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Abstract Climate models project a weakening of the Atlantic Meridional Overturning Circulation (AMOC)
that will reduce Arctic warming. However, there is substantial intermodel spread in the projected AMOC
decline, and its contribution to uncertainty in projected Arctic warming has not yet been quantified. To
investigate this, we perform model experiments that increase CO, concentrations while imposing the intermodel
spread in the AMOC decline. We find that this intermodel spread in the AMOC decline reproduces 45% of the
total intermodel spread in Arctic warming. A smaller AMOC decline increases Arctic warming via increased
northward ocean heat transport, atmospheric moisture transport, and positive Arctic feedbacks. Arctic warming
is more sensitive to AMOC differences that produce larger sea-ice changes. Combined with a strong correlation
between a small AMOC decline and Arctic warming across models, these results indicate that ocean circulation
is a key source of model uncertainty in projections of Arctic warming.

Plain Language Summary The Arctic is warming faster than any other region on Earth in response
to increased concentrations of greenhouse gases in the atmosphere. In climate model projections, Arctic
warming is partly offset by a change in ocean circulation in the Atlantic that cools the Arctic. However, different
climate models project widely different changes in this ocean circulation. Here we investigate how these model
differences in ocean circulation contribute to model differences in Arctic warming. When we impose model
differences in ocean circulation in a single model, we can reproduce almost half of the total model spread in
projected Arctic warming. The impact of ocean circulation on Arctic warming depends on sea ice changes;
larger changes in sea-ice area enable larger changes in Arctic warming. Our results indicate that ocean
circulation is a key source of uncertainty in model projections of Arctic warming.

1. Introduction

In climate model projections, the Arctic exhibits both the largest warming and the largest warming uncertainty of
any region on Earth (e.g., L. C. Hahn et al., 2021; Holland & Bitz, 2003; IPCC, 2001; Manabe & Wether-
ald, 1975). Structural differences between models are the primary source of uncertainty in Arctic sea-ice and
warming projections, larger than uncertainty due to emissions scenario or internal variability (Bonan et al., 2021;
Lehner et al., 2020; Notz & SIMIP Community, 2020). Previous studies have used offline energy budget di-
agnostics to investigate the sources of this model uncertainty, including the roles of radiative forcing, climate
feedbacks, atmospheric heat transport, and ocean heat uptake. These studies find that model uncertainty in Arctic
warming is primarily driven by the albedo feedback and its positive covariance with the lapse-rate feedback, with
a small or nonexistent role for changes in ocean heat uptake (Block et al., 2020; L. C. Hahn et al., 2021; Pithan &
Mauritsen, 2014). However, such diagnostic approaches are limited by their implicit inclusion of interactions
between different mechanisms, which may obscure the underlying drivers of uncertainty in Arctic warming. In
particular, other studies suggest an important role for ocean heat transport, finding positive correlations between
poleward ocean heat transport and Arctic sea-ice loss and warming across climate models (Aylmer et al., 2024;
Holland & Bitz, 2003; Hwang et al., 2011; Mahlstein & Knutti, 2011; Nummelin et al., 2017; Pan et al., 2023).

Here we investigate a potential underlying source of uncertainty in ocean heat transport and Arctic warming—the
Atlantic Meridional Overturning Circulation (AMOC). Climate models consistently project a weakening of this
ocean circulation in a warming world (Fox-Kemper et al., 2021; Weijer et al., 2020). Projected AMOC weakening
has been shown to significantly reduce Arctic warming by reducing northward ocean heat transport, ocean-to-
atmosphere heating, and positive Arctic feedbacks, particularly the albedo feedback (He et al., 2017; Lee
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Figure 1. Intermodel spread across 28 CMIP6 models (grey lines) in (a, d) the AMOC decline (Sv) and (b, e) Arctic near-surface warming (°C; north of 60°N) for an
abrupt CO, quadrupling experiment (4xCO2) compared to a preindustrial control experiment. The AMOC strength is calculated as the maximum in the ocean
meridional overturning mass streamfunction in the Atlantic north of 30°N and at depth greater than 500 m (e.g., Liu et al., 2020). The CESM2 4xCO2 and dehose
experiments are overlaid in blue in panels (a, b), and the EC-Earth3 4xCO2, dehose, and hose experiments are overlaid in orange in panels (d, e). Averages over years
85-115 for all experiments are shown for the AMOC decline (Sv) vs. (¢) Arctic warming (°C) and (f) Arctic sea-ice area loss (million km?).

etal., 2024; Liu et al., 2020; Rugenstein et al., 2013). However, different climate models project widely different
degrees of AMOC weakening. In the latest generation of models participating in the Coupled Model Intercom-
parison Project Phase 6 (CMIP6) under abrupt CO, quadrupling, the AMOC decline ranges from 17% to 82% of its
preindustrial strength (Figure 1a, grey lines; Bellomo et al., 2021; L. C. Hahn et al., 2025). Models with a smaller
AMOC decline tend to produce greater Arctic warming (Figure 1c, grey dots; 7* = 0.45, p < 0.001, excluding the
outliers INM-CM4-8, 5-0). Combined with studies like Rugenstein et al. (2013) that demonstrate the influence of
the AMOC on Arctic warming, this correlation suggests that model uncertainty in the AMOC decline may
contribute significant uncertainty in Arctic warming. However, many other factors influence Arctic warming in
these comprehensive experiments, making it difficult to establish causality from these correlations alone. The
impact of uncertainty in the AMOC decline on uncertainty in Arctic warming has not yet been quantified.

To investigate how uncertainty in the AMOC decline impacts Arctic warming, we perform new experiments that
impose the CMIP6 range in AMOC declines within the CESM2 climate model. We perform similar experiments
in the EC-Earth3 model to evaluate how robust these mechanisms are across models and to investigate how sea ice
mediates the Arctic warming sensitivity to AMOC uncertainty. We quantify the effects of the AMOC on Arctic
warming through changes to ocean heat uptake, atmospheric heat and moisture transport, and climate feedbacks.
Using targeted model experiments, this study highlights an overlooked source of uncertainty in previous diag-
nostic analyses: the role of the AMOC decline.

2. Methods
2.1. CESM2 and EC-Earth3 Experiments

To explore the impact of AMOC uncertainty on Arctic warming, we use idealized experiments in the fully-coupled
Community Earth System Model Version 2 (CESM2) at a nominal 1° horizontal resolution (Danabasoglu
et al., 2020). This model includes the Community Atmosphere Model Version 6 (CAM6), the Parallel Ocean
Program Version 2 (POP2; Smith et al., 2010), and the Los Alamos Sea Ice Model Version 5.1.2 (CICES; Hunke
et al., 2015). In addition to CESM2, we use the EC-Earth3 model at a nominal 1° ocean resolution and ~80 km
atmospheric resolution (Doscher et al., 2022). EC-Earth3 includes the Integrated Forecast System (IFS) CY36R4
atmosphere model, the NEMO3.6 ocean model (Madec, 2015), and the LIM3 sea-ice model (Rousset et al., 2015).
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In addition to standard abrupt CO, quadrupling experiments (abrupt-4xCO2, abbreviated here as 4xCO2; Eyring
et al., 2016), we perform new experiments in CESM2 and EC-Earth3 that abruptly quadruple CO, while per-
turbing the surface freshwater budget to control the AMOC strength. These experiments add or remove surface
freshwater through a virtual salinity flux in the Arctic and in the North Atlantic north of 50°N, with a
compensating salinity flux elsewhere to conserve the global ocean salt content. This freshwater forcing follows
the North Atlantic Hosing Model Intercomparison Project protocol (NAHosMIP; Jackson et al., 2023).

The CESM2 4xCO?2 experiment has one of the largest AMOC declines across CMIP6 models (solid blue line,
Figure 1a). In contrast, the CESM2 dehose experiment applies a constant —0.5 Sv freshwater flux via a virtual
salinity flux to reproduce the smallest AMOC decline seen in CMIP6 (dashed blue line, Figure 1a). By comparing
the dehose and 4xCO2 experiments, we can therefore assess how the CMIP6 spread in the AMOC decline,
imposed in a single model, impacts Arctic warming. We note that these CESM2 experiments span most, but not
all, of the CMIP6 spread in the AMOC decline (Figure 1a); imposing the full spread may produce a larger impact
on warming. We run the dehose experiment for 115 years rather than the standard 150-year period to conserve
computing resources, as the CMIP6 spread in the AMOC decline at year 115 captures most of the spread at year
150. The magnitude and pattern of ocean heat uptake anomalies associated with AMOC differences in our
CESM2 experiments is similar to that across CMIP6 models (L. C. Hahn et al., 2025), suggesting that these
experiments in a single model are useful for understanding the impact of AMOC spread across CMIP6.

In contrast to CESM2, the standard EC-Earth3 4xCO2 experiment has one of the smallest AMOC declines across
CMIP6 (solid orange line, Figure 1d). We compare this with the EC-Earth3 dehose experiment developed by
Bellomo and Mehling (2024), which applies a —0.4 Sv freshwater flux under CO, quadrupling to produce a near-
zero AMOC decline (dashed orange line, Figure 1d). In addition, we perform the EC-Earth3 hose experiment
(yellow line, Figure 1d), which applies a +0.3 Sv freshwater flux under CO, quadrupling to produce a larger
AMOC decline than EC-Earth3 4xCO2. Combined with experiments in CESM2, these EC-Earth3 experiments
allow us to explore the sensitivity of our results to model choice and to investigate how sea ice influences the
Arctic warming sensitivity to uncertainty in the AMOC decline. We do not have a CESM2 hose experiment
because the AMOC is already so weak in CESM2 4xCO2 (Figure S1b in Supporting Information S1) that we are
unable to weaken it further with additional hosing. This AMOC resilience to further weakening may result from
Southern Ocean wind-driven upwelling that must be balanced by downwelling in the Atlantic or Pacific (Baker
et al., 2025).

2.2. Warming Contribution Methodology

To understand how uncertainty in the AMOC decline impacts Arctic warming, we calculate contributions to
Arctic warming from changes in ocean heat uptake, atmospheric heat transport, and climate feedbacks. Following
previous studies (Crook & Forster, 2011; Feldl & Roe, 2013; Goosse et al., 2018; L. C. Hahn et al., 2021; Lu &
Cai, 2009; Pithan & Mauritsen, 2014; Taylor et al., 2013), we use a local energy budget analysis to calculate these
warming contributions. In light of substantial long-term variability in the AMOC in the EC-Earth3 preindustrial
control (piControl) experiment (Figure Sla in Supporting Information S1; Meccia et al., 2023; Mehling
et al., 2024), we calculate anomalies for CO, quadrupling experiments (the 4xCO2, dehose, and hose experi-
ments) compared to a 150-year average of the corresponding piControl experiment. We calculate warming
contributions using anomalies averaged over years 85—115 after CO, quadrupling and quantify climate feedbacks
using the quotient of anomalies in top-of-atmosphere (TOA) radiation and near-surface temperature averaged
over this period.

We decompose the net climate feedback into the albedo, Planck, lapse-rate, water vapor, and cloud feedbacks
using the radiative kernel method described in Shell et al. (2008) and Soden et al. (2008). We use radiative kernels
derived from the ERA-Interim reanalysis by Huang et al. (2017), which yield the smallest feedback residual
compared to other radiative kernels in CMIP6 4xCO2 experiments (Zelinka et al., 2020). We calculate the total
atmospheric heat transport (AHT) convergence as the difference between surface and net TOA fluxes (e.g., Pithan
& Mauritsen, 2014). We partition this further into moist AHT convergence, calculated as the difference between
precipitation and evaporation multiplied by the latent heat of vaporization, and dry AHT convergence, calculated
as the residual between the total and moist AHT convergence (e.g., L. C. Hahn et al., 2021; Kay et al., 2012). The
ocean heat uptake term is calculated using surface heat fluxes (positive into the atmospheric column) which
include both ocean heat transport and ocean heat storage.

HAHN ET AL.

3 0of 10

85U017 SUOWLLID SAIIID) 8|qedljdde ayp Aq peusenob ae sajonfe YO ‘35N JO S9N 10} ArIq1T BUIUO /8|1 UO (SUOIPUOD-pUe-SWSH WD A8 | M AReiq)1Bul [UO//SANL) SUORIPUOD pue SWB L 8L 835 *[9202/20/52] Uo Ariqiauliuo A8|iIM ‘1Q JeIeD BAoped JO AIsieAIuN Ag 0Z26TT 195202/620T OT/10p/woo As|imArlgijeuluosqndnbe;/sdny wo.y pspeojumod ‘2 ‘520z ‘20086T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL119720

Using a local energy budget (Equation 1), we can convert these energetic contributions of climate feedbacks
(4;AT), the Planck response (4,AT), and anomalies in AHT convergence (AAHT) and ocean heat uptake (AO)
into contributions to near-surface Arctic warming (A7) in years 85-115 for each CO, quadrupling experiment
compared to the piControl experiment. Here and throughout this study, the Arctic is defined as the region from 60
to 90°N. Equation 1 also includes the radiative forcing (F) and a residual term (AR):

F+ (/1,,+Ziii>AT+ AAHT + AO + ARy, =0 (N
Warming contributions are defined by dividing each term in Equation 1 (in W m™2) by the strength of the Arctic

Planck response in the 4xCO2 experiment (4,, in W m~> K™'):

MAT S LAT  AAHT AO AR,
2, A, A, 2, A,

P 14 14 14 14

ar=-LE_ 2)
/1P

where A}, = 4, — 4,
experiment and its value in the 4xCO2 experiment. Following Equation 2, we calculate contributions to Arctic
warming in CESM2 dehose—piControl and CESM2 4xCO2—piControl before taking the difference between
these sets of experiments. We assume there is a negligible warming contribution from forcing differences between
CESM2 dehose and 4xCO2, which have identical CO, concentrations. Similarly, we calculate contributions to
Arctic warming in EC-Earth3 dehose—piControl, EC-Earth3 hose—piControl, and EC-Earth3 4xCO2—piControl

before taking differences between these sets of experiments. As in CESM2, we assume a negligible contribution

is the difference between the Arctic Planck response (4,) in a given CO, quadrupling

from forcing to warming differences between EC-Earth3 dehose, hose, and 4xCO?2.

3. Results

A smaller AMOC decline in CESM2 dehose than 4xCO?2 increases Arctic warming by 5.3°C, a 45% increase from
the 4xCO2 experiment, averaged over years 85—115 after CO, quadrupling (blue lines, Figure 1b; blue markers,
Figure 1c¢). This is also about 45% of the total intermodel spread in Arctic warming across CMIP6 models. In other
words, the intermodel spread in the AMOC decline, imposed in a single model, can reproduce almost half the total
intermodel spread in Arctic warming. A smaller AMOC decline increases surface warming most prominently in
the subpolar North Atlantic, collocated with the largest increase in ocean-to-atmosphere heating (Figure S2a and
S2d in Supporting Information S1). Supported by an increase in poleward ocean heat transport (Figure S3a in
Supporting Information S1), ocean-to-atmosphere heating is the primary driver of increased Arctic warming in
dehose—4xCO?2 (Figure 2a). Positive local feedbacks further amplify warming with a smaller AMOC decline.
This includes enhanced warming contributions from the albedo, water vapor, lapse-rate, and shortwave cloud
feedbacks, consistent with previous analyses of idealized AMOC experiments (Lee et al., 2024).

The lapse-rate and shortwave cloud feedbacks become more-positive particularly in the subpolar North Atlantic
(Figure S4c and S4d in Supporting Information S1) as a result of increased northward ocean heat transport that
reduces the lower tropospheric stability and low-cloud cover (L. C. Hahn et al., 2025). Increased warming
supports a more-positive water vapor contribution throughout the Arctic (Figure S4b in Supporting Informa-
tion S1), and accelerated sea-ice loss supports a more-positive albedo contribution particularly to the north of
70°N in Baffin Bay, the Laptev Sea, and the central Arctic (Figure S4a and S2g in Supporting Information S1).
Arctic warming is also amplified by an increase in poleward moist AHT and damped by a reduction in dry AHT
(Figure 2a; Figure S3a in Supporting Information S1). Both are consistent with down-gradient diffusion of
temperature and moisture anomalies: stronger meridional moisture gradients in the warmer climate of the dehose
experiment increase poleward moist AHT, while dry AHT weakens in response to larger Arctic-amplified
warming (e.g., Armour et al., 2019; Feldl et al., 2017; L. C. Hahn et al., 2021; Hwang et al., 2011; Pithan &
Mauritsen, 2014; Roe et al., 2015).

As illustrated by this warming contribution analysis, increased sea-ice loss and a positive albedo feedback amplify
the warming produced by a stronger AMOC in CESM2 dehose compared to 4xCO2 (Figure 2a; Figures 3a—3c).
However, there is little sea ice by the end of the CESM2 4xCO2 experiment, and sea-ice loss saturates with
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Figure 2. Contributions to Arctic warming differences (°C; north of 60°N) averaged over years 85-115 after abrupt CO, quadrupling for (a) CESM2 dehose—4xCO2,
(b) EC-Earth3 dehose—4xCO2, (c) EC-Earth3 4xCO2—hose, and (d) all sets of experiments, normalized by each set's difference in the AMOC decline. Warming
contributions are shown for the surface albedo, water vapor, lapse-rate, shortwave (SW) cloud, and longwave (LW) cloud feedbacks, the change in moist and dry
atmospheric heat transport convergence (AHT moist; AHT dry) and ocean heat loss to the atmosphere (Ocean), the variation in the Planck response from its 4xCO2
value (Planck’), and a residual term (Res.).

additional warming in CESM2 dehose as the Arctic becomes ice-free. Does this saturation of sea-ice loss limit the
increase in surface warming in CESM2 dehose—4xCO2? As a reminder, CESM2 4xCO?2 has a very large AMOC
decline, and we span the intermodel spread in the AMOC decline by imposing a smaller AMOC decline in dehose
(Figure 1a). If we instead use a model with a small AMOC decline in the standard 4xCO2 experiment and impose
alarger AMOC decline, we would expect a relative sea-ice growth that is unsaturated and may therefore support a
larger sensitivity of Arctic warming to AMOC uncertainty.

To test how sea ice mediates the sensitivity of Arctic warming to the AMOC decline, we use the EC-Earth3
model, which projects a small AMOC decline in the standard 4xCO2 experiment (solid orange line,
Figure 1d). As in CESM2, we compare EC-Earth3 4xCO2 with a dehose experiment that produces a smaller
AMOC decline (dashed orange line, Figure 1d), but we additionally perform an EC-Earth3 hose experiment that
produces a larger AMOC decline (yellow line, Figure 1d). A small AMOC decline in EC-Earth3 4xCO2 supports
one of the largest Arctic warming signals among the CMIP6 models (Figure le), and results in minimal sea-ice
cover by the end of the EC-Earth3 4xCO2 experiment (Figure 3d), even less than in CESM2 4xCO2. As found in
CESM2, imposing a smaller AMOC decline in EC-Earth3 dehose versus EC-Earth3 4xCO2 increases northward
ocean heat transport (Figure S3b in Supporting Information S1) and ocean-to-atmosphere heating in the Arctic
(Figure 2b; Figure S2e in Supporting Information S1). This allows for faster Arctic warming in the first 30 years
of EC-Earth3 dehose compared to 4xCO2 (dashed vs. solid orange lines, Figure 1e). However, the last 30 years of
EC-Earth3 dehose show only a small increase in warming compared to 4xCO2 (compare dashed and solid orange
lines in Figure 1e). This small warming sensitivity in years 85-115 results from a small difference in sea ice: with
minimal sea-ice in the EC-Earth3 4xCO2 experiment (Figure 3d), additional warming in dehose produces an ice-
free Arctic (Figure 3e) and limits sea-ice loss for dehose—4xCO?2 (Figure 3f). The existence of even less sea ice in
EC-Earth3 4xCO2 than in CESM2 4xCO?2 provides even less room for additional sea-ice loss in the dehose
experiment. To a greater degree than in CESM2, the saturation of sea-ice loss limits the increase in warming in
EC-Earth3 dehose versus 4xCO2.

In contrast, imposing a larger AMOC decline in EC-Earth3 hose versus 4xCO2 has a much larger impact on
surface warming than the dehose experiment in years 85-115 (Figure le). A larger AMOC decline in EC-Earth3
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Figure 3. Monthly Arctic sea-ice area (million km?) in year 1-115 for (a) CESM2 4xCO2, (b) CESM2 dehose, (c) CESM2 dehose—4xCO2, (d) EC-Earth3 4xCO2,
(e) EC-Earth3 dehose, (f) EC-Earth3 dehose—4xCO?2, (g) EC-Earth3 hose, and (h) EC-Earth3 4xCO2—hose experiments. The bold contour (a, b, d, e, g) indicates a sea-

ice area of 1 million km?.

hose sustains a greater sea-ice area than in 4xCO2 in years 85115 (Figure 3g). This produces a large, unsaturated
difference in sea-ice area for EC-Earth3 4xCO2—hose (Figure 3h), larger than for EC-Earth3 dehose—4xCO2 or
CESM2 dehose—4xCO2. A larger difference in sea-ice area supports a higher sensitivity of Arctic warming to
AMOC differences in EC-Earth3 4xCO2—hose (0.75°C/Sv) than in EC-Earth3 dehose—4xCO2 (0.15°C/Sv) or
CESM2 dehose—4xCO2 (0.34°C/Sv), as illustrated in Figures 1c and 1f (yellow lines vs. orange and blue lines).
In other words, Arctic warming is more than twice as sensitive to AMOC perturbations when the perturbation
preserves sea ice (i.e., induces a relative sea-ice recovery compared to 4xCO2) in the EC-Earth3 hosing exper-
iment, than when it accelerates sea-ice loss in the CESM2 dehosing experiment.

To confirm that these differences in warming sensitivity are driven by differences in sea ice, we compare con-
tributions to warming in EC-Earth3 4xCO2—hose with the dehose—4xCO?2 experiments in EC-Earth3 and
CESM2. As in the dehose—4xCO2 experiments, a smaller AMOC decline in EC-Earth3 4xCO2 — hose amplifies
Arctic warming via increased ocean-to-atmosphere heating and positive Arctic feedbacks (Figure 2c). A more-
negative Planck feedback in 4xCO2 compared to hose results from a larger ratio of surface to near-surface
warming, particularly over high-latitude land (not shown). We normalize these warming contributions by the
difference in AMOC decline in each set of experiments to better compare them (Figure 2d). These normalized
warming contributions illustrate that the dominant contributors to higher warming sensitivity in the hosing
experiment are the albedo and lapse-rate feedbacks, consistent with a key role for sea ice in mediating Arctic
warming sensitivity to the AMOC decline. Larger changes in sea ice produce not only a stronger albedo feedback
but also a more-positive lapse-rate feedback by supporting surface-amplified temperature changes (Boeke et al.,
2021; Feldl et al., 2017, 2020; Graversen et al., 2014). When we impose a smaller AMOC decline in the dehose
experiments, sea-ice loss saturates and limits changes in the surface albedo and lapse rate, limiting the resulting
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increase in warming. Instead, when we impose a larger AMOC decline in the hose experiment, a relative sea-ice
recovery compared to 4xCO2 substantially weakens the albedo and lapse-rate feedbacks and reduces surface
warming.

The spatial structure of Arctic warming further illustrates the role of sea ice for the warming sensitivity to AMOC
differences. In CESM2 and EC-Earth3 dehose—4xCO?2, which have small sea-ice changes and Arctic warming
sensitivity, the largest increase in warming occurs in the subpolar North Atlantic (Figure S2a and S2b in Sup-
porting Information S1), collocated with the largest increase in ocean-to-atmosphere heating (Figure S2d and S2e
in Supporting Information S1). In contrast, the largest increase in warming in the more sensitive EC-Earth3
4xCO2—hose experiments occurs in the Beaufort Sea and central Arctic, supported by a collocated reduction
in sea-ice area (Figure S2c and S2i in Supporting Information S1) that produces more-positive albedo and lapse-
rate feedbacks (Figure S6a and S6c in Supporting Information S1). These collocated maxima in sea-ice loss, sea-
ice feedbacks, and increased Arctic warming in EC-Earth3 4xCO2—hose again indicate the key role of sea ice for
amplifying the warming sensitivity to AMOC differences.

4. Conclusions

We investigate the impact of model uncertainty in the AMOC decline on uncertainty in Arctic warming using
idealized experiments with the CESM2 and EC-Earth3 models. Imposing the CMIP6 spread in the AMOC decline
using CESM2 reproduces 45% of the total intermodel spread in Arctic warming. The EC-Earth3 dehose—hose
experiments, which span a slightly smaller AMOC difference (13.8 Sv) than CESM2 dehose—4xCO2 (15.8 Sv),
similarly reproduce 47% of the total intermodel spread in Arctic warming. A smaller AMOC decline allows for
larger Arctic warming primarily by producing greater ocean-to-atmosphere heating. Warming is further amplified
by poleward atmospheric moisture transport and positive local feedbacks, particularly the albedo feedback. The
sensitivity of Arctic warming to the AMOC decline is strongly mediated by sea ice. Sea-ice loss saturates in
experiments that impose a smaller AMOC decline, limiting the Arctic warming sensitivity to AMOC uncertainty;
in experiments that impose a larger AMOC decline, unsaturated sea-ice growth and associated albedo and lapse-
rate feedbacks support a larger sensitivity of Arctic warming to AMOC uncertainty.

Our results highlight the state-dependence of Arctic warming on the existence of sea ice, consistent with previous
studies (e.g., Bellomo & Mehling, 2024; Holland & Landrum, 2021; Zhou et al., 2023). Bellomo and Meh-
ling (2024) show that removing an AMOC decline by dehosing a 4xCO2 experiment impacts Arctic warming
much less than imposing an AMOC decline by hosing a piControl experiment, presumably due to saturated sea-
ice loss in the 4xCO2 experiment. By quantifying feedbacks in our experiments, we can confirm that state-
dependent AMOC effects result from the saturation of sea-ice loss and positive albedo and lapse-rate feed-
backs. Many studies have used hosing experiments under preindustrial conditions (e.g., NAHosMIP; Jackson
et al., 2023) to understand the impacts of future AMOC weakening; our results suggest that dehosing experiments
under increased CO, forcing are more applicable to investigate these state-dependent effects.

Combined with a strong correlation between a small AMOC decline and Arctic warming across CMIP6 models,
our experiments indicate that the AMOC is an important source of uncertainty in projections of Arctic warming. A
key implication is that intermodel spread in Arctic warming may be reduced by constraining the AMOC decline.
Observational constraints based on the present-day strength of the AMOC (Weijer et al., 2020) and its return
pathways (Baker et al., 2023) may substantially reduce uncertainty in the AMOC decline. Recent constraints
predict a smaller AMOC decline than found in most model projections (Bonan et al., 2025), which we would
expect to support a relatively large Arctic warming. Such constraints on the AMOC decline may substantially
alter Arctic warming projections, particularly in models with more sea ice to lose.

Our results also illustrate that interactions between ocean circulation and climate feedbacks complicate in-
terpretations of diagnostic warming contributions. Diagnostic approaches indicate that the albedo and lapse-rate
feedbacks are the dominant sources of model uncertainty in Arctic warming (Block et al., 2020; L. C. Hahn
etal., 2021; Pithan & Mauritsen, 2014). However, we find that both of these feedbacks are sensitive to underlying
uncertainty in the AMOC decline. Idealized model experiments are needed to disentangle these interactions and
understand underlying sources of uncertainty in Arctic warming. In addition to its impacts on Arctic feedbacks,
the AMOC may impact Arctic warming by changing feedbacks beyond the Arctic (L. C. Hahn et al., 2025; He
et al., 2017; Lin et al., 2019; Trossman et al., 2016; Zhang et al., 2010). In particular, a smaller AMOC decline
allows for a more-positive shortwave cloud feedback in the North Atlantic midlatitudes. This may increase Arctic
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warming by increasing poleward atmospheric heat transport, with warming further amplified by local Arctic
feedbacks. Our diagnosed Arctic feedback contributions are impacted by both local and remote drivers; the
relative role of each for the Arctic response to the AMOC decline remains an open question.

A caveat of this study is that different models may have different sensitivities of climate feedbacks and heat
transports to the AMOC decline, producing different levels of Arctic warming sensitivity to an imposed AMOC
perturbation. In particular, CESM2 simulates insufficient present and future sea-ice cover (Kay et al., 2022);
imposing a small AMOC decline in models with more sea ice may support a larger sea-ice loss and Arctic
warming. However, previous studies have found qualitatively similar impacts of the AMOC decline on ocean heat
uptake, surface albedo, and Arctic warming in an earlier version of CESM (Lee et al., 2024; Liu et al., 2020) and
in GFDL models (He et al., 2017; Rugenstein et al., 2013). Future work should assess the impact of AMOC
constraints on Arctic warming across different climate models. In addition, while we investigate the impact of the
AMOC on Arctic warming, on multi-decadal timescales Arctic warming and associated sea-ice melt can also
impact the AMOC strength (e.g., Liu et al., 2019; Liu & Fedorov, 2022; Madan et al., 2024; Sévellec et al., 2017).
These two-way interactions may further affect the relationship between uncertainty in the AMOC decline and
uncertainty in Arctic warming.

Lastly, our experiments with different AMOC declines do not explore the influence of the preindustrial mean-
state AMOC. In reality, models with a smaller AMOC decline tend to have a weaker mean-state AMOC
strength (Bonan et al., 2025; Gregory et al., 2005; Jackson et al., 2020; Lin et al., 2023; Weaver et al., 2012;
Weijer et al., 2020; Winton et al., 2014). We have shown that a model with a smaller AMOC decline supports
larger Arctic warming by enhancing poleward ocean heat transport and sea-ice loss. A weaker mean-state AMOC
in such a model may support additional Arctic warming by increasing the climatological Arctic sea-ice area and
allowing for larger sea-ice loss in a warming climate. This positive correlation between climatological sea-ice
area and Arctic warming has been shown in previous generations of climate models (Holland & Bitz, 2003;
Rind et al., 1995) and also holds in CMIP6 models with saturated 4xCO2 sea-ice loss (Figure S7 in Supporting
Information S1, black dots). Thus, mean-state AMOC uncertainty may amplify the effects of correlated uncer-
tainty in the AMOC decline. Future work should isolate these potential impacts of model differences in the mean-
state AMOC.
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