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Abstract.

The Antaretic-and-Greenlandlee-Sheets(AlSand-GrISH)Earth’s ice sheets, including the Antarctic Ice Sheet (AIS), are critical

tipping points in the Earth’sclimate system. Theirpotential-collapse-could-triggerIn recent years, the potential future collapse
has garnered increased attention due to its cascading effects, that could significantly alter global climate patterns, and cause

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

response of the polar Southern Hemlsphere (pSH; comprising the Southern Ocean and Antarctica (60-90%°S)) to the iselated

eometric reduction of ice-sheets to a reconstructed

. and imposing increased greenhouse
as forcing in the Earth System. Using the PRISM4D reconstruction, where ice sheets such as the West Antarctic Ice Sheet

(WAIS) and-the-nerthwestern-GrlS-were significantly diminished, we conducted multicentennial-multi-centennial simulations
with the EC-Earth3 model at atmospheric CO5 concentrations of 280 ppmv and 400 ppmv.

Ourresults-reveal-that-The simulation performed with LP ice sheet extent leads to a 9.5°C rise in surface air temperature,
approximately 16% reduction in sea ice concentration over Antarctica and the Southern Ocean. These changes far exceed those

driven by CO; increase alone, which result in a 2.5°C warming and a 9.3% sea ice decline. Under-only-CO--Additionall

both experiments induce there is a shift-towards-a-more-positive reversal in sea level pressure (SLP) polarity with respect to
pre-industrial patterns. Higher than normal SLP is present over Antarctica and lower than normal SLP in the mid-latitudes,
indicative of a negative phase of the Southern Annular Mode (SAM);-. This is supported by a strengthening-weakening of the
westerly jet —Hewever;-which in turn contributes to the formation of a fresh cap in the upper ocean, induced by the imposed
column and prevents deep convection in the Southern Ocean, and thus the formation of the Antarctic Bottom Water, which is
paramount for the ventilation of the global ocean. Overall, our findings suggest that by increasing the atmospheric concentration
of COqinerease togetherwith-ehange i, the AABW is suppressed at a multi-centennial timescale, but by reducing the ice sheet

compensatory mechanisms, involving an extensive salinisation of the ocean interior, trigeer partial recovery of this water mass.
This emphasizes the non-linearity of the climate system, since consequences of reducing the ice sheets induce an amplified
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warming and freshening in the near-surface, whereas it induces opposing mechanisms in the deep ocean that significantly alter

the dynamics of water masses ass

that feed the AABW. By isolating the direct-albedo-effect-of reduecing-GriS-and-AlS-extents;-climatic response to ice sheet
extent reduction, whilst holding other parameters fixed, this study offers critical insights into the mechanisms driving at-

mospheric and oceanic variability around Antarctica and their broader implications for global climate dynamics. Altheugh-the

approach, specifically focusing on the direct impact of ice sheet retreat on regional climate.

1 Introduction

The Greenland-and-Antaretictee—sheetstGriS—and-Earths ice sheets, including the Antarctic Ice Sheet (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 eeean-oceanic circulation at various scales, modulating rates of sea ice and 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 currently at risk due to eﬂhaﬂeeérmelﬂﬂgef—ﬂae&iee—feéue&efrﬁsnew{aﬁ—chmate change driven enhanced surface
with melting rates projected to

and basal meltingef
intensify in the following decades (Pollard et al., 2015; Song et al., 2025).
Projections indicate that the-aceelerated-toss-of-the-GriS-and-AdS-accelerated ice sheet loss will have far-reaching implica-
tions for global climate dynamics (Naughten et al., 2023; Greene et al., 2024; Buizert et al., 2018). These changes are likely to
disrupt critical processes such as deep-water formation and the contribution of the Southern Ocean to global heat transport and
carbon sequestration (Cai et al., 2013; Menviel et al., 2023). Understanding these risks is critical, as the-petential-collapse-of
the-AlS-and-GrlS-potential ice sheet collapse could trigger cascading climate feedbacks, leading to irreversible 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-Se(the Last Interglacial (LIG; 125;000-years-ago)y127 kiloyears (ka)) in the Pleistocene (Steig et al., 2015)
and the Late Pliocene Age (LP; 3,3 million years ago) (Naish et al., 2009; Kim and Crowley, 2000)—TFhese-periods—were

-, when the ice sheets were significantly smaller than today. Using these periods

as analogs, we can better understand how ice sheet dynamics influence oceanic and atmospheric processes in climates warmer

than today, which can offer valuable lessons for predicting future climate behavior as the Earth continues to warm.
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Patleoctimate-However, as the LIG entails orbit-induced changes in insolation with respect to the modern climate (Otto-Bliesner et al., 201

»_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 COﬁeve}%—S%udte%feeﬁ%mgeﬁfh&Gfeeﬂ{aﬂd%ee

ehr levels, while at similar orbital
configuration. The period was characterised by atmospheric CO, concentrations broadly comparable to present-day values,
estimated at 350450 ppmv (Haywood et al., 2016b). Global mean surface temperatures were 2-4°C higher than pre-industrial,
with amplified warming at high latitudes. In the Southern Hemisphere, evidence suggests substantially reduced AIS extent,
particularly the WAIS, and the retreat of marine-based sectors in East Antarctica (Dolan et al., 2018). Southern Ocean sea ice
was likely seasonally absent or greatly reduced. accompanied by displaced westerly winds and changes in Antarctic Bottom
Water (AABW) formation, with implications for Antarctic climate feedbacks and ice-ocean interactions. The combination
of near-modern greenhouse gas concentrations, polar amplification, reduced AIS extent and reorganised Southern Ocean
circulation makes the Late Pliocene a valuable paleo-analogue for projected future change. Polar amplification ratios for the

eriod have been estimated at around 2.3 (de Nooijer et al., 2020

2.11 and 2.76 depending on the chosen scenario (Xie et al., 2022; Portner et al., 2022). Both Chandan and Peltier (2018) and

Lord et al. (2017) demonstrate how bridging LP knowledge and future projections improve our understanding on how sensitive

the Earth’s climate is to various forcings. Simulating the climate of the Late Pliocene is a core component of the Pliocene
Model Intercomparison Project (PlioMIP) Haywood et al. (2016a, 2022

closely aligning with future projections ranging between

, which facilitates international multi-climate model

comparisons for the Pliocene epoch Haywood et al. (2010). Contributions from PlioMIP have been integral to the Intergovernmental

Panel on Climate Change (IPCC) 5th Stocker et al. (2013) and 6th Assessment Reports gul (2022). By providing insight into

analogous climate forcings, the Late Pliocene offers a unique framework for understanding the long-term stability of the AIS
and its impact on the Southern Ocean dynamics in a warming world.

However, existing work on the LP as a warm climate analogue heavily focuses on Arctic processes, demonstrating the
significance of surface albedo feedbacks involving the Greenland Ice Sheet (GrlS) retreat when considering future climate
change (Power et al., 2023), identifying which key oceanic gateways and-tuntet-al—(2042) understanding-of-amplified LP

Arctic warming (Feng et al., 2017) and may do so again. Additionally, by understanding Pliocene polar amplification has

atded—ourknowledge—of—(Lunt et al., 2012; de Nooijer et al., 2020) more accurate projections can be made for amphﬁca-

tion in a prospective warming world.

tng—In the Southern Hemisphere, the role of the Antaretie-lee-Sheet
AlIS in modulatmg future climate is gaining attention %tﬁeabael%e%al—%%%shew&aﬁmd-%eeem&mfﬂaﬂeﬂwﬁhﬂ
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future climate, environment and societies.

2 Model con guration and experiments setup
2.1 Model con guration

We use the low-resolution con guration 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 exible con gurations that allow for the
inclusion or exclusion of various climate processes, making it a versatile tool for a wide range of climate studies (Déscher

et al., 2022). EC-Earth3 integrates several key components, including the atmospheric model IFS cycle 36r4, the land surface
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experimentsThis-setup, beingis particularly suited for exploring slow processes in the deep ocean, which are central to

temperature variability, heat uxes and other essential aspects of the Earth's System. This capability facilitates a more compre-
hensive understanding of the impacts of natural and anthropogenic forcing on the global climate system (Koenigk et al., 2013;
Doscher et al., 2022; Cao et al., 2028 arth3hasbeenextensivelyvalidatedin-bothmodernandpaleo-climatestudies,

2.2 Experiments setup

To investigate the impacts of varying ice sheet extent@dd-CO, concentrations in the polar Southern Hemisphere (pSH),

eriod(Pl; 280 ppmvgndintermediate, while the experiment&£400




Table 1. ThefeurCore and Tier 2 Pliocene for Future protocol experiments conducted. Pl refers to pre-industrial conditions, LP for Late
Pliocene. Name terminology is from (Haywood et al., 2016a)

Experiment ID Ice sheetextent LSM  Topography VegetatioBS,CO, (ppm)  Orbit
E280 PI PI PI PI 280 PI
E400 PI PI PI PI 400 PI
Ei280LP-PHPHPI280PHEI400 LP PI PI PI 400 PI

The protocol for our pre-industrial (P1) simulation follows Eyring et al. (2016) framework for the Coupled Model Inter-
comparison Project version 6 (CMIPg)Control experiment. Ice sheets, land geography, topography and vegetation are all
unmodi ed from the model. GHG concentrations for §@H, and NO are 284.3 ppmyv, 808.2 ppbv, and 273.0 ppbv, respec-
tively. For orbital parameters; eccentricity set at 0.016764, obliquity 23.549 and perihelion - 180 is 100.33.

165 The aim of these sensitivity experiments is to unveil the isolated impagbafptlyshrinkingof-the AlS-and-GrSLP
ice sheetextent to the climate of the polar Southern HemisphéhereforeEi-simulationsinvelve-changingonly-ice-sheet

aywood-et-al-—2016a-Chandan-and-Peltier, 200 BYAIS-, without

170 the high-resolution British Antarctic Survey Ice Sheet Model, integrated with climatologies from the Hadley Centre Global
Climate Model (Hill et al., 2007; Hill, 2009), utilising PRISM2 boundary conditions (Dowsett et al., 198@)eliability of

Dolan et al., 2012)Figure 1 provides a visual
comparison of the modern and LP ice sheet extent. LP GrlIS reconstruction is provided for PlioMIP2 Haywood et al. (2016a)
175 and based on 30 modelling results from the PLISMIP project Dolan et al. (2012). Power and Zhang (2024) provides more detalil,

180

asperennialhensnowdepthexceeds thresholdd.5 meterof waterequivalentassigninga xed_high albedoandpreventing

185 furtheraccumulationeffectivelyactingasa proxy for ice sheetsWhensnowdepthis belowthis threshold snowis considered

seasonaiandsurfacealbedais calculatecasa weightedaveragebetweersnowalbedoandunderlyingsurfacealbedore ecting
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3 The polar Southern Hemisphere response to increased GGand LP ice sheets

The interactions between the atmosphere, cryosphere and ocean are crucial in understanding the in uence of increased atmc
spheric CQ concentrations and reduced ice sheet extent on climate feedbacks in the polar Southern Hemisphere.

3.1 Changes to temperature, albedo and sea ice concentration

In the E400 scenario (400 ppm GQrelative to E280)the average Antarctic surface air temperature rises by 2.51°C. The

by 5°C in the Ross Sea-{6°W;73°S){ gure 2a). Changes to albedo (Figure 2c) are primarily con ned to theseregions,
with the most signi cant decrease (up to 20%) occurring in the Weddell Sea, extending behgégm coastline to 60°S,

the Weddell Sea (Figure 2e) and clustered to the coastline moving eastward, and a smaller area of sea ice loss found west of th
Ross Sea. More moderate warming occurs across the majority of the remaining area, with generally less than 2°C increase ove
the interior of Antarctica and less than 1°C at the periphery of east Antarctica. This is accompanied by close to zero changes
in albedo. A localised cooling of 1-2°C 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-In_contrast,with LP ice sheet extent (Ei400 relative to E280), warming is much greaterithBA0Q-Antaretie,,

to 16°C inland from the Weddell Sea (20°-35°W, 81°-83°S) (Figa@b). The Ross and Weddell Seas themselves experience
warming of up to 12°C and 13°C, respectively. The most substantial albedo dexdBoesccur at these inland hotspatwith
agreater than 50% decline inland of the Ross Sea, whilst the Ross Sea itself experiences 30% decrease. There is an albec

reduction of 40-50% inland of the Weddell Sea, which extends into the Weddell Sea itself (Figure 2d). Sea ice lpsses are

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 overal
albedo decline of 20% across the Antarctic interior, with decreasing severity toward the eastern coastline. There is a small



Figure 2. Temperature, Albedo and Sea Ice Concentration (SIC) variables from the only increast€@xperiment and combined GO
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-E286n¢SIC, f) Ei400-E2805ieoneSIC. Only results statistically signi cant at the

95% con dence level are displayed.



temperature and moisture transport in uencing the radiation balance and surface re ectivity.

245 3.2 Changes to regional atmospheric circulation patterns

As the surface temperature rises due to the abrupt change in radiative forcing applied through our experiments, the subsequer
shifts intheclimate create signi cant feedbacks that can in uence large-scale atmospheric circulation, particularly the Southern
Annular Mode (SAM). SAM is the leading mode of atmospheric variability in the Southern Hemisphere, characterised by

250

concentrations and ice sheet changes is vital. Here we derive SAM meaarstetalyof the sensitivity experimentsrelation
te-PH(Figure &, b, and c) by applying Empirical Orthogonal Functions (EOF) to the Sea Level Pressure (SLP) eld and

255 extracted through the rst Principal Component of the EOF (PGigndardizedusingSavitzky-Getaylterandstandardized.

260

:I:\:/:I:c:adian §td Dev :Ig:g:rtosis :E:gsitive: (> 0) :I:\I:ggative:(f 0) Extreme :I:?:gsitive Extreme

(241 ) Negative

(s. 1)

E280 0.040 43983.738 | 0.086 51.9% 48.1% 15.589 15.630
:I§:4OO :-:Q:.O?l 44550820 0217 4@.7% §§.3% 15962 14712
Ei400 -0.035 45612.121 | 0.246 48.6% 51.4% 15.133 15.547







