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Abstract. Climate model studies show that a shutdown of the Atlantic Meridional Overturning Circulation
(AMOC) reduces northward heat transport into the North Atlantic, which causes an accumulation of heat in
the South Atlantic Ocean. The Antarctic Ice Sheet meanwhile has been shown to be particularly susceptible
to temperature changes in ocean water flowing into the cavities near ice-shelf grounding lines. How AMOC-
induced modulation of inter-hemispheric heat transport could influence the present-day state of the Antarctic Ice
Sheet via a southward propagation of warm anomalies is little studied. However, interactions between AMOC
and the West Antarctic Ice Sheet are highly relevant, because both systems are classified as climate tipping
elements, which can trigger irreversible changes in the Earth system.

In this study we simulate a shutdown of the AMOC, induced by artificial freshwater input to the North Atlantic,
in a global climate model interactively coupled to an ice-sheet model for Antarctica. In line with previous studies,
an AMOC shutdown causes increased sea-surface temperatures in the Southern Hemisphere along with a small
shift in the mid-latitude westerlies. However, Southern Ocean subsurface temperatures, which drive basal melt in
Antarctica, do not change in most regions along the Antarctic margin for the first eight centuries post AMOC shut
down. Therefore, we do not find a change in the total Antarctic Ice volume in this time span. At later times, this
is followed by a shift towards stronger Ross Sea convection, causing negative subsurface temperature anomalies
of −1.4°C on average. This cooling decreases basal melt in Antarctica, however increased calving balances the
ice mass change. Even though our approach is simplified as the coupling is limited to the ocean-ice interface and
results might be partly impacted by artificial freshwater hosing/forcing, this study is an important first step to
quantitatively investigate Earth-system stability across both hemispheres in coupled climate–ice-sheet models.

1 Introduction

The Atlantic Meridional Overturning Circulation (AMOC)
is considered a tipping element of the Earth system, which
can undergo significant and often irreversible changes once
a critical threshold is crossed (Manabe and Ronald, 1988;
Rahmstorf et al., 2005; McKay et al., 2022). Therefore, un-
der changing climate conditions such as increased global
mean surface temperature or enhanced North Atlantic fresh-
water input due to increased precipitation or runoff/ice-sheet

discharge, the AMOC could substantially weaken or shut
down. As part of the global thermohaline ocean circula-
tion, the AMOC plays a key role in transporting heat from
the Southern to the Northern Hemisphere (Rahmstorf, 2002;
Kuhlbrodt et al., 2007; Feulner et al., 2013) and is thereby
crucial for global climate regimes (Vellinga and Wood, 2002;
Knutti et al., 2004; Stouffer et al., 2006; Timmermann et al.,
2007; Jackson and Wood, 2018) and in particular, present-
day climate conditions in Europe (Jackson et al., 2015; Mec-
cia et al., 2023). Several studies analysing existing observa-
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tional data of the AMOC strength since 2004 show a down-
ward trend (Smeed et al., 2018; Mishonov et al., 2024; Xing
et al., 2026). While there are studies based on other indica-
tors such as sea-surface temperature or climate proxy records
(Dima and Lohmann, 2010; Caesar et al., 2021) that are able
to reproduce this trend, others suggest no significant change
(Terhaar et al., 2025) or that natural variability has dominated
any signal (Latif et al., 2022). Suggested drivers of a decrease
in AMOC strength since 2004 are increasing freshwater in-
put in the North Atlantic due to more precipitation, sea-ice
loss, as well as melt water from the Greenland ice sheet (Cae-
sar et al., 2018). Climate projections using different state-
of-the-art climate models confirm a continuing slowdown
of the circulation at least until 2100 (IPCC AR6 WG1 Ch.
9.2.3.1, Fox-Kemper et al., 2021; Golledge et al., 2019; Gierz
et al., 2015), which happens mainly due to changes in sur-
face heat fluxes (Couldrey et al., 2023), however more fresh-
water input in higher latitudes can significantly contribute to
a stronger AMOC weakening (Pontes and Menviel, 2024).
While a shutdown of the AMOC this century is far from
certain (Baker et al., 2025), several studies warn that there
is a considerable risk of AMOC tipping in the next century
(Ditlevsen and Ditlevsen, 2023; van Westen et al., 2024) and
that models might overestimate AMOC stability (Hofmann
and Rahmstorf, 2009; van Westen et al., 2024; van Westen
and Dijkstra, 2024). The consequences of an AMOC weak-
ening or shutdown to the Earth system are significant and
therefore crucial to understand (Jackson et al., 2023).

Past climate reconstructions based on ice and marine core
data suggest that the AMOC has changed its state sev-
eral times in Earth’s history (Barbante et al., 2006; Du
et al., 2020; Lynch-Stieglitz, 2017). One prominent exam-
ple are Dansgaard–Oeschger (DO) events in the Quaternary,
i.e. oscillations between stadial and interstadial conditions in
Greenland, as determined from temperature reconstructions
based on ice core or sediment proxy data (Barbante et al.,
2006; Voelker, 2002; Stocker and Johnsen, 2003; Landais
et al., 2015). Varying AMOC strength (McManus et al.,
2004), which changes the heat transport to Greenland, is the
most consistent explanation for these climate shifts, as it can
explain similar oscillations in ice-core proxies from Antarc-
tica (Clark et al., 2002). The theory to explain the link be-
tween oscillations found in proxy data of both hemispheres is
the antiphased bipolar seesaw (Broecker, 1998; Stocker and
Johnsen, 2003). A weak AMOC reduces heat export to the
Northern Hemisphere (NH), which therefore accumulates in
the South Atlantic, propagates to the Southern Ocean (SO)
and impacts the surface temperature and, consequently, strat-
ification there. Pedro et al. (2018) suggested that the shifted
timing of oscillations in temperature reconstructions from
Antarctica compared to those extracted from proxies from
Greenland (Barbante et al., 2006) results due to the inertia
of heat accumulation in the southern Atlantic, especially at
the surface. Additionally the weakening of the AMOC re-
turn flow might trigger open-ocean convection in the SO

(Willeit et al., 2025) which warms the atmosphere efficiently
by deep ocean heat release (Pedro et al., 2016). Even though
under present-day climate conditions open-ocean convection
is hardly observed (Bennetts et al., 2024), a study by Skinner
et al. (2020) proposes that SO open ocean convection was
amplifying rapid temperature changes around 40k yrs before
present as found in proxy records.

Climate models of different complexity support the see-
saw theory by simulating an AMOC shutdown in hosing ex-
periments which prescribe an artificial freshwater flux to the
North Atlantic. This freshwater mimics e.g. elevated melt-
water input from Greenland or increased precipitation rates
and results in a reduction or collapse of the AMOC as it
suppresses convection in the sub-polar North Atlantic by in-
creasing the ocean stratification. Using this experiment setup,
several studies (e.g. Stouffer et al., 2006; Jackson and Wood,
2018; Diamond et al., 2025) have investigated the conse-
quences of a collapsed AMOC. They consistently show a
compensation of oceanic heat transport by a southward shift
of the atmospheric Hadley circulation and the intertropical
convergence zone (ITCZ) (Cheng et al., 2007; Kageyama
et al., 2013; Knutti et al., 2004; Orihuela-Pinto et al., 2022;
Tierney et al., 2008). As a response to the shifted ITCZ,
the strength of the mid-latitude westerlies above the SO in-
creases (Lee et al., 2011). Pedro et al. (2018) show, under
19 ka BP climate conditions, that after an AMOC shutdown
most heat accumulates in the interior ocean north of the
Antarctic Circumpolar Current (ACC), increasing the heat
reservoir in the South Atlantic as proposed by Stocker and
Johnsen (2003). Additionally, they find an increase in heat
content of the Indian and Pacific ocean, however oceanic heat
propagation across the ACC into the SO is very slow (Pedro
et al., 2018).

The consequences of an AMOC shutdown south of the
ACC and especially on the Antarctic Ice Sheet (AIS) are
comparatively less researched than Northern Hemisphere im-
pacts. A recent global climate model study by Berdahl et al.
(2024) first addressed drivers for changes in the tempera-
ture profile of the SO during periods of strongly reduced
AMOC strength. According to that study, even though there
are increasing surface temperatures, subsurface temperatures
at the depths of the Antarctic ice shelf cavities are decreas-
ing. These might be crucial for interactions with the AIS,
although feedbacks between SO and the AIS are not inves-
tigated in their study, because their model lacks – as most
climate models do – an interactive AIS component. Whereas
atmospheric signals after an AMOC shutdown propagate in
less than a century, it remains unclear if changes in SO deep
water formation due to the bipolar seesaw effect add addi-
tional thermohaline anomalies in regions south of the ACC.

Model studies are crucial to understand the interactions
between the atmosphere, ocean, sea-ice, and ice sheet in
Antarctica, as available datasets to investigate large-scale
processes and feedbacks in the SO are limited due to its re-
mote location and/or short time series. Satellite data from
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1992–2020 show increasing rates of ice mass loss of the
Antarctic Ice Sheet, summing up to a global sea level contri-
bution of 7.4±1.5mm (Otosaka et al., 2023). Enhanced basal
melt rates in Antarctica particularly threaten the stability of
the West Antarctic Ice Sheet (WAIS), whose tipping point
is estimated to be reached at an oceanic warming level of
1.5 °C compared to preindustrial times (Garbe et al., 2020).
AIS projections forced with data of CMIP5 models (Seroussi
et al., 2020) expect accelerating ice loss in Antarctica in the
next 80 years and a study by Naughten et al. (2023) conclude
that increasing melt rates of the WAIS until at least 2100 are
unavoidable. How this melt water will feed back to ocean
behaviour is still uncertain, nevertheless studies have shown
that the interactions between these climate components have
implications for the overall climate system (Bronselaer et al.,
2018; Golledge et al., 2019).

As it is likely that sub-systems of the climate system as
the AMOC and the WAIS are strongly interrelated, a review
by Wunderling et al. (2024) summarized the current knowl-
edge about how tipping points can stabilize or destabilize
each other. Their study shows that researchers often assume
a positive feedback of an AMOC shutdown to the WAIS due
to higher sea-surface temperatures around the AIS. This as-
sumption is also used to set up a conceptual, statistics-based
model that assesses the probabilities for tipping point cas-
cades (Wunderling et al., 2021). Due to the current declining
trend of the AMOC strength and melting ice sheets on both
hemispheres, it is crucial to understand interactions between
the different Earth system components. Nevertheless, the im-
pact of an AMOC shutdown on the Antarctic Ice Sheet has
never, to the best of our knowledge, been investigated in a
global coupled climate model with an interactive Antarctic
Ice Sheet, that is able to capture the slow response times of
ice sheets on centennial to millennial time-scales. Therefore,
we present here a coupled climate–ice sheet model simula-
tion to investigate the impact of an AMOC shutdown on the
AIS in a freshwater hosing experiment. This approach, that
couples a climate model with an Antarctic Ice Sheet model
via the ice–ocean interface, is used to address the question:
How do melt water fluxes from the AIS change during an
AMOC shutdown on centennial to millennial timescales?
Furthermore we investigate whether heat accumulation in the
Southern Hemisphere (SH) increases AIS mass loss via an
increase in basal melt. To understand changes in the ice-
sheet volume, we analyse hydrographic changes in the SO
and identify main drivers of Antarctic mass balance changes.

2 Methods

2.1 Model description

We employ a modified version of the CM2Mc Earth System
Model of Galbraith et al. (2011) coupled to the Parallel Ice
Sheet Model (PISM) v1.0 (Bueler and Brown, 2009; Winkel-
mann et al., 2011; Garbe et al., 2020; Kreuzer et al., 2026) via

the offline coupling framework described in Kreuzer et al.
(2021). CM2Mc consists of the atmosphere model AM2.1,
the land model LandLAD, the Modular Ocean Model ver-
sion 5 (MOM5), and the dynamical Sea-Ice Simulator (SIS).
They are coupled by the Flexible Modeling System (FMS)
(Delworth et al., 2006). The atmosphere grid has a latitudi-
nal resolution of 3° and a longitudinal resolution of 3.75°,
with 24 vertical levels. MOM5 utilises an Arakawa B-grid
in a tri-polar configuration (Galbraith et al., 2011). Its lat-
eral grid resolution is nominally 3°, varying latitudinally to
a minimum of 0.6° at the equator to better resolve equatorial
dynamics. The vertical grid has 28 layers implemented in the
rescaled pressure (p∗) coordinate. Layer thickness varies be-
tween 10dbar at the surface and 506dbar in the deep ocean
(Griffies, 2014).

PISM is used to simulate the AIS on a cartesian grid with
a horizontal resolution of 16km× 16km. In the vertical, the
grid spacing ranges from 20m at the ice base to 100m for the
thickest ice domes. Ice velocities are calculated by a super-
position of the shallow-ice approximation and shallow-shelf
approximation of the Stokes flow. We use an adapted version
of PISM v1.0, which includes a precipitation scaling as intro-
duced by Garbe et al. (2020). The scaling increases precip-
itation with decreasing ice elevation in order to account for
the moisture holding capacity of air dependent on its temper-
ature. The surface mass balance (surface melt and runoff) is
computed using a positive degree-day (PDD) scheme. Melt
coefficients are set to 3mm per PDD for snow and 9mm
per PDD for ice. The Glen–Paterson–Budd–Lliboutry–Duval
flow law describes the ice rheology in the thermomechani-
cally coupled model with a freely evolving three-dimensional
enthalpy field (Aschwanden et al., 2012). Basal shear stress is
parameterized dependent on the basal velocity and the yield
stress that results from the Mohr–Coulomb criterion (Garbe
et al., 2020; Cuffey and Paterson, 2010). Calving is imple-
mented by the eigencalving approach by Levermann et al.
(2012). Additionally, a subgrid scheme that captures calv-
ing fronts for different shelf geometries is used (Albrecht
et al., 2011) and a minimum thickness criterion of 50m at the
calving front is applied. The adaptive time-stepping scheme
(Bueler et al., 2007) reduces computational costs by choos-
ing the maximum possible time step based on the internal
dynamic state of the system. The source code of PISM is
identical to the one used in Garbe et al. (2020), except for one
bug fix on the approximation of the driving stress at floating
ice margins that was committed later in PISM version 2.0.

The coupling of CM2Mc and PISM is done offline using
the framework of Kreuzer et al. (2021). It exchanges mass
and energy fluxes between ocean and ice sheet through the
Potsdam Ice-shelf Cavity model (PICO) (Reese et al., 2018),
which is implemented as a sub-module in PISM. PICO calcu-
lates sub-shelf melt rates by parametrising the vertical over-
turning circulation inside ice-shelf cavities. For that purpose
it uses a box model based on Olbers and Hellmer (2010),
but extended to two horizontal dimensions, that divides the
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ocean ice-shelf boundary into 19 Antarctic basins (see Fig. 2
in Reese et al., 2018). In each basin, melting and freezing be-
low the ice shelves is calculated based on ocean temperature
and salinity at the depth of the continental shelf. Figure 3 in
Kreuzer et al. (2021) visualises the conceptual idea of the of-
fline variable exchange between MOM5 and PISM. MOM5
and PISM are run sequentially with a fixed coupling time
step of 10 years. After each step, the coupling framework
processes the model outputs to make it compatible between
the different model grids and then restarts the models. In the
time domain, model outputs are averaged over the 10 years,
i.e. seasonal ocean changes are not seen by the AIS. Spatially,
the oceanic fluxes to PISM are based on regridded tempera-
ture and salinity fields at the AIS margin of MOM5. The hor-
izontal resolution of MOM5 does not resolve the continental
shelf of the Antarctic continent. Nevertheless, values for tem-
perature and salinity at the depth corresponding to the mean
continental shelf topography are extracted from MOM5 and
horizontally averaged, resulting in scalar values for T and
S for each basin (Kreuzer et al., 2021). As MOM5 shows
warm biases around the Antarctic continent, anomalies rela-
tive to the last 500 years of the climate spinup (see Sect. 2.2)
are calculated and applied to the forcing data of PISM stan-
dalone runs (the basin mean values of these data are included
in Fig. 2 in Reese et al., 2018). PISM provides basal mass,
calving, and surface mass fluxes aggregated per basin as well
as the enthalpy required to melt the ice. These are regrid-
ded and inserted into the ocean as freshwater and enthalpy
fluxes. In contrast to Kreuzer et al. (2021), basal mass fluxes
are inserted not at the ocean surface but at the calving front
ice-draft depth (which is determined as the mean depth at the
outermost PICO box) as this represents the vertical insertion
of ice-shelf cavity meltwater more realistically.

Our model setup only couples the ocean component
(MOM5) to the AIS model PISM (Kreuzer et al., 2021),
with no coupling between atmosphere and Antarctic ice sheet
components. The surface of PISM is forced with climatologi-
cal means of surface air temperature and precipitation which
are described in the next section. As PISM is not coupled
to the atmosphere component of CM2Mc, we do not strictly
conserve water there. However, discrepancies are negligible,
as we put artificial freshwater to the system in our experi-
ments (i.e. hosing). In the Southern Hemisphere, the removal
of river runoff fluxes in the Antarctic domain was imple-
mented as a minor modification to Kreuzer et al. (2021), be-
cause precipitation runoff into the Southern Ocean is repre-
sented by the PISM ice-sheet instance instead.

Most climate models use prescribed fluxes for Antarctic
freshwater discharge, whereas our approach is able to capture
changes in the dynamics of ice sheet and shelves in Antarc-
tica and their interaction with the ocean. As a result, the dif-
ferent components of discharge from the Antarctic Ice Sheet
into the surrounding ocean (surface runoff, basal melt, and
calving) evolve dynamically in correspondence to the applied
ocean-to-ice forcing.

2.2 Experimental design and methods

The atmospheric boundary conditions for PISM are based
on a multiple regression analysis of ERA-Interim data (Dee
et al., 2011) resulting in a parameterisation of mean annual
and mean summer surface air temperature as a function of
latitude and surface elevation, using an atmospheric lapse
rate of 0 =−8.2°Ckm−1 (Albrecht et al., 2020). The mean
precipitation field is calculated as the average between 1986
and 2005 from the output of the Regional Atmospheric Cli-
mate MOdel (RACMOv2.3) published by van Wessem et al.
(2018). For the PISM spinup, ocean forcing is provided by
observational temperature and salinity data at the sea floor
on the continental shelf of Antarctica averaged over the time
period from 1975–2012 (Schmidtko et al., 2014). Anomalies
in the coupled framework are applied to these oceanic fields.

CM2Mc runs with pre-industrial atmospheric conditions
as well as land cover of the year 1860. For the radiative
forcing this implies a solar irradiance of 1364.67Wm−2 and
greenhouse gas concentrations as given by Delworth et al.
(2006). Further conditions provided by monthly mean clima-
tologies derived from reanalysis are described by Galbraith
et al. (2011). The parameter set in the example configuration
CM2M_coarse_BLING as distributed with the MOM5 code
does not entirely reproduce the results shown by Galbraith
et al. (2011). Therefore, we modified several parameters (see
Appendix B) to represent the pre-industrial climate state. Ad-
ditionally, the CM2Mc time steps are reduced from 3 down
to 1.5 h for the ocean and from 1.5 down to 0.75 h for the
atmosphere.

The coupled system was spun-up in three stages. The first
makes use of the ocean and sea-ice components of CM2Mc
in standalone mode with prescribed atmospheric boundary
conditions. It allows for an equilibration of the ocean with
respect to a changed freshwater input of the Antarctic Ice
Sheet. In this, the default river runoff values at the south-
ernmost cells of the ocean were replaced by static freshwater
fluxes calculated as the 1000 year mean of a PISM standalone
spinup. This setup was run for 8000 years to avoid abrupt
changes when coupling it to the interactive PISM. In the sec-
ond spinup stage, CM2Mc was initialized using ocean and
sea-ice restarts from stage 1 with the same PISM forcing and
integrated for further 1000 years, now including a dynamic
atmospheric component. Finally, once stage 2 was complete,
PISM was coupled interactively and integrated for 500 years.
All following experiments use the coupled model configura-
tion and are extended from the state of this last spinup. In
Appendix C we show model evaluation plots for the stage
3 spinup (compared to observational data), however we note
that the climate state is broadly the same as in the uncoupled
version of Galbraith et al. (2011).

Throughout our analysis, we define the AMOC as the max-
imum zonally integrated meridional stream function strength
in the Atlantic between 20 and 60°N below 500m and the
AABW circulation cell strength is defined as the absolute
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value of the minimum global meridional overturning circu-
lation (GMOC) below 2000m. The GMOC is defined as the
aggregation of AMOC and the Indo-Pacific Meridional Over-
turning Circulation (PMOC) strength (maximum between 20
and 90°N below 500m in the Pacific basin). The stage 3
climate state has a maximum AMOC strength of ≈ 21Sv
(1Sverdrup= 1Sv= 106 m3 s−1) and a GMOC strength of
≈ 23Sv. The mean temperature and salinity values that are
used as input for PISM oscillate around −0.95± 0.3°C and
34.575± 0.025gkg−1 during the stage 3 spinup.

The setup of the North Atlantic freshwater hosing experi-
ment which we apply to the model follows the protocols of
the North Atlantic Hosing Model Intercomparison Project
(NAHos-MIP) of Jackson et al. (2023). We use a uniform
distribution of freshwater with hosing flux of 0.3Sv that is
applied to the river runoff fields of the model in the North At-
lantic and Arctic Oceans, distributing it in the regions above
50°N in the Atlantic and above the Bering Strait in the Pacific
(see Fig. 1a in Jackson et al., 2023). Other than described
in the protocol, we do not compensate the artificial fresh-
water input, as MOM5 does not have an option for a flux
adjustment over the total volume of the ocean. Surface com-
pensation was tested, however in this setup had direct impli-
cations for Southern Ocean convection by affecting surface
stratification (as shown in previous studies; Stocker et al.,
2007; Mehling et al., 2026). To prevent a rapid rebound of
the AMOC, we maintain the hosing for the entire duration of
the experiment, causing a continuous sea level rise and fresh-
ening of the global ocean. However, the resulting forcing of
sea level is not applied to PISM. We performed both uniform
hosing experiments using 0.1 (not shown here) and 0.3Sv
hosing strength, but show only results of the 0.3Sv uniform
hosing experiment here, as the weaker forcing does not lead
to a full AMOC shutdown in our model and therefore is not
suitable to investigate our research question. A control ex-
periment is run in parallel with the hosing run. Both runs are
integrated for 1500 years. These two runs, hereafter called
HOSING and CONTROL, and their difference are the focus
of this study. All comparisons are presented as the difference
between the 100 year means of HOSING and CONTROL to
avoid the evaluation of short term climate variability. To es-
timate the significance of these anomalies, we test for each
grid cell if the 100 year means of HOSING are within the
range of internal variability of CONTROL. This is done by
comparing the mean of the target time period in HOSING
with the distribution of 100 year running averages in CON-
TROL. HOSING results are considered significant if they lie
outside of the 95 % quantile of this CONTROL distribution.

3 Results

3.1 Global response and average AIS changes

The North Atlantic freshwater forcing weakens the AMOC
from 21.5–5 Sv (that we refer to as AMOC collapse) after

100 years in the HOSING experiment (Fig. 1a). This reduc-
tion and its impacts are in line with the results of the NaHos-
MIP models (Jackson et al., 2023; Diamond et al., 2025) in
the first 100 years after the AMOC collapse. With the weak-
ening of the AMOC, the surface air temperature in the North-
ern Hemisphere decreases (Fig. Appendix A1a), particularly
over the Atlantic north of 60°N (up to −9°C), as the north-
ward oceanic heat transport is reduced. In the SH, this re-
sults in increased surface air temperature (Fig. A4a) similar
to Diamond et al. (2025); Orihuela-Pinto et al. (2022); Pe-
dro et al. (2018); Vellinga and Wood (2002), as well as in a
southward shift of the ITCZ (Fig. A1c), and decreased sea
level pressure in the SH (Fig. A1d), especially in the sub-
tropical high regions (Orihuela-Pinto et al., 2022). Due to the
collapsed ocean circulation, heat accumulates in the subsur-
face South Atlantic north of 40°S (Fig. A1b) as also found
in Pedro et al. (2018). This increases the temperature gradi-
ent across the ACC, which in combination with strengthened
westerly winds leads to an intensification of ACC by approx
20Sv (Fig. 1c) as suggested by Wu et al. (2021). In the ninth
century of the HOSING simulation, there is a climate regime
shift, as the rate of Antarctic Bottom Water (AABW) forma-
tion increases by more than 10Sv (Fig. 1b). A similar shift is
present in the ACC strength (Fig. 1c) and maximum sea ice
extent in the SH abruptly decreases by around 40% (Fig. 1d).
We analyse these changes in detail in Sect. 3.4.

Figure 2 shows the transient response of the AIS to an
AMOC collapse. The total change in the ice sheet volume
is comparably small, as it barely exceeds the range of inter-
nal variability during the coupled spinup. Sea-level-rise po-
tential (SLRP) with respect to the CONTROL experiment is
decreased by around 2.5cm after 1500 years (Fig. 2a), with-
out showing any abrupt deviations during the whole integra-
tion. Because PISM is only exposed to oceanic changes in
our configuration, the main drivers of change in the ice sheet
are basal melting and calving fluxes. Both fluxes are sub-
ject to oceanic temperature and salinity anomalies, which the
model extracts from ocean depths between 500 and 1000m,
depending on the glacial basin. Basal mass and calving fluxes
in HOSING are within the range of variability of CONTROL
in the first 800 years of the simulation (Fig. 2c and d), be-
cause during this period mean subsurface ocean tempera-
ture forcing in HOSING is in the range of values in CON-
TROL (−0.85± 0.4°C) (Fig. 2b). There is less variability in
the ocean temperature, explaining the decrease of basal mass
variability (Fig. 2b and c). Calving, on average, is 3% larger
than in CONTROL, driving the slight decrease in Antarc-
tic mass (Fig. 2a and d). With the shift of AABW formation
at around 830 years, the average ocean temperature across
all basins decreases to −1.5°C in HOSING (Fig. 2b). This
drives a subsequent decrease in basal mass flux (mean de-
crease rate of 160Gtyr−1) (Fig. 2c). In the same period, an
increase in calving flux (on average 170Gtyr−1) (Fig. 2d)
balances the basal mass decline, leading to similar rates of
SLRP changes in HOSING and CONTROL. The reduction
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Figure 1. Time series of ocean diagnostics: (a) AMOC strength in Sv, (b) AABW formation in Sv, (c) ACC strength in Sv and (d) maximum
sea-ice extent in the Southern Ocean in m2. CONTROL and HOSING simulations are shown in black and red, respectively, and gray lines
show the end of the spinup. The start time of HOSING is set to year 0. Solid lines show 10 year running mean of the yearly (lighter coloured)
data. The three shaded areas show the 100 year time periods that are discussed further in Sect. 3.2–3.4.

in basal melting leads to growing ice shelves that calve more
frequently, which explains the increase in calving fluxes. The
average ocean salinity across all basins shows a constant
negative (freshening) trend (Fig. A14b). This constant de-
crease of salinity reflects the global freshening due to arti-
ficial freshwater forcing, and leads to subsurface conditions
supporting basal melt reduction, though the linear trend of
decreasing salinity is not reflected in the basal mass fluxes.
Antarctic ice mass changes (Fig. 2a) are relatively small in
response to the strongly reduced AMOC strength. Overall, in
our simulations there is no destabilizing effect of an AMOC
shutdown on the WAIS or other parts of the AIS, as hypothe-
sized based on the SO surface warming after an AMOC col-
lapse.

To explain this result, the following sections investigate
SO conditions during the HOSING simulation, providing in-
sights into the changes in SO subsurface temperature. We
analyse the mean climate states of three time intervals indi-
cated in Figs. 1 and 2. The first period (mean of model years
100–200) is chosen to focus on the time interval that previ-
ous studies have investigated (Diamond et al., 2025; Pedro

et al., 2018). The second period (mean of years 600–700)
represents the climate state before a reduction in maximum
Southern Hemisphere (SH) sea ice extent (Fig. 1d) and the
onset of deep convection in the Ross Sea. The last time pe-
riod (mean of years 1400–1500) shows the climate state at
the end of our simulation. The climate state of each time pe-
riod is discussed in the following Sections with a focus on
the changes in the SO and adjoint Antarctic ice sheet basins.

3.2 Drivers of shorter-term changes in Southern Ocean
conditions (years 100–200)

In the first period, the SO is characterized by positive sea-
surface temperature (SST) anomalies up to 1.5°C south of
50°S (Fig. 3a). This warming, which is robust on the east-
ern side of the Antarctic continent (see stippling in Fig. 3a),
leads to a decrease in maximum sea ice extent and de-
creasing sea-ice thickness by 5–10 cm in all coastal regions
around Antarctica (Figs. 1d and A8a). Sea-ice melt domi-
nates the change in total surface freshwater flux over changes
in the precipitation-minus-evaporation balance (Fig. A8d and
g) which can regionally decrease surface density. This is
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Figure 2. Antarctic Ice Sheet time series: (a) Sea-level-rise potential in m, (b) oceanic temperature forcing (averaged for ocean depths
between 500–1000 m) in °C as the Antarctic basin mean, (c) total basal mass flux in Gtyr−1 and (d) total calving flux in Gtyr−1. The
CONTROL and HOSING simulations are shown in black and red, respectively, and gray lines show the end of the spinup. The start time of
HOSING is set to year 0. All data are presented with a decadal temporal resolution. The three shaded areas show the 100 year time periods
that are discussed further in Sects. 3.2–3.4.

outweighed, however, by positive sea-surface salinity (SSS)
anomalies originating in the South Atlantic (Fig. 3b), in line
with results shown by Zhu and Liu (2020), which diffuse
across the ACC leading to a net increase in surface den-
sity in much of the SO (Fig. 3c), particularly the Weddell
Sea region. In CONTROL, the Weddell Sea is the only SO
region where convection occurs (similar results of Zhang
et al., 2019). This vertical mixing changes little in HOS-
ING (Fig. 3e), shifting southwards due to reduced sea ice
and more negative wind stress curl (Figs. 3f and A4d).

The atmospheric warming (Fig. A4a) south of 65° S leads,
on average, to an ocean warming from the surface down to
around 250m (Fig. A11a–c). However, temperature anoma-
lies are negative in subsurface depths (500–1000 m) in this
region (Fig. 3d) between years 100 and 200. This cooling
originates in the North Atlantic, as residual North Atlantic
Deep Water (NADW) transports the cooling signal of the col-
lapsed AMOC to the SH. The inflowing NADW is upwelled
mainly in the Atlantic sector and reaches the waters close
to the Antarctic continent approximately in model year 100
(Fig. 4b). The ACC transports this signal along the coast,

spreading it to all sectors of the SO (Fig. A11a–c). In regions
without convection, we find that the cooling strengthens with
time and represents a significant signal in the east of the
Antarctic continent (see stippling in Fig. 3d). Inflowing water
masses also drive a freshening trend (decrease of 0.1% per
year) in the same subsurface depths (Fig. 4d). These chang-
ing subsurface conditions are decisive for the evolution of the
AIS.

The temporal evolution of basal mass flux is strongly
aligned with the mean subsurface ocean temperatures (be-
tween 500 and 1000m depth), which decrease by around
0.15°C (Fig. 2b). Therefore, between years 100 and 200,
changes of basal mass flux show on average a decrease up
to 100Gtyr−1 after 200 years in HOSING (Fig. 2c). Re-
sulting AIS thickness changes are limited to the coastal re-
gions and mostly smaller than 5m (Fig. 3d). Despite the de-
crease of basal melt in most regions, there is a peak of mean
basal mass flux in the Atlantic sector around year 90 of our
HOSING simulation (Fig. A12, basin 1). It results due to
several years with less convection in which subsurface tem-
perature anomalies in the Weddell Sea are positive (maxi-
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Figure 3. Southern Ocean anomalies of (a) sea surface temperature in °C, (b) sea surface salinity in psu, (c) sea surface density in kgm−3,
(d) averaged ocean subsurface temperatures between 500 and 1000m in °C and land ice thickness on the AIS in m, (e) maximum mixed
layer depth in m and (f) wind stress curl in Nm−3. Each panel shows anomalies with respect to CONTROL as a 100 year average for the
first time period indicated in Fig. 1. Purple contours in the top row show the maximum sea-ice extent where concentration is larger than 15%
per grid cell for CONTROL (dashed line) and HOSING (solid line). Overlaid light grey stippling shows regions with significant changes in
HOSING (see Sect. 2.2 for test description). Latitude graticules are plotted with a 10° grid spacing.

mum positive anomaly of 0.4°C between year 80 and 130)
(Fig. 4b). The reduced vertical mixing, which does not yet
represent a regime shift compared to CONTROL (see stip-
pling in Fig. 3e), stops the heat release from subsurface wa-
ters to the atmosphere (Fig. A5d), driving a briefly increase
of melt rate up to 200Gtyr−1 that is reflected in decreas-
ing AIS thickness of the Filchner–Ronne ice shelf. These
thickness changes dominate the 100 year mean AIS thick-
ness anomaly (Fig. 3d). Local ice-sheet changes are there-
fore directly linked to the changing frequency of convection
in the Weddell Sea, which impacts interior temperature and
salinity changes of coastal ocean waters. Similar fluctuations
also exist in the spinup and CONTROL, which explains why
results in this period are mostly not significant in the Weddell
Sea region (see stippling in Fig. 3).

3.3 Reduced Southern Ocean convection leading to
subsurface heat accumulation (years 600–700)

The intermediate part of our simulation (years 600–700) is
analysed to present ocean and SH climate conditions be-
fore the climatic shift, ie. the onset of deep convection in
the SO. In this period, SSTs in most regions south of 60°S

other than over Prydz Bay in East Antarctica show negative
anomalies (Fig. 5a). This is caused by an increase in sea ice,
as after approximately 250 model years, sea ice in the SH
regrows and its maximum extent exceeds that of the CON-
TROL run (see contour lines in Fig. 5a–c). Sea-ice thickness
increases in the Weddell and Ross Sea region (Fig. A8b) by
5–20 cm and variability of the averaged maximum sea-ice ex-
tent decreases compared to CONTROL (Fig. 1d). Thereby
less deep warm water is upwelled and sea surface tempera-
tures as well as surface–air temperatures over and close to
Antarctica show a cooling signal (Figs. 5a and A4b). The
maximum cooling in this time period is −3°C over parts of
the Weddell Sea and over the Amundsen and the Ross Sea.
The wind stress curl at the ocean surface intensifies along the
maximum sea-ice edge, especially in the Bellingshausen and
Amundsen Sea (Fig. 5f). Thereby, fresher circumpolar deep
water is upwelled, conveying the low salinity signal of the
North Atlantic hosing (Figs. 4c, d, and A9e). We therefore
see negative SSS anomalies (Fig. 5b), despite less freshwater
flux due to sea-ice melt south of 70°S (Fig. A8e), and surface
densities south of 60°S decrease on average by 0.25kgm−3

(Fig. 5c) in all sectors except for the eastern part of the Pa-
cific sector and latitudes north of 70°S in the Pacific. Positive
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Figure 4. Hovmöller plots of (a, b) temperature in °C and (c, d) salinity anomalies in psu with respect to a 500 year mean of the CONTROL in
the Southern Hemisphere, south of 65°S. Subplots (a, c) show averages over all longitudes, (b, d) averages over the Atlantic Sector. Overlaid
time series show the maximum mixed layer depth (MLD) averaged over the Weddell Sea (lon= [60–0°W], lat <−65°S) (pink line), the Ross
Sea (lon= [150°E–150°W], lat <−65°S) (brown, dashed line) and the east of the Weddell Sea (Atl-Ind) (lon= [0–60°E], lat <−65°S)
(green, dash-dotted line).

sea-surface salinity anomalies (up to+0.5psu) in the eastern
Bellingshausen Sea (Fig. 5b) are probably transported there
from the South Atlantic, as the Ross Sea gyre is strength-
ened over time (Fig. A7e) and increases the water transport
from the ACC towards the margin of the Antarctic continent
(Wang et al., 2024).

Decreased densities of upwelled waters increase surface
stratification, leading to a strong decrease in vertical mixing
(maximum mixed layer depth (MLD) reduction of around
1250m) in the Weddell Sea (Fig. 5e). Therefore, variabil-
ity of AABW formation (Fig. 1b) decreases in this time pe-
riod. The reduced convection drives an increase of subsur-
face temperatures in the Atlantic sector by a maximum of
0.5°C at depths of 500–1000 m (Fig. 5d), as sensible and la-
tent heat loss to the atmosphere is reduced (Fig. A5e). As
a result, basal mass fluxes slightly increase in this region
compared to CONTROL (Fig. A12, basin 1), however AIS
thickness anomalies have the same magnitude as in the previ-
ous time period (see Sect. 3.2), i.e. ice loss does not acceler-
ate (Fig. 3d). With the reduction in Weddell Sea convection,
heat begins accumulating in the deep SO below 2000m in all
ocean basins (Figs. 4a, b, and A10a, b). Salinity values below
2000m show increasing negative anomalies, which originate

from subsurface depths and over time diffuse to the deep SO
(Figs. 4c and A9e).

In all other ocean sectors, the density of intermediate wa-
ters continue to decrease, driven by the freshening of up-
welled NADW in the SO that is transported around the
Antarctic continent by the ACC, as discussed for the previous
time period in Sect. 3.2. Therefore, in the Indian and Pacific
sector we find negative subsurface temperature anomalies
(up to −1°C) along the coast (Fig. 5d), as well as decreasing
salinity in subsurface depths in all regions south of 50°S, up
to −0.45psu (Fig. A3e). These changes in subsurface ocean
forcing (temperature and salinity) between years 200 and 800
therefore show the continuation of the trends seen in the pre-
vious time period. Consequently, the response of the AIS is
very similar, showing an averaged change of basal mass flux
decrease of 100Gtyr−1 with respect to CONTROL (Fig. 2c)
and an increase in calving flux of the same rate (Fig. 2d).
Both signals are most evident in ice-sheet basins in the Ross
Sea region as well as basins close to and east of the Amery
ice shelf (Fig. A12), where AIS thickness anomalies are also
positive (Fig. 5d).
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Figure 5. Southern ocean anomalies of (a) sea surface temperature in °C, (b) sea surface salinity in psu, (c) sea surface density in kgm−3,
(d) averaged ocean subsurface temperatures between 500 and 1000m in °C and land ice thickness on the AIS in m, (e) maximum mixed layer
depth in m and (f) wind stress curl in Nm−3. Each panel shows anomalies with respect to CONTROL as a 100 year average for the second
time range indicated in Fig. 1. Purple contours in the top row show the maximum sea ice extent where concentration is larger than 15%
per grid cell for CONTROL (dashed line) and HOSING (solid line). Overlaid light grey stippling shows regions with significant changes in
HOSING (see Sect. 2.2 for test description). Latitude graticules are plotted with a 10° grid spacing.

3.4 Southern Ocean heat release by increased
convection (years 1400–1500)

From year 700 onwards, vertical mixing in the Weddell Sea
progressively increases, down to 2000m depth (Fig. 4a).
Convection in the Ross Sea starts to ventilate the deep SO
(Fig. 6e) from year 830 onwards, mixing water columns in
this region continuously every year (Fig. 4b). Convection
starts due to the growing water column instability driven by
the accumulation of heat in the deep SO in previous cen-
turies (Fig. 4a) as well as decreased salinity of subsurface
waters (Fig. 4c). As a result, AABW formation in HOSING
increases by 15Sv with respect to CONTROL at the end of
the simulation (Fig. 1b), exhibiting an anti-phased behaviour
of NADW and AABW formation (Barbante et al., 2006;
Peltier and Vettoretti, 2014; Skinner et al., 2020; Willeit
et al., 2025). Another contributor to the destabilisation of
the SO water column might be changes in temperature of
NADW, which is upwelled in the SO (Fig. A9b). As in the
study by Pedro et al. (2018), heat accumulates in the South
Atlantic, where over time it gradually diffuses to the deep
ocean (see Video S1 in the Supplement). This diffusion is
a continuous process during the whole simulation, warming
over time the NADW that flows to the SH. Consequently, the

negative subsurface temperature anomalies in the SO dimin-
ish over time and switch to positive anomalies (see Video
S1). Around one century after the convection onset in the
Ross Sea, water columns also reach instability in other SO
sectors, inducing convection in coastal regions eastward from
the Weddell Sea to around 70°E (the ocean in front of the
Amery Ice Shelf) (Fig. 6e).

Along with the strengthening of convection in the SO
there is a resulting increase of global mean SST (Fig. A14a)
driven by the release of subsurface heat (Figs. A5f and 6e).
The SST increase around the Antarctic continent is around 4
times higher in the climate state after enhanced AABW on-
set (Fig. 6a) than after the atmospheric warming due to the
AMOC collapse (Fig. 3a). In line with this warming, there
is a shift in SO sea-ice extent, decreasing to around 55% of
the extent in CONTROL (Fig. 1d). Sea ice is thinning in all
regions around Antarctica by up to 50cm (Fig. A4f).

Furthermore, the increase of deep convection leads to a
cooling of Antarctic Bottom waters as heat is released to
the surface. This temperature decrease affects all depths, ex-
cept for the surface layer above ≈ 500m (Fig. 4a) and the
maximum cooling averaged along the continental slope of
Antarctica up to ≈ 65°S is 1°C with respect to CONTROL.
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Due to the climate regime shift in the SO in the last time
period the Ross Sea gyre shifts its location again, so that
with respect to CONTROL it expands to the east Indian sec-
tor in front of Wilkes Land (Fig. A7f). Thereby, cool water
masses are transported westward from the Ross Sea and con-
sequently, subsurface temperatures in the East Antarctic also
decrease by up to 2°C (Fig. 6d). In the adjacent ice-sheet
basins, the basal mass flux reduces to values close to zero.
Especially in the East Antarctic, the calving rates increase
by up to 100Gtyr−1 compared to CONTROL as ice shelves
grow larger with less basal melt. In the Weddell Sea subsur-
face temperatures partly increase along the coast (Fig. 6d),
which can be explained by shallower mixed layer depth in
the eastern Weddell Sea (Fig. 6e). Reduced heat loss to the at-
mosphere (Fig. A5f) leads to less pronounced SST warming
compared to most other regions around Antarctica (Fig. 6a)
and temperature anomalies at 500–1000 m depth are positive
(0.05–0.3 °C) along the coastal margin (Fig. 6d). In basins lo-
cated nearby the Weddell Sea, basal melt increases in years
of positive temperature forcing, i.e. only for certain years
when no convection site opens up. Basins with ice shelves
in Bellingshausen Sea show no significant change in basal
mass or calving fluxes (Figs. A12 and A13).

4 Discussion

The novelty of our study is to simulate the response of
Antarctica to an AMOC collapse in an interactively cou-
pled climate and ice-sheet model. We have extended the
results of previous freshwater hosing model studies (e.g.,
Diamond et al., 2025; Orihuela-Pinto et al., 2022; Stouffer
et al., 2006), which are mainly focused on atmospheric feed-
backs in the Northern and Southern Hemisphere. To cap-
ture multi-centennial responses of the AIS, we integrate the
model for 1500 years. Even though we could only run one
realisation, the simulation length captures possible regime
shifts due to internal variability. Contrary to our hypothesis
and previous assumptions (see review by Wunderling et al.,
2024), the WAIS stays stable during a period with collapsed
AMOC, driven primarily by persistently cold temperatures
at the depths of the ice shelf cavities. Climate impacts in
the first 200 years after HOSING are in good agreement
with previous model studies (Diamond et al., 2025; Jackson
et al., 2023), which use state-of-the-art CMIP model con-
figurations. In particular, in the SO we find a shift of con-
vection strength in the Weddell Sea in the first century after
the AMOC collapse, which partly increases temperatures in
the depth range 500–1000 m, similar to the findings of Ye-
ung et al. (2024) for different (last interglacial) boundary
conditions. This warming lasts for around one decade and
leads to an increase in basal melting which, however, re-
mains within the range of natural variability in the control
simulation (CONTROL) and is confined to the Weddell Sea.
Testing the significance of convection changes in HOSING

(see Fig. 3e) shows, that only a few cells in the Weddell Sea
show a significant change, indicating that the change in this
time period might be purely induced by centennial variabil-
ity (which is often simulated in the Weddell Sea in climate
models; Zhang et al., 2019). However, it has to be noted, that
the applied significant test is based on 100 year means of
the CONTROL run that shows regular multi-decadal convec-
tive events. This reference distribution is therefore includ-
ing a multi-decadal variability component, which makes the
test not very reliable in the Weddell region. In other regions,
Antarctic ice mass does not change.

The AIS response in HOSING slightly shifts after
830 years, as basal melt decreases due to cooling at the
depths of ice-shelf cavity inflow. This cooling is caused by
an increase in vertical mixing in the SO, which corresponds
to the multi-centennial ocean response to the strong AMOC
weakening, showing an increase of AABW formation as sug-
gested by Broecker (1998), Skinner et al. (2020) and Willeit
et al. (2025). Different studies propose that the oceanic con-
nections between NADW and AABW strength has a dif-
ferent time-scale than the signal propagation of changes by
the atmosphere. For example, Swingedouw et al. (2009) dis-
tinguish the bipolar climate seesaw (BCS) from the bipolar
ocean seesaw (BOS) in the context of a SO freshwater release
experiment or Skinner et al. (2020) find that during the Hein-
rich Stadial 4 enhanced SO convection resulted due to the
ventilation seesaw. To the best of our knowledge, our AMOC
collapse study is the first one showing an abrupt increase of
AABW strength, possibly because model integration times
of previous studies were too short. However, Berdahl et al.
(2024) did a hosing experiment for 4000 years using CESM2
and discuss a similar cooling of subsurface temperatures dur-
ing an AMOC collapse. In their study, they do not analyse
how ocean convection sites change in the model nor address
changes in AABW formation. They explain the subsurface
cooling in their simulation by an increase in wind stresses
over the SO. Other studies (Rind et al., 2001; Kageyama
et al., 2010) with similar setups also show cooling subsur-
face temperatures in the SO after maximum 500 years of
hosing, yet do not address the possible consequences for the
AIS. Output of the NaHosMIP models (see Supplemental
Material of Diamond et al., 2025) shows that changes in the
SO subsurface on the centennial timescale vary drastically
between different models (cooling in CESM2, warming in
HadGEM3-GC3.1-LL), emphasising that the location, verti-
cal extent and intensity of open ocean convection in the SO
are crucial for changes in subsurface water properties, which
have direct impacts on the AIS. Even though it takes many
centuries for our model to reach an ocean state with strength-
ened AABW formation in the SO, we note that the impact of
this shift is significantly stronger in the Southern Hemisphere
than the one of the BCS, which supports findings of Pedro
et al. (2016) and Skinner et al. (2020). However, as our study
is the first hosing simulation using a coupled climate–ice-
sheet model, our results can be unique to our model and con-
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Figure 6. Southern ocean anomalies of (a) sea surface temperature in °C, (b) sea surface salinity in psu, (c) sea surface density in kgm−3,
(d) averaged ocean subsurface temperatures between 500 and 1000m in °C and land ice thickness on the AIS in m, (e) maximum mixed
layer depth in m and (f) wind stress curl in Nm−3. Each panel shows anomalies with respect to CONTROL as a 100 year average for the
third time range indicated in Fig. 1. Purple contours in the top row show the maximum sea ice extent where concentration is larger than 15%
per grid cell for CONTROL (dashed line) and HOSING (solid line). Overlaid light grey stippling shows regions with significant changes in
HOSING (see Sect. 2.2 for test description). Latitude graticules are plotted with a 10° grid spacing.

figuration, especially the timing of convection onset. There-
fore, it is crucial that others repeat this experiment using cou-
pled models, to be able to draw more general conclusions
about the interaction between the AMOC and the AIS.

For a simpler comparison to other model runs, we chose
to design the freshwater hosing experiment based on the Na-
HosMIP protocol (Jackson et al., 2023). However, we do not
compensate for the artificial freshwater flux (as described
in Sect. 2.2), as there is no option to conserve mass via a
fresh water flux over the ocean’s entire volume in our model.
This leads to a constant decrease of ocean salinity through-
out the simulation. In our simulation, we apply a freshwa-
ter flux of 0.3Sv in the Arctic region for 1500 simulation
years, summing up to a total water volume of approximately
1.3× 106 m3. This amount is around 7 times higher than re-
cent estimates of Greenland freshwater forcing (Wouters and
Sasgen, 2022) and leads in our model to a total sea level of
≈ 38.5m after the 1500 model years (compare to max. SLE
of Greenland: 7.42 m; Morlighem et al., 2017). The continu-
ous hosing is however needed to keep the AMOC shut down.
The sea level change in the ocean model translates to 0.26 m
sea level height change each coupling time step (one decade),
yet the used coupling framework does not apply this sea level

forcing to the ice sheet model. Applying freshwater without
compensation furthermore might lead to a different timing
of the AMOC shutdown and change the propagation of tem-
perature and salinity anomaly signals which result from the
AMOC shutdown slightly. Regardless of the global salinity
change, our results in the first analysed time interval after
the AMOC collapsed show global changes in e.g. SST that
are very similar to those of previous studies (Jackson et al.,
2023; Diamond et al., 2025; Stouffer et al., 2006; den Toom
et al., 2014). To the best of out knowledge, there is no lit-
erature comparing differences between hosing setups using
volume compensations and hosing setups without compen-
sation. Like all hosing experiments, our setup is highly ide-
alised, which nonetheless is a useful approach to advance
our understanding of the impacts of an AMOC shutdown on
other components of the Earth system.

Our analysis focuses mainly on the temperature changes
at intermediate depths (500–1000 m) of the SO, as the trend
of decreasing salinity is not reflected in the AIS basal mass
fluxes. This can be explained, in part, by the temperature
sensitivity of PICO (Kreuzer et al., 2025). Whereas increas-
ing temperatures directly lead to more basal melt, decreasing
salinity can impact ice shelf melting mostly via a shift of
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the freezing temperature. In PICO, melt rates are estimated
depending on the equation of state (Eq. (8) in Reese et al.,
2018). From this equation results that a change of 0.5psu,
which is the maximum salinity change (basin mean) in the
SO after 1500 years of hosing (Fig. A14b), has the same melt
effect as a temperature change of 0.02°C. Therefore the im-
pact of the salinity decline that results of the artificial forcing
on basal melting is minimal and the decrease of global ocean
salinity is only a second-order effect compared to tempera-
ture changes. However, the decreasing salinity trend is cru-
cial to the changes in AABW formation in HOSING from
model year 850 onwards. With the current setup, we can-
not distinguish between freshening of circumpolar deep wa-
ter due to the artificial freshwater hosing or due to less salt
mixing into the deep ocean after a collapse of the AMOC.
Future work is needed, to understand the water export from
the hosing region and its impacts in the SO in more detail.

The main motivation of choosing a comparatively low res-
olution of our climate model is to allow the relatively long
integration time of 1500 years plus spinups, though this in-
evitably leads to shortcomings in the representation of im-
portant processes. As the Antarctic continental shelf is not
resolved, AABW in the SO is exclusively formed by open
ocean convection rather than the export of dense shelf water.
Vertical mixing events result as a consequence of weak strat-
ification in the Weddell Sea and Ross Sea (Galbraith et al.,
2011). Similar open ocean convection sites occur in 80 % of
CMIP6 models (Heuzé, 2021), and are a common weakness
in global climate models running at non-eddy-resolving res-
olutions. A recent study by Aguiar et al. (2025) also argued
that the vertical resolution of the ocean surface cell is crucial
to simulate AABW formation correctly. In our model setup,
deep ocean convection has a large impact on coastal waters
at depths where we extract temperature and salinity values
with which to force PICO-PISM. The limited resolution of
our ocean model lacks features such as the Antarctic slope
current that might otherwise block direct signal propagation.
The AIS response after ca. 800 years might be distorted by
the open-ocean convection regime change. Furthermore, the
representation of transport via mesoscale eddies, which plays
an important role in heat transport across the ACC, is sim-
plified by the Gent-McWilliams parameterisation (Gent and
McWilliams, 1990). As investigated by Pedro et al. (2018),
the timing of heat propagation in the SO is probably slower
than in eddy resolving models, which would affect the timing
of the changes we observe.

The coupling of climate and ice-sheet model (Kreuzer
et al., 2021) is based on the sub-module PICO of PISM,
which parameterizes the overturning ocean circulation in ice
shelf cavities, depending on temperature and salinity of in-
flowing water masses. PICO bridges the gap between even
simpler basal melt parameterisations and high-resolution
cavity-resolving ocean models (Burgard et al., 2022). It does
not capture all fine-grained details of horizontal melt pat-
terns, but has been proven to compute realistic bulk melt

rates and melt-rate sensitivities, locally and on a circum-
Antarctic scale, for historic and future scenarios (Reese et al.,
2018, 2023). Using PICO enables the co-evolving simulation
of the climate and the AIS on millennial timescales by cap-
turing changes of ice fluxes in dependence on the prevail-
ing ocean forcing, and adding resulting meltwater and heat
fluxes at realistic depths back into the ocean model. Hence,
the model framework captures the expected feedback of in-
creasing basal melt rates in the ice sheet due to increased
subsurface ocean temperatures (Paolo et al., 2015) and vice
versa.

The sensitivity of the PISM spinup to changes in ocean
properties, which can differ greatly depending on the ice-
sheet spinup procedure, is not investigated here. In Garbe
et al. (2020), a collapse of the WAIS is discussed as a re-
sponse to increased ocean temperature forcing. This collapse
results from marine ice sheet instabilities in regions with ret-
rograde sloping bedrock, even though it is argued that the
setup is not in line with observations (Mouginot et al., 2014;
Joughin et al., 2014). Therefore they suggest that especially
ice shelves in the Amundsen Sea are more sensitive to an
increased ocean forcing than in their study. As our study
adopted the spinup state from Garbe et al. (2020), the PISM
configuration used here might also be too stable compared to
the present-day AIS state.

The model setup used for this study has no coupling be-
tween PISM and the AM2 atmosphere. Therefore, exter-
nal boundary forcing from the atmosphere to the ice sheet
(surface air temperature and precipitation) remains constant
throughout the simulation period. Given the fact that un-
der pre-industrial and present-day climate conditions most
changes in Antarctica are due to interactions at the ice–ocean
interface (Rignot et al., 2019), a missing ice-atmosphere cou-
pling might be reasonable. However, in our simulation air
temperatures over the ice sheet and shelves increase between
0.5 and 5°C due to the AMOC collapse (Fig. A4a and c)
along with an increase in precipitation (Fig. A4d and f) lo-
cated mainly in coastal regions of the AIS. Both factors have
opposing effects on the AIS stability. Increased precipitation
leads to ice-sheet mass gain, whereas higher surface air tem-
peratures accelerate surface melting. An increase of surface
melt favours the formation of melt ponds (van Wessem et al.,
2023) and the resulting hydrofracturing increases the risk of
further ice loss (Lai et al., 2020). Further possible effects in
ice-shelf regions are a reduction in buttressing and higher
calving fluxes which can destabilise the ice sheet regionally
(Noël et al., 2023; Gilbert and Kittel, 2021). As the precip-
itation rates in the high Antarctic interior are generally low,
also small increases in absolute precipitation can lead to sus-
tained ice growth on the long term. Which effects dominate
and whether an additional ice-atmosphere coupling would
stabilise or destabilise the AIS remains unclear. The used
coupling setup also does not account for elevated meltwater
input into the Southern Ocean driven by increased surface
melting. Although this is the first study to simulate the re-
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sponse to an AMOC shutdown using an interactive AIS, the
limited interaction between climate and ice sheet highlights
that future work is needed, using a more integrated coupling
to see combined impacts of ocean and atmosphere forcing,
by including atmospheric interactions with the ice sheet.

Although the model setup used in this study does not cap-
ture all processes, in particular at small spatial scales, our
analysis is a first step towards understanding the interac-
tion between large-scale changes in ocean circulation and the
Antarctic ice sheet. Future work should strive, where compu-
tationally feasible, to better resolve the interactions between
the ocean and ice sheet and integrate the impact of the at-
mosphere. Furthermore, we suggest the non-linearity of the
system and the complex behaviour of the SO could prevent
the assessment of tipping point interactions based on a sin-
gle variable that describes the response of the surface ocean
(Wunderling et al., 2024). Given the limitations of our ap-
proach discussed above, more studies are needed running
similar experiments with different coupled model setups (as
e.g., Smith et al., 2021). Finally, it would be valuable to in-
vestigate the interaction between the AMOC and the AIS in
a more realistic scenario, e.g. running the experiments under
high emission scenarios or using a more realistic freshwater
forcing amplitude that mimics Greenland ice-sheet melting.

5 Conclusions

Our study presents a simplified interactively coupled
climate–ice sheet model to investigate the impact of an
AMOC collapse on AIS fluxes. Simulating a 1500 year fresh-
water hosing experiment, we find no destabilisation of the
AIS via the ice–ocean interface. Due to changes in SO con-
vection, induced by imported circumpolar deep water, sub-
surface SO anomalies are cooling and freshening, which re-
sults in reduced basal melting. This change is balanced by
calving fluxes, as larger ice shelves calve more often. Lo-
cally, in our model, changes in the subsurface SO are pri-
marily driven by changes in deep convection. Therefore, the
Weddell Sea, where convection happens in a control run,
is the only region where temporarily positive temperature
anomalies increase ice mass loss from the AIS. Our results
indicate that warming SST after an AMOC collapse in the
SO are not necessarily sufficient to drive AIS changes, yet
anomalies of the ocean waters in depth of ice-shelf cavities
might be crucial. Although our methodology has some sim-
plifications, it is the first hosing experiment using a climate–
ice sheet model to investigate the millennial response of the
AIS. Nevertheless, higher resolutions would be valuable to
verify our results, as our ocean model does not resolve con-
tinental shelves. In particular in the SO, where eddy fluxes
and dense shelf water formation on the continental shelf are
main drivers of AABW formation under present-day climate
conditions, results could strongly depend on model resolu-
tion. One of the main caveats of this study is, that the arti-

ficial freshwater hosing over several centuries introduces a
constant decrease in global ocean salinity, whose influence
cannot be estimated directly. It would therefore be valuable
if future work compares the presented results to an additional
simulation, which includes volume compensation for the
hosed freshwater. Additionally, in a scenario of a collapsed
AMOC, ice-atmosphere interactions in Antarctica could also
become more important than during present-day conditions,
leading to increased mass loss or potential instabilities of the
AIS. This should be investigated in future studies.
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Appendix A: Additional figures HOSING vs.
CONTROL

Figure A1. Anomalies of (a) sea surface temperature in °C, (b) subsurface ocean temperature (mean between 500 and 1000m) in °C, (c)
precipitation rate in mmd−1 and (d) sea level pressure in hPa averaged over the first time period (i.e. mean of years 100–200).

Figure A2. Southern ocean anomalies of (a–c) sea surface temperature in °C and (d–f) averaged subsurface temperatures between 500 and
1000m in °C. Each column shows a 100 year average for time ranges indicated in Fig. 1. Purple contours in row one show the time averaged
maximum sea ice extent where concentration is larger than 15 % per grid cell for CONTROL (dotted line) and HOSING (solid line). Latitude
graticules are plotted with a 10° grid spacing. Displayed maps are similar to subplots a and d in Figs. 3, 5 and 6, but shown here in unified
colormap ranges for easy comparison.
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Figure A3. Southern ocean anomalies of (a–c) sea surface salinity in psu and (d–f) averaged subsurface salinities between 500 and 1000m in
psu. Each column shows a 100 year average for time ranges indicated in Fig. 1. Purple contours in row one show the time averaged maximum
sea ice extent where concentration is larger than 15 % per grid cell for CONTROL (dotted line) and HOSING (solid line). Latitude graticules
are plotted with a 10° grid spacing. Displayed maps are similar to subplots (b) and (e) in Figs. 3, 5 and 6, but shown here in unified colormap
ranges for easy comparison.

Figure A4. Anomalies of (a–c) atmospheric surface air temperature in °C and (d–f) precipitation (simulated by the atmosphere model) in
mm d−1. Each column shows a 100 year average for time ranges indicated in Fig. 1. Purple contours in (a)–(c) show the time averaged
maximum sea ice extent where concentration is larger than 15 % per grid cell for CONTROL (dotted line) and HOSING (solid line). Latitude
graticules are plotted with a 10° grid spacing.
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Figure A5. Southern ocean (a–c) HOSING surface heat flux in Wm−2 and (d–f) anomalies of surface heat flux in Wm−2. Each column
shows a 100 year average for time ranges indicated in Fig. 1. Purple contours in row one show the time averaged maximum sea ice extent
where concentration is larger than 15 % per grid cell for CONTROL (dotted line) and HOSING (solid line). Latitude graticules are plotted
with a 10° grid spacing.

Figure A6. Southern ocean (a–c) HOSING wind stress curl in Nm−3 and (d–f) anomalies of wind stress curl in Nm−3. Each column shows
a 100 year average for time ranges indicated in Fig. 1. Purple contours in row one show the time averaged maximum sea ice extent where
concentration is larger than 15 % per grid cell for CONTROL (dotted line) and HOSING (solid line). Latitude graticules are plotted with a
10° grid spacing. Displayed maps (d–f) are similar to subplots (f) in Figs. 3, 5 and 6, but shown here in unified colormap ranges for easy
comparison.
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Figure A7. Southern ocean (a–c) HOSING barotropic stream function in Sv and (d–f) anomalies of barotropic stream function in Sv. Each
column shows a 100 year average for time ranges indicated in Fig. 1. Purple contours in row one show the time averaged maximum sea ice
extent where concentration is larger than 15 % per grid cell for CONTROL (dotted line) and HOSING (solid line). Latitude graticules are
plotted with a 10° grid spacing.
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Figure A8. Southern ocean anomalies of (a–c) sea-ice thickness in m, (d–f) sea-ice melt freshwater flux in mmd−1 and (g–i) precipitation –
evaporation in mmd−1. Each column shows a 100 year average for time ranges indicated in Fig. 1. Purple contours in row one show the
time averaged maximum sea ice extent where concentration is larger than 15 % per grid cell for CONTROL (dotted line) and HOSING (solid
line). Latitude graticules are plotted with a 10° grid spacing.

https://doi.org/10.5194/esd-17-1025-2026 Earth Syst. Dynam., 17, 1025–1059, 2026



1044 A. Höse et al.: Impact of an AMOC weakening on the Antarctic Ice Sheet

Figure A9. Cross-sections of the Atlantic Sector of the Southern Ocean (south of 35°S) showing (a–c) temperature anomalies in °C and
(d–f) salinity anomalies in psu. Each column shows a 100 year average for time ranges indicated in Fig. 1. Grey contour lines show associated
potential densities (referenced to 2000 dbar) in kgm−3 for the CONTROL (dashed lines) and HOSING (solid lines) with labels showing the
original value of the contour minus 1000 kgm−3.

Figure A10. Hovmöller plots of (a), (b) temperature anomalies in °C and (c), (d) salinity anomalies in psu with respect to a 500-year
mean of the CONTROL in the southern hemisphere, south of 65° S. (a, c) show averages over the Pacific Sector, (b, d) averages over the
Indian Ocean Sector. Overlaid time series show the maximum mixed layer depth (MLD) averaged over the Ross Sea (lon= [150°E–150°W],
lat <−65°S) (brown, dashed line) and the SO east of the Weddell Sea (Atl-Ind) (lon= [0–60°E], lat <−65°S) (green, dash-dotted line).
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Figure A11. Hovmöller plots of (a–c) temperature anomalies in °C and (d–f) salinity anomalies in psu with respect to a 500-year mean
of the CONTROL in the southern hemisphere, south of 65° S. (a, d) show averages over the Atlantic Sector, (b, e) show averages over the
Pacific Sector, (c, f) averages over the Indian Ocean Sector. This Figure show the same fields as Figs. 4/A10, but only the first 200 years of
the simulation and limited to the upper 2000m of the ocean.
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Figure A12. Time series of PISM basal mass fluxes in Gtyr−1 for CONTROL (black line) and HOSING (red line). Upper left panel shows
mean of all basins, each of the other panel the series of the basin (defined as in Reese et al. (2018), Fig. 2) specified in the subtitle. Solid lines
show 100 year running mean of the decadal (lighter coloured) data.
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Figure A13. Time series of PISM calving fluxes in Gtyr−1 for CONTROL (black line) and HOSING (red line). Upper left panel shows
mean of all basins, each of the other panel the series of the basin (defined as in Reese et al. (2018), Fig. 2) specified in the subtitle. Solid lines
show 100 year running mean of the decadal (lighter coloured) data.
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Figure A14. Time series of ocean diagnostics: (a) Global mean sea surface temperature in °C and (b) oceanic salinity forcing in psu as the
Antarctic basin mean. The CONTROL and HOSING simulations are shown in black and red, respectively, and gray lines show the end of
the spinup. The start time of HOSING is set to year 0. In (a) solid lines show 10 year running mean of the yearly (lighter coloured) data. The
three shaded areas show the 100 year time periods that are discussed further in Sect. 3.2–3.4.
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Appendix B: Model configuration details

This appendix lists the configuration changes against the ex-
ample configuration CM2M_coarse_BLING as distributed
with the MOM5 code, which we applied in our model con-
figuration.

The changes were inspired by a discussion in the MOM
users forum on google groups. That is not public acces-
sible any more, but relevant parts can be found in file
exp/CM2M_coarse_BLING/README.CM2M_coarse_
BLING-PIK in our code publication (Kreuzer, 2025a).

– For the atmosphere model, surface topography information
was added. It is missing in the example configuration dis-
tributed with MOM5.

– Cross-land mixing parameterisation for narrow sea passages
between Indonesian islands were taken from Galbraith and
de Lavergne (2019).

– To ensure numerical stability with the added freshwater hos-
ing, it was necessary to halve the timesteps for atmosphere,
ocean, and coupler exchange between those two.

– To save compute time, the ocean biogechemistry model
BLING was switched off.

– The ocean_basal_tracer module was switched on, in order to
enable the insertion of basal melt fluxes at depth.

– &ocean_sbc_nml/zero_net_water_coupler=
.false. for the hosing run, in order to disable global cor-
rection of artificial freshwater flux.

Some parameters were changed from the MOM5 exam-
ple configuration towards the original settings as used for
the CM2Mc publication (Galbraith et al., 2011), to improve
model output with respect to preindustrial conditions.

&ocean_bbc_nml/cdbot from 1.0e-3 to 2.0e-3
&ocean_bbc_nml/cdbot_law_of_wall=.false. was added
&ocean_nphysics_util_nml/agm_closure_scaling from 0.12 to 0.1
&ocean_rivermix_nml/calving_insertion_thickness=40.0 was added
&ocean_rivermix_nml/runoff_insertion_thickness=40.0 was added
&ocean_shortwave_gfdl_nml/sw_morel_fixed_depths from .true. to .false.
&ocean_submesoscale_nml/limit_psi_velocity_scale from 0.10 to 0.50
&ocean_vert_tidal_nml/shelf_depth_cutoff from 300.0 to 500.0
&ocean_vert_tidal_nml/background_diffusivity from 1.e-5 to 5.e-6
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Appendix C: Additional figures for model spinup
evaluation

Figure C1. Comparison of CM2Mc–PISM spinup to observations/reanalysis data (surface variables). First column shows sea surface tem-
perature (a), sea surface salinity (d) and 2 m atmospheric air temperature (g) as modeled in the coupled CM2Mc–PISM spinup (100 year
mean at the end of the simulation). Second column shows observations/reanalysis data (b, e, h) for comparison. Third column (c, f, i) shows
differences between the two. Sea surface temperature and salinity observations are taken from World Ocean Atlas 2018 (time averaged
1955–2017; Locarnini et al., 2018; Zweng et al., 2019). Surface air temperature reanalysis data is taken from ERA-Interim (1979–2013; Dee
et al., 2011).
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Figure C2. Comparison of CM2Mc–PISM spinup to observations (sub-surface ocean). First column shows ocean temperature (a) and
salinity (d) averaged over 500–1000 m depth as modeled in the coupled CM2Mc–PISM spinup (100 year mean at the end of the simulation).
Second column (b, e) shows World Ocean Atlas 2018 (time averaged 1955–2017; Locarnini et al., 2018; Zweng et al., 2019) for comparison.
Third column (c, f) shows differences between the two.

Figure C3. Comparison of CM2Mc–PISM spinup to observations (Southern Ocean temperature cross-sections). First row shows ocean
temperatures as Southern Ocean cross-sections averaged over all latitudes (a), over the Atlantic section (b) and over the Indo-Pacific section
(c) in the coupled CM2Mc–PISM spinup (100 year mean at the end of the simulation). Second row (d, e, f) shows World Ocean Atlas 2018
(time averaged 1955–2017; Locarnini et al., 2018) for comparison.
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Figure C4. Comparison of CM2Mc–PISM spinup to observations (Southern Ocean salinity cross-sections). First row shows ocean salinities
as Southern Ocean cross-sections averaged over all latitudes (a), over the Atlantic section (b) and over the Indo-Pacific section (c) in the
coupled CM2Mc–PISM spinup (100 year mean at the end of the simulation). Second row (d, e, f) shows World Ocean Atlas 2018 (time
averaged 1955–2017; Zweng et al., 2019) for comparison.

Figure C5. Southern Ocean convection and sea-ice state at the end of the CM2Mc–PISM spinup. The left map shows the mean maximum
mixed-layer depth (max. MLD) in m in the Southern Ocean for the last 100 years of the coupled CM2Mc–PISM spinup (a). The right map
shows the mean maximum sea-ice extent in the Southern Hemisphere (b) respectively. The purple contour in (b) shows the mean maximum
sea-ice extent between year 1979 and 2008, where concentration is larger than 15 % per grid cell, for observational data from the National
Snow and Ice Data Center (NSIDC) for comparison (Meier et al., 2021).
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Figure C6. AMOC streamfunction for the CM2Mc–PISM spinup. The left plot shows the Atlantic overturning streamfunction as a mean for
the last 100 years of the CM2Mc–PISM spinup. The right plot shows the corresponding AMOC strength profile at 26° N in orange, compared
to the RAPID array (Frajka-Williams et al., 2021) profile in black.
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Code and data availability. All code used in this study
is published on Zenodo: The version of the CM2Mc cli-
mate model (https://doi.org/10.5281/zenodo.17360862,
Kreuzer, 2025a), the version of the ice-sheet model PISM
(https://doi.org/10.5281/zenodo.16642252, Khrulev et al., 2025),
and the framework to couple CM2Mc and PISM for this work
(https://doi.org/10.5281/zenodo.16643820, Kreuzer, 2025b). Also,
the model output data used in the study are available at Zenodo
(https://doi.org/10.5281/zenodo.17361782, Höse, 2025a).

Video supplement. Supplementary video has been published on
https://doi.org/10.5446/71763 (Höse, 2025b). The video shows
temperature and salinity anomalies zonally averaged over the At-
lantic sector of the HOSING simulation with respect to the CON-
TROL simulation.

Author contributions. Following the CRediT contributor roles
Taxonomy: Analysis by AH; Conceptualization by AH, GF, MK,
WH; Methodology by AH, GF, MK, SP, WH; Investigation (con-
ducting experiments) by AH, MK; Software by MK, SP; Supervi-
sion by GF, MK, WH; Visualization by AH; Writing (original draft)
by AH; Writing (Review and Editing) by AH, GF, MK, SP, WH.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. The authors bear the ultimate responsibil-
ity for providing appropriate place names. Views expressed in the
text are those of the authors and do not necessarily reflect the views
of the publisher.

Acknowledgements. The authors thank Alexander Robinson for
giving feedback and support during the manuscript preparation.
They thank Britta Grusdt for her assistance with the statistical tests.
Furthermore, the authors want to thank Stefan Rahmstorf for dis-
cussing the methodology and results of the study. The authors also
thank Pedro Colombo for collaboration and discussions about the
basal melt input at depth implementation in MOM5.

Moritz Kreuzer was financially supported by the Potsdam Grad-
uate School. Willem Huiskamp, as part of PIK’s Planetary Bound-
aries Science Lab, was funded by Virgin Unite. The authors grate-
fully acknowledge the Ministry of Research, Science and Culture
(MWFK) of Land Brandenburg for supporting this project by pro-
viding resources on the high performance computer system at the
Potsdam Institute for Climate Impact Research.

Financial support. Anna Höse has been supported by the Euro-
pean Research Council, HORIZON EUROPE European Research
Council (FORCLIMA, grant-no.: 101044247). The development

of PISM is supported by NASA grants 20-CRYO2020-0052 and
80NSSC22K0274 and NSF grant OAC-2118285.

The article processing charges for this open-access publica-
tion were covered by the Potsdam Institute for Climate Impact
Research (PIK).

Review statement. This paper was edited by Gabriele Messori
and reviewed by two anonymous referees.

References

Aguiar, W., Morrison, A. K., Huneke, W. G. C., Hutchinson, D. K.,
Spence, P., Hogg, A. M., Colombo, P., and Stewart, K. D.:
Antarctic Dense Water Formation Sensitivity to Ocean Surface
Cell Thickness, J. Adv. Model. Earth Sy., 17, e2024MS004913,
https://doi.org/10.1029/2024MS004913, 2025.

Albrecht, T., Martin, M., Haseloff, M., Winkelmann, R.,
and Levermann, A.: Parameterization for subgrid-scale mo-
tion of ice-shelf calving fronts, The Cryosphere, 5, 35–44,
https://doi.org/10.5194/tc-5-35-2011, 2011.

Albrecht, T., Winkelmann, R., and Levermann, A.: Glacial-cycle
simulations of the Antarctic Ice Sheet with the Parallel Ice Sheet
Model (PISM) – Part 1: Boundary conditions and climatic forc-
ing, The Cryosphere, 14, 599–632, https://doi.org/10.5194/tc-14-
599-2020, 2020.

Aschwanden, A., Bueler, E., Khroulev, C., and Blatter, H.: An en-
thalpy formulation for glaciers and ice sheets, J. Glaciol., 58,
441–457, https://doi.org/10.3189/2012JoG11J088, 2012.

Baker, J. A., Bell, M. J., Jackson, L. C., Vallis, G. K., Wat-
son, A. J., and Wood, R. A.: Continued Atlantic overturning
circulation even under climate extremes, Nature, 638, 987–994,
https://doi.org/10.1038/s41586-024-08544-0, 2025.

Barbante, C., Barnola, J.-M., Becagli, S., Beer, J., Bigler, M.,
Boutron, C., Blunier, T., Castellano, E., Cattani, O., Chappel-
laz, J., Dahl-Jensen, D., Debret, M., Delmonte, B., Dick, D.,
Falourd, S., Faria, S., Federer, U., Fischer, H., Freitag, J., Fren-
zel, A., Fritzsche, D., Fundel, F., Gabrielli, P., Gaspari, V., Ger-
sonde, R., Graf, W., Grigoriev, D., Hamann, I., Hansson, M.,
Hoffmann, G., Hutterli, M. A., Huybrechts, P., Isaksson, E.,
Johnsen, S., Jouzel, J., Kaczmarska, M., Karlin, T., Kauf-
mann, P., Kipfstuhl, S., Kohno, M., Lambert, F., Lambrecht, A.,
Lambrecht, A., Landais, A., Lawer, G., Leuenberger, M., Lit-
tot, G., Loulergue, L., Lüthi, D., Maggi, V., Marino, F., Masson-
Delmotte, V., Meyer, H., Miller, H., Mulvaney, R., Narcisi, B.,
Oerlemans, J., Oerter, H., Parrenin, F., Petit, J.-R., Raisbeck, G.,
Raynaud, D., Röthlisberger, R., Ruth, U., Rybak, O., Sev-
eri, M., Schmitt, J., Schwander, J., Siegenthaler, U., Siggaard-
Andersen, M.-L., Spahni, R., Steffensen, J. P., Stenni, B.,
Stocker, T. F., Tison, J.-L., Traversi, R., Udisti, R., Valero-
Delgado, F., van den Broeke, M. R., van de Wal, R. S. W., Wagen-
bach, D., Wegner, A., Weiler, K., Wilhelms, F., Winther, J.-G.,
Wolff, E., and Members, E. C.: One-to-one coupling of glacial
climate variability in Greenland and Antarctica, Nature, 444,
195–198, https://doi.org/10.1038/nature05301, 2006.

Bennetts, L. G., Shakespeare, C. J., Vreugdenhil, C. A., Fop-
pert, A., Gayen, B., Meyer, A., Morrison, A. K., Padman, L.,

Earth Syst. Dynam., 17, 1025–1059, 2026 https://doi.org/10.5194/esd-17-1025-2026

https://doi.org/10.5281/zenodo.17360862
https://doi.org/10.5281/zenodo.16642252
https://doi.org/10.5281/zenodo.16643820
https://doi.org/10.5281/zenodo.17361782
https://doi.org/10.5446/71763
https://doi.org/10.1029/2024MS004913
https://doi.org/10.5194/tc-5-35-2011
https://doi.org/10.5194/tc-14-599-2020
https://doi.org/10.5194/tc-14-599-2020
https://doi.org/10.3189/2012JoG11J088
https://doi.org/10.1038/s41586-024-08544-0
https://doi.org/10.1038/nature05301


A. Höse et al.: Impact of an AMOC weakening on the Antarctic Ice Sheet 1055

Phillips, H. E., Stevens, C. L., Toffoli, A., Constantinou, N. C.,
Cusack, J. M., Cyriac, A., Doddridge, E. W., England, M. H.,
Evans, D. G., Heil, P., Hogg, A. M., Holmes, R. M.,
Huneke, W. G. C., Jones, N. L., Keating, S. R., Kiss, A. E.,
Kraitzman, N., Malyarenko, A., McConnochie, C. D.,
Meucci, A., Montiel, F., Neme, J., Nikurashin, M., Pa-
tel, R. S., Peng, J.-P., Rayson, M., Rosevear, M. G., Sohail, T.,
Spence, P., and Stanley, G. J.: Closing the Loops on Southern
Ocean Dynamics: From the Circumpolar Current to Ice Shelves
and From Bottom Mixing to Surface Waves, Rev. Geophys., 62,
https://doi.org/10.1029/2022RG000781, 2024.

Berdahl, M., Leguy, G. R., Lipscomb, W. H., Otto-Bliesner,
B. L., Brady, E. C., Tomas, R. A., Urban, N. M., Miller,
I., Morgan, H., and Steig, E. J.: Antarctic climate re-
sponse in Last Interglacial simulations using the Community
Earth System Model (CESM2), Clim. Past, 20, 2349–2371,
https://doi.org/10.5194/cp-20-2349-2024, 2024.

Broecker, W. S.: Paleocean circulation during the Last Deglacia-
tion: A bipolar seesaw?, Paleoceanography, 13, 119–121,
https://doi.org/10.1029/97PA03707, 1998.

Bronselaer, B., Winton, M., Griffies, S. M., Hurlin, W. J.,
Rodgers, K. B., Sergienko, O. V., Stouffer, R. J., and Rus-
sell, J. L.: Change in future climate due to Antarctic meltwater,
Nature, 564, 53–58, https://doi.org/10.1038/s41586-018-0712-z,
2018.

Bueler, E. and Brown, J.: Shallow shelf approximation as a “sliding
law” in a thermomechanically coupled ice sheet model, J. Geo-
phys. Res.-Earth, 114, https://doi.org/10.1029/2008JF001179,
2009.

Bueler, E., Brown, J., and Lingle, C.: Exact solutions to
the thermomechanically coupled shallow-ice approximation:
effective tools for verification, J. Glaciol., 53, 499–516,
https://doi.org/10.3189/002214307783258396, 2007.

Burgard, C., Jourdain, N. C., Reese, R., Jenkins, A., and
Mathiot, P.: An assessment of basal melt parameterisations
for Antarctic ice shelves, The Cryosphere, 16, 4931–4975,
https://doi.org/10.5194/tc-16-4931-2022, 2022.

Caesar, L., Rahmstorf, S., Robinson, A., Feulner, G., and
Saba, V.: Observed fingerprint of a weakening Atlantic
Ocean overturning circulation, Nature, 556, 191–196,
https://doi.org/10.1038/s41586-018-0006-5, 2018.

Caesar, L., McCarthy, G. D., Thornalley, D. J. R., Cahill, N., and
Rahmstorf, S.: Current Atlantic Meridional Overturning Circu-
lation weakest in last millennium, Nat. Geosci., 14, 118–120,
https://doi.org/10.1038/s41561-021-00699-z, 2021.

Cheng, W., Bitz, C. M., and Chiang, J. C. H.: Adjustment of the
Global Climate to an Abrupt Slowdown of the Atlantic Merid-
ional Overturning Circulation, 295–313, American Geophysical
Union (AGU), https://doi.org/10.1029/173GM19, 2007.

Clark, P. U., Pisias, N. G., Stocker, T. F., and Weaver, A. J.: The role
of the thermohaline circulation in abrupt climate change, Nature,
415, 863–869, https://doi.org/10.1038/415863a, 2002.

Couldrey, M. P., Gregory, J. M., Dong, X., Garuba, O., Haak, H.,
Hu, A., Hurlin, W. J., Jin, J., Jungclaus, J., Köhl, A.,
Liu, H., Ojha, S., Saenko, O. A., Savita, A., Suzuki, T.,
Yu, Z., and Zanna, L.: Greenhouse-gas forced changes in
the Atlantic meridional overturning circulation and related
worldwide sea-level change, Clim. Dynam., 60, 2003–2039,
https://doi.org/10.1007/s00382-022-06386-y, 2023.

Cuffey, K. and Paterson, W.: The Physics of Glaciers, Elsevier Sci-
ence, eBook ISBN: 9780080919126, 2010.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P.,
Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L.,
Bidlot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M.,
Geer, A. J., Haimberger, L., Healy, S. B., Hersbach, H.,
Hólm, E. V., Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M.,
McNally, A. P., Monge-Sanz, B. M., Morcrette, J.-J., Park, B.-
K., Peubey, C., de Rosnay, P., Tavolato, C., Thépaut, J.-N., and
Vitart, F.: The ERA-Interim reanalysis: configuration and perfor-
mance of the data assimilation system, Q. J. Roy. Meteor. Soc.,
137, 553–597, https://doi.org/10.1002/qj.828, 2011.

Delworth, T. L., Broccoli, A. J., Rosati, A., Stouffer, R. J., Bal-
aji, V., Beesley, J. A., Cooke, W. F., Dixon, K. W., Dunne, J.,
Dunne, K. A., Durachta, J. W., Findell, K. L., Ginoux, P.,
Gnanadesikan, A., Gordon, C. T., Griffies, S. M., Gudgel, R.,
Harrison, M. J., Held, I. M., Hemler, R. S., Horowitz, L. W.,
Klein, S. A., Knutson, T. R., Kushner, P. J., Langenhorst, A. R.,
Lee, H.-C., Lin, S.-J., Lu, J., Malyshev, S. L., Milly, P. C. D.,
Ramaswamy, V., Russell, J., Schwarzkopf, M. D., Shevli-
akova, E., Sirutis, J. J., Spelman, M. J., Stern, W. F., Win-
ton, M., Wittenberg, A. T., Wyman, B., Zeng, F., and Zhang, R.:
GFDL’s CM2 Global Coupled Climate Models. Part I: Formu-
lation and Simulation Characteristics, J. Climate, 19, 643–674,
https://doi.org/10.1175/JCLI3629.1, 2006.

den Toom, M., Dijkstra, H. A., Weijer, W., Hecht, M. W., Mal-
trud, M. E., and van Sebille, E.: Response of a Strongly Eddy-
ing Global Ocean to North Atlantic Freshwater Perturbations,
J. Phys. Oceanogr., 44, 464–481, https://doi.org/10.1175/JPO-D-
12-0155.1, 2014.

Diamond, R., Sime, L. C., Schroeder, D., Jackson, L. C., Hol-
land, P. R., de Asenjo, E. A., Bellomo, K., Danabasoglu, G.,
Hu, A., Jungclaus, J., Montoya, M., Meccia, V. L., Saenko, O. A.,
and Swingedouw, D.: A Weakened AMOC Could Cause South-
ern Ocean Temperature and Sea-Ice Change on Multidecadal
Timescales, J. Geophys. Res.-Oceans, 130, e2024JC022027,
https://doi.org/10.1029/2024JC022027, 2025.

Dima, M. and Lohmann, G.: Evidence for Two Distinct Modes of
Large-Scale Ocean Circulation Changes over the Last Century,
J. Climate, 23, 5–16, https://doi.org/10.1175/2009JCLI2867.1,
2010.

Ditlevsen, P. and Ditlevsen, S.: Warning of a forthcoming col-
lapse of the Atlantic meridional overturning circulation, Nat.
Commun., 14, 4254, https://doi.org/10.1038/s41467-023-39810-
w, 2023.

Du, J., Haley, B. A., and Mix, A. C.: Evolution of the Global Over-
turning Circulation since the Last Glacial Maximum based on
marine authigenic neodymium isotopes, Quaternary Sci. Rev.,
241, 106396, https://doi.org/10.1016/j.quascirev.2020.106396,
2020.

Feulner, G., Rahmstorf, S., Levermann, A., and Volkwardt, S.: On
the Origin of the Surface Air Temperature Difference between
the Hemispheres in Earth’s Present-Day Climate, J. Climate, 26,
7136–7150, https://doi.org/10.1175/JCLI-D-12-00636.1, 2013.

Fox-Kemper, B., Hewitt, H., Xiao, C., Aðalgeirsdóttir, G., Dri-
jfhout, S., Edwards, T., Golledge, N., Hemer, M., Kopp, R., Krin-
ner, G., Mix, A., Notz, D., Nowicki, S., Nurhati, I., Ruiz, L.,
Sallée, J.-B., Slangen, A., and Yu, Y.: Ocean, Cryosphere and

https://doi.org/10.5194/esd-17-1025-2026 Earth Syst. Dynam., 17, 1025–1059, 2026

https://doi.org/10.1029/2022RG000781
https://doi.org/10.5194/cp-20-2349-2024
https://doi.org/10.1029/97PA03707
https://doi.org/10.1038/s41586-018-0712-z
https://doi.org/10.1029/2008JF001179
https://doi.org/10.3189/002214307783258396
https://doi.org/10.5194/tc-16-4931-2022
https://doi.org/10.1038/s41586-018-0006-5
https://doi.org/10.1038/s41561-021-00699-z
https://doi.org/10.1029/173GM19
https://doi.org/10.1038/415863a
https://doi.org/10.1007/s00382-022-06386-y
https://doi.org/10.1002/qj.828
https://doi.org/10.1175/JCLI3629.1
https://doi.org/10.1175/JPO-D-12-0155.1
https://doi.org/10.1175/JPO-D-12-0155.1
https://doi.org/10.1029/2024JC022027
https://doi.org/10.1175/2009JCLI2867.1
https://doi.org/10.1038/s41467-023-39810-w
https://doi.org/10.1038/s41467-023-39810-w
https://doi.org/10.1016/j.quascirev.2020.106396
https://doi.org/10.1175/JCLI-D-12-00636.1


1056 A. Höse et al.: Impact of an AMOC weakening on the Antarctic Ice Sheet

Sea Level Change, 1211–1362, Cambridge University Press,
https://doi.org/10.1017/9781009157896.011, 2021.

Frajka-Williams, E., Moat, B., Smeed, D., Rayner, D., Johns, W.,
Baringer, M., Volkov, D., and Collins, J.: Atlantic merid-
ional overturning circulation observed by the RAPID-MOCHA-
WBTS (RAPID-Meridional Overturning Circulation and Heat-
flux Array-Western Boundary Time Series) array at 26 N from
2004 to 2020 (v2020.1), https://doi.org/10.5285/cc1e34b3-3385-
662b-e053-6c86abc03444, 2021.

Galbraith, E. D. and de Lavergne, C.: Response of a compre-
hensive climate model to a broad range of external forc-
ings: relevance for deep ocean ventilation and the develop-
ment of late Cenozoic ice ages, Clim. Dynam., 52, 653–679,
https://doi.org/10.1007/s00382-018-4157-8, 2019.

Galbraith, E. D., Kwon, E. Y., Gnanadesikan, A., Rodgers, K. B.,
Griffies, S. M., Bianchi, D., Sarmiento, J. L., Dunne, J. P.,
Simeon, J., Slater, R. D., Wittenberg, A. T., and
Held, I. M.: Climate Variability and Radiocarbon in the
CM2Mc Earth System Model, J. Climate, 24, 4230–4254,
https://doi.org/10.1175/2011JCLI3919.1, 2011.

Garbe, J., Albrecht, T., Levermann, A., Donges, J. F., and Winkel-
mann, R.: The hysteresis of the Antarctic Ice Sheet, Nature, 585,
538–544, https://doi.org/10.1038/s41586-020-2727-5, 2020.

Gent, P. and McWilliams, J. C.: Isopycnal mix-
ing in ocean circulation models, J. Phys.
Oceanogr., 20, 150–155, https://doi.org/10.1175/1520-
0485(1990)020<0150:IMIOCM>2.0.CO;2, 1990.

Gierz, P., Lohmann, G., and Wei, W.: Response of Atlantic
overturning to future warming in a coupled atmosphere-
ocean-ice sheet model, Geophys. Res. Lett., 42, 6811–6818,
https://doi.org/10.1002/2015GL065276, 2015.

Gilbert, E. and Kittel, C.: Surface Melt and Runoff on
Antarctic Ice Shelves at 1.5°C, 2°C, and 4°C of Fu-
ture Warming, Geophys. Res. Lett., 48, e2020GL091733,
https://doi.org/10.1029/2020GL091733, 2021.

Golledge, N. R., Keller, E. D., Gomez, N., Naughten, K. A.,
Bernales, J., Trusel, L. D., and Edwards, T. L.: Global envi-
ronmental consequences of twenty-first-century ice-sheet melt,
Nature, 566, 65–72, https://doi.org/10.1038/s41586-019-0889-9,
2019.

Griffies, S. M.: Elements of the Modular Ocean Model (MOM) –
2012 Release with updates, GFDL Ocean Group Technical Re-
port 7, NOAA/Geophysical Fluid Dynamics Laboratory, https:
//mom-ocean.github.io/assets/pdfs/MOM5_manual.pdf (last ac-
cess: 17 July 2026), 2014.

Heuzé, C.: Antarctic Bottom Water and North Atlantic
Deep Water in CMIP6 models, Ocean Sci., 17, 59–90,
https://doi.org/10.5194/os-17-59-2021, 2021.

Hofmann, M. and Rahmstorf, S.: On the stability of the Atlantic
meridional overturning circulation, P. Natl. Acad. Sci., 106,
20584–20589, https://doi.org/10.1073/pnas.0909146106, 2009.

Höse, A.: Data publication for “Simulating the impact of
an AMOC weakening on the Antarctic Ice Sheet using
coupled climate and ice-sheet model”, Zenodo [data set],
https://doi.org/10.5281/zenodo.17361782, 2025a.

Höse, A.: Simulated temperature and salinity anomalies in the At-
lantic sector in an AMOC collapse scenario, TIB AV-Portal
[video], https://doi.org/10.5446/71763, 2025b.

Jackson, L., Kahana, R., Graham, T., Ringer, M., Woollings, T.,
Mecking, J., and Wood, R.: Global and European climate impacts
of a slowdown of the AMOC in a high resolution GCM, Clim.
Dynam., 45, 1–18, https://doi.org/10.1007/s00382-015-2540-2,
2015.

Jackson, L. C. and Wood, R. A.: Timescales of AMOC decline in
response to fresh water forcing, Clim. Dynam., 51, 1333–1350,
https://doi.org/10.1007/s00382-017-3957-6, 2018.

Jackson, L. C., Alastrué de Asenjo, E., Bellomo, K., Danaba-
soglu, G., Haak, H., Hu, A., Jungclaus, J., Lee, W., Mec-
cia, V. L., Saenko, O., Shao, A., and Swingedouw, D.: Un-
derstanding AMOC stability: the North Atlantic Hosing Model
Intercomparison Project, Geosci. Model Dev., 16, 1975–1995,
https://doi.org/10.5194/gmd-16-1975-2023, 2023.

Joughin, I., Smith, B. E., and Medley, B.: Marine Ice
Sheet Collapse Potentially Under Way for the Thwaites
Glacier Basin, West Antarctica, Science, 344, 735–738,
https://doi.org/10.1126/science.1249055, 2014.

Kageyama, M., Paul, A., Roche, D. M., and Van Meer-
beeck, C. J.: Modelling glacial climatic millennial-scale vari-
ability related to changes in the Atlantic meridional overturn-
ing circulation: a review, Quaternary Sci. Rev., 29, 2931–2956,
https://doi.org/10.1016/j.quascirev.2010.05.029, 2010.

Kageyama, M., Merkel, U., Otto-Bliesner, B., Prange, M., Abe-
Ouchi, A., Lohmann, G., Ohgaito, R., Roche, D. M., Sin-
garayer, J., Swingedouw, D., and Zhang, X.: Climatic im-
pacts of fresh water hosing under Last Glacial Maximum
conditions: a multi-model study, Clim. Past, 9, 935–953,
https://doi.org/10.5194/cp-9-935-2013, 2013.

Khrulev, C., Bueler, E., Aschwanden, A., damaxwell, Brown, J.,
Albrecht, T., Seguinot, J., Mengel, M., anders-dc, Hinck, S.,
Kreuzer, M., Ziemen, F., ronjareese, and tkleiner: M-
Kreuzer/Pism: Version as Used in “meltwater-Stratification
Feedback” Paper (v1.0_hash_fix_taud_margins), Zenodo [soft-
ware], https://doi.org/10.5281/zenodo.16642252, 2025.

Knutti, R., Flückiger, J., Stocker, T. F., and Timmermann, A.:
Strong hemispheric coupling of glacial climate through fresh-
water discharge and ocean circulation, Nature, 430, 851–856,
https://doi.org/10.1038/nature02786, 2004.

Kreuzer, M.: CM2Mc Code as used in paper “Antarc-
tic meltwater-stratification feedback is less pronounced
under high climate forcing”, Zenodo [software],
https://doi.org/10.5281/zenodo.17360862, 2025a.

Kreuzer, M.: M-Kreuzer/PISM-MOM_coupling: Version as used
in paper “Antarctic meltwater-stratification feedback is less
pronounced under high climate forcing”, Zenodo [software],
https://doi.org/10.5281/zenodo.16643820, 2025b.

Kreuzer, M., Reese, R., Huiskamp, W. N., Petri, S., Albrecht, T.,
Feulner, G., and Winkelmann, R.: Coupling framework (1.0)
for the PISM (1.1.4) ice sheet model and the MOM5
(5.1.0) ocean model via the PICO ice shelf cavity model in
an Antarctic domain, Geosci. Model Dev., 14, 3697–3714,
https://doi.org/10.5194/gmd-14-3697-2021, 2021.

Kreuzer, M., Albrecht, T., Nicola, L., Reese, R., and Winkel-
mann, R.: Bathymetry-constrained impact of relative sea-level
change on basal melting in Antarctica, The Cryosphere, 19,
1181–1203, https://doi.org/10.5194/tc-19-1181-2025, 2025.

Kreuzer, M., Albrecht, T., Huiskamp, W., Petri, S., Feld-
mann, J., Feulner, G., and Winkelmann, R.: Antarctic meltwater-

Earth Syst. Dynam., 17, 1025–1059, 2026 https://doi.org/10.5194/esd-17-1025-2026

https://doi.org/10.1017/9781009157896.011
https://doi.org/10.5285/cc1e34b3-3385-662b-e053-6c86abc03444
https://doi.org/10.5285/cc1e34b3-3385-662b-e053-6c86abc03444
https://doi.org/10.1007/s00382-018-4157-8
https://doi.org/10.1175/2011JCLI3919.1
https://doi.org/10.1038/s41586-020-2727-5
https://doi.org/10.1175/1520-0485(1990)020<0150:IMIOCM>2.0.CO;2
https://doi.org/10.1175/1520-0485(1990)020<0150:IMIOCM>2.0.CO;2
https://doi.org/10.1002/2015GL065276
https://doi.org/10.1029/2020GL091733
https://doi.org/10.1038/s41586-019-0889-9
https://mom-ocean.github.io/assets/pdfs/MOM5_manual.pdf
https://mom-ocean.github.io/assets/pdfs/MOM5_manual.pdf
https://doi.org/10.5194/os-17-59-2021
https://doi.org/10.1073/pnas.0909146106
https://doi.org/10.5281/zenodo.17361782
https://doi.org/10.5446/71763
https://doi.org/10.1007/s00382-015-2540-2
https://doi.org/10.1007/s00382-017-3957-6
https://doi.org/10.5194/gmd-16-1975-2023
https://doi.org/10.1126/science.1249055
https://doi.org/10.1016/j.quascirev.2010.05.029
https://doi.org/10.5194/cp-9-935-2013
https://doi.org/10.5281/zenodo.16642252
https://doi.org/10.1038/nature02786
https://doi.org/10.5281/zenodo.17360862
https://doi.org/10.5281/zenodo.16643820
https://doi.org/10.5194/gmd-14-3697-2021
https://doi.org/10.5194/tc-19-1181-2025


A. Höse et al.: Impact of an AMOC weakening on the Antarctic Ice Sheet 1057

stratification feedback is less pronounced under high cli-
mate forcing, Geophys. Res. Lett., 53, e2025GL118643,
https://doi.org/10.1029/2025GL118643, 2026.

Kuhlbrodt, T., Griesel, A., Montoya, M., Levermann, A., Hof-
mann, M., and Rahmstorf, S.: On the driving processes of the
Atlantic meridional overturning circulation, Rev. Geophys., 45,
https://doi.org/10.1029/2004RG000166, 2007.

Lai, C.-Y., Kingslake, J., Wearing, M. G., Chen, P.-H. C., Gen-
tine, P., Li, H., Spergel, J. J., and van Wessem, J. M.: Vulnerabil-
ity of Antarctica’s ice shelves to meltwater-driven fracture, Na-
ture, 584, 574–578, https://doi.org/10.1038/s41586-020-2627-8,
2020.

Landais, A., Masson-Delmotte, V., Stenni, B., Selmo, E.,
Roche, D., Jouzel, J., Lambert, F., Guillevic, M., Bazin, L.,
Arzel, O., Vinther, B., Gkinis, V., and Popp, T.: A review
of the bipolar see–saw from synchronized and high reso-
lution ice core water stable isotope records from Green-
land and East Antarctica, Quaternary Sci. Rev., 114, 18–32,
https://doi.org/10.1016/j.quascirev.2015.01.031, 2015.

Latif, M., Sun, J., Visbeck, M., and Bordbar, M. H.: Natu-
ral variability has dominated Atlantic Meridional Overturn-
ing Circulation since 1900, Nat. Clim. Change, 12, 455–460,
https://doi.org/10.1038/s41558-022-01342-4, 2022.

Lee, S.-Y., Chiang, J. C. H., Matsumoto, K., and Tokos, K. S.:
Southern Ocean wind response to North Atlantic cool-
ing and the rise in atmospheric CO2: Modeling perspec-
tive and paleoceanographic implications, Paleoceanography, 26,
https://doi.org/10.1029/2010PA002004, 2011.

Levermann, A., Albrecht, T., Winkelmann, R., Martin, M. A.,
Haseloff, M., and Joughin, I.: Kinematic first-order calving law
implies potential for abrupt ice-shelf retreat, The Cryosphere, 6,
273–286, https://doi.org/10.5194/tc-6-273-2012, 2012.

Locarnini, M., Mishonov, A., Baranova, O., Boyer, T., Zweng, M.,
Garcia, H., Reagan, J., Seidov, D., Weathers, K., Paver, C., and
Smolyar, I.: World Ocean Atlas 2018, Volume 1: Temperature,
Report, NOAA, https://doi.org/10.25923/e5rn-9711, 2018.

Lynch-Stieglitz, J.: The Atlantic Meridional Overturning Cir-
culation and Abrupt Climate Change, Annu. Rev. Mar.
Sci., 9, 83–104, https://doi.org/10.1146/annurev-marine-010816-
060415, 2017.

Manabe, S. and Ronald, S.: The Stable Criteria
of a Coupled Ocean-Atmosphere Model, J. Cli-
mate, 1, 841–866, https://doi.org/10.1175/1520-
0442(1988)001<0841:TSEOAC>2.0.CO;2, 1988.

McKay, D. I. A., Staal, A., Abrams, J. F., Winkelmann, R.,
Sakschewski, B., Loriani, S., Fetzer, I., Cornell, S. E., Rock-
ström, J., and Lenton, T. M.: Exceeding 1.5 °C global warm-
ing could trigger multiple climate tipping points, Science, 377,
eabn7950, https://doi.org/10.1126/science.abn7950, 2022.

McManus, J. F., Francois, R., Gherardi, J.-M., Keigwin, L. D.,
and Brown-Leger, S.: Collapse and rapid resumption of Atlantic
meridional circulation linked to deglacial climate changes, Na-
ture, 428, 834–837, https://doi.org/10.1038/nature02494, 2004.

Meccia, V., Simolo, C., Bellomo, K., and Corti, S.: Extreme cold
events in Europe under a reduced AMOC, Environ. Res. Lett.,
19, https://doi.org/10.1088/1748-9326/ad14b0, 2023.

Mehling, O., Vanderborght, E., and Dijkstra, H. A.: Criti-
cal freshwater forcing for AMOC tipping in climate models

– compensation matters, Earth Syst. Dynam., 17, 563–579,
https://doi.org/10.5194/esd-17-563-2026, 2026.

Meier, W., Fetterer, F., Windnagel, A., and Stewart, S.: NOAA/
NSIDC Climate Data Record of Passive Microwave Sea Ice
Concentration, Version 4, https://doi.org/10.7265/EFMZ-2T65,
2021.

Mishonov, A., Seidov, D., and Reagan, J.: Revisiting the
multidecadal variability of North Atlantic Ocean cir-
culation and climate, Frontiers in Marine Science, 11,
https://doi.org/10.3389/fmars.2024.1345426, 2024.

Morlighem, M., Williams, C. N., Rignot, E., An, L., Arndt, J. E.,
Bamber, J. L., Catania, G., Chauché, N., Dowdeswell, J. A.,
Dorschel, B., Fenty, I., Hogan, K., Howat, I., Hubbard, A.,
Jakobsson, M., Jordan, T. M., Kjeldsen, K. K., Millan, R.,
Mayer, L., Mouginot, J., Noël, B. P. Y., O’Cofaigh, C.,
Palmer, S., Rysgaard, S., Seroussi, H., Siegert, M. J.,
Slabon, P., Straneo, F., van den Broeke, M. R., Weinrebe, W.,
Wood, M., and Zinglersen, K. B.: BedMachine v3: Com-
plete Bed Topography and Ocean Bathymetry Mapping of
Greenland From Multibeam Echo Sounding Combined With
Mass Conservation, Geophys. Res. Lett., 44, 11,051–11,061,
https://doi.org/10.1002/2017GL074954, 2017.

Mouginot, J., Rignot, E., and Scheuchl, B.: Sustained increase in
ice discharge from the Amundsen Sea Embayment, West Antarc-
tica, from 1973 to 2013, Geophys. Res. Lett., 41, 1576–1584,
https://doi.org/10.1002/2013GL059069, 2014.

Naughten, K. A., Holland, P. R., and De Rydt, J.: Unavoid-
able future increase in West Antarctic ice-shelf melting over
the twenty-first century, Nat. Clim. Change, 13, 1222–1228,
https://doi.org/10.1038/s41558-023-01818-x, 2023.

Noël, B., van Wessem, J. M., Wouters, B., Trusel, L., Lhermitte, S.,
and van den Broeke, M. R.: Higher Antarctic ice sheet accumu-
lation and surface melt rates revealed at 2 km resolution, Nat.
Commun., 14, 7949, https://doi.org/10.1038/s41467-023-43584-
6, 2023.

Olbers, D. and Hellmer, H.: A box model of circulation and
melting in ice shelf caverns, Ocean Dynam., 60, 141–153,
https://doi.org/10.1007/s10236-009-0252-z, 2010.

Orihuela-Pinto, B., England, M. H., and Taschetto, A. S.: In-
terbasin and interhemispheric impacts of a collapsed Atlantic
Overturning Circulation, Nat. Clim. Change, 12, 558–565,
https://doi.org/10.1038/s41558-022-01380-y, 2022.

Otosaka, I. N., Shepherd, A., Ivins, E. R., Schlegel, N.-J.,
Amory, C., van den Broeke, M. R., Horwath, M., Joughin, I.,
King, M. D., Krinner, G., Nowicki, S., Payne, A. J.,
Rignot, E., Scambos, T., Simon, K. M., Smith, B. E.,
Sørensen, L. S., Velicogna, I., Whitehouse, P. L., A, G.,
Agosta, C., Ahlstrøm, A. P., Blazquez, A., Colgan, W., Eng-
dahl, M. E., Fettweis, X., Forsberg, R., Gallée, H., Gardner, A.,
Gilbert, L., Gourmelen, N., Groh, A., Gunter, B. C., Harig, C.,
Helm, V., Khan, S. A., Kittel, C., Konrad, H., Langen, P. L.,
Lecavalier, B. S., Liang, C.-C., Loomis, B. D., McMillan, M.,
Melini, D., Mernild, S. H., Mottram, R., Mouginot, J., Nilsson, J.,
Noël, B., Pattle, M. E., Peltier, W. R., Pie, N., Roca, M., Sas-
gen, I., Save, H. V., Seo, K.-W., Scheuchl, B., Schrama, E. J. O.,
Schröder, L., Simonsen, S. B., Slater, T., Spada, G., Sutter-
ley, T. C., Vishwakarma, B. D., van Wessem, J. M., Wiese, D.,
van der Wal, W., and Wouters, B.: Mass balance of the Green-
land and Antarctic ice sheets from 1992 to 2020, Earth Syst.

https://doi.org/10.5194/esd-17-1025-2026 Earth Syst. Dynam., 17, 1025–1059, 2026

https://doi.org/10.1029/2025GL118643
https://doi.org/10.1029/2004RG000166
https://doi.org/10.1038/s41586-020-2627-8
https://doi.org/10.1016/j.quascirev.2015.01.031
https://doi.org/10.1038/s41558-022-01342-4
https://doi.org/10.1029/2010PA002004
https://doi.org/10.5194/tc-6-273-2012
https://doi.org/10.25923/e5rn-9711
https://doi.org/10.1146/annurev-marine-010816-060415
https://doi.org/10.1146/annurev-marine-010816-060415
https://doi.org/10.1175/1520-0442(1988)001<0841:TSEOAC>2.0.CO;2
https://doi.org/10.1175/1520-0442(1988)001<0841:TSEOAC>2.0.CO;2
https://doi.org/10.1126/science.abn7950
https://doi.org/10.1038/nature02494
https://doi.org/10.1088/1748-9326/ad14b0
https://doi.org/10.5194/esd-17-563-2026
https://doi.org/10.7265/EFMZ-2T65
https://doi.org/10.3389/fmars.2024.1345426
https://doi.org/10.1002/2017GL074954
https://doi.org/10.1002/2013GL059069
https://doi.org/10.1038/s41558-023-01818-x
https://doi.org/10.1038/s41467-023-43584-6
https://doi.org/10.1038/s41467-023-43584-6
https://doi.org/10.1007/s10236-009-0252-z
https://doi.org/10.1038/s41558-022-01380-y


1058 A. Höse et al.: Impact of an AMOC weakening on the Antarctic Ice Sheet

Sci. Data, 15, 1597–1616, https://doi.org/10.5194/essd-15-1597-
2023, 2023.

Paolo, F. S., Fricker, H. A., and Padman, L.: Volume loss from
Antarctic ice shelves is accelerating, Science, 348, 327–331,
https://doi.org/10.1126/science.aaa0940, 2015.

Pedro, J. B., Martin, T., Steig, E. J., Jochum, M., Park, W., and
Rasmussen, S. O.: Southern Ocean deep convection as a driver of
Antarctic warming events, Geophys. Res. Lett., 43, 2192–2199,
https://doi.org/10.1002/2016GL067861, 2016.

Pedro, J. B., Jochum, M., Buizert, C., He, F., Barker, S., and Ras-
mussen, S. O.: Beyond the bipolar seesaw: Toward a process un-
derstanding of interhemispheric coupling, Quaternary Sci. Rev.,
192, 27–46, https://doi.org/10.1016/j.quascirev.2018.05.005,
2018.

Peltier, W. R. and Vettoretti, G.: Dansgaard–Oeschger oscilla-
tions predicted in a comprehensive model of glacial climate: A
“kicked” salt oscillator in the Atlantic, Geophys. Res. Lett., 41,
7306–7313, https://doi.org/10.1002/2014GL061413, 2014.

Pontes, G. M. and Menviel, L.: Weakening of the Atlantic Merid-
ional Overturning Circulation driven by subarctic freshening
since the mid-twentieth century, Nat. Geosci., 17, 1291–1298,
https://doi.org/10.1038/s41561-024-01568-1, 2024.

Rahmstorf, S.: Ocean circulation and climate dur-
ing the past 120 000 years, Nature, 419, 207–214,
https://doi.org/10.1038/nature01090, 2002.

Rahmstorf, S., Crucifix, M., Ganopolski, A., Goosse, H., Ka-
menkovich, I., Knutti, R., Lohmann, G., Marsh, R., Mysak, L. A.,
Wang, Z., and Weaver, A. J.: Thermohaline circulation hys-
teresis: A model intercomparison, Geophys. Res. Lett., 32,
https://doi.org/10.1029/2005GL023655, 2005.

Reese, R., Albrecht, T., Mengel, M., Asay-Davis, X., and Winkel-
mann, R.: Antarctic sub-shelf melt rates via PICO, The
Cryosphere, 12, 1969–1985, https://doi.org/10.5194/tc-12-1969-
2018, 2018.

Reese, R., Garbe, J., Hill, E. A., Urruty, B., Naughten, K. A.,
Gagliardini, O., Durand, G., Gillet-Chaulet, F., Gudmunds-
son, G. H., Chandler, D., Langebroek, P. M., and Winkel-
mann, R.: The stability of present-day Antarctic grounding
lines – Part 2: Onset of irreversible retreat of Amundsen
Sea glaciers under current climate on centennial timescales
cannot be excluded, The Cryosphere, 17, 3761–3783,
https://doi.org/10.5194/tc-17-3761-2023, 2023.

Rignot, E., Mouginot, J., Scheuchl, B., van den Broeke, M., van
Wessem, M. J., and Morlighem, M.: Four decades of Antarctic
Ice Sheet mass balance from 1979–2017, P. Natl. Acad. Sci., 116,
1095–1103, https://doi.org/10.1073/pnas.1812883116, 2019.

Rind, D., Russell, G., Schmidt, G., Sheth, S., Collins, D., deMeno-
cal, P., and Teller, J.: Effects of glacial meltwater in the GISS
coupled atmosphere-ocean model: 2. A bipolar seesaw in At-
lantic Deep Water production, J. Geophys. Res.-Atmos., 106,
27355–27365, https://doi.org/10.1029/2001JD000954, 2001.

Schmidtko, S., Heywood, K. J., Thompson, A. F., and Aoki, S.:
Multidecadal warming of Antarctic waters, Science, 346, 1227–
1231, https://doi.org/10.1126/science.1256117, 2014.

Seroussi, H., Nowicki, S., Payne, A. J., Goelzer, H., Lip-
scomb, W. H., Abe-Ouchi, A., Agosta, C., Albrecht, T., Asay-
Davis, X., Barthel, A., Calov, R., Cullather, R., Dumas, C.,
Galton-Fenzi, B. K., Gladstone, R., Golledge, N. R., Gre-
gory, J. M., Greve, R., Hattermann, T., Hoffman, M. J., Hum-

bert, A., Huybrechts, P., Jourdain, N. C., Kleiner, T., Larour, E.,
Leguy, G. R., Lowry, D. P., Little, C. M., Morlighem, M., Pat-
tyn, F., Pelle, T., Price, S. F., Quiquet, A., Reese, R., Schlegel, N.-
J., Shepherd, A., Simon, E., Smith, R. S., Straneo, F., Sun, S.,
Trusel, L. D., Van Breedam, J., van de Wal, R. S. W., Winkel-
mann, R., Zhao, C., Zhang, T., and Zwinger, T.: ISMIP6 Antarc-
tica: a multi-model ensemble of the Antarctic ice sheet evo-
lution over the 21st century, The Cryosphere, 14, 3033–3070,
https://doi.org/10.5194/tc-14-3033-2020, 2020.

Skinner, L., Menviel, L., Broadfield, L., Gottschalk, J., and
Greaves, M.: Southern Ocean convection amplified past Antarc-
tic warming and atmospheric CO2 rise during Heinrich
Stadial 4, Communications Earth and Environment, 1, 23,
https://doi.org/10.1038/s43247-020-00024-3, 2020.

Smeed, D. A., Josey, S. A., Beaulieu, C., Johns, W. E., Moat, B. I.,
Frajka-Williams, E., Rayner, D., Meinen, C. S., Baringer, M. O.,
Bryden, H. L., and McCarthy, G. D.: The North Atlantic Ocean
Is in a State of Reduced Overturning, Geophys. Res. Lett., 45,
1527–1533, https://doi.org/10.1002/2017GL076350, 2018.

Smith, R. S., Mathiot, P., Siahaan, A., Lee, V., Cornford, S. L.,
Gregory, J. M., Payne, A. J., Jenkins, A., Holland, P. R., Ri-
dley, J. K., and Jones, C. G.: Coupling the U. K. Earth Sys-
tem Model to Dynamic Models of the Greenland and Antarc-
tic Ice Sheets, J. Adv. Model. Earth Sy., 13, e2021MS002520,
https://doi.org/10.1029/2021MS002520, 2021.

Stocker, T. F. and Johnsen, S. J.: A minimum thermody-
namic model for the bipolar seesaw, Paleoceanography, 18,
https://doi.org/10.1029/2003PA000920, 2003.

Stocker, T. F., Timmermann, A., Renold, M., and Timm, O.:
Effects of Salt Compensation on the Climate Model Re-
sponse in Simulations of Large Changes of the Atlantic Merid-
ional Overturning Circulation, J. Climate, 20, 5912–5928,
https://doi.org/10.1175/2007JCLI1662.1, 2007.

Stouffer, R. J., Yin, J., Gregory, J. M., Dixon, K. W., Spelman, M. J.,
Hurlin, W., Weaver, A. J., Eby, M., Flato, G. M., Hasumi, H.,
Hu, A., Jungclaus, J. H., Kamenkovich, I. V., Levermann, A.,
Montoya, M., Murakami, S., Nawrath, S., Oka, A., Peltier, W. R.,
Robitaille, D. Y., Sokolov, A., Vettoretti, G., and Weber, S. L.:
Investigating the Causes of the Response of the Thermohaline
Circulation to Past and Future Climate Changes, J. Climate, 19,
1365–1387, https://doi.org/10.1175/JCLI3689.1, 2006.

Swingedouw, D., Fichefet, T., Goosse, H., and Loutre, M. F.:
Impact of transient freshwater releases in the Southern Ocean
on the AMOC and climate, Clim. Dynam., 33, 365–381,
https://doi.org/10.1007/s00382-008-0496-1, 2009.

Terhaar, J., Vogt, L., and Foukal, N. P.: Atlantic overturning inferred
from air-sea heat fluxes indicates no decline since the 1960s,
Nat. Commun., 16, https://doi.org/10.1038/s41467-024-55297-
5, 2025.

Tierney, J. E., Russell, J. M., Huang, Y., Damsté, J. S. S.,
Hopmans, E. C., and Cohen, A. S.: Northern Hemi-
sphere Controls on Tropical Southeast African Climate
During the Past 60 000 Years, Science, 322, 252–255,
https://doi.org/10.1126/science.1160485, 2008.

Timmermann, A., Okumura, Y., An, S.-I., Clement, A., Dong, B.,
Guilyardi, E., Hu, A., Jungclaus, J. H., Renold, M., Stocker, T. F.,
Stouffer, R. J., Sutton, R., Xie, S.-P., and Yin, J.: The In-
fluence of a Weakening of the Atlantic Meridional Over-

Earth Syst. Dynam., 17, 1025–1059, 2026 https://doi.org/10.5194/esd-17-1025-2026

https://doi.org/10.5194/essd-15-1597-2023
https://doi.org/10.5194/essd-15-1597-2023
https://doi.org/10.1126/science.aaa0940
https://doi.org/10.1002/2016GL067861
https://doi.org/10.1016/j.quascirev.2018.05.005
https://doi.org/10.1002/2014GL061413
https://doi.org/10.1038/s41561-024-01568-1
https://doi.org/10.1038/nature01090
https://doi.org/10.1029/2005GL023655
https://doi.org/10.5194/tc-12-1969-2018
https://doi.org/10.5194/tc-12-1969-2018
https://doi.org/10.5194/tc-17-3761-2023
https://doi.org/10.1073/pnas.1812883116
https://doi.org/10.1029/2001JD000954
https://doi.org/10.1126/science.1256117
https://doi.org/10.5194/tc-14-3033-2020
https://doi.org/10.1038/s43247-020-00024-3
https://doi.org/10.1002/2017GL076350
https://doi.org/10.1029/2021MS002520
https://doi.org/10.1029/2003PA000920
https://doi.org/10.1175/2007JCLI1662.1
https://doi.org/10.1175/JCLI3689.1
https://doi.org/10.1007/s00382-008-0496-1
https://doi.org/10.1038/s41467-024-55297-5
https://doi.org/10.1038/s41467-024-55297-5
https://doi.org/10.1126/science.1160485


A. Höse et al.: Impact of an AMOC weakening on the Antarctic Ice Sheet 1059

turning Circulation on ENSO, J. Climate, 20, 4899–4919,
https://doi.org/10.1175/JCLI4283.1, 2007.

van Wessem, J. M., van de Berg, W. J., Noël, B. P. Y., van Meij-
gaard, E., Amory, C., Birnbaum, G., Jakobs, C. L., Krüger, K.,
Lenaerts, J. T. M., Lhermitte, S., Ligtenberg, S. R. M., Med-
ley, B., Reijmer, C. H., van Tricht, K., Trusel, L. D., van
Ulft, L. H., Wouters, B., Wuite, J., and van den Broeke, M. R.:
Modelling the climate and surface mass balance of polar ice
sheets using RACMO2 – Part 2: Antarctica (1979–2016), The
Cryosphere, 12, 1479–1498, https://doi.org/10.5194/tc-12-1479-
2018, 2018.

van Wessem, J. M., van den Broeke, M. R., Wouters, B., and Lher-
mitte, S.: Variable temperature thresholds of melt pond forma-
tion on Antarctic ice shelves, Nat. Clim. Change, 13, 161–166,
https://doi.org/10.1038/s41558-022-01577-1, 2023.

van Westen, R. M. and Dijkstra, H. A.: Persistent climate model
biases in the Atlantic Ocean’s freshwater transport, Ocean Sci.,
20, 549–567, https://doi.org/10.5194/os-20-549-2024, 2024.

van Westen, R. M., Kliphuis, M., and Dijkstra, H. A.:
Physics-based early warning signal shows that AMOC
is on tipping course, Science Advances, 10, eadk1189,
https://doi.org/10.1126/sciadv.adk1189, 2024.

Vellinga, M. and Wood, R. A.: Global Climatic Im-
pacts of a Collapse of the Atlantic Thermoha-
line Circulation, Climatic Change, 54, 251–267,
https://doi.org/10.1023/A:1016168827653, 2002.

Voelker, A. H.: Global distribution of centennial-scale records for
Marine Isotope Stage (MIS) 3: a database, Quaternary Sci. Rev.,
21, 1185–1212, https://doi.org/10.1016/S0277-3791(01)00139-
1, 2002.

Wang, Y., Chassignet, E. P., and Speer, K.: On the dynamics of the
Ross Gyre: the relative importance of wind, buoyancy, eddies,
and the Antarctic Circumpolar Current, Frontiers in Marine Sci-
ence, 11, https://doi.org/10.3389/fmars.2024.1465808, 2024.

Willeit, M., Ganopolski, A., Kaufhold, C., Dalmonech, D.,
Liu, B., and Ilyina, T.: Earth system response to Heinrich
events explained by a bipolar convection seesaw, Nat. Geosci.,
https://doi.org/10.1038/s41561-025-01814-0, 2025.

Winkelmann, R., Martin, M. A., Haseloff, M., Albrecht, T.,
Bueler, E., Khroulev, C., and Levermann, A.: The Potsdam Paral-
lel Ice Sheet Model (PISM-PIK) – Part 1: Model description, The
Cryosphere, 5, 715–726, https://doi.org/10.5194/tc-5-715-2011,
2011.

Wouters, B. and Sasgen, I.: Increasing Freshwater Fluxes from the
Greenland Ice Sheet Observed from Space, Oceanography, 35,
103–105, https://doi.org/10.5670/oceanog.2022.125, 2022.

Wu, S., Lembke-Jene, L., Lamy, F., Arz, H. W., Nowaczyk, N.,
Xiao, W., Zhang, X., Hass, H. C., Titschack, J., Zheng, X., Liu, J.,
Dumm, L., Diekmann, B., Nürnberg, D., Tiedemann, R., and
Kuhn, G.: Orbital- and millennial-scale Antarctic Circumpolar
Current variability in Drake Passage over the past 140 000 years,
Nat. Commun., 12, 3948, https://doi.org/10.1038/s41467-021-
24264-9, 2021.

Wunderling, N., Donges, J. F., Kurths, J., and Winkelmann, R.: In-
teracting tipping elements increase risk of climate domino ef-
fects under global warming, Earth Syst. Dynam., 12, 601–619,
https://doi.org/10.5194/esd-12-601-2021, 2021.

Wunderling, N., von der Heydt, A. S., Aksenov, Y., Barker, S., Bas-
tiaansen, R., Brovkin, V., Brunetti, M., Couplet, V., Kleinen, T.,
Lear, C. H., Lohmann, J., Roman-Cuesta, R. M., Sinet, S.,
Swingedouw, D., Winkelmann, R., Anand, P., Barichivich, J.,
Bathiany, S., Baudena, M., Bruun, J. T., Chiessi, C. M., Cox-
all, H. K., Docquier, D., Donges, J. F., Falkena, S. K. J.,
Klose, A. K., Obura, D., Rocha, J., Rynders, S., Stein-
ert, N. J., and Willeit, M.: Climate tipping point interac-
tions and cascades: a review, Earth Syst. Dynam., 15, 41–74,
https://doi.org/10.5194/esd-15-41-2024, 2024.

Xing, Q., Elipot, S., Johns, W. E., Smeed, D. A., Moat, B. I.,
and Loder, J. W.: Meridionally consistent decline in the ob-
served western boundary contribution to the Atlantic Merid-
ional Overturning Circulation, Science Advances, 12, eadz7738,
https://doi.org/10.1126/sciadv.adz7738, 2026.

Yeung, N. K.-H., Menviel, L., Meissner, K. J., Choudhury, D.,
Ziehn, T., and Chamberlain, M. A.: Last Interglacial subsur-
face warming on the Antarctic shelf triggered by reduced deep-
ocean convection, Communications Earth and Environment, 5,
212, https://doi.org/10.1038/s43247-024-01383-x, 2024.

Zhang, L., Delworth, T. L., Cooke, W., and Yang, X.: Nat-
ural Variability of Southern Ocean Convection as a Driver
of Observed Climate Trends, Nat. Clim. Change, 9, 59–65,
https://doi.org/10.1038/s41558-018-0350-3, 2019.

Zhu, C. and Liu, Z.: Weakening Atlantic overturning circulation
causes South Atlantic salinity pile-up, Nat. Clim. Change, 10,
998–1003, https://doi.org/10.1038/s41558-020-0897-7, 2020.

Zweng, M., Reagan, J., Seidov, D., Boyer, T., Locarnini, M., Gar-
cia, H., Mishonov, A., Baranova, O., Weathers, K., Paver, C., and
Smolyar, I.: World Ocean Atlas 2018, vol. 2: Salinity, Report,
NOAA, https://doi.org/10.25923/9pgv-1224, 2019.

https://doi.org/10.5194/esd-17-1025-2026 Earth Syst. Dynam., 17, 1025–1059, 2026

https://doi.org/10.1175/JCLI4283.1
https://doi.org/10.5194/tc-12-1479-2018
https://doi.org/10.5194/tc-12-1479-2018
https://doi.org/10.1038/s41558-022-01577-1
https://doi.org/10.5194/os-20-549-2024
https://doi.org/10.1126/sciadv.adk1189
https://doi.org/10.1023/A:1016168827653
https://doi.org/10.1016/S0277-3791(01)00139-1
https://doi.org/10.1016/S0277-3791(01)00139-1
https://doi.org/10.3389/fmars.2024.1465808
https://doi.org/10.1038/s41561-025-01814-0
https://doi.org/10.5194/tc-5-715-2011
https://doi.org/10.5670/oceanog.2022.125
https://doi.org/10.1038/s41467-021-24264-9
https://doi.org/10.1038/s41467-021-24264-9
https://doi.org/10.5194/esd-12-601-2021
https://doi.org/10.5194/esd-15-41-2024
https://doi.org/10.1126/sciadv.adz7738
https://doi.org/10.1038/s43247-024-01383-x
https://doi.org/10.1038/s41558-018-0350-3
https://doi.org/10.1038/s41558-020-0897-7
https://doi.org/10.25923/9pgv-1224

	Abstract
	Introduction
	Methods
	Model description 
	Experimental design and methods 

	Results
	Global response and average AIS changes
	Drivers of shorter-term changes in Southern Ocean conditions (years 100–200) 
	Reduced Southern Ocean convection leading to subsurface heat accumulation (years 600–700)
	Southern Ocean heat release by increased convection (years 1400–1500) 

	Discussion
	Conclusions
	Appendix A: Additional figures HOSING vs. CONTROL
	Appendix B: Model configuration details
	Appendix C: Additional figures for model spinup evaluation
	Code and data availability
	Video supplement
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

