
1. Introduction
Observations show that Antarctica is losing mass as freshwater at an increasing rate (Rignot et  al.,  2019; 
Shepherd et al., 2019). Antarctic ice shelf basal melt and iceberg calving are projected to increase in a warming 
climate (DeConto & Pollard, 2016; Golledge et al., 2019; Seroussi et al., 2020), affecting surface temperature 
and precipitation (Bronselaer et al., 2018), sea-ice area (Bintanja et al., 2013), and bottom water production (Li 
et al., 2023; Mackie et al., 2020a; Pauling et al., 2016, 2017) and feeding back on ocean temperatures and basal 
melt (Bronselaer et al., 2018; Golledge et al., 2019). Fully coupled ice sheet/shelf–ocean–atmosphere modeling 
is in its infancy (Pelletier et  al., 2022; Siahaan et al., 2022; Smith et al., 2021) and changing basal melt and 
calving are not represented in CMIP6 coupled climate models. Crucial uncertainties follow from this omission. 
For example, there is disagreement about the sign of the feedback between Antarctic freshwater input and basal 
melt (Beadling et al., 2022; Bronselaer et al., 2018; Moorman et al., 2020). This feedback is critically impor-
tant to future climate because ice shelves restrict sea level rise by buttressing the Antarctic Ice Sheet (Rignot 
et al., 2004).

Most model studies find surface cooling and subsurface warming in response to increased Antarctic freshwa-
ter input at the surface (e.g., Bronselaer et  al.,  2018; Bintanja et  al.,  2013; Richardson et  al.,  2005; Stouffer 
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et al., 2007; Swingedouw et al., 2008; Ma & Wu, 2011, with ocean horizontal resolution ranging from 1° to 3°) 
as increased stratification traps heat at depth. These results suggest a positive feedback, where ice-shelf melt 
leads to warming of the continental shelf at depth, driving further basal melt. By contrast, subsurface cooling has 
been modeled in the Amundsen and Bellingshausen seas (Beadling et al., 2022; Moorman et al., 2020)—and in 
the eastern Bellingshausen Sea (Li et al., 2023)—as a surface freshening induced strengthening of the Antarc-
tic Slope Front and Antarctic Slope Current isolates the shelves from warm Circumpolar Deep Water (CDW) 
offshore. These results suggest a negative feedback that may reduce the rate of basal melt in West Antarctica. 
These cooling responses were found in relatively fine resolution models (1

4

◦
 to 1

10

◦
 ), suggesting that such high 

resolution helps to simulate the strong Antarctic Slope Front (ASF) and Coastal Current (ACoC) that drives the 
cooling (Lockwood et al., 2021).

Here, we investigate the potential for regionally mixed-sign subsurface temperature changes induced by glacial 
melt in a coupled climate model with a 1° ocean resolution. We show that such mixed-sign temperature changes 
can occur under strong climate warming, providing glacial melt is added at depth.

2. Methods
All simulations were run using the coupled climate model HadGEM3-GC3.1-LL (Kuhlbrodt et al., 2018, and 
described in detail in Text S1 in Supporting Information S1). A constant flux of basal melt and calved icebergs are 
added at the southern boundary of the model's ocean, laterally distributed following Rignot et al. (2013, Figure 
S1 in Supporting Information S1). Basal melt is distributed vertically across the ice-shelf drafts as a latent heat 
conserving freshwater volume flux (Mathiot et al., 2017, their Figure 1d). There are no ice-shelf cavities. Calved 
icebergs undergo Lagrangian advection based on ocean currents (Marsh et al., 2015) and iceberg melt is depos-
ited as a latent heat conserving volume flux to the top ocean grid cell. The total basal melt and calving flux is set 
to a steady value of 1,771 Gt.a −1 in the configuration for all HadGEM3-GC3.1-LL CMIP6 submissions, and was 
tuned to keep the pre-industrial ocean in salinity balance (Williams et al., 2018). Increases in surface melt over 
Antarctica are re-routed to the Southern Ocean as liquid runoff.

For our experiment (which we call SSP585FW), we ran a four member ensemble of HadGEM3-GC3.1-LL under 
SSP5-8.5 forcing (O’Neill et al., 2017) and included a representation of changing Antarctic basal melt and calv-
ing as a freshwater flux (see Table S1 in Supporting Information S1 for an experiment list). The additional fresh-
water flux was derived from the Ice Sheet Model Intercomparison for CMIP6 (ISMIP6) projections of basal melt 
(Seroussi et al., 2020). We chose data derived from RCP8.5 forcing; a “core” climate model (NorESM1, Barthel 
et al., 2020); and for which RCP2.6 data were also available. More precisely, we used Experiment 5. ISMIP6 pres-
ent only spatially integrated basal melt rates, so we scaled the projected basal melt by present day observations 
of the basal melt to calving flux ratio (Rignot et al., 2013, 55% basal melt to 45% calving) to get a total Antarctic 
basal melt plus calving flux. We impose this total extra glacial melt timeseries as a polynomial (Figure 1). This 
extra glacial melt was added to the pre-industrial basal melt plus calving flux, scaled by the Rignot et al. (2013) 
spatial distribution, and results in approximately 5,500 Gt/a extra glacial melt in 2100 relative to 2015.

Our ensemble members branch in 2015 from the same historical simulations as the model's CMIP6 SSP5-8.5 
submissions (which we use as a control, and call SSP585). Antarctica also loses freshwater as runoff, which 
does not change basal melt and calving fluxes. The sum of Antarctic runoff is similar in SSP585 and SSP585FW 
(Figure 1), so the ISMIP6 derived glacial melt perturbation dominates the freshwater signal in our experiment. 
We also present data from Historical HadGEM3-GC3.1-LL simulations—five member ensemble submitted to 
CMIP6—which we call HIST. In Section 3, we present ensemble mean data from SSP585FW averaged over 2080 
to 2100, where the additional glacial melt forcing is largest and the climate has experienced the full SSP5-8.5 
warming. We use SSP585, averaged over the same period, as a control to isolate impacts from increased basal 
melt and calving. To isolate SSP5-8.5 impacts, we use the 1995 to 2015 average of HIST as a second control.

3. Results
3.1. Changes in 400 m Potential Temperature

We first describe temperature changes at 400 m depth (Figure 2), which highlight the regional variance in our 
results (Bronselaer et  al.,  2018; Golledge et  al.,  2019). Our version of the model does not include ice-shelf 
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cavities, so we focus on temperature changes near the southern boundary of the model's ocean as changes in 
the temperature of these waters imply changes to basal melting of ice shelves (Bronselaer et al., 2018). In HIST 
(Figure  2a), the Amundsen and Bellingshausen continental shelves are flooded with warm (>0°C) water at 
400 m, while the Weddell, East Antarctic, and Ross seas have near-freezing water on shelf. Strong warming over 
much of the Southern Ocean occurs in SSP585 by the end of the century, with much of the near-freezing water 
lost (Figures 2b and 2d). Strong warming also occurs in SSP585FW relative to HIST (Figures 2c and 2e). Relative 
to SSP585, SSP585FW has lost much more of the near-freezing water, and 400 m temperature is increased on 
the Weddell, East Antarctic, and Ross Sea shelves (Figure 2f). By contrast, there is a cooling in the Amundsen, 
Bellingshausen, and Eastern Ross Seas near the southern boundary of the model's ocean. This regional variation 
in the sign of the 400 m temperature change suggests that increased glacial melt may slow basal melt in the 
Amundsen and Bellingshausen Seas (negative feedback) but accelerate basal melt elsewhere (positive feedback).

3.2. Mechanisms Causing Temperature Changes

We investigate the cause of the regionally varying subsurface temperature response using sections from three 
example shelves, chosen to cover the range of continental shelf regimes in the model's Historical simulations 
(Figure 3). Following Thompson et al. (2018) we choose the Thwaites (252°E) and Amery (71°E) ice shelves as 
examples of “warm” and “fresh” continental shelves; and we use the Western Ross (177°E) as an example “cool” 
shelf, following Moorman et al. (2020).

As additional support for our arguments, we calculate three metrics over the continental shelves (south of the 
1,000 m isobath) for the Amundsen and Bellingshausen (210°E to 290°E), the Western Ross (170°E to 180°E), 
and the East Antarctic near the Amery (60°E to 120°E): the integrated sea-ice area (asi), sea-ice mass change by 
thermodynamic growth and melt (Δmsi), and Ekman pumping velocity (wEk). Ekman pumping, critical in setting 
isopycnal tilt, is calculated from the meridional and zonal surface ocean stress, and positive values indicate wind 
driven upwelling in a region. Modeled wEk is generally positive in the Southern Ocean south of the Westerly 
wind jet, but transitions to negative on shelf where the Easterlies drive downwelling against the coast (Figure S3 
in Supporting Information S1). The thermodynamic growth of sea ice (Δmsi > 0) increases shelf salinity due to 
parameterized brine rejection, while melting sea ice (Δmsi < 0) freshens the ocean. In HIST, Δmsi is positive on 
shelf, indicating overall sea-ice production (Figure S4 in Supporting Information S1). Sea-ice area helps interpret 
Δmsi and wEk (Figure S5 in Supporting Information S1) in the next section.

Figure 1. Timeseries of Antarctic glacial melt fluxes to the model's Southern Ocean. The dotted black line is the sum of 
Antarctic basal melt in HadGEM3-GC3.1-LL. The solid black line is the total basal melt plus calving flux for Antarctica, 
which was used to force HadGEM3-GC3.1-LL. The sum of the runoff from Antarctica is shown for the ensemble mean of the 
standard SSP5-8.5 runs (gray) and the runs where extra basal melt and calving were added (dashed black). For comparison, 
pale red lines are individual projections for Antarctic basal melt from ISMIP6 and the dark red line gives the multi-model 
mean. 1 Sv = 10 6 m 3 s −1.
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Figure 2. Potential temperature time mean at 400 m for (a) HIST, 1995 to 2015; (b) SSP585, 2080 to 2100; (c) SSP585FW, 
2080 to 2100; (d) SSP5-8.5 induced change, (b) minus (a); (e) combined glacial melt and SSP5-8.5 induced change, (c) 
minus (a); and (f) glacial melt induced change, (c) minus (b). The 1,000 m isobath is shown by the black line; the locations 
of the sections in Figure 3 are shown by magenta lines in panel (a) (Thwaites, T; Western Ross, WR; Amery, A); and dotted 
magenta lines contain our chosen longitudes for the Amundsen and Bellingshausen (210°E to 290°E), the Western Ross 
(170°E to 180°E), and the East Antarctic near the Amery (60°E to 120°E).
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Figure 3. Potential temperature offshore of Thwaites (252°E, panel a down), Amery (71°E, panel b down), and the Western Ross (177°E, panel c down). Section 
positions are marked on Figure 2a. (a–i) 20 years time means for: (a–c) 1995 to 2015 of HIST; (d–f) 2080 to 2100 of SSP585; and (g–i) 2080 to 2100 time mean of 
SSP585FW. (j–r) Anomaly plots showing the effect of: (j–l) SSP5-8.5 forcing (panels d–f minus panels a–c); (m–o) SSP5-8.5 and glacial melt forcing combined (panels 
g–i minus a–c); and (p–r) glacial melt forcing (panels g–i minus d–f). Contours show σ0 isopycnals, with HIST, SSP585, and SSP585FW in cyan, gray, and black, 
respectively.
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3.2.1. Climate Change Induced Changes

We first turn to the effect of strong climate warming induced by the SSP5-8.5 scenario by examining SSP585 and 
HIST. Circumpolar, contraction and strengthening of the Westerlies (Figure S2 in Supporting Information S1) 
causes a reduction in the integrated coastal easterly wind stress over the continental shelf, tending to reduce 
downwelling near the coast under SSP5-8.5 forcing (Figure S3 in Supporting Information S1). Warming under 
SSP5-8.5 decreases net sea-ice production, but Δmsi remains positive (Figure S4 in Supporting Information S1). 
Sea-ice area decreases under SSP5-8.5 forcing but is increased by extra glacial melt (Figure S5 in Supporting 
Information S1).

Off Thwaites, there is an along-isopycnal connection between warm off-shelf water and the southern boundary 
of the model's ocean in HIST (Figure 3). A cold surface layer extends off the continental shelf and down to 
around 200 m. The cold surface layer contracts toward the coast in SSP585, coincident with collapsed sea-ice 
cover in the Amundsen and Bellingshausen. Winter sea-ice area between 210°E and 290°E has decreased from 
0.59 Mkm 2 in HIST to 0.07 Mkm 2 in SSP585. Freshening is confined mostly to the surface, as expected from 
decreases in sea-ice production (Δmsi decreases by 87%) and increases in precipitation (Figure S6 in Supporting 
Information S1) and runoff (Figure 1), and the continental shelf remains connected with off-shelf water along 
isopycnals. Strong warming of surface and off-shelf water under climate change therefore increases temperatures 
on the continental shelf in SSP585. Furthermore, wEk is negative in HIST, implying downwelling on the shelf. In 
SSP585, integrated wEk changes sign, implying an overall upwelling and increased wind driven CDW intrusions 
to the continental shelf.

Near the Amery Ice Shelf, isopycnals intersect the bathymmetry in HIST, so there is no along-isopycnal connec-
tion between warm off-shelf water and the southern boundary of the model's ocean. The incropping isopycnals 
are maintained by negative Ekman velocities driven by coastal easterlies (Thompson et al., 2018, and see Figures 
S2 and S3 in Supporting Information S1). In SSP585 the isopycnals slump, allowing warm water to flow onto 
the continental shelf, causing strong warming at depth. This could be explained by a reduction in Ekman down-
welling on the shelf, which is 64% weaker in SSP585 relative to HIST over 60°E to 120°E. Also, freshening 
increases stratification (Figure S7 in Supporting Information S1), which drives warming of the shelf in two ways. 
First, stronger stratification provides a greater barrier to vertical exchanges, and reduces the efficiency of Ekman 
pumping on the shelf. Second, stronger stratification may allow isopycnals at the shelf break to flatten as more 
energy input is required to maintain a given isopycnal slope. Additional evidence for this process is provided by 
Figure S8h in Supporting Information S1, where additional glacial melt under pre-industrial forcing causes isop-
ycnals to flatten in this region despite there being little change in the wind stress (Mackie et al., 2020a). Under 
SSP5-8.5 forcing the Amery transitions from a fresh to a warm continental shelf regime.

In the Western Ross Sea, the continental shelf is “cool” in the Historical data following Moorman et al. (2020). 
Dense, cool water sits on-shelf, with a direct isopycnal connection to warmer off-shelf water (Figure 3). A wedge 
of warmer water intrudes onto the continental shelf at 250 m over the top of dense water, similar to present day 
observations Castagno et al. (2017). In SSP585 the continental shelf density decreases (Figure 3). At the end of 
the century, warm and saline, off-shelf water is denser than the cold and fresh, on-shelf waters and flows directly 
to the southern boundary of the model's ocean along the continental-shelf base. Similar behavior was found by 
Siahaan et al. (2022) under SSP5-8.5 forcing in a similar model set up with open ice-shelf cavities. Consequently, 
the shelf base warms and the warm wedge cools. Freshening in SSP585 from increased runoff and precipitation 
drives the density decrease in the Western Ross, with just 5% lower net sea-ice production in SSP585 relative to 
HIST.

3.2.2. Glacial Melt Induced Changes

The Amundsen and Bellingshausen shelves are cooler in SSP585FW than SSP585 (Figures 2 and 3). There is no 
regime change (Thwaites stays “warm”) but several confluent factors result in a mean cooling of the continental 
shelf. First, winter sea-ice area is increased in SSP585FW (0.22 Mkm 2) relative to SSP585 (0.07 Mkm 2) and 
more cold brine is injected on shelf (Δmsi is 3.4 times larger in SSP585FW than SSP585). Second, basal melt 
is added at the southern boundary of the model's ocean, where the latent heat fluxes cool the continental shelf 
waters. Third, while wEk transitions to positive in SSP585FW (3.1 × 10 −7 m s −1), it is less positive than SSP585 
(7.6 × 10 −7 m s −1). Finally, the strong freshening at depth in SSP585FW steepens the on-shelf isopycnals, reduc-
ing along-isopycnal transport of warm off-shelf water to the southern boundary of the model's ocean (Figure 3). 
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The cooling in this region found in previous, higher resolution, modeling 
studies (Beadling et  al.,  2022; Li et  al.,  2023; Moorman et  al.,  2020) was 
driven by strengthening of the Antarctic Slope Front combined with rerout-
ing of cold waters from the Weddell Sea around the peninsula. Westward 
zonal ocean velocities do increase in SSP585 relative to HIST, and to a lesser 
extent in SSP585FW relative to SSP585 (Figure S9 in Supporting Informa-
tion S1). However, the tendency in potential temperature from advection is 
more positive in SSP585FW relative to SSP585 (Figure S10 in Supporting 
Information S1), suggesting changes in advection partially offsets latent heat 
driven cooling rather than driving the cooling response.

In the Western Ross and Amery, there is a strong warming at the continen-
tal shelf bed in SSP585FW relative to SSP585 (Figure 3). The continental 
shelves are also fresher above around 500 m and saltier below (Figure S7 
in Supporting Information S1). The base of the continental shelf is flooded 
with warm water in SSP585 and SSP585FW, which flows onto the conti-
nental shelf along flattened isopycnals (Section  3.2.1). The water column 
is more stratified in SSP585FW relative to SSP585, as evidenced by more 
and depressed isopycnals. This has two possible effects, as described above 
in Section  3.2.1. First, the increased stratification reduces vertical mixing 
of warmer, saltier deep waters over the continental shelf with colder, 
fresher surface waters, causing positive temperature and salinity anomalies 
at depth—similar to previous freshwater addition studies (e.g., Bronselaer 
et al., 2018; Pauling et al., 2016, 2017). Second, increased stratification may 
drive isopycnal flattening as a given tilt requires more energy to maintain, 
allowing more CDW onto the continental shelf. While latent heat extraction 
may cool deep continental shelf waters, the effect is overwhelmed by the 
change in water mass near the sea floor.

4. Discussion
Why do we see cooling at depth in some regions in response to additional 
glacial melt, when coarse resolution models generally report a circumpolar 
warming (e.g., Bintanja et al., 2013; Bronselaer et al., 2018; Ma & Wu, 2011; 
Richardson et al., 2005; Stouffer et al., 2007; Swingedouw et al., 2008)? Is the 
subsurface feedback robust to different climate scenarios? What can we learn 
about the response of a changing Southern Ocean to Antarctic glacial melt? 
We use experiments from Mackie et al. (2020a, 2020b) to help address these 
questions (Figure 4, Table S1 in Supporting Information S1). In those stud-
ies, HadGEM3-GC3.1-LL was run under various combinations of idealized 
forcing. Pre-industrial forcing was used in experiments FW and FWberg while 
1% year-on-year increasing CO2 was used in FWCO2 and 1pctCO2. In FW, 
FWberg, and FWCO2, an exponential increase in glacial melt was applied that 
resulted in 10 times more basal melt and calving after 100 years. The distribu-
tion of glacial melt inputs was the same as our SSP585FW runs in experiments 
labeled “FW,” except for FWberg, where all glacial melt was added as icebergs.

The addition of freshwater at depth is a key reason for the subsurface cooling 
feedback in HadGEM3-GC3.1-LL. Under pre-industrial forcing, the effect of 
additional glacial melt due to both basal melt and calved icebergs is a circum-
polar cooling (Figure 4b), while the effect of adding glacial melt exclusively 
at the surface (through iceberg melting) in FWberg is a circumpolar warm-
ing (Figure  4c). In FW, “warm” continental shelves cool from steepened 
isopycnals, increased sea ice, and latent heat fluxes (Figures S8 and S11 in 
Supporting Information  S1), as in SSP585FW. “Cool” continental shelves 
transition to “fresh,” and “fresh” shelves do not transition (though we do see 

Figure 4. 80–100 years time means of 400 m potential temperature for (a) 
the pre-industrial CMIP6 submission for HadGEM3-GC3.1-LL (PI), and for 
four sensitivity experiments (see Mackie et al., 2020b, and as described in 
Section 4): (b) FW minus PI; (c) FWberg minus PI; (d) FWCO2 minus PI; and 
(e) FWCO2 minus 1pctCO2.
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some warming from isopycnal slumping), so both retain cold water. By contrast, isopycnals slump on “warm,” 
“fresh,” and “cool” continental shelves in FWberg sufficiently to route more CDW to the southern boundary of 
the model's ocean and warm at depth. Mathiot et al. (2017) showed that adding meltwater at depth (rather than 
just the surface) improved Southern Ocean properties in stand alone NEMO simulations, and that the parameter-
ization we use where basal melt is distributed over the ice-shelf draft performs similarly well to explicitly open 
cavities. Observations near the Pine Island ice shelf show complex meltwater dynamics, with some meltwater 
remaining at depth (Naveira Garabato et al., 2017; Zheng et al., 2021). Adding basal melt at depth is therefore 
justified on model performance grounds and by physical considerations. Adding glacial melt across the ice shelf 
draft determines the sign of the subsurface temperature feedback under pre-industrial conditions.

Compared to these meltwater simulations with pre-industrial climate forcing (Mackie et al., 2020a, 2020b), the 
strong regional differences in the sign of the subsurface temperature response in SSP585FW therefore shows 
that the climate scenario must mediate the glacial melt–subsurface temperature feedback (Figure 2). We test this 
hypothesis by considering the effect of 1% CO2 forcing on the sign of the feedback. Indeed, under 1% CO2 forc-
ing, the additional glacial melt input cools the ocean at 400 m relative to the pre-industrial control near the coast 
in the Amundsen and Bellingshausen seas, and warms continental shelves elsewhere (Figure 4d). Finally, we 
take the difference between FWCO2 and 1pctCO2 as this pair is directly comparable to our own experiments and 
control (SSP585FW and SSP585). The pattern in the glacial melt–subsurface temperature anomaly (Figure 4e) 
is very similar to our results (Figure 2f). Cooling of the Amundsen and Bellingshausen continental shelves is a 
robust response to increased glacial melt in our model. For the rest of Antarctica, where climate change pushes 
“cool” and “fresh” continental shelves to transition to “warm,” glacial melt positively feeds back on subsurface 
temperature.

This regional pattern of subsurface warming and cooling is similar to that found by Moorman et al. (2020) (histor-
ical forcing, 0.1° horizontal resolution) and Beadling et al. (2022) (preindustrial forcing, 0.25° horizontal reso-
lution) in experiments with surface freshwater added as a step function. Li et al. (2023), using essentially the 
same model as Moorman et al. (2020), find cooling in the eastern Bellingshausen Sea as freshwater is increased 
gradually under climate warming. These results can be explained by Antarctic Slope Front strengthening and 
rerouting of cold water from the Weddell Sea around the peninsula. In our lower resolution model, though we 
do see an acceleration in the ACoC, cooling along West Antarctica is driven by freshening at depth, which tilts 
isopycnals and cools by latent heat extraction. Improving model resolution changed the sign of the subsurface 
West Antarctic temperature response (Beadling et al., 2022; Li et al., 2023; Moorman et al., 2020) relative to 
coarse resolution freshening studies (e.g., Bronselaer et al., 2018). Two novelties of our study are that improving 
the depth distribution of freshwater inputs in a coarse resolution model also cools this region, and that the cooling 
effect was shown to persist under SSP5-8.5 forcing. As the climate modeling community moves toward inclusion 
of changing Antarctic basal melt in projections, care should be taken with regards to the depth distribution.

HadGEM3-GC3.1-LL performs well in the Southern Ocean among climate models with a 1° ocean resolu-
tion. The oceanographic structure off Thwaites (“warm”) and Amery (“fresh”) is consistent with Thompson 
et al. (2018). While HadGEM3-GC3.1-LL cannot produce the “V” shaped isopycnals characteristic of “dense” 
regimes, it does produce a “cool” (Moorman et al., 2020) Western Ross Sea, which is most similar to “dense.” 
The Ross Gyre is reproduced well in UKESM1 (Gómez-Valdivia et al., 2023)—for which HadGEM3-GC3.1-LL 
is the physical core (Sellar et al., 2019)—and sea-ice area is captured within observational uncertainty (Roach 
et al., 2020). HadGEM3-GC3.1-LL is therefore a reasonable model to explore the freshening response. There 
are, however, major caveats to such coarse resolution, which hampers representation of the ASF, requires param-
eterized eddies and tides, and does not reproduce cascading dense overflows. These deficiencies influence heat 
transport across the shelf break (e.g., Purich & England, 2021) and too often lead to Antarctic Bottom Water 
formed by open ocean convection (Heuzé, 2021). HadGEM3-GC3.1-LL also has biases in dense shelf water 
formation, which may impact our conclusions for the Western Ross. HadGEM3-GC3.1-LL is too fresh in the 
Western Ross Sea relative to observations (Figure S12 in Supporting Information S1), which may accelerate 
the “cool” to “warm” state change. The proposed mechanism of increased stratification slumping isopycnals 
(Section 3.2.1) may be resolution dependent, given it was not found by Moorman et al.  (2020) and Beadling 
et al. (2022), though similar behavior was noted by Li et al. (2023). Nevertheless, our results are important as 
Coupled Climate and Earth System Models with a 1° ocean resolution, despite their limitations, are likely to 
remain useful tools for future climate research. Furthermore, our results motivate higher resolution studies with 
glacial melt added at depth.
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The ISMIP6 projected basal melt gives a plausible timeseries (intermediate between Golledge et al. (2019) and 
DeConto and Pollard (2016) RCP8.5 projections) that allows us to perform a controlled experiment. Large changes 
in Antarctic glacial melt are implied by ISMIP6 (more than double present day), while some climate model studies 
found significant climate impacts from freshwater forcing changes of a few percent (Bintanja et al., 2013). Interro-
gating the sensitivity of projections to plausible freshwater changes is therefore justified. A caveat to our approach 
is that the change in Antarctic basal melt and calving is uncoupled from modeled ocean and atmosphere tempera-
tures. While we can diagnose likely feedbacks on basal melt via temperature changes at the southern boundary of 
the model's ocean (Bronselaer et al., 2018), the basal melt in our model does not respond. Furthermore, increases 
in glacial melt input are scaled by present day distributions (both laterally, and the ratio of basal melt to calving) 
which may not hold in future. Fully coupled climate–ice sheet models have only recently been developed (Pelletier 
et  al.,  2022; Smith et  al.,  2021). Our results show that feedbacks between basal melt and calving fluxes and 
continental-shelf ocean temperatures are complex, and may vary with climate state and by region.

5. Conclusions
The inclusion of time-varying Antarctic basal melt and calving fluxes feeds back strongly on continental-shelf 
temperature around Antarctica. Under SSP5-8.5 climate warming, additional glacial melt cools the subsurface 
in the Amundsen and Bellingshausen seas—a novel result in 1° ocean resolution modeling—and warms the 
subsurface from the western Ross Sea, across East Antarctica, and into the Weddell Sea. This regional heter-
ogeneity is driven by the combined effects of SSP5-8.5 and glacial melt. With no climate change, additional 
glacial melt cools all Antarctic continental shelves. When those shelves transition under climate change, addi-
tional glacial melt accentuates warming over the continental shelf. The vertical distribution of glacial melt inputs 
strongly controls the subsurface temperature feedback. When freshwater is added exclusively at the surface, a 
circumpolar subsurface warming is generated. The inclusion of changing Antarctic basal melt and calving fluxes 
is a priority for the climate modeling community. The effect of these fluxes on modeled climate is complex, with 
the sign of the induced subsurface temperature feedback depending on both the vertical distribution of inputs and 
the climate state.

Data Availability Statement
Replication data are available at https://doi.org/10.5281/zenodo.8309934. Links to CMIP6 data, and data from 
Mackie et al. (2020a, 2020b), are given in Table S1 in Supporting Information S1. The ocean model code used 
to generate the majority of data used in this paper, is available from https://www.nemo-ocean.eu/doc/node4.html. 
Reproduction code is at https://github.com/MaxThomas90/Thomas-et-al-2023GRL.
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