::::
contribution

:::
by

::::::::
isolating

:::
the

::::::
impact
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::
of

::::::
surface

::::::::::
reflectivity

:::::::
changes

:::::::::
associated

:::::
solely

::::
with

:::::
GrIS

::::
and

::::
AIS

:::::::::
reduction,

::::::::::::
independently

::
of

::::::::::
topographic

:::
or

:::::::::
vegetation60

::::::::
feedbacks,

::::
and

::::::
without

:::::::::
freshwater

::::::
inputs.

::::
This

:::::
allows

::
us

::
to
:::::
better

:::::::::
understand

::::
how

::::::
albedo

::::::::
feedbacks

::::::::
influence

:::::::::::::::
ocean-atmosphere

:::::::::
interactions

::
in
:::
the

::::::::
Southern

::::::::::
Hemisphere

::
in

::
a

::::::
warmer

::::::
world.

In this study, we apply Late Pliocene ice sheet configurations to a modern geographic framework using sensitivity experiments

with the EC-Earth model .
::::::
replace

:::
the

:::::::
modern

:::
ice

:::::
sheet

:::::
mask

::
of

::::
the

:::::::::::
EC-EARTH3

::::::
model

::::
with

::::
that

::
of
::::

the
::::
Late

::::::::
Pliocene

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

::::::::
provided

:::
by

:::
the

:::::::
Pliocene

::::::
Model

::::::::::::::
Intercomparison

::::::
Project,

::::::
phase

:
3
::::::::::
(PlioMIP3;

:::::::::::::::::::
(Haywood et al., 2024)

:
).

:::
We

:::
do65

:::
not

::::::
modify,

::::::::
however,

:::
any

:::::
other

:::::
model

::::::::
boundary

::::::::
condition

::::::::::::
representative

::
of

:::
the

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

:::
(PI;

:::::
1850

:::
CE)

::::::
Earth’s

::::::::::
geography.

:::
We

::::::
perform

:::::::::
sensitivity

::::::::::
experiments

::::::::
applying

::::
these

::::
two

::
ice

:::::
sheet

:::::
masks

::::
and

:::::::
multiple

::::
CO2::::::::::::

concentrations.
:
This approach allows

us to assess the sensitivity of the climate system to changes in ice sheet extent and varying CO2 :2:concentrations, using ice

sheet conditions of the past as an analogue for the future. By focusing on the albedo effect and excluding orographic changes,

our goal is to uncover the key mechanisms and processes that could profoundly influence Earth’s future climate, environment70

, and societies.

2 Model configuration and experiments setup

2.1 Model configuration

We use the low-resolution configuration of the EC-Earth model, EC-Earth3-LR, an Earth System Model (ESM) developed

collaboratively by the European research consortium EC-Earth. EC-Earth model has flexible configurations that allow for the75

inclusion or exclusion of various climate processes, making it a versatile tool for a wide range of climate studies (Döscher

et al., 2022). EC-Earth3 integrates several key components, including the atmospheric model IFS cycle 36r4, the land surface

module HTESSEL, the ocean model NEMO3.6 and the sea-ice module LIM3, all coupled via the OASIS3-MCT coupler. IFS

and HTESSEL have a horizontal linear resolution of TL159 (1.125°), and the ocean and sea-ice components (NEMO and LIM)

have a nominal resolution of 1° (Döscher et al., 2022).80

The low-resolution configuration was selected to significantly reduce computational demands
::::
costs, allowing for conducting

multi-century
::::::::::::::
multi-centennial simulations and various sensitivity experiments. This setup is particularly suited for exploring

slow processes in the deep ocean, which are central to the goals of this study. Such processes include changes in stratification,

overturning circulation, and the response of Antarctic Bottom Water formation
::
in

:::::::
response

:
to altered climate forcing.

The EC-Earth3 model has consistently demonstrated its effectiveness in capturing key climate dynamics, including temper-85

ature variability, heat fluxes and other essential aspects of the Earth’s System. This capability facilitates a more comprehen-

sive understanding of the impacts of natural and anthropogenic forcing on the global climate system (Koenigk et al., 2013;

Döscher et al., 2022; Cao et al., 2023). EC-Earth3 has been extensively validated in both modern and paleo-climate stud-

ies, showing robust performance in simulating the climates of past warm periods such as mid-Holocene, Last Interglacial

and mid-Pliocene epochs
::::
Late

:::::::
Pliocene

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Zhang et al., 2021; Chen et al., 2022; de Nooijer et al., 2020; Han et al., 2024). These90

simulations have provided valuable information that has been integrated to major model intercomparison projects, such as
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PMIP4 (Paleoclimate Model Intercomparison Project phase 4) and PlioMIP2 (Pliocene Model Intercomparison Project phase

2) (Zhang et al., 2021; Chen et al., 2022; Power et al., 2023; Han et al., 2024)
::::::::::::::::::::::::
(Haywood et al., 2020, 2024).

:

2.2 Experiments setup

To investigate the impacts of varying ice sheetcon�gurations
:::::
extent

:
and CO2 concentrations in theSouthernOceanand95

Antarctica
::::
polar

::::::::
Southern

::::::::::
Hemisphere

::::::
(pSH), we performed a series of sensitivity experiments

:
,

::::::::
displayed

::
in

:::::
Table

:
1. These ex-

periments employed modern ice-sheetcon�gurations
:::::
extent (labeled E) and Late Plioceneice-sheetreconstructions

::::::::
ice-sheets

(labeled Ei) under two atmosphericCO2 levels: pre-industrial (280 ppmv) and intermediate (400 ppmv).
::::
Here

:::
we

::::::
de�ne

:::
the

::::
polar

::::::::
Southern

::::::::::
Hemisphere

::
as

:::
our

:::::::
domain

::
of

:::::
study.

::::
That

::::::::
includes

::
the

::::::
entire

:::::::
Southern

::::::::::
Hemisphere

:::::
from

::::
60oS

::
to

:::::
90oS.

:

TheLatePlioceneAntarcticicesheetreconstructionusedin theseexperiments(Haywood et al., 2016; Chandan and Peltier, 2018)100

were

Table 1.
::
The

::::
four

::::
Core

:::
and

::::
Tier

:
2

:::::::
Pliocene

:::
for

:::::
Future

::::::
protocol

::::::::::
experiments

::::::::
conducted.

::
PI

:::::
refers

::
to

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

:::::::::
conditions,

::
LP

:::
for

::::
Late

:::::::
Pliocene.

::::
Name

::::::::::
terminology

:
is

::::
from

:::::::::::::::::
(Haywood et al., 2016)

::::::::
Experiment

:::
ID

::
Ice

:::::
sheet

::::
extent

: ::::
LSM

:::::::::
Topography

::::::::
Vegetation

::::
CO2 :::::

(ppm)
::::
Orbit

::::
E280

::
PI

::
PI

::
PI

::
PI

:::
280

::
PI

::::
E400

::
PI

::
PI

::
PI

::
PI

:::
400

::
PI

::::
Ei280

: ::
LP

: ::
PI

::
PI

::
PI

:::
280

::
PI

::::
Ei400

: ::
LP

: ::
PI

::
PI

::
PI

:::
400

::
PI

:::
The

:::::::
protocol

:::
for

:::
our

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

::::
(PI)

::::::::
simulation

:::::::
follows

::::::::::::::::
Eyring et al. (2016)

:::::::::
framework

:::
for

::
the

::::::::
Coupled

:::::
Model

::::::::::::::
Intercomparison

::::::
Project

::::::
version

::
6

::::::::
(CMIP6)

::::::::
piControl

:::::::::
experiment.

:::
Ice

::::::
sheets,

::::
land

::::::::::
geography,

::::::::::
topography

:::
and

:::::::::
vegetation

:::
are

:::
all

::::::::::
unmodi�ed

::::
from

:::
the

::::::
model.

:::::
GHG

::::::::::::
concentrations

:::
for

:::::
CO2,

::::
CH4:::

and
:::::
N2O

:::
are

:::::
284.3

:::::
ppmv,

::::::
808.2

::::
ppbv,

::::
and

:::::
273.0

:::::
ppbv,

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

::::
For

:::::
orbital

::::::::::
parameters;

::::::::::
eccentricity

:::
set

::
at

::::::::
0.016764,

::::::::
obliquity

::::::
23.549

:::
and

:::::::::
perihelion

:
-

:::
180

::
is

:::::::
100.33.105

:::
The

::::
aim

::
of

:::::
these

:::::::::
sensitivity

::::::::::
experiments

::
is

::
to

::::::
unveil

:::
the

::::::
isolated

:::::::
impact

::
of

:::::::
abruptly

::::::::
shrinking

:::
of

:::
the

:::
AIS

::::
and

::::
GrIS

:::
to

:::
the

::::::
climate

::
of

:::
the

:::::
polar

:::::::
Southern

:::::::::::
Hemisphere.

:::::::::
Therefore,

::
Ei

::::::::::
simulations

::::::
involve

::::::::
changing

::::
only

:::
ice

:::::
sheet

:::::
extent

:::
for

:::
the

:::::::::
Greenland

::
Ice

::::
and

::::::::
Antarctic

:::
Ice

::::::
Sheets

:::::::::::::::::::::::::::::::::::::::::
(Haywood et al., 2016; Chandan and Peltier, 2018)

:
.
:::
LP

::::
AIS

:::
was

:
originally developed using the

high-resolution British Antarctic Survey Ice Sheet Model, integrated with climatologies from the Hadley Centre Global Cli-

mate Model (Hill et al., 2007; Hill, 2009), utilising PRISM2 boundary conditions (Dowsett et al., 1999).The mid-Pliocene110

GreenlandIce Sheet(GIS) reconstruction
::::::
Figure

:
1

::::::::
provides

:
a

::::::
visual

::::::::::
comparison

::
of

:::
the

:::::::
modern

:::
and

:::
LP

:::
ice

:::::
sheet

::::::
extent.

:::
LP

::::
GrIS

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

::
is

:
provided for PlioMIP2 Haywood et al. (2016)is

:::
and

:
based on 30 modelling results from the PLIS-

MIP project Dolan et al. (2012).Given the focus of this study on the domainsouthof 60oS (Antarctic sectorhereafter),

::::::::::::::::::::
Power and Zhang (2024)

:::::::
provides

:::::
more

::::::
detail,

::::::::
including

::::::
spatial

:::::::::::
con�guration

:::
of the effectsof Greenlandice sheetarenot

exploredin depth.115
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To isolatetheimpactof surfacere�ectivity (albedo), weexcludedorographicchangesandfreshwaterinputassociatedwith

reducedice sheetextent.This decisionenablesa targetedinvestigationof energybalancechangessolely by surfacealbedo.

Figure1 providesavisualcomparisonof themodernandPlioceneicesheetcon�gurations.
:::
LP

:::::
GrIS.

:::
The

:::::::
PlioMIP

:::
ice

:::::
sheet

:::::
mask

:::
was

::::::::::
interpolated

::::
onto

:::
the

::::
grid

::
of

:::::::::
EC-Earth's

:::::::::::
atmospheric

::::::::::
component,

::::
IFS,

:::
and

:::::::::
substituted

::::
into

::
the

:::::
snow

:::::
depth

::::::::
variable

::
of

:::
the

:::::
initial

:::::::::
condition

:::
�le.

::::
IFS

::::
does

::::
not

::::
have

::
a

::::::
speci�c

:::::::
variable

:::
for

:::
ice

:::::::
sheets,

::::::::
therefore,

:::::::
altering120

::
the

:::::
snow

::::::
depth

:::::::
provides

::::
only

::
a

::::::
change

:::
in

:::
the

:::
ice

:::::
sheet

::::::
extent,

:::::
being

:::
ice

::::::
sheets

:::
the

::::::
regions

::::::
where

:::::
snow

:::::
depth

:::::::
exceeds

:::
10

::::::
metres.

::
To

::::::
solely

:::::
focus

::
on

:::::::
climatic

:::::::::
feedbacks

:::::::
resulting

:::::
from

::::::
change

::
of

::::
AIS

:::
and

:::::
GrIS;

::::::
albedo

::::::
values

:::
and

:::
ice

:::::
sheet

:::::::::
orography

::::
were

:::
not

::::::::
modi�ed,

:::
and

::::::::::::
accompanying

:::::::::
freshwater

::::::
hosing

::::::::::
experiments

::
to

:::::::
account

:::
for

::::::::
meltwater

:::::
from

:::
ice

::::
sheet

::::::
change

:::::
were

:::
not

:::::::::
performed.

::::
With

:::::
these

:::::::::
exclusions,

:::
we

::::
aim

::
to

:::::
create

::::::::
idealised

::::::::
sensitivity

:::::::::::
experiments.

Figure 1. Comparison of the modern andPliocene
::
LP

:::::::
Antarctic

:
icesheets

::::
sheet

::::
extent

:
as provided by the PLISMIP project.

These simulations are part of the Pliocene for Future (P4F) Tier 2 experiments (Haywood et al., 2016), which has been125

proposed for the second phase of the Pliocene Model Intercomparison Project (PlioMIP2) and will be included in the new

PlioMIP3 experiment list. The reliability of the Antarctic ice sheetcon�guration
:::::
extent is further supported by the results of

the PLISMIP results, which evaluated the dependencies of the ice sheet model for the warm period of the mid-Pliocene using

30 different models (Dolan et al., 2012). To ensure consistency across all simulations, modern vegetation, as simulated for the

year 1850 CE, was �xed using the off-line LPJ-GUESS dynamic vegetation model (Chen et al., 2021). Each simulation spans130

a minimum of 1450 years, with the �nal 200 years of model output used for analysis of the mean state. The pre-industrial

con�guration (E280) serves as the PI control experiment for comparison.

3 Antarctica and
::::
The

:::::
polar Southern Ocean

:::::::::::
Hemisphere response to

::::::::
increased

:
CO2 forcing

:2 and
:::
LP ice sheet

reduction
:::::
sheets

3.1 Near SurfaceProcesses135

Temperature,seaiceconcentrationandalbedoanomaliesresultingfrom increasedCO2 levelsandthereductionof themodern

icesheetto Pliocenesize.a)E400-E280surfaceair temperature,b) Ei400-E280surfaceair temperature,c) E400-E280albedo,
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d) Ei400-E280albedo,e) E400-E280seaice concentration,f) Ei400-E280seaice concentration.White areasindicateresults

arenot statisticallysigni�cant at the95%con�dencelevel.

The interactions between the atmosphere, cryosphere and ocean are crucial in understandinghow changesin CO2 levels140

andice sheetcon�gurationsin�uence climatefeedbacks. Surfacewarmingdriven by both atmosphericandalbedochanges

directly impactsoceanicprocesses,particularlyin theSouthernOcean.Thedelicatebalancebetweensurfacestrati�cation and

deepwaterformationin this regionis critical to regulatingglobal oceancirculation.
:::
the

::::::::
in�uence

::
of

::::::::
increased

:::::::::::
atmospheric

::::
CO2 ::::::::::::

concentrations
:::
and

:::::::
reduced

:::
ice

::::
sheet

::::::
extent

::
on

:::::::
climate

::::::::
feedbacks

::
in

:::
the

:::::
polar

::::::::
Southern

::::::::::
Hemisphere.

:

Thesimulationsrevealthatthenearsurfaceair temperature(TAS) increasesby145

3.1
:::::::
Changes

::
to

::::::::::::
temperature,

::::::
albedo

::::
and

:::
sea

:::
ice

::::::::::::
concentration

::
In

:::
the

::::
E400

:::::::
scenario

::::
(400

::::
ppm

:::::
CO2,

::::::
relative

::
to

::::::
E280),

:::::::
average

::::::::
Antarctic

::::::
surface

::
air

::::::::::
temperature

:::::
rises

::
by 2.51°

::
C.

:::
The

::::::::
warming

:
is

:::::
most

::::::::::
pronounced

::
in

:::
two

:::::::
speci�c

:::::::
hotspots

::
-

:::::::
Weddell

:::
and

:::::
Ross

::::
seas,

::::
with

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

:::::::::
increasing

:::
up

::
to

:::
6°C

:::
in

:::
the

:::::::
Weddell

:::
Sea

::::::
(50°W,

:::::
75°S)

::::
and

:::
5°C

::
in

:::
the

:::::
Ross

:::
Sea

:::::::
(160°W,

:::::
73°S)

::::::
(�gure

::::
2a).

:::::::
Changes

::
to

::::::
albedo

::::::
(Figure

:::
2c)

:::
are

::::::::
primarily

::::::::
con�ned

::
to

::::
these

:::::::
regions,

::::
with

:::
the

:::::
most

:::::::::
signi�cant

:::::::
decrease

:::
(up

:::
to

:::::
20%)

::::::::
occurring

::
in

:::
the

:::::::
Weddell

::::
Sea,

:::::::::
extending

:::::::
between

:::
the

::::::::
coastline150

::
to

:::::
60°S,

:::
and

::::::::
clustered

::
to

:::
the

:::::::
coastline

:::::::
moving

::::::::
eastward.

::
A

:::::::
smaller

:::
area

:::
of

:::::
albedo

:::::::
decline

:::::
(10%)

::
is

::::::::
observed

::::
west

::
of

:::
the

:::::
Ross

:::
Sea.

::::
Sea

:::
ice

::::
loss

::::::::
replicates

::::
these

:::::::
patterns

:::::::::::
surrounding

:::
the

:::::::
hotspots.

:::::::
Largest

:::
sea

:::
ice

::::::
decline

::::::
occurs

::
to

:::
the

::::
east

::
of

::::
the

:::::::
Weddell

:::
Sea

::::::
(Figure

::::
2e)

:::
and

::::::::
clustered

:::
to

:::
the

:::::::
coastline

:::::::
moving

:::::::::
eastward,

:::
and

::
a

::::::
smaller

::::
area

:::
of

:::
sea

:::
ice

::::
loss

:::::
found

:::::
west

::
of

:::
the

:::::
Ross

:::
Sea.

:::::
More

::::::::
moderate

::::::::
warming

::::::
occurs

:::::
across

:::
the

:::::::
majority

:::
of

::
the

:::::::::
remaining

::::
area,

:::::
with

::::::::
generally

:::
less

::::
than

::::
2°C

:::::::
increase

::::
over

:::
the

::::::
interior

::
of

:::::::::
Antarctica

::::
and

:::
less

::::
than

::::
1°C

::
at

:::
the

::::::::
periphery

:::
of

:::
east

::::::::::
Antarctica.

::::
This

::
is

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

:::
by

::::
close

::
to

:::::
zero

:::::::
changes

::
in155

::::::
albedo.

::
A

::::::::
localised

::::::
cooling

:::
of

::::
1–2°CunderincreasedCO2 (E400relativeto E280;Figure2a).However,whenPlioceneice

sheetcon�gurationsareapplied
:
is

::::::::
observed

::
in

:::
the

::::::::
southern

:::::
ocean

:::::::
between

::::::::::::
160°W-160°E,

:::::
62°S,

::::::
where

:
a

:::::
small

::::
loss

::
in

::::::
albedo

:
is

::::
also

::::::::
displayed

:::::::
(Figure

:::
2c).

:

::::
With

:::
LP

:::
ice

:::::
sheet

:::::
extent

:
(Ei400 relative to E280),the warming intensi�es, reading

:::::::
warming

::
is

:::::
much

::::::
greater

::::
than

::::::
E400;

:::::::
Antarctic

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

::
air

::::::::::
temperature

::::::::
increases

:::
by

::
an

:::::::
average

::
of

:
9.49°C(Figure2b).Similarly, seasurfacetemperature(SST)160

increasedby 1.26
:
.

:::
The

::::::::
warming

:::::::
hotspots

::::
shift

::::::
further

::::::
inland,

::::
with

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

:::::
rising

:::
by

::::
over

::
17°CunderCO2 forcing alone

but increasedto 4.89
:::::
inland

:::::
from

:::
the

::::
Ross

::::
Sea

::::
(180°

:::::::
–155°W,

:::::::::
81°–83°S)

::::
and

::
up

:::
to

:::
16°C with the combinedeffectsof CO2

andice sheetchanges(Figure??a andb), comparedto PI. Theseresultsunderscoretheampli�ed warmingeffectof reduced

ice sheetextentcomparedto CO2 increasealone.
:::::
inland

::::
from

:::
the

:::::::
Weddell

::::
Sea

::::::::::
(20°–35°W,

:::::::::
81°–83°S)

::::::
(Figure

:::::
??b).

:::
The

:::::
Ross

:::
and

:::::::
Weddell

::::
Seas

::::::::::
themselves

:::::::::
experience

:::::::
warming

::
of

:::
up

::
to

:::::
12°C

:::
and

:::::
13°C,

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

:::
The

:::::
most

:::::::::
substantial

::::::
albedo

:::::::
declines165

::::
occur

:::
at

::::
these

::::::
inland

::::::::
hotspots;

::::::
greater

::::
than

::::
50%

:::::::
decline

:::::
inland

:::
of

:::
the

::::
Ross

::::
Sea,

::::::
whilst

:::
the

::::
Ross

::::
Sea

::::
itself

::::::::::
experiences

:::::
30%

:::::::
decrease.

::::::
There

:
is

:::
an

::::::
albedo

::::::::
reduction

::
of

::::::
40-50%

::::::
inland

::
of

:::
the

:::::::
Weddell

::::
Sea,

:::::
which

:::::::
extends

::::
into

::
the

::::::::
Weddell

:::
Sea

::::
itself

:::::::
(Figure

:::
2d).

::::
Sea

:::
ice

:::::
losses

:::
are

:::::
most

::::::
drastic

::
in

::::
these

:::::::::
locations,

::::
with

::::
over

::::
65%

:::::::
decline

::
in

:::
the

:::::::
Weddel

:::
and

::::
60%

:::
in

:::
the

::::
Ross

::::
Sea.

:::::
High

::::
areas

::
of

:::
sea

:::
ice

::::
loss

:::
are

:::::::
observed

:::::::::
extending

:::::::
eastward

:::::
from

:::
the

:::::::
Weddell

:::
Sea

::::
and

::::::::
westward

::::
from

:::
the

::::
Ross

::::
Sea.

:

SeaSurfaceTemperature(SST),sealevel pressure(SLP)andprecipitationanomaliesresultingfrom increasedCO2 levels170

andthe reductionof the modernice sheetto Pliocenesize.a) E400-E280SST,b) Ei400-E280SST,c) E400-E280SLP, d)
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Figure 2.
:::::::::
Temperature,

::::::
Albedo

:::
and

::::
Sea

::
Ice

:::::::::::
Concentration

:::::
(SIC)

:::::::
variables

::::
from

:::
the

::::
only

:::::::
increased

::::
CO2::::

level
:::::::::
experiment

:::
and

::::::::
combined

:::
CO2:::

and
:::
LP

:::
Ice

::::
Sheet

::::::
extent,

:::::::
compared

::::
with

:::
the

::
PI

::::::
control.

::
a)

::::::::
E400-E280

::::::
surface

::
air

::::::::::
temperature,

::
b)

:::::::::
Ei400-E280

::::::
surface

::
air

::::::::::
temperature,

:
c)

:::::::::
E400-E280

::::::
albedo,

::
d)

:::::::::
Ei400-E280

::::::
albedo,

::
e)

:::::::::
E400-E280

::::::
Siconc,

::::::::::
f)Ei400-E280

::::::
Siconc.

::::
Only

:::::
results

:::::::::
statistically

::::::::
signi�cant

::
at

:::
the

::::
95%

::::::::
con�dence

::::
level

::
are

::::::::
displayed.

Ei400-E280SLP, e) E400-E280precipitation,f) Ei400-E280precipitation.White areasindicateresultsarenot statistically

signi�cant at the95%con�dencelevel.
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Thespatialpatternof TAS andSSTwarmingstronglyalign with albedochanges(Figures2aandb, and??a andb). Under

elevatedCO2 (E400),albedoreductionsareonly due to seaice loss,primarily in the RossandWeddellSeas,leadingto a175

9.25%declinein seaiceconcentration(Figure2e).In contrast,thecon�gurationof thePlioceneicesheetinducesawidespread

declinein albedothroughoutthe Antarctic , resultingin a more
::::
Over

:::
the

::::::
interior

:::
of

:::::::::
Antarctica,

::::::::
warming

::::::
reaches

:::::::::
11–12°C,

:::::::::
decreasing

::::::
towards

:::
the

:::::::
eastern

:::::::
coastline

::::::
where

::::::::::
temperatures

::::::::
increase

::
by

::::::
6–7°C.

::
In

::::::
Ei400,

::::::
albedo

:::::::
changes

:::
are

:::
not

::::::::
con�ned

::
to

::::::
regions

:::::::
affected

::
by

:::
ice

::::
sheet

:::::::
change

:::
and

::::
there

::
is

:::
an

:::::
overall

::::::
albedo

::::::
decline

:::
of

::::
20%

:::::
across

:::
the

::::::::
Antarctic

:::::::
interior,

::::
with

:::::::::
decreasing

::::::
severity

::::::
toward

:::
the

:::::::
eastern

::::::::
coastline.

:::::
There

::
is

::
a

:::::
small

::::::
hotspot

::::::::
showing

:
pronounced loss ofseaice of 16. 25% (Figure2 f).180

Thelossof seaice furtherreinforcesthewarmingthroughapositivealbedofeedbackmechanism,exposingmoreof theocean

surfaceto directsolarheating.
::::::
30-40%

:::
on

:::
the

::::
east

::::
coast

::
(

:::::::::
60°–70°E,

:::::
75°S).

:::::::::::
Additionally,

::::::
albedo

::::::::
decreases

:::
of

::
up

::
to

:::::
30%

:::
are

:::::::
observed

:::::
along

:::
the

::::::::
coastline

::
at

::::::::
0°–10°E

:::
and

:::::::::::
140°–160°E.

::::::
These

::::::::::
widespread

::::::
albedo

:::::::::
reductions

:::
are

:
a
:::::
result

:::
of

:::
the

::::::::
interplay

::
of

::::::
climate

:::::::::
feedbacks,

::::
with

:::::::
changes

:::
in

:::::
cloud

:::::
cover,

::::::::::
atmospheric

:::::::::::
temperature

:::
and

::::::::
moisture

:::::::
transport

::::::::::
in�uencing

:::
the

::::::::
radiation

::::::
balance

:::
and

:::::::
surface

:::::::::
re�ectivity.

:
185

Precipitationpatternsalsoexhibitsigni�cant changes.UnderincreasedCO2, precipitationincreasesby 0.42mm/dayrelative

to the PI control simulation,with the highestincreasesalongAntarctic coasts(Figure??e). When ice sheetreductionsare

included,precipitationincreasesfurther to 0.63 mm/day(Figure ??f), driven by enhancedatmosphericmoisturetransport.

Thesechangesarecloselyrelatedto apersistentpositivephaseof the

3.2
:::::::
Changes

::
to

:::::::
regional

::::::::::::
atmospheric

:::::::::
circulation

::::::::
patterns190

::
As

:::
the

::::::
surface

::::::::::
temperature

:::::
rises

:::
due

::
to

:::
the

::::::
abrupt

::::::
change

::
in

:::::::
radiative

::::::
forcing

:::::::
applied

:::::::
through

:::
our

::::::::::
experiments,

:::
the

::::::::::
subsequent

::::
shifts

::
in

:::
the

:::::::
climate

:::::
create

:::::::::
signi�cant

::::::::
feedbacks

::::
that

:::
can

::::::::
in�uence

:::::::::
large-scale

:::::::::::
atmospheric

:::::::::
circulation,

::::::::::
particularly

:::
the South-

ern Annular Mode (SAM)(Figure 4), which intensi�es the westerlywinds and enhancesmoistureconvergencearoundthe

Antarctic.

ThepositiveSAM phasealsoin�uencesthe.
:::::
SAM

::
is

::
the

:::::::
leading

:::::
mode

::
of

::::::::::
atmospheric

::::::::
variability

::
in

:::
the

::::::::
Southern

::::::::::
Hemisphere,195

:::::::::::
characterised

::
by

::::::::::
�uctuations

::
in

:::
the

:::::::
strength

:::
and

:::::::
position

::
of

:::
the

:::::::
westerly

:::::
winds

:::::::::
encircling

:::::::::
Antarctica.

::
It

:::
has

:
a

::::
large

::::::::
in�uence

:::
on

::::
pSH

:::::::
climate,

:::
sea

:::
ice

::::
cover

::::
and

:::::
ocean

::::::::::
circulation.

:::::::::
Therefore,

::::::::::::
understanding

::::
how

:
it

::::::::
responds

::
to

::::::::
increased

::::
CO2:::::::::::::concentrations

:::
and

:::
ice

::::
sheet

:::::::
changes

::
is

:::::
vital.

::::
Here

:::
we

:::::
derive

:::::
SAM

:::::
mean

::::
state

:::::::
anomaly

:::
of

::
the

:::::::::
sensitivity

::::::::::
experiments

::
in

:::::::
relation

::
to

::
PI

:::::::
(Figure

::
3)

::
by

::::::::
applying

::::::::
Empirical

::::::::::
Orthogonal

::::::::
Functions

::::::
(EOF)

::
to

:::
the Sea Level Pressure (SLP)patterns.ElevatedCO2 levelsleadto a

meanreductionin SLPof 0.55hPaoverAntarcticaandthesurroundingSouthernOcean,re�ecting theweakenedhigh-pressure200

systemdueto atmosphericwarming(Figure??c) . Conversely,reducedicesheetextentresultsin ameanSLPincreasesof 1.37

hPain mostof AntarcticaFigure??d), strengtheningthepressuregradientbetweenthepoleandmid-latitudesandintensifying

westerlywinds
::::
�eld

:::
and

:::::::::
extracting

::
its

::::
�rst

::::::
mode.

:::::
SAM

::::::::
variability

:::
in

:::
the

::::
form

::
of

::
a

:::::::::
timeseries

:::::::
spanning

::::
200

:::::
years

::::::
(Figure

:::
4)

:::
was

::::::::
extracted

:::::::
through

:::
the

:::
�rst

::::::::
Principal

::::::::::
Component

::
of

:::
the

::::
EOF

::::::
(PC1),

::::::::::
standardized

:::::
using

::
a

:::::::::::::
Savitzky-Golay

::::
�lter.

::
In

:::
the

::::::
control

::::::::
scenario,

:::::
SAM

:::::::
(Figure

:::
4a)

:::::::
displays

::
a

::::::::
relatively

::::
well

::::::::
balanced

:::::::::
variability,

:::::::::
oscillating

:::::::
between

:::::::
positive

::::
and205

:::::::
negative

::::::
phases,

:::
but

::::
with

:::::::::
marginally

:::::
more

::::::::::
occurrences

::
of

:::::::
positive

:::::
SAM

::::::
phases

:::::
during

:::
the

:::::::
period.

::::
This

:
is

::::::::::
recognised

::::
with

:::
the

:::::
spatial

::::::
pattern

::
of

::::::
EOF1,

:::::::
aligning

::::
with

::
a

::::
more

:::::::
positive

:::::
SAM.

:
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