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Abstract Increased ice shelf melting caused by ocean warming in the Amundsen Sea is likely committed
for the coming century. However, the drivers behind this projected ocean warming are not yet fully understood.
Using a high‐resolution regional model, we compare future projections of the Amundsen Sea under the RCP8.5
scenario against pre‐industrial projections. The two ensembles differ measurably between 2013 and 2018, and
continue to diverge under high‐emissions forcing. We conduct two more experiments separating the effects of
stronger, poleward‐shifted winds against a warmer, wetter atmosphere (defined here as atmospheric
thermodynamics). We run experiments that use RCP8.5 winds and pre‐industrial thermodynamics, and vice
versa. We find that atmospheric thermodynamic change modulates Circumpolar Deep Water inflow onto the
shelf, making thermodynamic change the primary driver of ocean warming on the continental shelf on
centennial timescales.

Plain Language Summary Increased ice loss from the West Antarctic Ice Sheet plays a significant
role in determining future sea level rise. Much of this loss originates from within the Amundsen Sea sector,
where the floating components of ice sheets, the ice shelves, are expected to melt more rapidly over the coming
century. This increased melting is caused by warm waters entering the continental shelf and melting these ice
shelves from below. While models project an increase in ocean warming over the coming century, the causes
behind this warming are little understood. In this study, we untangle how climate change will affect ocean
warming in the future by comparing ocean warming under high emissions to pre‐industrial simulations. An
anthropogenic signal in ocean warming first emerges between 2013 and 2018 in the simulations, and continues
to strengthen under high‐emissions forcing. We then compare the effects of stronger winds shifted southwards
(wind forcing) against the impacts of a warmer, wetter atmosphere (thermodynamic forcing). We find that the
thermodynamic changes are primarily responsible for the predicted Amundsen Sea warming. Under a warmer
and wetter climate, the ice shelves experience an increase in the poleward flow of warmer waters at depth,
leading to more melting.

1. Introduction
TheWest Antarctic Ice Sheet (WAIS) is experiencing significant mass loss, contributing to sea level rise, altering
the Earth's energy budget, and modulating global ocean circulation (Otosaka et al., 2022; Paolo et al., 2015;
Rignot et al., 2019). A substantial proportion of this decline originates from the Amundsen Sea sector, where
warm Circumpolar Deep Water (CDW) melts the ice shelves from below (Jacobs et al., 2012; Pritchard
et al., 2012; Shepherd et al., 2004). There is reason to believe that anthropogenic emissions of greenhouse gases
have contributed to ice shelf melting by increasing ocean temperatures, which are expected to continue warming
under future emission scenarios (Figures 1a and 1c) (Naughten et al., 2022, 2023).

CDW is diverted onto the continental shelf along troughs in the bathymetry, where it is then transported to the ice
shelves at depth (Figure 1b) (Assmann et al., 2013; Kimura et al., 2017; Walker et al., 2013). Its transport onto the
shelf highly correlates to the Amundsen Sea Undercurrent strength, an eastward current flowing along the
continental shelf break associated with the Antarctic Slope Front (ASF) (Assmann et al., 2013; Kimura
et al., 2017; Walker et al., 2013). The ASF is defined by the strong slope in the pycnocline that separates the
colder, fresherWinterWater, from the warmer, saltier CDW. This structure is not as pronounced in the Amundsen
Sea as in other areas around Antarctica (Thompson et al., 2018), yet its coupling with the strength of the un-
dercurrent makes it fundamental to determine future warming trends in the region (Walker et al., 2013).
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Some previous literature assumed that the undercurrent speed was barotropically modulated by winds at the shelf
break. This hypothesis was initially backed by observations, suggesting a relationship between increased east-
ward wind anomalies and a strengthened eastward undercurrent (Dutrieux et al., 2014; Jenkins et al., 2016, 2018).
Climate model simulations under high emissions show an increase in westerly wind anomalies over the shelf
break (Figure 1) (Holland et al., 2019, 2022), leading to a theory that the barotropic component of the under-
current would increase, driving increased ice shelf melt (Holland et al., 2019). However, Silvano et al. (2022)
found that on decadal timescales, changes in the baroclinic component of the flow may outweigh the barotropic
component, so that an increase in eastward wind anomalies would slow down the undercurrent instead.

Furthermore, using idealized step‐change atmospheric perturbations over the Amundsen Sea, Caillet et al. (2023)
investigated the reversibility of climate forcing in the region. Their study found that buoyancy fluxes are the
primary driver of changes in ice shelf melting on centennial timescales, while winds make a relatively small
contribution. Under this mechanism, atmospheric thermodynamic changes would alter the freshwater fluxes from
sea ice and ice shelf melting, increasing ocean stratification. This process causes a cross shelf‐break variation in
the freshwater fluxes, steepening the ASF, and speeding up the undercurrent (Caillet et al., 2023; Jourdain
et al., 2022; Si et al., 2024). Additionally, Haigh and Holland (2024) found that sea ice freshwater fluxes are
responsible for the decadal variations in undercurrent strength discussed by Silvano et al. (2022).

Naughten et al. (2022, 2023) established that widespread ocean warming and increases in ice shelf melt in the
Amundsen Sea are now committed for the 21st century, but did not diagnose the cause of the simulated warming.
The observational record in this area is too short to detect centennial trends directly, therefore, we use high‐
resolution Massachusetts Institute of Technology General Circulation Model (MITgcm) simulations, a model
that has been constrained using observations (Naughten et al., 2022) to perform a model‐only test of the attri-
bution. Using simulations for 1920–2100, we create four experiments to determine the dominant drivers of
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Figure 1. Average simulated potential temperature between 200 and 700 m under (a) pre‐industrial and (c) RCP8.5 end of
21st‐century conditions. The region outlined is studied in Figure 2. (b) Bottom ocean current velocity. (d) Bathymetry and
average wind velocity trends under the RCP8.5 pathway. White arrows indicate when both velocity component trends are
statistically significant to the 95% confidence level, gray shows when only one component is significant, black indicates no
significance. Dashed lines represent the continental shelf (northernmost contour), and the ice shelf edge (southernmost
contour). Shaded areas indicate land or grounded ice.
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warming in the Amundsen Sea over centennial timescales, separating the impacts of wind forcing from atmo-
spheric thermodynamic forcings.

2. Methods
We use a modeling hypothesis test to distinguish the impacts of wind and thermodynamic forcing fields on the
oceanographic properties of the Amundsen Sea. The study uses the MITgcm with exactly the same configuration
as Naughten et al. (2022, 2023). The model domain spans 140°W–180°W and 75.5°S–62°S and has a resolution
of 1/10° in longitude, and 1/10°cos θ in latitude (θ). The model has 50 vertical layers, ranging from 10 to 200 m,
with the thinner layers closer to the surface (Naughten et al., 2022). The initial and boundary conditions are taken
from theWorld Ocean Atlas (Boyer et al., 2018) and the Southern Ocean State Estimate (Verdy &Mazloff, 2017)
present‐day climatology.

The model is forced by atmospheric output from the CESM1 “Large Ensemble” (LENS) (Kay et al., 2015), which
provides near‐surface zonal and meridional winds, temperature, precipitation, sea‐level pressure, humidity, and
long‐ and short‐wave radiation fluxes. The LENS data set provides the atmospheric forcing fields for three
categories of simulation: pre‐industrial control, historical period from 1920 to 2005, and high greenhouse gas
forcing from 2006 to 2100. The latter period uses the IPCC Representative Concentration Pathway (RCP) 8.5 as
an MITgcm forcing field, representing an upper bound of projected high‐emissions forcing. While the RCP8.5
pathway is often criticized for posing an extreme forecast for the future (Hausfather & Peters, 2020), it allows for
a clear signal distinction between anthropogenic forcing (greenhouse gases, ozone depletion, aerosols, land use
change) and internal variability, requiring fewer ensemble members. Using the upper bound in climate predictions
also has the advantage of illustrating the model transition through other levels of anthropogenic forcing.

Ensembles of simulations forced by historical and high‐emissions future CESM1 data sets have been described in
previous literature (Holland et al., 2022; Naughten et al., 2022, 2023), while a set of simulations forced by a pre‐
industrial control simulation data set was new to this study. We take the 1,700 years of pre‐industrial simulation
from CESM1, and split these into nine ensemble members comprised of 181 years each, to match the historical
and high‐emissions data sets.

As detailed in Naughten et al. (2022, 2023), while the model generally agrees with observations, it tends to over‐
simulate deep convective events; this model bias was shown not to affect the estimated warming trends for the
region.

Using the data sets described above, this study creates four experiments, each comprising nine ensemble members
spanning 181 years (from 1920 to 2100). We use the pre‐industrial atmospheric forcing fields as our control
(NONE experiment) and compare it to three experiments, each with different atmospheric forcing fields:

• ALL: atmospheric forcing fields are taken from the historical + RCP8.5 pathway scenario. This experiment
represents warming under complete high‐emissions forcing.

• WIND: MITgcm is forced by historical + RCP8.5 zonal and meridional surface winds, while the atmospheric
thermodynamic forcing fields (surface temperature, humidity, precipitation, sea‐level pressure, and long‐ and
short‐wave radiation) are taken from the pre‐industrial ensemble, isolating the impact of changes in wind
patterns on the climate system.

• THERMO: atmospheric thermodynamic forcing fields are taken from the historical + RCP8.5 scenario, while
winds are taken from the pre‐industrial scenario. This experiment isolates the impact of changes to atmo-
spheric thermodynamic variables on the climate system.

To ensure consistency with previous studies, all four experiments were initialized from a set of initial conditions
generated by a 30‐year spin‐up using the RCP8.5 LENS simulations from 1920 to 1949 as in Naughten
et al. (2023). When perturbing the winds in the WIND ensemble, we perturb both the wind in the momentum flux
calculation (therefore, the ocean and sea‐ice surface friction) and the wind seen by latent and sensible heat fluxes
in the bulk formulae. This choice is made so that between the WIND and THERMO ensembles we have captured
all the surface forcing perturbations occurring in ALL. Each ensemble member of each experiment was matched
to the corresponding spin‐up ensemble member. All experiments use present‐day climatology boundary condi-
tions as described in Naughten et al. (2023).
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Our experiments use present‐day climatology boundaries, which exclude the influence of a changing climate
further afield (Gómez‐Valdivia et al., 2023; Nakayama et al., 2014; Naughten et al., 2022; Prend et al., 2024). To
assess the impact of transient boundaries, we re‐ran the ALL and THERMO experiments with boundary con-
ditions which evolve in response to climate change occurring outside of the modeled region (Texts S1 and S2 in
Supporting Information S1).

2.1. Analysis of Non‐Linearities

The separate wind‐only and thermodynamic‐only experiments are purely conceptual, as winds are strongly
interlinked with thermodynamic atmospheric conditions. The difference in origin in the forcing fields also leads to
a mismatch in variability. However, we argue that these model experiments help us understand how changes to
individual atmospheric forcing field variables govern future ocean warming in a controlled environment. The
extent to which these experiments are useful depends upon how well the total response to anthropogenic forcing
arises as a linear sum of the wind‐only and thermodynamic‐only responses.

In ALL, we expect the total oceanographic response to arise through a nonlinear interaction between wind and
thermodynamic forcing fields, complicating our interpretation of the experiments. We quantify this issue by
defining non‐linearity as the residual of the total forced change in any output variable (such as ocean warming)
that the linear sum of wind‐only and thermodynamic‐only changes does not explain:

residual = (ALL ‐ NONE) ‐ (WIND ‐ NONE) ‐ (THERMO ‐ NONE)

In a linear system, we would expect the residual to equal zero. However, in the real Amundsen Sea, we expect to
see non‐linearities develop with time due to the mismatch between the forcing fields.

3. Results
3.1. Warming Trends Under the Four Experiments

Figure 2 illustrates the evolution of ocean temperatures over the continental shelf for our four experiments:
NONE, ALL,WIND, and THERMO. The depth was chosen to approximate the depth of the ice shelf cavities. The
figure shows potential temperature anomalies relative to the mean of the control experiment (NONE).

As expected, the NONE temperatures remain steady on average, with frequent cold ocean convective events that
are a feature of this model prior to the onset of an anthropogenic signal in ocean warming (Naughten et al., 2022).
ALL features an ocean warming that reaches 1.5°C by the end of the 21st century, with a significantly decreased
variability between ensemble members caused by a shutdown in ocean convective events (Naughten et al., 2023).
From this point, we define the anthropogenic forcing response as the ensemble‐mean difference between ALL and
NONE.

Highlighted years indicate when two experiment ensembles diverge significantly at 95% confidence (Text S2 in
Supporting Information S1). According to our definition of divergence, the ALL experiment diverges from
NONE in 2018 in our simulations, implying that the influence of anthropogenic forcing exists in the present day.
This result varies slightly when using transient boundaries, moving the year of divergence to 2013. This is a new
result that is only possible due to our pre‐industrial simulations (Text S3 in Supporting Information S1). This
result is subject to substantial structural uncertainty arising from our modeling setup and selected climate model
forcing fields, which is elaborated upon in the Discussion below.

Throughout the experiment, THERMO remains similar to ALL, diverging from NONE in 1997 and never di-
verges from ALL. By 2100, the THERMO experiment mean has warmed nearly as much as ALL (only 0.25°C
cooler) and shows a similar decrease in variability. WIND, however, never diverges significantly from NONE,
indicating that the influence of wind changes is much smaller than assumed in previous literature. Intra‐ensemble
variability remains high in WIND, with a small and statistically insignificant cooling compared to NONE.

Non‐linear effects are reported in Figure 2 as the dashed line, starting from the first year of divergence. By the end
of the simulation, non‐linear interactions between winds and thermodynamic forcing account for approximately
one‐third of the predicted warming. This non‐linearity makes up the 0.25°C difference between ALL and
THERMO, and the 0.25°C cooling between WIND and NONE. Thus, the sum of our WIND and THERMO
experiments cannot explain a predicted 0.5°C of the total warming reported in the ALL experiment.

Geophysical Research Letters 10.1029/2024GL112287
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Figure 3 displays the spatial variation in warming between our experiments by 2100. The first column shows the
calculated end‐of‐21st‐century climatologies for each experiment, while the other columns show the experiment
anomalies with respect to NONE and ALL. ALL and THERMO show significant warming on the continental
shelf by the end of the 21st century, indicating an increased presence of CDW.

Within these climatologies, the differences between ALL and THERMO are significant, but small compared to
their anomaly with respect to NONE. The WIND experiment shows some significant cooling compared to
NONE, around 0.8°C at its coolest in the ice shelf cavities. This could signal increasing wind‐driven convection
events caused by strong winds and a cold pre‐industrial atmosphere (Text S3 in Supporting Information S1). In
the top right corner of Figure 3 we observe the non‐linear effects, which are mainly concentrated on the conti-
nental shelf and are strongest near the ice shelves, where we observe the overall 1.5°C warming anomaly.

These results imply that thermodynamic atmospheric forcing accounts for most of the predicted ocean warming
under anthropogenic forcing. The THERMO experiment shows a significant influx of CDW similar to that in
ALL, while WIND remains statistically indistinguishable from NONE. We now explain how the thermodynamic
atmospheric forcing drives this increased CDW influx.

3.2. Spatial Variations in Freshwater Fluxes on Centennial Timescales

The left column of Figure 4 illustrates the freshwater flux trends from 1920 to 2100. Positive values indicate an
influx of freshwater into the ocean, decreasing salinity. In Figure 4, ALL and THERMO show the same pattern of
increased freshening on the continental shelf and decreased freshening north of the shelf break. These patterns are
primarily caused by sea ice melting and freezing changes driven by high thermodynamic forcing with a small
contribution to the north made by increases in precipitation over open water (not shown).

Around Antarctica, sea ice generally forms close to the continent and is then advected north until it reaches a
region where it is no longer thermodynamically sustainable and melts (Abernathey et al., 2016; Holland &
Kimura, 2016). We observe an analogous sea ice conveyor pattern within the Amundsen Sea (Text S4 in

Figure 2. Potential temperature anomalies relative to the pre‐industrial mean between 200 and 700 m on the continental shelf
between 130°W and 95°W and 67°S and 75°S, as highlighted in Figure 1a. A 2‐year rolling mean is applied. The shaded area
represents the ensemble range, while the solid line is the ensemble mean. The dashed black line represents the calculated non‐
linearity. The years of divergence between the various experiments are highlighted in the vertical lines.
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Supporting Information S1). This conveyor‐style mechanism increases salinity on the continental shelf through
brine rejection from sea‐ice formation, freshening the ocean north of the shelf break as the sea ice is melted.

From the 1990s, in both ALL and THERMO, the increase in atmospheric warming leads to a substantial decline in
the sea ice in the region (Figure S4 in Supporting Information S1), much as shown under the idealized forcing of
Caillet et al. (2023). This reduces the sea ice formation on the shelf, leading to a freshening there (Figure 4). The
decline in sea ice also reduces ice export northwards, causing reduced freshening north of the shelf break as melt
rates decrease.

TheWIND experiment weakly shows the reverse trend. The increase in ice export and convection in WIND cools
and salinifies the water on the continental shelf, as discussed in the previous section, particularly near the coast.

Figure 3. First column: average potential temperature between 200 and 700 m for 2070–2100. The following columns are
anomalies fromNONE (second column) and ALL (third column). The shading represents areas where the difference between
experiments is significant.
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This creates a small and statistically insignificant salinifying trend on the continental shelf (Figure 4). However, a
significant freshening occurs north of the shelf break, which is likely due to the increased sea‐ice advection here.

In summary, ALL and THERMO experience decreased sea ice cover, reducing the sea‐ice conveyor of freshwater
northwards off the shelf, as found by Caillet et al. (2023) under idealized forcing. This freshens the shelf and
increases salinity off the shelf. Shelf freshening is enhanced by increased ice shelf melting. This result expands on
the findings from Haigh and Holland (2024) on decadal timescales to centennial timescales. Here thermodynamic
atmospheric changes result in a horizontal variance in the freshwater fluxes between the continental shelf and
deep ocean.

Figure 4. Left: trends in the freshwater fluxes at the ocean surface and from ice shelf melting. A positive value indicates a
decrease in salinity. Note that the sea‐ice and ice shelf freshwater outputs are shown on different scales. Shaded areas indicate
where the experiment trends were significantly different from NONE. Right: trends in density (contours) and zonal velocity
(colors) along a meridional cross‐section at 118°W as highlighted on the top‐left by the black line. Trends are calculated from
1920 to 2100.
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3.3. Trends in the Amundsen Sea Undercurrent

The right column of Figure 4 shows a cross‐section at 118°W of zonal velocity trends and density over the model
run period. Dashed lines represent negative density trends, and positive velocity values indicate an increase in the
flow out of the page (eastward flow).

In polar regions, salinity, rather than temperature, determines the water mass density. Therefore, the freshening
trends in ALL and THERMO reported in the previous section can be translated into the decrease in surface density
on the continental shelf in Figure 4. Due to the spatial pattern of the freshwater flux trend, changes in density
cause an increase in the density gradient over the continental shelf, strengthening the ASF.

The strengthened ASF in ALL and THERMO instigates a geostrophic response in the undercurrent velocity (Text
S5 in Supporting Information S1), increasing the shear over the shelf break and speeding up the westward surface
current and eastward undercurrent. This acceleration enhances CDW transport toward the continental shelf, as
implied by the slight increase in density at depth on the continental shelf, and the warming reported in Figure 3.
All these processes work to increase ice shelf melt. This increase is shown on the left of Figure 4, where there is a
clear increase in the melt trend across all ice shelves. This process introduces more freshwater into the system,
instigating a positive feedback loop (Haigh & Holland, 2024).

The freshwater patterns in the WIND experiment lead to increasing surface density that reduces with depth. This
signal is again strongest on the continental shelf, weakening the ASF and undercurrent. This slowdown in the
undercurrent under an eastward wind trend is as predicted on decadal scales by Silvano et al. (2022).

4. Discussion
Using MITgcm, we examine the effects and drivers of anthropogenic climate change on ocean warming in the
Amundsen Sea on centennial timescales. We find that an ensemble of simulations with anthropogenic forcing
(ALL) diverges from a pre‐industrial ensemble (NONE) between 2013 and 2018, depending on the boundary
conditions used. This implies that, in our model configuration, Amundsen Sea temperatures did not appear to be
influenced by anthropogenic forcing over the historical period. However, this influence becomes clearer and
separate from internal variability in the contemporary period and will continue to grow.We believe this is the first
time such a test has been reported.

This result is subject to limitations and requires further study. Our forcing fields are taken from one climate
model, CESM1, and are subject to that model's climate sensitivity, which is known to be high (Bacmeister
et al., 2020), and our study's model biases which are documented in the Methods section (Naughten et al., 2022,
2023). Furthermore, these experiments are run using a single regional model and do not consider far‐field effects
under a changing climate, which are known to be important (Gómez‐Valdivia et al., 2023; Naughten et al., 2023).
Recent proxy‐based reconstructions of the atmosphere in this area (Dalaiden et al., 2024; O’Connor et al., 2021)
show that CESM1 does a reasonably good job of replicating large scale wind and sea level pressure trends over the
historical period. Furthermore, previous validations of this ocean model configuration (Holland et al., 2019;
Naughten et al., 2022, 2023) demonstrate that it can reproduce the regional ocean state and variability. We
therefore consider the simulated ocean response presented here to be a physically plausible consequence to the
forcing experiments applied, however, future studies would certainly benefit from considering a larger ensemble
of models to examine how these results are influenced by climate model structure.

We establish that THERMO replicates the processes occurring in ALL, appearing to be primarily driven by trends
in freshwater fluxes from sea ice trends. Our experiments show that before the 2010s, the simulations are strongly
influenced by decadal variability as described in previous studies (Haigh & Holland, 2024; Jenkins et al., 2016)
(Text S4 in Supporting Information S1), after which, atmospheric thermodynamics take over, and begin
decreasing sea ice production, as described in Caillet et al. (2023)'s idealized study. This creates the spatial
variation in trends in freshwater fluxes shown in ALL and THERMO in Figure 4. These changes increase the
cross‐slope density differences, strengthening the ASF, and accelerating the undercurrent. The undercurrent then
increases the transport of CDW onto the shelf, which warms the waters at depth, increasing the ice shelf melting.

As defined in the methods section, THERMO comprises surface temperature, humidity, precipitation, sea‐level
pressure, and radiative forcing. These variables are expected to change in response to climate change. However,
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the magnitude and certainty of these changes vary among these variables (Text S6 in Supporting Information S1)
so we expect their relative impact on ocean warming to be complex.

Future research should build on this study by employing the methods described to untangle the individual effects
of these variables. While this approach would provide more detailed insights, it would also increase the
complexity of the analysis. A significantly larger number of simulation ensembles would be required, and the
non‐linear interactions among variables would become increasingly challenging to interpret.

Anthropogenically forced winds alone cannot explain these patterns. In our WIND experiment convection in-
creases under strong winds and cool atmosphere, leading to cooling at depth (Figure S3 in Supporting Infor-
mation S1). The WIND experiment also shows that on centennial timescales wind forcing works via similar
mechanisms to those described by Silvano et al. (2022), in which stronger eastward winds decrease the cross‐shelf
density gradient and baroclinically decelerate the undercurrent. The density trends appear similar to those
observed by Haigh and Holland (2024) on decadal scales, with a clear opposite sign in trend north of the shelf
break. However, our WIND signals remain small or statistically insignificant, indicating that the overall influence
of wind forcing is minimal.

5. Conclusions
Naughten et al. (2023) present a challenging prognosis for the future of the Amundsen Sea glaciers, highlighting
the ocean warming expected during the current century. The present study investigates the root causes behind
these projections. Our experiment builds upon findings from previous studies investigating the influence of at-
mospheric forcing on decadal scales (Haigh &Holland, 2024; Silvano et al., 2022) or in idealized settings (Caillet
et al., 2023; Jourdain et al., 2022; Si et al., 2024). Using a high‐resolution regional model under atmospheric
forcing from a climate model, we find that atmospheric thermodynamic changes are the dominant driver of
warming in the Amundsen Sea on centennial time scales. These trends are initiated by changes in sea ice for-
mation and then enhanced by a positive feedback loop, whereby an increase in ice shelf melt leads to increased
warming, which increases melt. This suggests the need for an enhanced research focus on future changes in the
thermodynamic forcing of the Amundsen Sea, including the correct implementation of buoyancy fluxes from
changes in ice shelf and iceberg melting.

Data Availability Statement
The analysis code used is publicly accessible via zenodo (Turner, 2024). A processed version of the output is
available through the Polar Data Centre (Turner & Naughten, 2024). Due to its large size, the full unprocessed
data set is not hosted on a public‐facing server, but subsets can be transferred on an individual basis as required.
To obtain model output beyond the publicly accessible version, please contact the corresponding author.
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