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Abstract Several studies have shown sub-surface warming in the Southern Ocean via an increase in
meltwater flux from the Antarctic Ice Sheet (AIS), which can lead to a positive feedback through enhanced basal
melting. In this study, we investigate how the feedback strength is related to the prevailing climate in a coupled
climate—ice-sheet model. We find that sub-surface temperature increase due to Antarctic meltwater is more
pronounced under pre-industrial climate compared to a strong global warming scenario. This is explained by a
climate-change induced reduction of vertical overturning in the Southern Ocean, which already leads to strong
sub-surface warming without additional meltwater. While in the pre-industrial climate additional meltwater
substantially reduces vertical mixing, the additional ice-sheet mass flux into the ocean has less impact when the
overturning is already suppressed by climate change. Sub-surface warming due to meltwater flux increase
thereby shows a saturation effect under climate warming.

Plain Language Summary The melting of the Antarctic Ice Sheet increases with global warming
and computer experiments have shown a resulting increase of surrounding ocean temperatures below the
surface. As the warmer waters come into contact with the Antarctic ice mass, even more melting can occur,
potentially resulting in a self-amplifying feedback loop. Using computer simulations, this study shows that the
feedback strength is dependent on the climate system state. In a warmer climate, where ocean temperatures are
higher, the effect of meltwater on temperature below the ocean surface is smaller compared to no climate
change. Understanding the mechanisms of climate and ice-sheet interactions is important to correctly project
future changes of sea level and climate warming. The methods used in this study are an example of how
computer models can be advanced to more realistically represent these complex interactions.

1. Introduction

The Antarctic Ice Sheet (AIS) has been losing mass for several decades (Otosaka et al., 2023) and ice loss is
projected to accelerate with future warming (Coulon et al., 2024; Seroussi et al., 2020). Higher atmospheric and
oceanic temperatures lead to more melting at the ice-sheet surface and below the floating ice shelves, resulting in
thinning and acceleration of glacier flow (The IMBIE team, 2018). Several feedback mechanisms influence the
ice-sheet's response to a change in forcing, on different temporal and spatial scales (Fyke et al., 2018). These
feedbacks can be stabilizing (negative feedback sign), when an initial perturbation is dampened by other pro-
cesses, such as an initial reduction in ice-sheet height being compensated for by increased snowfall due to higher
atmospheric temperatures at lower altitudes (Nicola et al., 2023). On the other hand, feedbacks can also be
destabilizing (positive feedback sign), when an initial perturbation is amplified. An example is the Marine Ice
Sheet Instability, where an initial grounding line retreat leads to further ice loss on a retrograde slope due to higher
ice fluxes in deeper regions (Feldmann & Levermann, 2015; Schoof, 2007).

In addition, ice-sheet changes can have a major impact on the climate system. Increased meltwater, for example,
modifies the stratification of the Southern Ocean and local sea-ice dynamics with potentially global climatic
implications such as the redistribution of heat and precipitation across the northern and southern hemispheres or
an increase in temperature variability (Bronselaer et al., 2018; Golledge et al., 2019). Similarly, large-scale ice-
sheet geometry changes influence atmospheric circulation and precipitation patterns (Tewari et al., 2021).
Changes in Antarctic surface albedo have also been shown to significantly influence both regional energy balance
and global climate dynamics (Booth et al., 2024; Goldner et al., 2014). In order to capture these feedback dy-
namics, climate and ice-sheet changes must be simulated interactively in coupled models rather than in isolation,

KREUZER ET AL.

1 of 11


https://orcid.org/0000-0002-8622-6638
https://orcid.org/0000-0001-7459-2860
https://orcid.org/0000-0001-6615-6348
https://orcid.org/0000-0002-4379-4643
https://orcid.org/0000-0003-4210-0221
https://orcid.org/0000-0001-9215-5517
https://orcid.org/0000-0003-1248-3217
mailto:kreuzer@pik-potsdam.de
https://doi.org/10.1029/2025GL118643
https://doi.org/10.1029/2025GL118643
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2025GL118643&domain=pdf&date_stamp=2026-04-21

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL118643

Johannes Feldmann, Georg Feulner,
Ricarda Winkelmann

Visualization: Moritz Kreuzer

Writing — original draft: Moritz Kreuzer
Writing — review & editing:

Moritz Kreuzer, Torsten Albrecht,
Willem Huiskamp, Stefan Petri,

Johannes Feldmann, Georg Feulner

as has been common so far (e.g., the latest climate model intercomparison project CMIP6 (Eyring et al., 2016) and
the companion initiative for ice sheets ISMIP6 (Nowicki et al., 2016)).

Meltwater from the AIS introduces fresh and therefore light water masses into the Southern Ocean near the
freezing point through different mechanisms. Ice-sheet surface runoff reaches the ocean in liquid form either near
the surface or via subglacial channels at the grounding line. Melting in ice-shelf cavities and from calved icebergs
releases freshwater several hundred meters deep and requires latent heat, which further cools adjacent water
masses. This buoyant, cold meltwater accumulates primarily in the top 200 m of the water column, enhancing
stratification in the Southern Ocean, which is characterized by a sharp contrast between fresh, cold surface waters
and warmer, saltier waters below (see Figures S1 and S2 in Supporting Information S1 in Kreuzer et al., 2025).
Strong prevailing westerlies drive northward Ekman transport, resulting in a steepening and shoaling of iso-
pycnals associated with Circumpolar Deep Water south of the Polar Front. This water mixes with the surface via
strong mesoscale eddy activity and breaking internal waves (Rintoul, 2018). However, stronger stratification
through increased meltwater input inhibits this exchange, leading to a warming of sub-surface waters at inter-
mediate depth and cooling at the surface (Silvano et al., 2018). This change in temperature structure can accelerate
basal melting of ice shelves, releasing more meltwater and further intensifying stratification, potentially initiating
a self-reinforcing feedback loop (Bronselaer et al., 2018). In the following, we refer to this mechanism as the
meltwater-stratification feedback (MSF), which is illustrated in Figure S1 in Supporting Information S1.

Sub-surface warming with increased Antarctic freshwater input into the Southern Ocean has been found in several
model studies. Fogwill et al. (2015), Stouffer et al. (2007) and Chen et al. (2023), for example, conduct idealized
Antarctic meltwater hosing under present-day climate conditions, while others add static (time-invariant) hosing
under historic or future climate warming scenarios (e.g., Park & Latif, 2019; Pauling et al., 2016). Some studies
also add projected Antarctic melt trajectories in a transient manner to standalone climate models with future
warming scenarios (e.g., Bronselaer et al., 2018; Sadai et al., 2020; Schmidt et al., 2023; Thomas et al., 2023).
Only a few studies exist that incorporate interactive ice sheets, for example Swingedouw et al. (2008) or D. Li
etal. (2024). Golledge et al. (2019) use an iterative “ping-pong” coupling approach between climate and ice-sheet
models by repeating the individual component simulation in alternating order for the whole simulation time span.
Lambert et al. (2025) quantify the MSF by using linear response functions in order to include this feedback in
standalone ice-sheet projections of sea-level rise.

The dependence of the MSF strength on the prevailing climate remains unclear, however. Fogwill et al. (2015)
observe sub-surface warming by adding meltwater in a pre-industrial climate and propose that additional climate
forcing would further amplify the feedback. On the other hand, Bronselaer et al. (2018) hypothesize that melt-
water hosing has less impact under global warming, as the vertical convection would decrease under climate
forcing alone. So far, a direct analysis of the MSF strength in dependence of the climate system state is still
missing. Furthermore, due to computational limitations imposed by model resolution, most studies focus on
interactions over periods of decades or centuries. The time scales of ice-sheet dynamics, however, are multi-
centennial or longer.

In this study, we use an interactive climate—ice-sheet model setup to investigate the differences in MSF strength
between different climate states on multi-centennial time scales. We define a metric for the feedback quantifi-
cation and apply it for pre-industrial climate conditions and for a strong climate warming scenario.

2. Models and Experiment Design

For our experiments, we use the coarse-resolution climate model CM2Mc (Galbraith et al., 2011), which has a
nominal resolution of 3° and consists of ocean, sea ice, atmosphere and land components. To represent dynamic
ice-ocean feedbacks due to additional Antarctic meltwater, we couple CM2Mc to the Parallel Ice Sheet Model
(PISM) (Bueler & Brown, 2009; Winkelmann et al., 2011), which allows an interactive modeling of Antarctic
land ice. CM2Mc and PISM are coupled via the framework described in Kreuzer et al. (2021) that exchanges
fluxes and boundary conditions between the climate and ice-sheet components every 10 years. The framework
makes use of the basal melt parameterization PICO (Reese et al., 2018), which parametrizes the vertical over-
turning circulation in Antarctic ice-shelf cavities based on far-field temperature and salinity input, and is therefore
well suited for the coupling between the coarse, non-cavity resolving ocean model with the ice-sheet model.
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Figure 1. Experiment Design. The study features standalone climate model experiments (PI and CC) and coupled climate—ice-sheet simulations (PImelt and CCmelt).
Dashed arrows indicate non-interactive forcing, for example statically prescribed Antarctic discharge fluxes to PI and CC runs from the ice-sheet spinup simulation. The
exchanged variables in coupled climate—ice-sheet simulations are updated every 10 years, which is indicated by solid arrows. The ice-sheet component in CCmelt is
interactively forced by both, ocean and atmosphere, components from the climate model. The ice-sheet component in PImelt receives pre-computed (non-interactive)
atmospheric forcing from CC (dashed arrow) and dynamically evolving ocean boundary conditions from PImelt ocean component. Atmospheric and oceanic forcing
applied to the ice-sheet model is implemented via an anomaly approach as explained in Section 2.

We perform model experiments in two different climate states. One resembles a pre-industrial climate (PI) and the
other represents a strong climate change scenario (CC) with an exponential 1 % CO, increase during the first
140 years and constant greenhouse gas concentrations thereafter, which is four times the pre-industrial CO,
concentration. The latter part is run for 600 years, so the simulations cover 740 years in total. During the CC
experiment the global mean surface temperature increases by ca. +3°C after 140 years, which is comparable to
SSP3-7.0 scenario in 2100, and by ca. +5°C by the end of the simulation, which is more than the best estimate for
SSP5-8.5 (+4.4°C) in 2100 (IPCC, 2021) (Figure S2a in Supporting Information S1).

PI and CC are standalone climate model runs featuring a fixed AIS, as Antarctic meltwater fluxes are prescribed
statically to the climate model (see Section S2.1 in Supporting Information S1). In the context of this study, we
refer to experiments without interactive ice-sheets as “standalone climate” simulations (PI and CC). In the
coupled setup, PISM is forced with climate model derived atmospheric and oceanic boundary conditions and
provides the corresponding meltwater fluxes back to CM2Mc. These “coupled climate—ice-sheet” experiments
are called PImelt and CCmelt, which employ the greenhouse gas concentrations from PI and CC, respectively.

Figure 1 provides an overview of the different experiments. In the coupled climate—ice-sheet experiments PImelt
and CCmelt, climatic fields are not applied directly to the ice-sheet due to biases in the climate model. Instead,
oceanic and atmospheric anomalies with respect to the climate spinup are provided as forcing to the ice-sheet
model, where these anomalies are added to the respective spinup baseline forcing (see Section S1.3 in Sup-
porting Information S1 for more details).

To compare the MSF between the two climate states, a similar Antarctic meltwater perturbation is required. We
achieve this by applying comparable atmospheric forcing to PImelt and CCmelt ice-sheets. While the atmospheric
anomalies of temperature and precipitation in CCmelt are derived from the coupled climate model, the forcing of
the PImelt ice-sheet component is implemented via prescribed (non-interactive) anomalies from CC instead of the
PI climate state. The ice-ocean dynamics are fully interactive between PISM and CM2Mc in PImelt, similar to
CCmelt (see Figure 1).

A detailed description of both models, the coupling framework, model spinup, as well as a climate control run
comparison with observational and reanalysis data is provided in Supporting Information S1.
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3. Results
3.1. Meltwater-Stratification Feedback Strength

The increase in ocean temperature at depth due to additional meltwater from the AIS is much more pronounced
under pre-industrial climate conditions (PImelt vs. PI) compared with the climate change scenario (CCmelt vs.
CCQ). Figures 2a and 2b show these meltwater-induced ocean temperature differences in zonal mean transects for
both climate states, averaged over the last 200 years of simulation. While in PImelt the positive temperature
differences reach all the way down to the ocean floor at 5,000 m with maximum values above 1°C, the maximum
warming in CCmelt is restricted to ca. 0.2°C and is only present in the upper 2,000 m close to the AIS margin. The
depth at which temperature anomalies are retrieved for the ice-sheet model forcing (which we refer to as sub-
surface ocean temperature in the following) depends on the local continental shelf bathymetry (see Section
S1.3 in Supporting Information S1), and is between 500 and 750 m. While this Antarctic sub-surface temperature
(T;) is about 2°C higher at the end of CC compared to PI, the additional meltwater adds 0.55°C in PImelt
compared to 0.26°C in CCmelt, as shown in Figure 2c.

The total amount of additional freshwater inserted into the ocean is comparable between PImelt and CCmelt (ca.
+0.04 Sv in year 540-740; 1Sv = 10%kg m~3; Figure 2d), which is an increase of 44 % compared to PI. The
change in ice-sheet discharge (AQ,) is the sum of basal melting, iceberg calving and surface runoff increase with
respect to the ice-sheet control state. The ice-sheet component in PImelt receives the effects of warming due to
greenhouse gas increase only via the atmospheric boundary and not via the ocean interface as in CCmelt (see
Figure 1), which is reflected in a different distribution between the discharge modes. While surface runoff
dominates the discharge increase in PImelt, increased mass loss through basal melt and a subsequent reduction in
calving characterizes the CCmelt simulation. Detailed information on ice-sheet changes including regional
variations and discharge mechanism is provided in Section S2 in Supporting Information S1.

To quantify the strength of the MSF, we divide the sub-surface temperature difference by the corresponding
change in meltwater input as

AT;

20, )

}/lﬂS =

The spatially aggregated MSF strength y,,, shows a self-amplyfing behavior between AIS discharge and sub-
surface ocean temperatures after ca. 200 years into the simulation for both experiments. The feedback in
PImelt is about twice as large as in CCmelt for the last 350 years of simulation (see Figure 2e). The feedback
strength is regionally dominated by the Weddell, Ross and East Antarctic regions, which are the biggest con-
tributors to the change in ice-sheet discharge AQ,. Only in the Amundsen region, the feedback is slightly larger in
CCmelt scenario compared to PImelt (Section S3 and Figure S9 in Supporting Information S1).

3.2. Vertical Mixing Reduction by Climate and Meltwater Forcing

Inserting additional meltwater under pre-industrial conditions (PImelt vs. PI) reduces vertical mixing of surface
and deeper waters in the Southern Ocean drastically. This is shown in maps of Southern Ocean maximum mixed
layer depths (Figures 3a and 3b), where the previous main convection site in the Weddell Sea, with mixing depths
down to 3,000 m, shuts down almost completely when meltwater increases in PImelt. Antarctic Bottom Water
formation (AABW; Figure 3e) reduces from about 19 Sv in PI to 13 Sv in PImelt after year 300 and sea ice
expands in the Southern Ocean (Figures 3b and 3f) while the atmosphere cools (Figure S1b in Supporting In-
formation S1). Simultaneously, the AMOC strength increases by a few Sv in PImelt (Figure S1c in Supporting
Information S1), which could be explained by the inter-hemispheric seesaw effect (Willeit et al., 2025). Vertical
profiles in the Weddell Sea show a strong salinity decline, most prominent at the surface (Figure 3g), where most
additional meltwater is inserted, resulting in a steeper density gradient (Figure 3i) and increased buoyancy fre-
quency (Figure 3j). The reduction in vertical mixing leads to warming below 200 m and cooling above
(Figure 3h).

The greenhouse gas forcing in CC results in strong surface warming (Figures S2a and S2b in Supporting In-
formation S1), which reduces AABW (Figure 3e) and AMOC (Figure S2c in Supporting Information S1)
compared to PI through globally enhanced stratification. The subsequent strong reduction in sea-ice extent
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Figure 2. Sub-surface ocean warming and meltwater-stratification feedback (MSF) strength. Transect of zonal mean
temperature difference for (a) PImelt — PI and (b) CCmelt — CC averaged over the time period 540-740. Figure S5 in
Supporting Information S1 shows reference profiles for PI, CC and their difference. (c) Time evolution of sub-surface ocean
temperature 7; (PISM-PICO input averaged over all ice-sheet basins). Gray areas in the last 200 years show the time-
averaged, meltwater-induced anomaly AT;. (d) Change in ice-sheet discharge AQ, with respect to a PI control simulation (see
Section S2.1 in Supporting Information S1 for more information, also about partitioning of the meltwater flux into different
modes). (e) MSF strength y,,.. Time series show butterworth lowpass filtered signal (cutoff frequency: 150 years) in the
foreground and decadal data with lighter colors in the background in (c) and (d). Meltwater strength y,,, (e) is calculated from
lowpass filtered signals of (c) and (d).
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Figure 3. Vertical mixing changes in Southern Ocean. (a—d) Maximum mixed layer depth for the different experiments
averaged over the time period 540-740. Maximum sea-ice extent is shown with red contour lines, where 95% temporal
coverage between 540 and 740 (all seasons) is marked with solid, and 5% temporal coverage is marked with dashed lines.
(e) AABW time series, which is the maximum annual mean of the overturning stream function between 90°S and 0°S and
below 2,000 m. (f) Time series of maximum sea-ice extent in the Southern Hemisphere. Time series (e) and (f) show
butterworth lowpass filtered signal (cutoff frequency: 150 years) in the foreground and yearly data with lighter colors in the
background. Vertical profiles of practical salinity (g), potential temperature (f), potential density (i) and buoyancy frequency
(j) as year 540-740 mean and horizontally averaged over the Weddell Sea region marked by dashed lines in panels (a—d).

(Figures 3c and 3f) leads to reduced salinity in the upper 100 m (Figure 3g) through less brine rejection from sea-
ice formation. In combination with the effect of temperature increase on density (Figure 3h), the water column in
CC is stronger stratified compared to PImelt (Figure 3i), which is also reflected in a higher buoyancy frequency
(Figure 3j). However, CC facilitates stronger AABW (Figure 3e) and deeper mixed layer depth (Figures 3b and
3c) due to the strongly reduced maximum sea-ice extent (solid red contours in Figures 3a-3c), allowing open
ocean convection despite a stronger stratified water column.

Adding additional meltwater to CC causes a further reduction in surface salinity (Figure 3g) leading to increased
stratification (Figure 3i) and buoyancy frequency (Figure 3j) in CCmelt. Similar to the pre-industrial control case,
the additional meltwater leads to an increase in sea-ice cover (Figures 3d and 3f) accompanied by surface air
temperature cooling (Figure S2b in Supporting Information S1), reduction in mixed layer depth (Figure 3d) and
AABW (Figure 3e). However, the effect is much smaller compared to PI versus Plmelt, as sea-ice extent is
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strongly suppressed by climate forcing in CCmelt, which results in a smaller effect on the vertical ocean tem-
perature structure with cooling at the surface and warming at depth (Figure 3h).

4. Discussion

Using the coarse grid, cavity-parameterized CM2Mc-PISM coupling framework, sub-surface ocean warming
occurs with additional ice-sheet meltwater input on a circum-Antarctic scale. As higher temperature forcing
generates more basal melt, this results in a self-amplifying feedback with respect to ice-sheet mass loss. This is in
line with previous meltwater hosing studies like Fogwill et al. (2015) or Bronselaer et al. (2018). However, our
study shows that the feedback strength reduces under a strong climate forcing scenario (CC) compared to the
addition of meltwater in the PI control simulation by ca. 50 %. Our methodology uses a new model approach, that
interactively couples a global climate and an Antarctic ice-sheet model in order to represent the ice-ocean
feedback of additional melting due to increased sub-surface ocean temperature. Previous studies have pre-
scribed additional meltwater in a non-interactive manner (e.g., Thomas et al., 2023) or make use of an iterative
“ping-pong” coupling (Golledge et al., 2019) to account for ice-ocean feedback in multiple steps.

Notably, hosing experiments with higher horizontal resolution (<1°) find a spatially heterogeneous pattern in the
continental shelf temperatures with increased Antarctic meltwater input, namely a sub-surface cooling in the
Bellingshausen and Amundsen Sea and a warming in other regions (e.g., Beadling et al., 2022; Moorman
et al., 2020; Muilwijk et al., 2026). Those studies find sub-surface warming to be linked to stronger stratification
of the water column, which reduces the formation of Dense Shelf Water and thereby also upward vertical heat
transport. The localized sub-surface cooling, on the other hand, arises from a speed up of the Antarctic Slope
Current (ASC), which is driven by the lateral density gradient between the continental shelf and the open ocean. A
stronger ASC shields the shelf from intrusions of warm Circumpolar Deep Water, while at the same time traps
added coastal freshwater through reduced cross-shelf exchange. In addition, less dense shelf waters in the
Weddell Sea, which are too buoyant to descend into the ocean abyss, are transported westward around the
Antarctic Peninsula into the Bellingshausen and Amundsen Seas (Beadling et al., 2022; Moorman et al., 2020;
Muilwijk et al., 2026). While eddy-resolving models (e.g., 0.1° resolution) enable a realistic ASC representation,
they limit model experiments to several decades due to the high computational costs (Ong et al., 2025).

Our CM2Mc model with a nominal resolution of 3° resolution is too coarse to realistically represent the conti-
nental shelf bathymetry, nor does it resolve fine-scale dynamics like the ASC, which explains the differences in
spatial response. Importantly, it also forms Antarctic Bottom Water through open-ocean convection rather than
through Dense Shelf Water production on the continental shelf and subsequent export into the abyssal ocean,
which is a common issue among low-resolution models (Heuzé, 2021). Nevertheless, the qualitative response of
sub-surface ocean warming and reduced vertical mixing due to increased Antarctic meltwater input is the same
between models that realistically represent continental shelf processes (Q. Li et al., 2023) and the coarser models
(Bronselaer et al., 2018; Chen et al., 2023). Whether our findings of reduced MSF under climate change are robust
remains to be verified with higher-resolution models.

Some global climate models are able to simulate ice-shelf cavities and resolve the ocean dynamics within them
(e.g., Comeau et al., 2022; Siahaan et al., 2022; Song et al., 2025), which improves local ocean dynamics
compared to closed cavities (Hutchinson et al., 2023), but is not common yet. We make use of the sub-shelf cavity
module PICO to parameterize the overturning circulation within the ice-shelf cavities. While all basal melt-rate
parameterizations introduce biases (Burgard et al., 2022), PICO has been shown to simulate mean basal melt rates
within observed ranges (Reese et al., 2018) and with a quadratic melt sensitivity to ocean temperatures as in a
cavity-resolving ocean model (Reese et al., 2023). We insert the resulting freshwater fluxes from basal melt at
depth of the calving front into the water column. While this is in principle more realistic than an insertion at
surface, Mathiot et al. (2017) demonstrated that a meltwater distribution between the grounding line and the
calving front depth is necessary in order to simulate the resulting overturning circulation correctly. Even in a 1°
model inserting basal melt throughout the water column can lead to sub-surface cooling similar to higher reso-
lution models (e.g., Moorman et al., 2020), instead of a sub-surface warming when adding basal melt at surface
(Thomas et al., 2023). In our configuration, the insertion depth is relatively shallow, generally ranging from 50 to
200 m, depending on the ice-sheet state and basin. This limits the influence of shifts in meltwater modes, between
surface runoff, basal melting, and calving, such as those occurring between the PImelt and CCmelt experiments
(see Section S2.1 in Supporting Information S1). While surface runoff decreases slightly in CCmelt compared to
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PImelt, the biggest change is an increase in basal melt and a reduction in calving, both extracting latent heat from
the ocean.

Similar to many CMIP6 models, CM2Mc exhibits significant positive temperature biases at the Antarctic con-
tinental margin, which are up to +2°C compared to reanalysis data (Figure S4c in Supporting Information S1)
(Heuzé, 2021; Muilwijk et al., 2026). Due to this bias, we do not feed the modeled ocean properties directly into
PISM-PICO, but use an anomaly approach instead. The baseline forcing is observational data at the continental
shelf floor averaged over the period 1975-2012 (Schmidtko et al., 2014). Changes in modeled sub-surface ocean
temperature and salinity are then added to the baseline forcing and subsequently provided as input to the basal
melt parameterization PICO. For atmospheric forcing of surface air temperature and precipitation, we follow a
similar approach (Section S1.3 in Supporting Information S1). A simplification in our modeling approach is also
the insertion of iceberg calving fluxes at the coastal margin instead of a distributed input over a wider area in the
Southern Ocean and at depth, which would be more realistic (Hoffman et al., 2024). Ackermann et al. (2024) find
a reduction of vertical stratification and a subsequent increase of deep-water formation as a result of realistic
representation of iceberg trajectories.

CM2Mc shows internal variability and quasi-periodic behavior of open-ocean deep convection (Cabré
et al., 2017). For simplicity, we focus on the multi-decadal model mean results in this study. We provide more
information about the quasi-oscillatory occurrence of deep convection in the Section S4 in Supporting Infor-
mation S1 and also discuss a model drift of the PI control run after the year 740.

5. Conclusion

With an interactively coupled climate—ice-sheet model framework, this study investigates the MSF with respect to
the prevailing climate on multi-centennial time scales. Climate warming strengthens vertical stratification in the
Southern Ocean, which reduces the destabilizing effect of additional Antarctic meltwater compared to a scenario
without climate change. Thereby, the resulting sub-surface warming effect due to ice-sheet discharge decreases
with climate warming. While the coarse model resolution enables a feedback analysis on multi-centennial time
scales with a dynamically evolving ice-sheet response, the representation of small-scale dynamic features like the
ASC is missing. Therefore, future work remains with higher resolution and cavity-resolving coupled models to
test the robustness of these results.
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