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Abstract. Antarctic ice-sheet mass loss is expected to accelerate under future warming, yet its climatic impacts remain poorly

represented in Earth system models. Here, we present simulations with the EC-Earth3 Earth system model that incorporate the

Antarctic Ice Melt Emulator (AIME), interactively coupled to the ocean component. AIME simulates regionally and temporally

varying freshwater fluxes driven by subsurface ocean temperatures over the Antarctic continental shelf, accounts for the delayed

dynamic response of the ice sheet, and enables two-way interactions between the climate system and Antarctic ice loss.5

Under an abrupt quadrupling of atmospheric CO2, the interactive freshwater forcing gives rise to two distinct feedback

regimes. During the transient adjustment phase, enhanced freshwater input strengthens Southern Ocean stratification, sup-

presses vertical mixing, and modifies continental shelf circulation, leading to enhanced subsurface warming near the base of

Antarctic ice shelves. During the subsequent quasi-equilibrium phase, the dominant climatic response shifts: reduced surface

warming, increased sea-ice persistence, and decreased global ocean heat uptake weaken the atmospheric warming, ultimately10

reducing subsurface warming over the Antarctic continental shelf despite continued freshwater input.

Compared with a simulation without interactive Antarctic freshwater forcing, the coupled simulation exhibits lower equilib-

rium climate sensitivity and reduced global ocean heat storage under identical greenhouse-gas forcing. These results demon-

strate that Antarctic freshwater feedbacks evolve over time, with an initial ocean-driven amplification followed by a longer-term

atmosphere-mediated damping response. Our findings highlight the importance of representing interactive Antarctic freshwa-15

ter fluxes in Earth system models to capture coupled ice-sheet-ocean-atmosphere feedbacks and improve projections of future

climate change.

1 Introduction

The Antarctic Ice Sheet (AIS) and the Southern Ocean are tightly coupled through a range of feedback mechanisms that play

a critical role in regulating Antarctic contributions to global sea-level rise, ocean circulation, and climate (Fyke et al., 2018;20

Holland et al., 2020; Mackie et al., 2020b; Li, 2022; Sadai et al., 2025). Despite their importance, these feedbacks remain
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poorly constrained and are a major source of uncertainty in long-term sea-level projections (Siahaan et al., 2022; Park et al.,

2023). A central element of this coupling is the impact of freshwater (FW) discharge from Antarctic ice-sheet mass loss

on the stratification and thermal structure of the Southern Ocean (Gorte et al., 2023). These fluxes are expected to intensify

under anthropogenic climate forcing and strongly influence temperatures over the Antarctic continental shelf, with important25

implications for ice-ocean interactions (Thomas et al., 2023).

The observed sea level contribution of Antarctica is currently largely driven by interactions with the ocean through melting

underneath floating ice shelves (Pritchard et al., 2012; Rignot et al., 2019). The ice shelves play an important role in buttressing

the grounded ice (Gudmundsson, 2013). When these ice shelves thin or collapse due to ocean-driven melting, the flow of

grounded ice into the ocean can accelerate, leading to increased discharge and subsequent sea level rise by adding mass to the30

ocean (Rignot et al., 2019). Recent projections indicate that continued ocean warming could lead to widespread thinning or loss

of Antarctic ice shelves over the coming centuries, with profound implications for ice-sheet stability and future ice mass loss

(Hill et al., 2024; Burgard et al., 2025). Although the mass loss of floating ice shelves does not directly contribute to sea level

rise, the total FW flux from the AIS to the ocean due to basal melting includes contributions from floating ice and grounded

ice (Paolo et al., 2015).35

Freshwater forcing experiments have been instrumental in advancing understanding of the Southern Ocean response to

Antarctic meltwater input (Pauling et al., 2016; Park and Latif, 2019; Swart et al., 2023). These idealized simulations apply

prescribed FW fluxes to isolate the impacts of meltwater discharge on ocean circulation, stratification, and heat distribution.

Across studies, surface freshening is found to enhance stratification, suppress vertical mixing, and promote subsurface heat

accumulation (Pauling et al., 2016; Bronselaer et al., 2018; Golledge et al., 2019). This subsurface warming can substantially40

increase basal melt rates, particularly in regions where warm Circumpolar Deep Water accesses the continental shelf (Jenkins

et al., 2010), giving rise to a positive feedback in which enhanced basal melting strengthens FW input and further amplifies

subsurface warming.

However, recent multi-model analyses indicate that meltwater-driven feedbacks for subsurface ocean warming exhibit strong

regional variability in magnitude and even sign under future warming scenarios (Muilwijk et al., 2025). Moreover, the sea-45

ice response to FW forcing is not consistent across models: while many studies report increases in sea-ice extent following

Antarctic meltwater input (Bintanja et al., 2013; Pauling et al., 2016, 2026), others find little or no such response (Swart

and Fyfe, 2013). Beyond the Southern Ocean, coupled climate model experiments show that increasing Antarctic meltwater

discharge can induce large-scale circulation adjustments and surface cooling, with implications for global climate sensitivity

(Bronselaer et al., 2018; Purich and England, 2023; Sadai et al., 2020; Mistry et al., 2025). The anomalous atmospheric50

cooling constitutes a negative feedback on Antarctic ice mass loss that counteracts the positive subsurface warming feedback,

highlighting the competing processes that govern ice-ocean-climate interactions (Park et al., 2023; Li et al., 2024).

The climatic impact of Antarctic meltwater depends not only on its volume but also on its spatial and vertical distribution

in the ocean (Moon et al., 2025; Basinski-Ferris et al., 2025). Although FW released near the surface tends to reduce sea

surface salinity and intensify stratification, leading to cooling of sea surface temperatures and warmer subsurface temperatures,55

in reality the distribution is more complex. Observations indicate that about half of the melt occurs at depth underneath the
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ice shelves (Rignot et al., 2013). In contrast to surface injection, meltwater discharged at depth can generate a cooling effect

on subsurface ocean temperatures in some regions (Thomas et al., 2023). Incorporating a more realistic representation of

Antarctic meltwater has been shown to improve the simulation of observed Southern Ocean climate trends in Earth system

models (ESMs; Rye et al., 2020), highlighting the importance of accurately representing meltwater inputs in ESMs.60

Despite growing evidence for the importance of meltwater-driven feedbacks, global climate models participating in the

Coupled Model Intercomparison Project Phase 6 (CMIP6) represent Antarctic FW fluxes in a highly simplified manner. In many

models, FW fluxes from Antarctic mass loss are based on excess snowfall, without taking into account interactions between

ice sheet processes and ocean circulation (Nowicki et al., 2016). Consequently, CMIP6-class models misrepresent the effects

of meltwater on ocean stratification and subsurface warming and the associated feedbacks that can accelerate or decelerate ice65

sheet retreat (Holland et al., 2020). Only a small number of climate models currently include a dynamically coupled Antarctic

Ice Sheet component, enabling two-way ice-ocean-atmosphere feedbacks, including the CMIP6-class UKESM (Smith et al.,

2021; Siahaan et al., 2022) and AWI-ESM (Gierz et al., 2020) and the intermediate complexity model LOVECLIP (e.g., Park

et al., 2023). However, studies of ice sheet-ocean feedbacks using coupled ESM-ice sheet models are mainly constrained by

unrealistic simulations of the Antarctic ocean (Beadling et al., 2020; Smith et al., 2021), rather than by limitations of the70

coupling approach itself.

The potentially important role of meltwater-driven feedbacks in regulating Antarctic Ice Sheet (AIS) mass loss highlights

the need for improved coupling between the AIS and the Southern Ocean in climate models. Although fully coupled ice-sheet-

climate models provide a physically consistent framework for simulating these interactions, their availability remains limited

and their application is constrained by climate model biases. Consequently, the sensitivity of Antarctic ice loss to oceanic75

forcing and associated feedbacks is not captured in current ice mass loss projections.

To address this gap, we have developed the Antarctic Ice Melt Emulator (AIME), which simulates ocean-driven AIS mass

loss and is interactively coupled to the ocean component of the ESM EC-Earth3 (Döscher et al., 2022). In AIME, the mag-

nitude of ocean-driven AIS mass loss is computed using linear response functions derived from a dynamic ice-sheet model,

representing the delayed total ice-mass response to enhanced basal melt anomalies. AIME thus provides a complementary80

approach to fully coupled ice-sheet-climate models, enabling efficient exploration of large-scale ice-ocean-climate feedbacks

while remaining grounded in process-based model behavior. Here, we use AIME to assess how meltwater-driven feedbacks

linking Antarctic ice loss to ocean thermal structure may influence AIS mass loss and global climate change.

Our analysis spans regional to global scales. We first quantify the Antarctic freshwater forcing and its effects on subsurface

ocean temperatures over the continental shelf. We then investigate the regional mechanisms underlying the climate response,85

including upper-ocean freshening, stratification, vertical mixing, changes in the Antarctic Slope Current and Circumpolar

Deep Water supply, sea-ice evolution, and surface heat fluxes. Finally, we examine the large-scale oceanic and atmospheric

responses, including changes in the global energy balance, to assess how these processes feed back on Antarctic subsurface

temperatures and meltwater release. Together, these analyses reveal two distinct freshwater-driven feedback regimes: an initial

amplification of subsurface shelf warming driven by oceanic processes, followed by a longer-term damping response associated90

with large-scale atmospheric adjustment.
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2 Models and experimental design

2.1 EC-Earth3

Model simulations were conducted using the standard configuration of EC-Earth3 (Döscher et al., 2022). The ocean model is

Nucleus for European Modelling of the Ocean (NEMO) version 3.6 and contains 75 vertical levels, including the Louvain-la-95

Neuve Ice Model (LIM3) for simulating sea ice. The atmosphere is represented by the Integrated Forecast System (IFS) cycle

36r4 of the European Centre for Medium-Range Weather Forecasts (ECMWF), including the land surface module HTESSEL,

and contains 91 vertical layers. The model was set up with the ORCA1 grid (nominally 1◦ grid resolution) for the ocean and

sea ice components and a T255 (ca. 80 km) grid for the atmosphere and land components.

The standard EC-Earth3 configuration does not include a land ice component. Antarctica is represented by a fixed 10 m100

water-equivalent perennial snow layer, of which only 1 m is thermodynamically active. Snow can accumulate, but summer

temperatures are insufficient to remove the excess, which would lead to an unrealistically increasing snowpack. To prevent

this, a snow excess removal scheme is applied that removes snow exceeding the 10 m threshold and routes it to the ocean,

where it is melted and treated as calving. This provides a highly simplified representation of real ice-sheet dynamics, in which

ice flow transports accumulated mass to the ocean, where it is released through iceberg calving and basal melting of ice shelves.105

The resulting FW input to NEMO is added as ice and therefore extracts latent heat from the ocean during melting, unlike runoff,

which only adds mass.

2.2 The Antarctic Ice Melt Emulator

In this study, Antarctic ice-sheet FW fluxes are computed interactively using the Antarctic Ice Melt Emulator (AIME), which

replaces the Antarctic “ice sheet” in EC-Earth3 (Sect. 2.1) and introduces a feedback between subsurface ocean temperatures110

over the Antarctic continental shelf and meltwater release. As a result, Antarctic meltwater fluxes are driven by oceanic rather

than atmospheric changes and are interactively affecting the FW fluxes of the ocean model. Changes in liquid runoff from

surface melt are not included in the anomalous FW fluxes. The following sections describe how the magnitude and temporal

evolution of Antarctic FW release are diagnosed from ice-sheet linear response functions (Sect. 2.2.1), and how this FW is

partitioned, spatially distributed, and thermodynamically treated in the ocean model (Sect. 2.2.2).115

2.2.1 Freshwater forcing magnitude

AIME computes Antarctic FW release using ice-mass linear response functions (LRFs) derived from ice-sheet model exper-

iments forced by basal melt anomalies. The LRFs are obtained from the LARMIP-2 basal melt perturbation experiments of

Levermann et al. (2020), which consist of 200-year simulations with a constant anomalous basal melt of 8 m/yr. While Lev-

ermann et al. (2020) provide LRFs for sea-level rise, a substantial fraction of Antarctic mass loss – primarily from ice shelves120

and grounded ice below sea level – does not contribute to sea-level change but still represents a FW flux that can affect ocean

circulation and climate feedbacks. We therefore use ice-mass loss LRFs (Fig. 2a) rather than sea-level LRFs, as described in
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(a) Ocean regions (b) Ice sheet regions

Regions
EAIS
Ross
Amundsen
Weddell
Peninsula

Figure 1. (a) Ocean and (b) ice sheet regions in AIME. The ocean sectors are based on LARMIP-2 (Levermann et al., 2020), with a fifth

additional region for the Antarctic Peninsula similar to van der Linden et al. (2023). Different from the aforementioned studies ocean sectors

only include grid cells over the continental shelf (south of the 1000 m isobath). The ice sheet regions are similar to LARMIP-2.

Lambert et al. (2025). These LRFs link basal melt beneath ice shelves to the delayed total FW release from the Antarctic ice

sheet, including both sub-shelf melt and iceberg melt, and have units of Gt/m. By construction, they capture the long-term

ice-sheet response up to 200 years, extending well beyond the initial ocean forcing perturbation.125

In AIME, the Antarctic ice sheet is divided into five regions, being Ross, Amundsen Sea Embayment, Antarctic Peninsula,

Weddell, and East Antarctic Ice Sheet (EAIS), each forced by annual-mean subsurface ocean temperatures from the corre-

sponding ocean sector (Fig. 1a,b). For each region, ice mass loss is computed using an LRF derived from a dynamic ice-sheet

model, which describes the 200-yr response to a 1 m/yr basal melt perturbation. Basal melt forcing is diagnosed from the

subsurface ocean temperatures averaged between 200 and 700 m depth, representative of a typical ice-shelf draft. A quadratic130

basal melt parameterisation is applied in each region to relate ocean thermal forcing to anomalous basal melt (van der Linden

et al., 2023). The resulting basal melt anomalies are then used to force the regional LRFs and compute total FW release.

Regional quadratic melt sensitivities are derived from simulations with the LADDIE basal melt model (Lambert et al., 2023).

Mean basal melt rates are evaluated for each ice shelf under four idealized thermal forcing scenarios (present-day, +0.5, +1, and

+2,◦C; Lambert and Burgard, 2025), accounting for vertical temperature structure and local bathymetry. Regional mean melt135

rates and thermal forcing are computed as area-weighted averages across ice shelves, with an additional (0,0) point included

to anchor the relationship at zero forcing. A quadratic function is fitted to these data, and the resulting coefficient defines the

regional quadratic melt sensitivities used in AIME (Table 1).

For this study, we use LRFs from the fast Elementary Thermomechanical Ice Sheet model (f.ETISh; Pattyn, 2017), which

yields total ice mass loss consistent with the ISMIP6 ‘MeanAnt’ scenario (Seroussi et al., 2020) in a standalone setup forced140

by EC-Earth3 (Fig. 2b). Total FW release is estimated by assuming a constant regional fraction of basal melt relative to total

ice mass loss, following the observations of Rignot et al. (2013). The same regional fractions are used in Lambert et al. (2025).

Compared to an idealized fit to ISMIP6 ‘MeanAnt’ (Swart et al., 2023), AIME shows an earlier acceleration of ice mass loss. It
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Figure 2. (a) Total ice mass loss linear response functions (LRFs) for the f.ETISh ice sheet model for the five regions in Figure 1b. (b)

FW flux anomaly simulated by AIME over 2015-2100 under historical (to simulate the delayed response to basal melting) and SSP5-8.5

forcing from EC-Earth3 (standalone) with LRFs of 10 different ice sheet models (ISMs; grey lines), including the f.ETISH ISM used in the

the current study (orange line). The lines are smoothed with a 10-yr running mean filter. The two dashed lines illustrate estimates of the

magnitude of total ice mass loss anomalies by 2100 from ISMIP6 ‘MeanAnt’ and ‘PIGL’ experiments (Seroussi et al., 2020) The blue line

illustrates an idealised fit for the ISMIP6 ‘MeanAnt’ total ice mass loss projections from (Swart et al., 2023).

should be noted that, although the LRFs peak immediately following a step perturbation, this does not imply an equally rapid

increase in FW release. Instead, FW release results from the convolution of the LRF with continuously evolving basal melt145

anomalies, so the response reflects the integrated effect of past forcing. As basal melt anomalies increase gradually under the

SSP5-8.5 forcing, the freshwater response remains relatively constant during the first decades before increasing more rapidly.

In the climate model, the anomalous FW fluxes are computed as the year-to-year difference in the cumulative FW flux. This

anomaly is added to a climatological mean FW flux derived from precipitation minus evapotranspiration over Antarctica during

a baseline period at the start of the experiment (Fig. 3a).150

2.2.2 Geographical distribution and latent heat

The FW flux anomaly provided to EC-Earth3 is partitioned into two components representing basal melting of ice shelves

and melting of calved icebergs, allowing for the representation of their differing impacts on the climate system (Mackie et al.,

2020a). Total freshwater release is estimated by assuming region-specific basal-melt fractions relative to total ice mass loss,

following the observational estimates of Rignot et al. (2013), with the remainder attributed to calving. While these fractions155

are fixed for each region, the Antarctic-wide contribution of basal melt to total freshwater release varies over time because the

relative importance of individual regions changes. The resulting basal-melt and calving freshwater fluxes are prescribed with

distinct vertical and geographical distributions, representing the local release of freshwater at depth and the offshore transport

and surface melting of icebergs, respectively.

Because EC-Earth3 does not explicitly represent ice-shelf cavities, basal meltwater is inserted in ocean grid cells directly in160

front of the Antarctic coastline (Fig. 3b) over the depth range of the ice-shelf base as a proxy for sub-shelf melt, using a vertical

distribution similar to that adopted by Mathiot et al. (2017). Accordingly, the FW is applied between 200 and 700 m depth,

where 200 m represents the typical calving-front depth and 700 m approximates the grounding-line depth, or the local seabed
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Table 1. Basal melt sensitivities for each ocean sector, derived from LADDIE (Lambert and Burgard, 2025).

Region Sensitivity (m yr−1 K−2)

East Antarctic 1.19

Ross 0.33

Amundsen 0.43

Weddell 0.96

Peninsula 0.18

where it is shallower. Within this depth interval, ocean temperature is reduced to account for the latent heat of fusion required

to melt the ice, and temperature and salinity are adjusted to represent the mixing of the added FW with seawater.165

The calving component is applied at the ocean surface and distributed over a broader region surrounding the Antarctic

continent (Fig. 3c), representing the drift and melt of icebergs away from the coast. The associated FW flux is imposed as ice

in the surface ocean grid cells and therefore extracts latent heat from the ocean during melting.

The geographical distributions of basal melt and iceberg melt are prescribed using the basal-melt and calving masks from

Lambert et al. (2025), which are consistent with the five Antarctic ocean sectors used to force AIME (Fig. 1a). For basal170

melting, the mask is extended by one ocean grid cell along the Antarctic coastline to ensure numerical continuity. Basal melt

FW is inserted locally within the ocean sector associated with the corresponding ice-sheet region, reflecting the local character

of sub-shelf melting. Iceberg transport is represented implicitly by distributing the calving-related FW flux across ocean sectors

according to observed patterns of iceberg melt (Lambert et al., 2025). Within each sector, the calving FW flux is distributed

uniformly by area, while the basal melt flux is distributed uniformly by volume.175

2.3 Experiments

The baseline climate is taken from the EC-Earth3 piControl experiment, representing pre-industrial conditions (circa 1850)

in its CMIP6 configuration, hereafter referred to as CTL (Table 2). To assess the impact of Antarctic ice-melt feedbacks,

we compare an experiment with interactive FW flux anomalies computed by AIME (AIME-ON) to a standard EC-Earth3

experiment without AIME (NO-AIME). Both experiments are initialized from CTL restart files for the CMIP6 ensemble180

member r8i1p1f1 and are integrated for 165 years under abrupt-4×CO2 forcing, in which atmospheric CO2 is instantaneously

quadrupled and then held constant. We use an abrupt-4×CO2 experiment as idealized forcing to amplify ice sheet-climate

feedbacks, facilitating diagnosis of the strength and mechanisms of ice-climate interactions. Finally, to diagnose Antarctic

ice melt under abrupt-4×CO2 forcing in the absence of climate feedbacks from FW release, we perform a standalone AIME

simulation (ONLY-AIME) forced with subsurface ocean temperatures from the NO-AIME experiment.185
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Table 2. Experiments

Name Model setup CO2 Melt Feedback

CTL EC-Earth3 piControl Excess snow No

NO-AIME EC-Earth3 abrupt-4×CO2 Excess snow No

AIME-ON EC-Earth3-AIME abrupt-4×CO2 AIME Yes

ONLY-AIME AIME abrupt-4×CO2 AIME No

3 Results

3.1 Freshwater fluxes and ocean forcing

The spatial distribution of freshwater fluxes originating from the Antarctic ice sheet, averaged over the 30-yr period with the

largest AIME-ON minus NO-AIME differences in FW forcing, is shown in Fig. 3, highlighting the regional pattern of the

freshwater forcing differences between the two simulations. The AIME baseline consists of the mean excess snowfall from the190

CTL simulation, which is distributed over a broad circumpolar belt (Fig. 3a). The basal melt and calving fluxes computed by

AIME are imposed as anomalies added to this baseline (Fig. 3b,c).

The total Antarctic ice-sheet freshwater flux in AIME-ON, comprising the baseline flux together with the basal-melt and

calving anomalies generated by the interactive response to subsurface ocean temperatures (Fig. 3d), is compared with the

equivalent Antarctic ice-sheet freshwater flux in NO-AIME, approximated by the excess snowfall anomaly, calculated as the195

integrated precipitation minus evaporation over the Antarctic continent (Fig. 3e). The resulting differences (Fig. 3f) highlight

both an increase in the total freshwater input and a redistribution of freshwater. Relative to NO-AIME, AIME-ON introduces

substantially more freshwater close to the Antarctic continent, whereas freshwater input is reduced farther offshore. In contrast,

the Weddell Sea exhibits the largest positive offshore freshwater anomalies, reflecting enhanced iceberg melt associated with

the calving component.200

The time evolution of the Antarctic FW flux anomalies in AIME-ON is compared with the NO-AIME experiment in Fig. 4.

Anomalies are defined relative to the CTL mean excess snowfall of 3315 Gt/yr in EC-Earth3, which serves as the baseline

FW distribution in AIME-ON and represents an approximately 20% high bias relative to observational estimates (Depoorter

et al., 2013). In AIME-ON, the FW flux anomaly increases rapidly, reaching a peak of approximately 10,000 Gt/yr after about

50 years, when global mean surface air temperature has risen by about 5.5 K and subsurface ocean temperatures over the205

continental shelf by about 1.7 K. Thereafter, the anomally gradually declines to around 5,000 Gt/yr over the following 50

years, despite an additional ∼1 K warming of subsurface waters. This decline is consistent with a progressive reduction in the

availability of ice for melting as ice shelves thin or are lost, leading the coupled system towards a new quasi-equilibrium state.

This peak-and-decline behavior is broadly consistent with recent multi-model projections of Antarctic mass loss, which show

an initial acceleration in ice-shelf melt, with some models exhibiting a subsequent decline as ice shelves weaken or disappear210
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Figure 3. Freshwater flux distributions during Period A under abrupt-4×CO2 forcing in EC-Earth3 coupled to the Antarctic Ice Melt Emulator

(AIME-ON) and in the standard EC-Earth3 CMIP6 configuration (NO-AIME). Panels show (a) baseline freshwater flux, (b) basal meltwater

flux, (c) calving freshwater flux, (d) total freshwater flux in AIME-ON, (e) total freshwater flux in NO-AIME, and (f) the difference in total

freshwater flux (AIME-ON - NO-AIME).

(Seroussi et al., 2024). Relative to NO-AIME, the FW flux anomaly in AIME-ON is more than seven times larger at its peak

and remains approximately three times larger after the subsequent decline.

To quantify the effect of interactive climate-ice-sheet coupling on Antarctic meltwater release, the AIME-ON simulation is

compared with the standalone ONLY-AIME experiment (Fig. 4). In ONLY-AIME, basal melt is forced offline by prescribed

subsurface ocean temperature anomalies and therefore captures the direct thermodynamic response of ice-shelf melt to ocean215

warming. Unlike AIME-ON, however, the resulting freshwater fluxes do not feed back onto the climate system through changes

in ocean circulation and stratification. Differences between the two simulations therefore isolate the effect of two-way climate-

ice-sheet coupling on Antarctic freshwater release.

During the first ∼70 years of the abrupt-4×CO2 experiment, FW flux anomalies in AIME-ON are generally larger than in

ONLY-AIME, indicating that climate-ice feedbacks enhance freshwater release during the initial response. Thereafter, the two220

simulations converge, and eventually AIME-ON exhibits smaller freshwater flux anomalies than ONLY-AIME, consistent with

feedbacks that moderate melt over longer timescales.

Feedback strength (defined in Fig. 4) initially increases following a brief adjustment period, indicating positive climate-ice

feedbacks that enhance Antarctic meltwater release. It subsequently declines and becomes negative, indicating a transition to

feedbacks that reduce meltwater release relative to the uncoupled response. This behaviour reflects a two-timescale response225
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Figure 4. Freshwater flux anomalies under abrupt-4×CO2 forcing. Shown are the Antarctic freshwater flux anomalies for AIME-ON (with

feedbacks; orange solid line) and ONLY-AIME (without feedbacks; orange dotted line). Feedback strength is defined as the relative difference

between the AIME-ON and ONLY-AIME freshwater flux anomalies, normalized by the ONLY-AIME anomaly and expressed as a percentage.

The blue line shows the freshwater flux associated with Antarctic excess snowfall in NO-AIME. All time series are smoothed using a 5-year

rolling mean.

to coupling: a fast, positive feedback that enhances Antarctic melt during the transient climate adjustment to abrupt-4×CO2

forcing, followed by a slower, negative feedback that weakens the response as the system approaches a new quasi-equilibrium.

To examine these feedback regimes in more detail, we define two analysis periods: the transient feedback phase (Period A;

model years 35-64) and the quasi-equilibrium feedback phase (Period B; model years 135-164). Although the relative feedback

strength reaches its maximum earlier in the simulation, Period A is defined as the 30-year interval centred on the maximum230

additional freshwater flux (AIME-ON minus ONLY-AIME), as this represents the time when climate-ice coupling has the

largest absolute impact on the freshwater forcing experienced by the ocean.

Averaged over Period A, the relative feedback strength is +15%, indicating that climate-ice coupling enhances Antarctic

freshwater release by approximately 15% relative to the uncoupled response. During Period B, the relative feedback strength is

-26%, indicating that coupling reduces freshwater release relative to the standalone response. Although FW fluxes also decline235

in ONLY-AIME, reflecting the delayed response of the ice sheet to ocean forcing, the reduction is substantially greater in

AIME-ON, highlighting the damping effect of climate-ice feedbacks.

The basal melt driving the FW flux anomalies is computed from subsurface ocean temperatures averaged between 200 m and

700 m depth over the Antarctic continental shelf (south of the 1000 m isobath). The impact of coupling Antarctic meltwater

release to subsurface ocean temperatures can therefore be assessed by comparing the AIME-ON and NO-AIME simulations.240
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In the first half of the abrupt-4×CO2 experiment, subsurface ocean temperatures warm more rapidly in AIME-ON than

in NO-AIME (Fig. 5). Around the midpoint of the simulation, as the climate approaches a new equilibrium state, subsurface

temperatures in AIME-ON converge back toward those in NO-AIME and become cooler by the end of the experiment, despite

the persistently larger FW input in AIME-ON (Fig. 4).

To assess the magnitude of these anomalies relative to internal variability, we compare the mean AIME-ON minus NO-245

AIME temperature differences during Period A (model years 35-64) and Period B (model years 135-164) with the standard

deviation of the corresponding piControl variability. The mean anomaly during Period A is +0.163 ◦C, equivalent to 1.68σ,

while the mean anomaly during Period B is -0.145 ◦C, equivalent to -1.49σ (Fig. 5). Both anomalies exceed one standard

deviation of the simulated internal variability, indicating that the coupled freshwater feedback generates decadal subsurface

temperature anomalies outside the typical (±1σ) range of natural variability.250

The subsurface ocean temperatures that drive the FW flux anomalies thus exhibit a time-dependent response to the coupling,

characterized by relative warming during the transient adjustment phase (Period A) and relative cooling during the later quasi-

equilibrium phase (Period B). In the following sections, we investigate the mechanisms responsible for this reversal, focusing

on why subsurface shelf waters initially warm and subsequently cool in AIME-ON relative to NO-AIME, even though the FW

fluxes remain substantially larger throughout the experiment.255

3.2 Stratification and circulation changes over the Antarctic continental shelf

Changes in the magnitude and distribution of Antarctic ice melt strongly affect both vertical stratification and horizontal circu-

lation over the continental shelf, with important consequences for shelf-open-ocean exchange. Figure 6 shows the evolution of

temperature, salinity, squared buoyancy frequency, and zonal velocity anomalies averaged over the Antarctic continental shelf

(south of the 1000 m isobath), together with the corresponding vertical profiles during Periods A and B. These diagnostics260

reveal how Antarctic meltwater modifies the vertical structure of the shelf ocean over time.

The additional freshwater generated by the coupled ice-sheet feedback produces a pronounced reduction in surface warming

and enhanced freshening in AIME-ON relative to NO-AIME, while subsurface waters initially warm more strongly than in

NO-AIME. This enhanced subsurface warming coincides with increased stratification, as indicated by the higher buoyancy

frequency, which suppresses vertical mixing and reduces heat exchange between the surface and deeper layers. Consequently,265

more heat is retained at depth despite reduced surface warming during the transient feedback phase (Period A).

At the same time, zonal velocity anomalies reveal a strengthening of the westward-flowing Antarctic Slope Current (ASC)

along the continental margin in AIME-ON relative to NO-AIME (Fig. 7), consistent with the idealized FW forcing experiments

of Muilwijk et al. (2025). This intensification is associated with an enhanced cross-shelf density gradient, with fresher, lighter

waters near the coast and saltier, denser waters offshore (Fig. A1), as explained by Ong et al. (2025). Through geostrophic270

(thermal wind) and hydrostatic balance, this enhanced density gradient increases vertical shear in the along-slope flow. How-

ever, the ASC is not purely geostrophic, and its net transport also depends on wind forcing, with regional variability along the

continental slope (Thompson et al., 2018).
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Figure 5. Time series of Southern Ocean subsurface shelf temperature in the NO-AIME and AIME-ON experiments. Shelf temperature

is defined as the mean potential temperature averaged over the Antarctic continental shelf (south of the 1000 m isobath) between 200 and

700 m depth. Thin dotted lines show annual values, while thick solid lines show 5-year running means. Shaded envelopes around the solid

lines indicate the ±1σ range of 5-year mean shelf temperature estimated from the 500-year CTL simulation, representing the characteristic

magnitude of internal variability. The lower panel shows the difference (AIME-ON - NO-AIME), with the grey band denoting the ±1σ range

of 5-year mean variability in the CTL simulation. Periods where the difference lies outside the grey band are highlighted in red, indicating

that the AIME-induced response exceeds the typical magnitude of internal climate variability.

In principle, a strengthened ASC could act as a dynamic barrier that limits intrusions of relatively warm Circumpolar Deep

Water (CDW) onto the continental shelf (Beadling et al., 2022). However, despite the intensified ASC, subsurface shelf waters275

are warmer in AIME-ON than in NO-AIME during Period A. This apparent contradiction can be understood in terms of the

vertical structure of the current.The strengthening of the ASC is concentrated in the upper ocean, where stratification and

horizontal density gradients are largest, while there are no clear differences in the strength of the current below the upper

few hundred meters (Fig. 6d). This shoaling enhances baroclinic shear but reduces the deep-reaching component of the slope

current, thereby weakening its effectiveness as a barrier at depth. Whether this change affects cross-shelf exchange and heat280

transport is investigated in later sections.

As the experiment progresses toward a new equilibrium (Period B), the freshwater anomaly over the continental shelf

weakens. The reduction in freshwater forcing is accompanied by a gradual salinification of shelf waters relative to Period
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Figure 6. Evolution of Antarctic shelf-ocean properties under abrupt-4×CO2 forcing. (a) Temperature (T), (b) salinity (S), (c) squared

buoyancy frequency (N2), and (d) zonal velocity (U), The left column shows Hovmöller diagrams of AIME-ON minus NO-AIME anomalies

averaged over the Antarctic continental shelf south of the 1000 m isobath, illustrating the temporal evolution and vertical structure of the

ocean response. Blue colours indicate lower values and red colours higher values relative to NO-AIME. The middle and right columns show

the corresponding shelf-mean vertical profiles for Period A (model years 35–64) and Period B (135-164), respectively. NO-AIME is shown

in blue, AIME-ON in orange, and the CTL simulation as a black dashed line. Dotted horizontal lines indicate depths of 200 m and 700 m,

corresponding to the depth range used to compute the ocean forcing supplied to the Antarctic Ice Melt Emulator. Zonal velocity is defined as

positive eastward. Negative zonal-velocity anomalies therefore indicate a strengthening of the westward Antarctic Slope Current relative to

NO-AIME.

A, which weakens the cross-shelf density gradient and reduces the vertical shear and strength of the ASC in AIME-ON relative

to its earlier state.285

Although stratification remains stronger in AIME-ON than in NO-AIME throughout the experiment, this contrast diminishes

over time as FW fluxes weaken. During Period B, subsurface shelf waters in AIME-ON become cooler relative to NO-AIME,

indicating a shift in the dominant processes controlling shelf-ocean temperatures. Although stratification remains stronger in

AIME-ON than in NO-AIME, its influence weakens as freshwater forcing declines. The emergence of relative subsurface

cooling therefore suggests that processes other than local stratification become increasingly important in determining the shelf290

heat budget. The mechanisms responsible for this transition cannot be inferred from the temperature and zonal circulation

changes alone and require an explicit analysis of the underlying heat fluxes.
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Figure 7. Depth-dependent zonal velocity anomalies under abrupt-4×CO2 forcing. Shown are zonal velocity differences between the EC-

Earth3 simulation coupled to the Antarctic Ice Melt Emulator (AIME-ON) and the EC-Earth3 CMIP6 configuration without interactive

Antarctic meltwater feedbacks (NO-AIME), averaged over Period A (top row) and Period B (bottom row). Results are shown for three depth

ranges: 0–200 m, 200–700 m, and 700 m to the seabed. Negative anomalies indicate a strengthening of the westward flow or a weakening of

eastward flow relative to NO-AIME, whereas positive anomalies indicate a weakening of the westward flow or a strengthening of eastward

flow. The black contour line marks the continental shelf break, defined by the 1000 m isobath. Note that colour scales differ between columns

to highlight the spatial structure of the response.

This evolution highlights a time-dependent response of the coupled system: an early phase (Period A) characterized by

enhanced stratification, a stronger surface-intensified ASC, and warmer subsurface shelf waters, followed by a later phase

(Period B) with relative subsurface cooling despite continued freshwater anomalies and enhanced stratification. Understanding295

how these changes influence the shelf heat budget requires a more explicit examination of the underlying heat fluxes, which

we investigate in the next section.

3.3 Surface-ocean response and sea-ice feedbacks

The additional Antarctic Ice Sheet (AIS) meltwater in AIME-ON produces a colder sea surface relative to NO-AIME under

abrupt-4×CO2 forcing. This relative cooling arises from the formation of a fresh, buoyant surface layer that enhances strati-300

fication and suppresses vertical mixing, thereby reducing the upward transport of heat from the subsurface ocean. The most

pronounced surface cooling occurs over the Antarctic continental shelf, particularly in the Weddell Sea and the Amundsen-

Bellingshausen sectors, where temperature anomalies locally approach –2 °C during Period A (Fig. A2). Surface cooling

weakens during Period B but remains evident along much of the continental margin.

Sea-surface salinity exhibits a similar pattern, with widespread freshening over the Antarctic continental shelf and particu-305

larly strong anomalies in the Weddell Sea, where salinity decreases locally by up to about 0.75 psu during Period A (Fig. A1).
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Figure 8. Southern Hemisphere sea ice under abrupt-4×CO2 forcing. Panel (a) shows the time series of Southern Hemisphere sea ice extent

at the annual maximum (September) and minimum (February), respectively, for the AIME-ON and NO-AIME simulations. Panels (b) and

(c) show the differences in September sea ice concentration between AIME-ON and NO-AIME, averaged over Period A and Period B,

respectively.

Freshening weakens during Period B but remains concentrated along the continental margin, whereas salinity anomalies over

the open Southern Ocean are much smaller. This surface cooling and freshening suppress sea-ice loss in AIME-ON relative to

NO-AIME, resulting in a larger Antarctic sea-ice extent throughout the experiment (Fig. 8).

Figure 8 shows the evolution of Antarctic sea-ice extent together with the September sea-ice concentration differences310

between AIME-ON and NO-AIME for Periods A and B. During the austral summer minimum (February), Antarctic sea ice

remains nearly absent in both simulations throughout the experiment, consistent with the known low Antarctic sea-ice bias of

EC-Earth3 (Döscher et al., 2022). In contrast, substantial differences emerge during the austral winter maximum (September).

Antarctic sea-ice extent decreases rapidly during the first decades following abrupt-4×CO2 forcing in both simulations, but

remains consistently larger in AIME-ON than in NO-AIME throughout the experiment. The difference is greatest during Period315

A, when September sea-ice extent in AIME-ON exceeds that in NO-AIME by approximately 2-3 × 106 km2, before gradually

declining during the later stages of the simulation.
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Spatially, the enhanced winter sea ice in AIME-ON is concentrated primarily in the Weddell Sea and along sectors of East

Antarctica, where sea-ice concentration increases locally by more than 40% relative to NO-AIME during Period A (Fig. 8b).

These regions coincide with the largest freshwater forcing, surface freshening, and surface cooling (Figs. 3, A2, and A1),320

consistent with the enhanced winter sea-ice extent. Smaller negative anomalies are also evident in parts of the Ross Sea.

During Period B, the positive sea-ice anomalies weaken but remain most pronounced in the Weddell Sea. The 15% sea-ice

concentration contour continues to extend farther north in AIME-ON than in NO-AIME over much of this region, consistent

with the persistence of enhanced freshwater forcing and its associated surface freshening and cooling.

The persistence of surface cooling and enhanced sea ice suggests that Antarctic meltwater substantially modifies the ex-325

change of heat between the ocean and atmosphere. To understand how these surface changes influence the development of the

subsurface warming anomaly, we next examine the shelf-ocean heat budget.

3.4 Shelf-ocean heat budget

To understand how the subsurface warming anomaly develops, we examine the heat budget during the first 50 model years,

which encompass the period of most rapid divergence in subsurface shelf temperatures between AIME-ON and NO-AIME330

(Fig. 5). The combined effect of all heat fluxes crossing the surface boundary of the liquid ocean is a pronounced spatial

pattern (Fig. 9a), with reduced ocean heat loss (positive anomalies) over much of the Antarctic shelf and enhanced heat loss

(negative anomalies) farther offshore.

Reduced sea-ice loss in AIME-ON increases the surface albedo relative to NO-AIME, causing a larger fraction of incoming

solar radiation to be reflected back to space and thereby reducing surface warming (Fig. 9d). At the same time, the cooler335

and fresher surface layer, together with the greater sea-ice cover, suppresses upward turbulent heat fluxes to the atmosphere

relative to NO-AIME (Fig. 9f), while cooler surface temperatures and enhanced sea ice also reduce upward longwave radiation

(Fig. 9e). Together, these changes reduce heat loss from the ocean to the atmosphere, allowing more heat to be retained within

the ocean.

Latent heat fluxes associated with iceberg melting also have a large influence on the surface ocean heat budget but act in340

opposition to the turbulent heat fluxes (Fig. 9b). Iceberg melting occurs at the surface and removes heat from the ocean, inducing

additional surface cooling. In AIME-ON, this cooling is concentrated closer to the Antarctic coastline, whereas in NO-AIME

iceberg melt occurs over a broader offshore region. As a result, iceberg melting contributes to relative surface cooling near the

Antarctic coast and relative warming farther offshore in AIME-ON compared to NO-AIME. This spatial contrast is particularly

evident in the Weddell Sea, where the iceberg melt pattern is clearly reflected in the net surface heat flux.345

Taken together, these surface heat-flux changes indicate that the meltwater-induced surface freshening suppresses the upward

transport of heat from the subsurface ocean, thereby reducing heat loss from from the ocean to the atmosphere and sea ice.

During the first 50 years, the net heat loss from the ocean to the atmosphere, sea ice and icebergs over the Antarctic shelf is

49.6 TW in AIME-ON compared to 62.1 TW in NO-AIME, corresponding to a reduction of 12.5 TW (Fig. A3). This reduction

persists throughout the simulation, averaging 14.6 TW during the next 100 years, indicating that the shelf ocean consistently350

loses less heat to the atmosphere, sea ice and icebergs in AIME-ON than in NO-AIME.

16

https://doi.org/10.5194/egusphere-2026-4584
Preprint. Discussion started: 14 August 2026
c© Author(s) 2026. CC BY 4.0 License.



(a) Δ Net Heat Flux (b) Δ Iceberg Melt (c) Δ Ice Shelf Melt
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Figure 9. Differences in heat fluxes between AIME-ON and NO-AIME during the early adjustment period (model years 0-49). The top row

shows heat fluxes entering the liquid ocean: (a) net downward heat flux at the sea surface, (b) latent heat consumed by iceberg melting at the

sea surface, and (c) latent heat consumed by ice-shelf melting at depth (200-700 m). The black contour indicates the continental shelf break.

The bottom row shows the atmospheric components of the surface energy budget over the ocean/sea-ice/land surface: (d) net downward

shortwave radiation, (e) net downward longwave radiation, and (f) net turbulent heat flux (latent plus sensible heat; positive downward).

To close the heat budget of the Antarctic shelf, one must also consider basal melting. Basal melting of ice shelves represents

an additional heat sink that is not included in the net surface heat flux. During the first 50 years, latent heat extraction associated

with basal melting cools the shelf ocean by approximately 22.3 TW (Fig. A3). Because ice shelves melt at depth, this heat is

extracted directly from subsurface waters, producing cooling between roughly 200 and 700 m depth (Fig. 9c). The basal-melt355

cooling exceeds the positive surface heat-flux anomaly, indicating that the diagnosed local surface and basal fluxes alone would

produce a net cooling tendency.

During the first 50 years, the combination of enhanced subsurface heat storage and the imbalance between the positive sur-

face heat-flux anomaly and the larger cooling associated with basal melting implies that local heat fluxes alone cannot account

for the simulated temperature response. To close the heat budget, an additional positive ocean heat-transport convergence is360

therefore required in AIME-ON relative to NO-AIME. The residual ocean heat supply partly compensates for the cooling

caused by basal melting and provides the additional heat required to sustain the enhanced subsurface warming. Also during

the later stages of the simulation (years 50-100), neither the net positive surface heat-flux anomaly nor the cooling associated
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with basal ice-shelf melting changes substantially relative to the first 50 years. The surface heat-flux anomaly remains smaller

than the basal-melt cooling associated with the additional freshwater forcing. Neither of these local heat budget components365

can therefore explain the transition from enhanced subsurface warming to relative cooling. Although we do not diagnose ocean

heat-transport convergence directly, the heat-budget analysis suggests that Antarctic meltwater forcing modifies the large-scale

atmospheric and oceanic circulation in a manner that affects the delivery of ocean heat to the continental shelf.

3.5 Large-scale circulation changes and cross-shelf heat exchange

The heat-budget analysis suggests that changes in ocean heat transport, rather than local heat fluxes alone, are required to370

explain the evolution of the subsurface temperature anomalies. One possible mechanism is that Antarctic meltwater modifies

the transport of ocean heat onto the continental shelf by altering the large-scale atmospheric and ocean circulation. In particular,

changes in the winds, Antarctic Slope Current (ASC), Antarctic Circumpolar Current (ACC), and Southern Ocean overturning

circulation (SOOC) may influence the delivery of relatively warm Circumpolar Deep Water (CDW) from the open Southern

Ocean onto the shelf. We test this hypothesis by examining the response of these circulation components and assessing whether375

they are consistent with changes in cross-shelf heat transport.

The atmospheric circulation response differs markedly between the two periods (Fig. 10). During Period A, westerly winds

strengthen over the midlatitudes near 40◦S, while weakening occurs closer to Antarctica between approximately 55◦S and

75◦S. By Period B, the midlatitude strengthening weakens, whereas pronounced positive wind anomalies develop over high

southern latitudes within the latitude band of the climatological Southern Ocean westerlies. This evolution is accompanied380

by enhanced cooling over Antarctica relative to lower southern latitudes, consistent with an increased meridional temperature

gradient and stronger high-latitude westerlies.

The ocean circulation exhibits a broadly consistent evolution. During Period A, weaker high-latitude westerlies coincide

with a stronger easterly Antarctic Slope Current (ASC) near the continental margin (Fig. 7), although the ASC response also

reflects the enhanced coastal freshening and stratification discussed above. In Period B, stronger high-latitude westerlies are385

accompanied by a weaker ASC and a stronger Antarctic Circumpolar Current (ACC; Fig. A4), consistent with the expected

ocean response to the wind changes. Taken together, these atmospheric and oceanic changes are consistent with the amplified

high-latitude cooling strengthening the meridional temperature gradient and, in turn, contributing to the stronger ACC in

AIME-ON relative to NO-AIME during the later stages of the experiment.

The SOOC also exhibits contrasting behaviour between the two periods. The large-scale upper overturning cell is weaker in390

Period A and stronger in Period B relative to NO-AIME (Fig. 11). This evolution is broadly consistent with the transition from

weaker to stronger high-latitude westerlies, although the overturning response also depends on changes in surface buoyancy

forcing. Freshwater input near Antarctica enhances upper-ocean stratification and influences dense-water formation, while sea-

ice formation and melt further modify surface buoyancy. However, the reversal in SOOC anomalies between Periods A and

B cannot be explained by freshwater forcing alone, since freshwater input remains larger in AIME-ON than in NO-AIME395

throughout the simulation. This indicates that the overturning response increasingly reflects the combined influence of wind

forcing and buoyancy changes associated with sea-ice and dense-water formation, rather than freshwater forcing alone.
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Figure 10. Vertical structure of atmospheric differences under abrupt-4×CO2 forcing. Shown are zonal- and annual-mean differences in

(a-b) air temperature and (c-d) zonal wind between AIME-ON and NO-AIME for Period A (left panels) and Period B (right panels). Black

contours indicate the corresponding NO-AIME climatology for temperature and zonal wind, allowing the anomalies to be interpreted relative

to the background atmospheric circulation.

In contrast to the large-scale upper overturning cell, over the continental shelf, the local clockwise overturning cell is

strengthened in both periods, indicating an enhanced local overturning circulation (the freshwater pump). The freshwater

pump is driven by the buoyant rise of basal meltwater, which induces a compensating inflow of deeper water toward the shelf.400

Such a circulation change could promote the on-shelf transport of relatively warm CDW, providing a plausible mechanism for

enhanced heat delivery to the continental shelf.

A stronger upper SOOC is generally associated with enhanced upwelling of deep waters around Antarctica, while a stronger

ACC and weaker ASC barrier would not be expected to inhibit exchanges between the open Southern Ocean and the continental

shelf. In addition, the enhanced local shelf overturning (freshwater pump) could facilitate the transport of relatively warm405

Circumpolar Deep Water (CDW) onto the continental shelf. During Period A, the strengthened local shelf overturning provides

a plausible mechanism for the enhanced ocean heat supply inferred from the heat-budget analysis, despite only modest changes

in the large-scale circulation. During Period B, the stronger ACC, stronger upper SOOC, weaker ASC barrier, and enhanced

local shelf overturning together provide a coherent dynamical framework for sustained or enhanced ocean heat supply to the

Antarctic continental shelf. The freshwater forcing produces only a modest response in the Atlantic Meridional Overturning410
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Figure 11. Southern Ocean meridional overturning circulation. The upper panels show the meridional overturning streamfunction in the NO-

AIME simulation, averaged over 30-year periods for (a) Period A and (b) Period B. The lower panels show the corresponding differences

between AIME-ON and NO-AIME. Green contours indicate the NO-AIME streamfunction, plotted at 4 Sv intervals; solid (dashed) contours

denote positive (negative) values. Positive streamfunction values correspond to clockwise overturning, whereas negative values correspond to

counterclockwise overturning. The overturning streamfunction is expressed as volume transport, obtained by converting from mass transport

(kg s−1) using a reference seawater density of 1027 kg m−3.

Circulation (AMOC; Fig. A5), indicating that the simulated differences in climate response are not driven by major changes in

Atlantic overturning.

While the available diagnostics do not permit a quantitative assessment of cross-shelf heat transport, they suggest that the

transition from enhanced subsurface warming to relative cooling is controlled by broader changes in the climate system rather

than by changes in large-scale ocean circulation. We therefore next examine whether differences in the global energy balance415

and climate sensitivity provide a more consistent explanation for the transition from enhanced subsurface warming to relative

cooling.

3.6 Global energy balance and the reversal of the subsurface warming anomaly

The circulation analysis indicates that large-scale atmospheric and oceanic circulation changes do not provide evidence for a

substantial reduction in ocean heat supply to the Antarctic continental shelf during Period B. At the same time, the heat-budget420

analysis showed that neither surface heat fluxes nor basal melting can explain the emergence of cooler subsurface shelf waters

in Period B relative to Period A. We therefore consider a broader mechanism: changes in the global energy balance and climate

sensitivity. If Antarctic meltwater feedbacks reduce the total amount of heat absorbed by the climate system, less heat will

ultimately be available to warm the Southern Ocean and Antarctic shelf seas.
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After the initial subsurface warming, subsurface ocean temperatures stabilize in both experiments as the climate system425

approaches a new equilibrium and the initial subsurface warming anomaly transitions to relatively cooler ocean temperatures

by the end of the simulation (Period B). To assess whether this late-stage relative cooling is linked to changes in the global

climate response, we first examine differences in equilibrium climate sensitivity (ECS).

ECS is defined as the increase in global mean surface air temperature (GSAT) following a doubling of atmospheric CO2

relative to pre-industrial conditions, once radiative equilibrium is reached. Using the Gregory method applied to the abrupt-430

4×CO2 experiments, ECS is estimated to be 4.1 K for EC-Earth3-AIME and 4.3 K for EC-Earth3-CMIP6 (Fig. 12b) (Wyser

et al., 2020; Zehrung et al., 2025). This difference indicates a modest reduction in the equilibrium warming response in the

presence of interactive Antarctic FW forcing, despite identical imposed CO2 concentrations.

In the early years of the abrupt-4×CO2 experiments, the top-of-atmosphere (TOA) energy imbalance is close to the effective

radiative forcing of approximately 7 W m−2. Most of this excess energy is initially absorbed by the ocean, resulting in a rapid435

increase in ocean heat storage, with a global ocean heat uptake rate of approximately 2.5× 1015 W (Fig. 12a).

Adding FW around Antarctica freshens and stratifies the surface ocean, particularly in the Southern Ocean, and is associated

with reduced ocean heat uptake and storage. Enhanced stratification suppresses vertical mixing and is consistent with reduced

uptake of heat into the ocean interior, both locally in the Southern Ocean and more broadly through changes in the global

overturning circulation, including a modest weakening of the AMOC (Fig. A5). As a result, global ocean heat uptake is reduced440

in AIME-ON relative to NO-AIME, especially during Period A when FW input is strongest (Fig. 4). Consequently, total ocean

heat content remains lower throughout the simulation in AIME-ON (Fig. 12a). The persistent divergence in ocean heat content

indicates that less heat is accumulated within the climate system when Antarctic meltwater feedbacks are included.

Over longer timescales, ocean heat uptake declines in both experiments as the system approaches equilibrium, decreasing to

below 1015 W on multi-decadal timescales. Although the difference in ocean heat uptake between AIME-ON and NO-AIME445

becomes smaller by the end of the experiment, the cumulative ocean heat content remains lower in AIME-ON, indicating that

less energy is stored in the ocean overall.

The reduced ocean heat uptake alters the atmospheric energy balance. Lower sea surface temperatures reduce heat and

moisture exchange between the ocean and atmosphere, weakening the positive water vapour feedback, while reduced near-

surface atmospheric warming strengthens the negative lapse-rate feedback. The persistence of greater sea-ice extent in AIME-450

ON further increases planetary albedo, limiting surface energy absorption and suppressing polar amplification. Together, these

processes contribute to a lower equilibrium warming response in AIME-ON (Fig. 12b).

To link the reduced global warming to subsurface shelf temperatures, we examine the relationship between GSAT anomalies

and ocean temperature anomalies over the Antarctic continental shelf between 200 and 700 m depth (∆T200−700,shelf ; Fig. 12c).

Subsurface shelf temperatures respond more slowly than GSAT, remaining nearly unchanged during the first stages of global455

warming before increasing approximately linearly once GSAT exceeds about 3-4 K. This delayed response reflects the slower

adjustment of the Antarctic shelf ocean relative to the atmosphere following abrupt CO2 forcing.

For a given level of global warming, subsurface shelf temperatures are higher in AIME-ON than in NO-AIME, consistent

with the local effects of enhanced stratification and altered circulation discussed in previous sections. However, AIME-ON
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Figure 12. Ocean heat content and climate sensitivity diagnostics. (a) Time series of global ocean heat content (OHC), computed from ocean

potential temperature using a constant reference density (ρ0 = 1025 kg m−3) and specific heat capacity (cp = 3992 J kg−1 K−1). Ocean heat

storage is defined as the time derivative of OHC, calculated from annual means; a 10-year running mean is applied for smoothing. (b) Gregory

plots showing the regression of global-mean top-of-atmosphere radiative flux anomalies (TOA imbalance) against global-mean surface air

temperature anomalies (∆GSAT). Anomalies are taken relative to the drift-corrected CTL simulation. (c) Linear regression between ∆GSAT

and subsurface shelf temperature anomalies averaged over 200-700 m depth (T200−700,shelf ), excluding the first 10 years of the simulation.

reaches a substantially lower equilibrium warming level because Antarctic meltwater feedbacks reduce ocean heat uptake460

and lower ECS. Consequently, the total amount of heat available to warm the Southern Ocean and Antarctic shelf seas is

reduced. Although Antarctic meltwater feedbacks promote local subsurface heat retention through enhanced stratification and

altered circulation, these regional effects operate within a climate system that accumulates less heat overall. By the end of the

simulation, the reduction in global heat uptake outweighs the local tendency for enhanced subsurface warming, resulting in

cooler Antarctic shelf waters in AIME-ON than in NO-AIME.465

4 Discussion

Many previous freshwater-forcing studies have emphasized the positive feedback associated with meltwater-induced strati-

fication, whereby reduced vertical mixing enhances subsurface warming and increases ice-shelf melt. Consistent with this

mechanism, we find that Antarctic freshwater release initially promotes subsurface shelf warming and strengthens ice-sheet

mass loss. However, this response is transient. As the climate system approaches equilibrium, reductions in ocean heat uptake,470

smaller reduction in sea-ice cover, and a weaker global warming response become increasingly important, eventually outweigh-

ing the local stratification feedback and leading to cooler subsurface shelf waters. These results suggest that assessments of
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Antarctic meltwater feedbacks based solely on transient simulations may overestimate the long-term importance of the positive

oceanic feedback.

More broadly, our results highlight the importance of distinguishing between local and global responses to Antarctic fresh-475

water forcing. Locally, freshwater input modifies stratification, circulation, and the vertical distribution of ocean heat, creat-

ing conditions that favour enhanced ice-shelf melt. At the same time, freshwater forcing alters the global energy balance by

reducing ocean heat uptake and moderating global warming. The long-term evolution of Antarctic shelf temperatures there-

fore reflects the competition between these regional oceanic processes and the global climate response. Understanding future

Antarctic ice-sheet evolution thus requires consideration of both local Southern Ocean dynamics and their coupling to the480

wider climate system.

AIME provides a computationally efficient representation of Antarctic ice-sheet melt and freshwater release within a coupled

climate-model framework. Compared with fully dynamic ice-sheet models, however, it necessarily relies on several simplifying

assumptions. Antarctic ice melt is represented using linear response functions (LRFs), which assume that ice-sheet responses

scale linearly with oceanic forcing. In addition, the LRFs are forced by anomalies in basal melt rather than absolute basal melt485

rates. This reduces the emulator’s sensitivity to systematic biases in the simulated mean state of the Southern Ocean, which can

strongly influence projections based on absolute thermal forcing. The linear formulation, however, does not capture nonlinear

ice-sheet processes that may emerge under strong warming, such as marine ice-sheet or marine ice-cliff instabilities. Rather

than replacing dynamic ice-sheet models, the LRF approach complements them by efficiently isolating climate feedbacks and

facilitating systematic exploration of forcing-response relationships. In our experiments, the emulated basal melt responses are490

comparable in magnitude to those obtained in ISMIP6, suggesting that the emulator provides a physically plausible approxi-

mation of Antarctic melt sensitivity within its intended range of application.

The long-term evolution of freshwater forcing is also influenced by the delayed adjustment represented by the LRFs (Lev-

ermann et al., 2020). In the NO-AIME experiment, freshwater-flux anomalies scale approximately linearly with global mean

surface air temperature because Antarctic surface mass balance responds directly to atmospheric warming (Fig. A6). Introduc-495

ing AIME alters this relationship by adding a delayed ice-sheet response to subsurface ocean forcing. The LRFs are derived

from dynamic ice-sheet simulations subjected to sustained basal-melt perturbations, in which meltwater fluxes decline as the

ice-sheet system approaches a new equilibrium. This decline reflects the reduction in the area and volume of ice available

for melting following substantial ice-shelf retreat, which outweighs the production of new floating ice through grounding-line

retreat and increased discharge (Fig. 2a). A similar adjustment occurs in the coupled simulations: Antarctic melt rates decrease500

as subsurface shelf temperatures stabilize under constant CO2 forcing (Figs. 4 and 5). This behaviour explains the lower fresh-

water flux in Period B than in Period A despite persistently elevated subsurface temperatures and highlights the importance of

delayed ice-sheet responses for long-term climate-ice-sheet feedbacks.

Additional uncertainty arises from the parameterization of basal melting. In AIME, basal-melt forcing is computed from

subsurface ocean temperatures using a quadratic thermal relation with regionally constant melt sensitivities derived from the505

LADDIE basal-melt model (Lambert et al., 2023). These sensitivities were calibrated for thermal forcing up to approximately

2◦C, whereas simulated subsurface shelf temperatures exceed this range under abrupt-4×CO2 forcing (Fig. 5). Moreover,
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previous studies have shown that melt sensitivity depends on both thermal forcing and cavity circulation. For example, Yung

et al. (2025) demonstrated that stratification feedbacks can suppress basal melting more strongly under warm-cavity conditions

than under cold-cavity conditions. The relationship between thermal forcing and basal melt may therefore evolve as ice shelves510

transition between different ocean and circulation regimes.

The total freshwater forcing produced by EC-Earth3-AIME in standalone mode is comparable to the ISMIP6 MeanAnt

forcing (Fig. 2b), suggesting that the simulated climate response is representative of scenarios with a similar magnitude of

Antarctic freshwater input. Nevertheless, considerable uncertainty remains in the magnitude and timing of the simulated re-

sponse. Basal-melt sensitivities vary substantially among melt models and are further modified by changes in ice-shelf geom-515

etry. As ice shelves thin, their bases may be lifted away from relatively warm waters, reducing their sensitivity to temperatures

at intermediate depths of 200–700 m (Lambert and Burgard, 2025). The ice-sheet model used to derive the LRFs also affects

the magnitude and timing of freshwater release, while the climate model determines the oceanic forcing that drives basal melt

(van der Linden et al., 2023). Our findings should therefore be interpreted in the context of a single climate model, a single

ice-sheet model, and a single basal-melt formulation.520

The representation of freshwater delivery also remains idealized. The spatial distribution and partitioning of freshwater be-

tween iceberg melt and basal melting are based on present-day observational constraints, although both are likely to evolve

under strong future warming (Coulon et al., 2024). Iceberg meltwater is distributed uniformly within each ocean sector, whereas

observations indicate a substantially more heterogeneous distribution (Tournadre et al., 2016). Incorporating Lagrangian ice-

berg models would improve the representation of iceberg drift and melt and their effects on stratification, sea ice, and regional525

circulation (Martin and Adcroft, 2010; Marsh et al., 2015; Zhang et al., 2025). Similarly, basal meltwater is introduced uni-

formly over a prescribed depth range of 200-700 m, despite considerable three-dimensional variability in the location of

meltwater release (Adusumilli et al., 2020). These limitations are compounded by the 1◦ horizontal resolution of the ocean

model, which restricts the representation of mesoscale processes that redistribute freshwater and heat across the continental

shelf. Ocean configurations that explicitly resolve ice-shelf cavities, including recent developments in NEMO (Mathiot et al.,530

2017), provide a promising pathway toward more realistic ocean-ice coupling in future EC-Earth simulations.

Despite these limitations, our results provide robust evidence that the strength and sign of Antarctic freshwater feedbacks

evolve over time. We diagnose a positive feedback of approximately +15% during the initial adjustment phase and a negative

feedback of about –26% as the climate system approaches equilibrium, with transient peak values approaching +75%. This

peak is comparable to the multi-model mean feedback strength of approximately +80% reported by Lambert et al. (2025).535

However, whereas previous studies have largely emphasized the positive feedback associated with meltwater-induced strati-

fication, our coupled framework shows that this response progressively weakens and ultimately reverses. The reversal occurs

because freshwater-induced reductions in ocean heat uptake and global warming increasingly outweigh the local enhancement

of subsurface heat retention. These findings demonstrate the importance of representing coupled interactions among Antarctic

melt, the Southern Ocean, and the atmosphere when assessing Antarctica’s long-term influence on the climate system.540
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5 Conclusions

In this study, we integrated the Antarctic Ice Melt Emulator (AIME) into the global climate model EC-Earth3 to investigate

interactions between Antarctic freshwater release, the Southern Ocean, and the global climate system. Our results reveal com-

peting feedbacks that operate on different timescales and together regulate the long-term response of Antarctic ice-sheet melt

and climate.545

Freshwater release from the Antarctic Ice Sheet initially enhances subsurface warming of Antarctic shelf waters by in-

creasing upper-ocean stratification and modifying shelf circulation. Stronger stratification suppresses vertical heat exchange,

promoting subsurface heat retention and increasing the availability of ocean heat for ice-shelf melting. This response constitutes

a positive feedback, as enhanced ice-shelf melting generates additional freshwater input to the Southern Ocean.

As the climate system evolves toward equilibrium, however, the influence of global climate feedbacks becomes increas-550

ingly important. Freshwater-induced reductions in surface warming reduce sea-ice loss, decrease ocean heat uptake, and lower

the amount of heat stored within the climate system. As a result, less heat becomes available to warm the Southern Ocean

and Antarctic continental shelf. The long-term response is therefore characterized by cooler subsurface shelf waters despite

continued freshwater forcing.

Our results demonstrate that Antarctic meltwater feedbacks operate differently on transient and equilibrium timescales. Dur-555

ing the initial adjustment phase, ocean-driven feedbacks associated with enhanced stratification and altered circulation promote

subsurface warming and increased ice-shelf melt. As the climate system approaches equilibrium, reductions in ocean heat up-

take and global warming increasingly outweigh these local positive feedbacks. The net effect is a transition from enhanced

subsurface warming to relative subsurface cooling of Antarctic shelf waters. This competition between ocean-driven positive

feedbacks and atmosphere-driven negative feedbacks has also been identified by Schloesser et al. (2019) and Li et al. (2024),560

although our results demonstrate how this competition evolves dynamically within a fully coupled climate-ice-sheet frame-

work. These findings highlight the importance of distinguishing between transient and equilibrium responses when assessing

Antarctic meltwater-climate interactions.

These findings reinforce the emerging view that Antarctic freshwater input exerts a first-order influence on global climate

evolution through its impact on ocean heat uptake and the global energy balance. Although the magnitude of freshwater forcing565

in our experiments exceeds present-day and near-term projections, the mechanisms identified here are likely to remain rele-

vant under future climate change. Representing Antarctic freshwater fluxes interactively in Earth System Models is therefore

essential for improving projections of Antarctic ice-sheet evolution, Southern Ocean change, and long-term climate response.

Code and data availability.

– AIME code: https://github.com/evevadeli/ece-interactive-fwf570

– Region definitions of the five LARMIP regions in Antarctica: https://www.pik-potsdam.de/en/institute/departments/earth-system-analysis/

models/larmip/larmip-regions
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– Calving and basal melt masks corresponding with the five LARMIP regions: https://github.com/erwinlambert/feedback/blob/main/

data/inputfiles/runoff_maps.nc

– Total freshwater flux linear response functions: https://github.com/dlebars/LARMIPmass575
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Figure A1. Depth-dependent ocean salinity anomalies under abrupt-4×CO2 forcing. Shown are salinity differences between the EC-Earth3

simulation coupled to the Antarctic Ice Melt Emulator (AIME-ON) and the EC-Earth3 CMIP6 configuration without interactive Antarctic

meltwater feedbacks (NO-AIME), averaged over Period A (top row) and Period B (bottom row). Results are shown for three depth ranges:

0–200 m, 200–700 m, and 700 m to the seabed. The black contour line marks the continental shelf break, defined by the 1000 m isobath.

Note that colour scales differ between columns to highlight the spatial structure of the response.
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Figure A2. Depth-dependent ocean temperature anomalies under abrupt-4×CO2 forcing. Shown are temperautre differences between the

EC-Earth3 simulation coupled to the Antarctic Ice Melt Emulator (AIME-ON) and the EC-Earth3 CMIP6 configuration without interactive

Antarctic meltwater feedbacks (NO-AIME), averaged over Period A (top row) and Period B (bottom row). Results are shown for three depth

ranges: 0–200 m, 200–700 m, and 700 m to the seabed. The black contour line marks the continental shelf break, defined by the 1000 m

isobath. Note that colour scales differ between columns to highlight the spatial structure of the response.
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Figure A3. Shelf-integrated heat-budget components (TW) for the Antarctic continental shelf during the first 50 years (0-50 years) and the

subsequent 100 years (50-150 years) in the simulations without AIME (NO-AIME) and with AIME (AIME-ON). Negative values (below

the dashed horizontal line) represent heat loss from the shelf ocean through atmosphere-sea ice interactions, ice-shelf basal melt, and iceberg

melt.
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of 5-year mean ACC transport estimated from the 500-year CTL simulation, representing the expected internal variability. The lower panel

shows the difference (AIME-ON - NO-AIME), with the grey band denoting the ±1σ range of 5-year mean variability in the CTL simulation.

Periods where the difference lies outside the grey band are highlighted in red, indicating that the AIME-induced response exceeds the typical

magnitude of internal climate variability.
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Figure A5. Atlantic Meridional Overturning Circulation (AMOC) strength in the NO-AIME and AIME-ON experiments. The AMOC index

is defined as the annual maximum of the Atlantic meridional overturning streamfunction within 20-65°N and 500-6000 m depth. Thin dotted

lines show annual values, while thick solid lines show 5-year running means. Shaded envelopes around the solid lines indicate the ±1σ range

of 5-year mean AMOC strength estimated from the 500-year CTL simulation, representing the characteristic magnitude of internal variability.

The lower panel shows the difference (AIME-ON - NO-AIME), with the grey band denoting the ±1σ range of 5-year mean variability in the

CTL simulation. Periods where the difference lies outside the grey band are highlighted in red, indicating that the AIME-induced response

exceeds the typical magnitude of internal climate variability.
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Figure A6. Relationship between global mean surface air temperature and excess snowfall in NO-AIME. Each point represents one year.

The red line shows the least-squares linear regression. The Pearson correlation coefficient (r) and corresponding p-value for the regression

are reported in the panel.
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