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ABSTRACT

Climate models vary widely in projections of 21% century global warming and
projections of the Atlantic Meridional Overturning Circulation (AMOC). However, the extent
to which this uncertainty in AMOC contributes to uncertainty in warming has not yet been
quantified. To investigate this, we perform climate model experiments that increase CO2
concentrations while imposing the range of AMOC declines found in the Coupled Model
Intercomparison Project Phase 6 (CMIP6). We find that intermodel spread in the AMOC
decline, imposed within a single model, reproduces 20% of the total intermodel spread in
global warming. An idealized energy-balance model indicates that changes in ocean heat
uptake and climate feedbacks contribute approximately equally to enhanced warming in our
experiment with a smaller AMOC decline. A smaller AMOC decline produces greater ocean-
to-atmosphere heating in the North Atlantic, which increases near-surface warming and
reduces the lower-tropospheric stability to produce less-negative lapse-rate and shortwave
cloud feedbacks. In the northern tropics, surface warming is enhanced by the wind-
evaporation-SST feedback and by more-positive longwave cloud and water vapor feedbacks
due to a northward shift of the Intertropical Convergence Zone. A Green’s function analysis
confirms that a less-negative global feedback with a smaller AMOC decline is predominantly
driven by sea-surface warming in the extratropical North Atlantic. Spread in the AMOC
decline is correlated with similar differences in ocean heat uptake and climate feedbacks
across CMIP6 models as in our experiments. These results suggest that model uncertainty in

global warming may be substantially reduced by constraining projections of AMOC.
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1. Introduction

Projected 21% century global warming varies by more than a factor of two in the latest
generation of climate models participating in the Coupled Model Intercomparison Project
Phase 6 (CMIP6; IPCC AR®6). A central goal of climate science is to constrain this spread in
the modeled climate response by better understanding and predicting the processes that
contribute to it. Intermodel spread in transient warming is driven not only by uncertainty in
radiative forcing and climate feedbacks, but also by uncertainty in ocean heat uptake
(Geoffroy et al., 2012; Gregory and Mitchell, 1997; Gregory and Forster, 2008; Gregory et
al., 2024; Lutsko and Popp, 2019; Raper et al., 2002). In particular, transient warming is
sensitive to the strength of the Atlantic Meridional Overturning Circulation (AMOC), a
system of ocean currents characterized by northward flowing surface waters and deep sinking
in the subpolar North Atlantic. Models robustly project a decline in the AMOC under
increased COz2 forcing, with a larger decline in models that simulate a stronger present-day
AMOC (Figure 1a,b; Gregory et al., 2005; Weijer et al., 2020). However, there is
considerable intermodel spread in the strength of the mean-state AMOC and the degree of its
decline (Figure 1a,b; Bellomo et al., 2021). In CMIP6 models under abrupt CO2 quadrupling,
this decline ranges from 17 to 82% of the mean-state strength (Figure S1).

Past studies indicate a significant effect of the present-day AMOC (Kostov et al., 2014;
He et al., 2017) and its decline (Liu et al., 2020; Rugenstein et al., 2013; Vellinga and Wood,
2008; Winton et al., 2013) on transient warming. Using idealized model experiments with
CO2 concentrations rising at 1% per year, Trossman et al. (2016) estimate that at the time of
CO2 doubling, a 25% decline in AMOC reduces global-mean surface warming by 20%. In
CMIP6, models with a weak mean-state AMOC tend to have a weak AMOC decline
(r?=0.53) and large global-mean warming (r?=0.24) under increased CO: forcing (Figure 1;
regressions calculated for averages over years 85-115 of abrupt-4xCO2 simulations).
However, these CMIP6 experiments include many other factors that influence intermodel
spread in transient warming, making it difficult to isolate the role of AMOC and its decline. It
is unclear how the effects of AMOC modeled in idealized experiments scale to the range of
intermodel spread found across CMIP6 models: the contribution of uncertainty in AMOC to

uncertainty in global transient warming has not yet been quantified.
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Figure 1. Intermodel spread across 28 CMIP6 models in (a) the AMOC strength (Sv) in a preindustrial
control experiment (piControl); and (b) the AMOC decline (Sv) and (c) global-mean near-surface warming (°C)
in an abrupt CO, quadrupling experiment (abrupt-4xCO2) compared to the piControl experiment. Models are
sorted from weakest (blue lines) to strongest (red lines) piControl AMOC strength, which 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 CMIP6 simulations (solid black lines) and our CESM2
dehosing experiment (dashed black lines) are overlaid.

AMOC mediates the rate and pattern of ocean heat uptake, which can impact global
warming both directly and by changing the global climate feedback. Specifically, the AMOC
decline may impact the global feedback by preferentially cooling the Northern Hemisphere
high latitudes, a region with strong amplifying feedbacks (Armour et al., 2013; Bitz et al.,
2012; Marshall et al., 2015; Winton et al., 2010, 2013), or by changing local feedbacks
themselves (Rose et al., 2014; Winton, 2003). Past studies point to a key role for the
shortwave cloud feedback: when cloud feedbacks are held fixed, the global cooling response
to the AMOC decline is reduced by 30-60% (He et al., 2017; Trossman et al., 2016; Zhang et
al., 2010). However, the extent to which the AMOC decline impacts other climate feedbacks,
the mechanisms of this feedback response, and this response’s robustness and contribution to

the spread across the latest generation of climate models remains to be explored.

To quantify and mechanistically investigate the role of model uncertainty in AMOC for
uncertainty in near-future warming, we use novel experiments that impose the CMIP6 range
in AMOC declines within a single climate model. We use an idealized energy-balance model
to assess the relative role of changes in ocean heat uptake and atmospheric feedbacks for
global warming in these experiments. Finding an important role for atmospheric feedback
changes, we investigate what drives these changes and how they compare to AMOC-related
feedback differences across climate models in CMIP6. Our results have direct implications
for how constraining ocean circulation in climate models may improve projections of climate

feedbacks and near-future warming.
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2. CESM2 Experiments
a) Experimental design

We perform experiments with the fully-coupled Community Earth System Model Version
2 (CESMZ2) at a nominal 1° horizontal resolution (Danabasoglu et al., 2020). This model uses
the Community Atmosphere Model Version 6 (CAMG6), the Parallel Ocean Program Version
2 (POP2; Smith et al., 2010), the Los Alamos Sea Ice Model Version 5.1.2 (CICE5; Hunke et
al., 2015), the Community Ice Sheet Model Version 2.1 (CISM2.1; Lipscomb et al., 2019),
the Community Land Model Version 5 (CLM5; Lawrence et al., 2019), and the Model for
Scale Adaptive River Transport (MOSART; H. Y. Li et al., 2013).

We use the CESM2 preindustrial control (piControl) and abrupt CO2 quadrupling
(abrupt-4xCQO2, abbreviated here as 4xC0O2) experiments from the CMIP6 archive. The
CESM2 4xCO2 experiment has one of the largest AMOC declines of the CMIP6 models
(solid black line, Figure 1b). To capture the range in AMOC declines across CMIP6, we
perform an additional experiment in CESM2 (dehose4x) that abruptly quadruples CO2 while
simultaneously removing surface freshwater over the Arctic and north of 50°N in the North
Atlantic. While traditional freshwater hosing experiments add a freshwater flux to the
Northern Hemisphere high latitudes to simulate an AMOC decline, dehose4x removes
freshwater to reduce the AMOC decline. We perturb the freshwater budget using a virtual
salinity flux and apply a compensating salinity flux over the rest of the global ocean to
maintain constant global salinity, using a spatial hosing pattern from the North Atlantic
Hosing Model Intercomparison Project (NAHosMIP; Figure 1a in Jackson et al., 2023). The
dehose4x experiment applies a constant -0.5 Sv freshwater flux to reproduce the smallest
AMOC decline seen in CMIP6 (dashed black line, Figure 1b). We can then use the difference
between the dehose4x and 4xCO2 experiments to assess how the CMIP6 spread in AMOC
decline, imposed within a single model, impacts global warming. These experiments span
most, but not all, of the CMIP6 spread in AMOC decline, as several models have a larger
AMOC decline than CESM2; imposing the full spread may produce a larger impact on

warming.

We run the dehose4x experiment for 115 years and show anomalies for the dehose4x —
4xCO2 experiments averaged over years 85-115. We run this experiment for a shorter period

than the typical 150-year 4xCO2 experiments in CMIP6 to conserve computing resources, as
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Figure 2. (a) Ocean-to-atmosphere heating anomaly in the CESM2 dehose4x — 4xCO2 experiments; (b)
ocean-to-atmosphere heating anomaly in the abrupt4xCO2 — piControl CMIP6 experiments, regressed against
the anomaly in AMOC strength across CMIP6 models and scaled by the CESM2 dehose4x — 4xCO2 anomaly in
AMOC strength; and (c) the difference between panels a and b (W m-2). All anomalies are averaged over years
85-115 after CO. quadrupling.

the intermodel spread in AMOC decline across CMIP6 models for years 85-115 captures
most of the spread at year 150. We calculate anomalies during corresponding time periods
between each CO2 quadrupling experiment and a 21-year running average of piControl to
account for model drift (Caldwell et al., 2016; Zelinka et al., 2020).

b) Impacts on ocean heat uptake compared to CMIP6

We first consider the extent to which these two experiments with a single model are
representative of AMOC impacts across CMIP6 models. Specifically, do ocean heat uptake
anomalies associated with AMOC differences in CESM2 resemble the spread in ocean heat
uptake associated with AMOC differences across CMIP6 models? We diagnose differences
in ocean-to-atmosphere heating for the dehose4x — 4xCO2 experiments using net surface heat
flux anomalies (Figure 2a). In comparison, we regress anomalies in ocean-to-atmosphere
heating against anomalies in AMOC strength across CMIP6 models for the 4xCO2 —
piControl experiments, then scale this CMIP6 regression (in W m2 Sv') by the dehose4x —
4xCO2 difference in AMOC strength (in Sv) to compare it with heating anomalies in the
CESM2 experiments (in W m2; Figure 2b).

The pattern of heating anomalies in our CESM2 experiments is remarkably similar to that
across CMIP6 models: a smaller AMOC decline (which results in a stronger AMOC)
produces greater ocean-to-atmosphere heating in the subpolar and eastern subtropical North
Atlantic (Figure 2a,b). Compared to CMIP6 models, the CESM2 experiments tend to produce
less heating in the Arctic Ocean and Labrador Sea (Figure 2c¢). Some of this discrepancy may
result from model differences in the location of deep ocean convection, which occurs in the
Labrador Sea in CESM2 but elsewhere in many other models (Liu et al., 2024). Sea ice
differences may also contribute to weaker ocean-to-atmosphere heating in the Arctic in the

CESMZ2 experiments than in CMIP6 models. CESM2 has insufficient sea ice in piControl
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(Kay et al., 2022) and very little sea ice by year-100 of either the CESM2 4xCO2 or dehose4x
experiments (not shown). In contrast, CMIP6 models with a weak AMOC decline tend to
have a weak mean-state AMOC that supports more climatological sea ice. As a result, greater
northward heat transport associated with the weaker AMOC decline in these models can
produce larger sea-ice loss and increased ocean-to-atmosphere heating in the Arctic (Lin et
al., 2023). There are additional, smaller differences in the North Atlantic between our
CESM2 experiments and CMIP6 models. However, the impact of AMOC on ocean-to-
atmosphere heating within CESM2 largely resembles the relationship between AMOC and

ocean-to-atmosphere heating across CMIP6 models.

3. Impact of AMOC Decline on Global Warming

a) Global warming

Imposing the intermodel spread in AMOC decline within a single model produces a 1°C
difference in global near-surface warming, which is more than 20% of the total intermodel
spread in warming in CMIP6 (averaged over years 85-115 after CO2 quadrupling; Figure 1c,
black lines). A weaker AMOC decline in dehose4x compared to 4xCO2 warms the surface in
the Northern Hemisphere, particularly at high latitudes, and slightly cools the Southern
Hemisphere (Figure 3a). Regions with the largest ocean-to-atmosphere heating anomalies
(Figure 2a), i.e. the subpolar North Atlantic, experience the largest surface warming, but
many regions with negative ocean-to-atmosphere heating anomalies in the Northern
Hemisphere still exhibit atmospheric warming. This opposite ocean heating and surface
warming response suggests that ocean heat transport changes are a primary, but not sole,
driver of enhanced surface warming with a stronger AMOC. Beyond ocean heating, surface

warming may also be amplified by changes in atmospheric feedbacks.
b) Relative roles of ocean heat uptake and climate feedbacks for warming response to AMOC

Changes in both ocean heat uptake and climate feedbacks may contribute to larger near-
future warming in experiments with a stronger AMOC. Since ocean heat uptake and climate
feedbacks interact with each other, we would ideally use additional idealized experiments to
disentangle the role of each. To this end, previous studies have shown that when cloud
feedbacks are held fixed in a comprehensive climate model, the global cooling response to
the AMOC decline is reduced by 30-60% (Trossman et al., 2016; Zhang et al., 2010). Here
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years 85-115 after CO; quadrupling. (b-h) Difference in climate feedbacks for dehose4x — piControl compared
to 4xCO2 — piControl experiments for (b) the net feedback, (c) the lapse-rate feedback, (d) the shortwave cloud
feedback, (e) the water vapor feedback, (f) the longwave cloud feedback, (g) the albedo feedback, and (h) the

Planck feedback (W m2 K-1). Small residual term is shown in Figure S2a.

we investigate the relative role of ocean heat uptake and climate feedbacks using a simple

energy balance model and leave additional climate model experiments for future work.

where R and T are the global-mean anomalies in top-of-atmosphere (TOA) radiation and

near-surface temperature, respectively, and anomalies are calculated for the dehose4x and

We use a zero-layer energy balance model (e.g., Gregory and Mitchell, 1997):

R=F+ AT =«T,
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Figure 4. Near-surface, global-mean warming (°C) for dehose4x — piControl (solid grey) and 4xCO2 —
piControl (solid black) experiments, warming reconstructions using a single-layer energy-balance model (EBM,;
dashed grey and black), and reconstructed warming in the EBM using 4xCO2 — piControl A and dehose4x —
piControl « (turquoise), or using 4xCO2 — piControl x and dehose4x — piControl A (yellow).

4xCO2 experiments in comparison with piControl. Given the small heat capacity of the
atmosphere and ocean mixed layer, the anomaly in deep ocean heat uptake, T, is
approximately equal to the anomaly in TOA radiation, R. We use F = 9.74 W m?2 K1, the
land-surface-corrected and tropospherically-corrected effective radiative forcing for abrupt
CO2 quadrupling in CESM2 (Table S1 in Smith et al., 2020), and calculate the net climate

feedback, A = RT;F , and the ocean heat uptake efficiency, k = %, both of which vary over

time. In this model, radiative forcing F is balanced both by ocean heat uptake, xT, and by

heat loss to space, AT.

. F .
We can use this model to exactly reconstruct T = — the near-surface warming for

4xCO2-piControl and dehose4x-piControl (Figure 4; overlapping dashed versus solid grey
and black lines). We then isolate how feedback differences alone impact global near-surface
warming by calculating T using x from 4xCO2-piControl and A from dehose4x-piControl
(Figure 4; yellow line). Similarly, we use A from 4xCO2-piControl and k from dehose4x-
piControl to isolate the effect of changes in ocean heat uptake alone (Figure 4; turquoise
line). Averaged over years 85-115, ocean heat uptake explains 41% of the difference in
warming for dehose4x - 4xCO2, while the global feedback explains 53% of this warming
difference, with the remainder contributed by simultaneous changes in x and A. This simple
model indicates that changes in ocean heat uptake and climate feedbacks contribute

approximately equally to increased warming with a weaker AMOC decline.
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c¢) Climate feedback decomposition

To understand how the AMOC decline influences the net climate feedback, we
decompose this 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 calculate climate feedbacks in each CO2 quadrupling experiment compared to the
preindustrial control using a regression of local anomalies in top-of-atmosphere (TOA)
radiation against the global-mean anomaly in near-surface temperature for the first 115 years
after CO2 quadrupling. We find similar results when quantifying feedbacks as the quotient of
anomalies in TOA radiation and near-surface temperature averaged over years 85-115 (not
shown). However, we show feedbacks calculated using regression rather than division to
isolate temperature-mediated feedbacks and exclude rapid adjustments to forcing. We use
radiative kernels derived from the ERA-Interim reanalysis by Huang et al. (2017), which
produce a very small residual between the actual net feedback and the sum of the kernel-
calculated feedbacks (Figure S2a)—slightly smaller than the residual produced by the CAM5
kernels (Pendergrass et al., 2018; not shown). We show feedbacks for 4xCO2 — piControl in
Figure S3, for dehose4x - piControl in Figure S4, and the difference between dehose4x -

piControl and 4xCO2 — piControl in Figure 3b-h.

A stronger AMOC in the dehose4x experiment produces a less-negative global feedback
than in the 4xCO2 experiment (-0.62 versus -0.73 W m2 K1). Regionally, the net feedback
becomes less negative in the North Atlantic and North Pacific and becomes less positive to
the south of the equator in the eastern tropical Pacific, Atlantic, and Indian Ocean (Figure 3b,
Figure S3b, S4b). We first decompose the net feedback into individual feedback changes, and
later evaluate the relative contributions of regional changes to the global feedback change

using a Green’s functions approach (section 3g).

Changes in the net feedback are dominated by the shortwave cloud and lapse-rate
feedbacks (Figure 3c,d): a stronger AMOC produces less-negative shortwave cloud and
lapse-rate feedbacks, particularly in the North Atlantic. The shortwave cloud feedback also
becomes less negative in the North Pacific and less positive in Southern Hemisphere
stratocumulus cloud regions. We explore what drives these changes in the lapse-rate and

shortwave cloud feedbacks in the next section.
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Water vapor and longwave cloud feedbacks increase in the northern tropics and decrease
in the southern tropics with a stronger AMOC (Figure 3e,f). This results from a northward
shift of the Intertropical Convergence Zone (ITCZ) and associated high clouds and moisture
in response to Northern Hemisphere warming and Southern Hemisphere cooling (Figure S5a-
d; Zhang and Delworth, 2005; Kang et al., 2008). This northward shift of the ITCZ and high
cloud cover produces compensating changes in longwave and shortwave cloud feedbacks in
the deep tropics (Figure 3d,f). In addition to these dynamic effects, Northern Hemisphere
warming and Southern Hemisphere cooling also support thermodynamic changes in the

tropical water vapor feedback via Clausius-Clapeyron.

Albedo feedback differences are confined to polar regions: due to increased warming in
dehose4x, the Arctic becomes ice-free sooner and produces a weaker Arctic albedo feedback
than in 4xCO2, which continues to lose sea ice throughout the experiment (Figure 3g). Slight
cooling in the Antarctic with a stronger AMOC sustains sea ice and weakens the Antarctic
albedo feedback. Lastly, the Planck feedback opposes warming anomalies globally (Figure
3h).

d) Drivers of changes in cloud and lapse-rate feedbacks

To investigate how differences in AMOC induce differences in the shortwave low-cloud
feedback, we use the cloud controlling factor (CCF) methodology of Myers et al. (2021).
This analysis approximates the shortwave low-cloud feedback, Agy,¢1q 10w @S the sum of

contributions from anomalies in local cloud controlling factors, x;:

1 _ dstcld,low ~ Zdstcld,low dxi (2)

swcld,low = dT Sxi ﬁ ,

i
where Rg,,cia.10w 1S the local anomaly in TOA radiation induced by low clouds and T is the
global-mean near-surface temperature anomaly. As in our standard feedback calculations,
anomalies are calculated for dehose4x — piControl and 4xCO2 — piControl. We use 6 cloud-
controlling factors (x;), as defined in Myers et al. (2021): sea-surface temperature (SST),
estimated inversion strength (EIS), horizontal surface temperature advection (Taav), relative
humidity at 700 hPa (RH7o0), vertical velocity at 700 hPa (w700), and near-surface wind speed

(WS). We regress anomalies in cloud controlling factors against anomalies in global-mean

near-surface temperature (%) for the first 115 years after CO2 quadrupling in our

experiments, and use cloud radiative sensitivities (‘SR”?%) that have been calculated for
11
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Figure 5. Differences in cloud-controlling factor sensitivity to global-mean warming, (a) A% and (e)

A%, for dehosedx - 4xCO2 experiments; sensitivity of low-cloud-induced shortwave TOA radiation anomalies

to anomalies in (b) SST and (f) EIS (W m K-1); contribution of (c) SST, (g) EIS, and (d) both SST and EIS to
the difference in shortwave low-cloud feedback for dehose4x - 4xCO2 (W m2 K1); and (h) the total difference
in shortwave cloud feedback for dehose4x - 4xCO2 from radiative kernel analysis (W m2 K1),

CESMZ2 by Kang et al. (2023) using ridge regression (Ceppi et al., 2021). For comparison, we

also use observationally-derived cloud radiative sensitivities from Myers et al. (2021).

A stronger AMOC in the dehose4x experiment produces more North Atlantic sea-surface
warming per degree of global warming (Figure 5a), which reduces the lower-tropospheric
inversion strength (Figure 5e) and produces a more-positive lapse-rate feedback (Figure 3c).
Warmer SSTs and a weaker surface inversion both reduce low cloud cover, allowing for
more solar absorption in a more-positive shortwave low-cloud feedback (Figure 5c,g). These
results support the hypothesis of Zhang et al. (2010) and Trossman et al. (2016) that a
stronger AMOC reduces low cloud cover by reducing the lower tropospheric stability and
enabling more entrainment of dry air from the upper troposphere to the lower troposphere
(Klein and Hartmann, 1993; Wood and Bretherton, 2006). A stronger AMOC may also
reduce low cloud cover by weakening the midlatitude jet (Figure S5e-g; Trossman et al.,
2016) as a result of reducing the equator-to-pole temperature gradient in the Northern

Hemisphere.

The cloud controlling factors SST and EIS largely reproduce the pattern and magnitude of
AMOC-induced differences in the North Atlantic shortwave cloud feedback (Figure 5d,h),
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with very little contribution from other cloud-controlling factors (Figure S6). While the
shortwave cloud feedback becomes more negative in some regions of the tropical North
Atlantic (Figure 5h), the CCF-estimated low-cloud feedback shows little change here (Figure
5d). This more-negative shortwave cloud feedback is driven by high-cloud changes in
response to a northward ITCZ shift, as evidenced by a compensating, co-located longwave

cloud feedback (Figure 3f), which are not included in the CCF low-cloud analysis.

Cloud controlling factors also reproduce changes in the shortwave low-cloud feedback
beyond the North Atlantic: warmer SSTs and reduced EIS in the North Pacific produce a
more-positive feedback, while cooler SSTs and increased EIS in Southern Hemisphere
stratocumulus regions produce a more-negative feedback (Figure S6s,t). These results are
robust to substituting observed, rather than modeled, cloud radiative sensitivities, which again
illustrate the dominant role of SST and EIS for the low-cloud response to the AMOC decline
(Figure S7-10).

e) Mixed-layer heat budget and role of wind-evaporation-SST feedback

We have shown that the shortwave cloud feedback is highly sensitive to AMOC-induced
changes in SST—but what produces these SST changes? Additionally, how does a stronger
AMOC increase surface warming in other regions of the northern tropics that experience
negative ocean-atmosphere heating anomalies? Section 3c demonstrates that this warming
can be partly explained by a northward ITCZ shift and more-positive water vapor and
longwave cloud feedbacks in the northern tropics. Here we explore additional factors that
contribute to these SST changes using a mixed-layer heat budget (e.g., Luongo et al., 2023;
Xie et al., 2010):

aT, I ! ! ! !
C pyala 0"+ Qsw + Quw + Qsy + Qrp, 3)

where C is the effective heat capacity of the ocean mixed layer, and anomalies in SST (T")
evolve in response to anomalies in net surface heat fluxes, including shortwave (Qg,, ) and
longwave radiation (Q;,, ) and sensible (Qgy) and latent heat fluxes (Q; ), as well as the

effect of anomalous ocean heat transport (0"). We use anomalies averaged over years 85-115

for dehose4x - 4xCO2 to assess differences between these experiments. As C aait is an order

of magnitude smaller than the surface heat flux terms (not shown), we can estimate the effect

of ocean heat transport using the surface energy budget:
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Figure 6. Mixed-layer budget decomposition of SST anomalies (°C) for dehose4x — 4xCO2 due to
anomalies in (a) ocean heat transport, (b) net shortwave radiation, (c) latent heat flux due to near-surface wind
anomalies, (d) the sum of a) and b), (e) net longwave radiation, (f) sensible heat flux, (g) latent heat flux due to
anomalies in near-surface relative humidity, air-sea temperature gradient, and a residual term, and (h) the sum of
all terms, with arrows for near-surface horizontal wind anomalies (m/s).

0'=—(Qsw + Quw + Qsy + QLy) - (4)

As detailed in Luongo et al. (2023), we substitute a bulk formula for the latent heat flux
due to evaporation and use this to decompose latent heat flux anomalies due to Newtonian
cooling of the surface and anomalies in near-surface wind (W), relative humidity (RH), the

air-sea temperature gradient (S), and a residual term (Res). This allows for a diagnostic

decomposition of contributions from different terms in the surface energy budget to SST

differences for dehose4x - 4xCO2:
T = T(’) + TS’W + TLIW + TS,’H + TL’H,W + TLIH,RH + TL’H,S + Tl,,H,Res . (5)

The three largest terms that increase North Atlantic warming with a stronger AMOC are
ocean heat transport T, net shortwave radiation Ty, and latent heat flux due to near-surface
wind anomalies T}y, (Figure 6a-c). Ocean heat transport dominates, warming the surface
particularly in the extratropical North Atlantic (Figure 6a). Cloud feedbacks amplify this
effect, as warmer SSTs reduce cloud cover and increase shortwave absorption at the surface
(Figure 6b). However, these two terms alone would cool most of the tropical Atlantic (Figure
6d); a positive wind-evaporation-SST (WES) feedback (Xie and Philander, 1994) is critical

for extending warming to the tropics (Figure 6c¢).
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A stronger AMOC weakens the climatological subtropical high, reducing near-surface
wind speed (Figure 6h) and evaporative cooling in the subtropical and tropical North Atlantic.
This southwestward propagation of positive SST anomalies in the tropical Atlantic via the
WES feedback, here identified in response to AMOC differences, has also been found as part
of a leading mode of variability in the North Atlantic, the Atlantic Meridional Mode (e.g.,
Amaya et al., 2017; Chang et al., 1997). Evaporative cooling in the tropical North Atlantic is
further reduced (Figure 6g) by increased near-surface relative humidity associated with the
northward ITCZ shift (Figure S11d) and by a weakened air-sea temperature gradient in the
eastern deep tropics (Figure S11h). An increase in net longwave radiation (Figure 6¢) due to
more-positive water vapor and high-cloud feedbacks warms the tropical North Atlantic by a

smaller amount than the WES feedback.

In summary, a mixed-layer heat budget shows that a stronger AMOC in dehose4x
compared to 4xCO2 warms the North Atlantic primarily by reducing ocean heat uptake in the
extratropics. A more-positive shortwave cloud feedback amplifies this warming, and a
positive WES feedback extends it to the tropical North Atlantic. The WES feedback plays a
key role not only for the North Atlantic but also for the global northern tropics, where
thermally driven, southerly near-surface wind anomalies are redirected eastward by the
Coriolis effect to weaken the trade winds, reduce evaporative cooling, and enhance sea-
surface warming (Figure S11c,j).

f) Correlations of climate feedbacks with the AMOC decline across CMIP6 models

We have shown that the degree of AMOC decline in a single model mediates global
climate feedbacks, particularly the North Atlantic shortwave cloud feedback. Do similar
feedback differences arise from the intermodel spread in AMOC across CMIP6 models? To
investigate this, we calculate climate feedbacks for each CMIP6 model in the same way as
described for CESM2, using a regression of local TOA radiation anomalies against global-
mean near-surface warming for the first 115 years of each CO2 quadrupling experiment
compared to the preindustrial control. We regress these feedbacks against anomalies in
AMOC strength (averaged over years 85-115) across CMIP6 models, and we scale this
regression (in W m? K Sv1) by the difference in AMOC strength (in Sv) for the CESM2
dehosedx — 4xCO2 experiments for comparison (in W m2 K Figure 7b-h). Similarly, we
regress near-surface warming averaged over years 85-115 against AMOC anomalies across
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Figure 7. (2) Near-surface warming (°C) anomalies averaged over years 85-115 after CO, quadrupling and
(b-h) climate feedbacks for the abrupt4xCO2 — piControl CMIP6 experiments, all regressed against the anomaly
in AMOC strength averaged over years 85-115 after CO, quadrupling across CMIP6 models and scaled by the
CESM2 dehose4x — 4xCO2 anomaly in AMOC strength. Small residual term is shown in Figure S2b.

experiments (Figure 7a).

We find similar relationships between the AMOC decline and climate feedbacks across

CMIP6 models (Figure 7) as in our CESM2 experiments (Figure 3). Feedback changes in the

North Atlantic for models with a stronger AMOC are dominated by less-negative shortwave

cloud and lapse-rate feedbacks (Figure 7c,d), with similar patterns of anomalies as in
CESM2. As in CESM2, a weaker AMOC decline (a stronger AMOC) across CMIP6 models

File generated with AMS Word template 2.0

16



410
411
412

413
414
415
416
417
418
419
420
421
422
423

424
425
426
427
428
429
430
431

432
433
434
435
436
437
438
439
440

441

is correlated with more-positive water vapor and longwave cloud feedbacks in the northern
tropics due to a northward ITCZ shift, with an opposite response in the southern tropics
(Figure 7e,f).

One key difference between the CESM2 experiments and correlations across CMIP6
models is that across CMIP6, models with a stronger AMOC produce more-positive lapse-
rate and albedo feedbacks in the Arctic (Figure 7c,g). In contrast, a stronger AMOC in the
CESM2 experiments produces more-negative Arctic lapse-rate and albedo feedbacks (Figure
3c,q). This difference likely results from sea ice differences. Across CMIP6, models with a
stronger AMOC produce more sea-ice loss that supports more-positive albedo and lapse-rate
feedbacks. However, in CESM2, the dehose4x experiment with a stronger AMOC produces
an ice-free Arctic, crossing a threshold that precludes these positive sea-ice feedbacks, while
4xCO2 continues to lose sea ice throughout the experiment. As a result, our CESM2
experiments may underestimate the impact of intermodel spread in AMOC on Arctic

warming in CMIP6.

Another difference is that CMIP6 models with a stronger AMOC tend to produce more-
negative shortwave cloud feedbacks in the Southern Hemisphere (Figure 7d) in eastern
tropical ocean basins and across the Southern Ocean than found in the CESM2 experiments
(Figure 3d). This could reflect a larger low-cloud sensitivity to AMOC-induced surface
cooling across CMIP6 models than in CESM2. Alternatively, this regression may reflect that
more-negative cloud feedbacks in CMIP6 produce, rather than result from, a stronger
AMOC. Our CESM2 experiments isolate the impact of AMOC on climate feedbacks,

whereas regression across CMIP6 also reflects the impact of climate feedbacks on AMOC.

Lastly, we show area averages for the North Atlantic shortwave cloud, lapse-rate, and net
feedbacks plotted against the AMOC decline for CMIP6 4xCO2 experiments and for the
CESMZ2 4xCO2 and dehose4x experiments, all compared to piControl experiments (Figure
8). We include another data point for an intermediary CESM2 experiment that is identical to
dehose4x, but with a .25 Sv dehosing (rather than .5 Sv). As seen in Figure 7, models with a
weaker AMOC decline produce less-negative shortwave cloud, lapse-rate and net feedbacks
in the North Atlantic. Moreover, a similar slope across CESM2 experiments as across CMIP6
models indicates that the sensitivity of North Atlantic feedbacks to the AMOC decline is
comparable between our CESM2 experiments and other CMIP6 models.
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Figure 8. AMOC decline (Sv) for the abrupt4xCO2 — piControl CMIP6 experiments (grey dots) and for
CESM2 abrupt CO- quadrupling experiments with no dehosing, a .25 Sv dehosing, and a .5 Sv dehosing (black
dots from left to right), averaged over years 85-115 and plotted against (a) the shortwave cloud feedback, (b) the
lapse-rate feedback, and (c) the net feedback for the North Atlantic from 15-60°N and 0-60°W (W m?2 K1),

In summary, we find similar relationships between the AMOC decline and climate
feedbacks in CMIPG6 regressions as in our CESM2 experiments, suggesting that our
experiments are relevant for understanding AMOC impacts across CMIP6. These results are
particularly interesting for the shortwave cloud feedback, which is also impacted by model
differences in cloud physics. While many additional factors impact climate feedbacks, these

results imply a key role for AMOC in mediating feedback differences across CMIP6 models.
g) Role of the North Atlantic region for global feedback change

To understand how the AMOC decline impacts the net global feedback, we have focused
on the North Atlantic region, which shows the largest anomalies in local feedbacks for the
dehosedx — 4xCO2 experiments. However, the AMOC decline also influences warming
beyond the North Atlantic, and past research suggests that the global feedback is most
sensitive to SSTs in the tropical Pacific (Dong et al., 2019; Zhou et al., 2017). This raises the
question: to what extent can AMOC-induced changes in the global feedback be explained by

SST changes in the North Atlantic, as opposed to other regions?

To estimate the relative role of North Atlantic SSTs for global feedback changes, we use
a Green’s function approach, which allows us to reconstruct global changes in TOA
radiation, near-surface warming, and the net climate feedback that result from local SST
changes. We apply atmospheric Green’s functions developed for CESM2 by Duffy et al. (in
prep.) using +2K SST-patch experiments, following the Green's Function Model
Intercomparison Project (GFMIP) protocol described in Bloch-Johnson et al. (2024). Green’s

functions estimate the sensitivity of global anomalies in TOA radiation and near-surface
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anomalies for the dehose4x — 4xCO2 experiments averaged over years 85-115 and (d,e) their product with the
Green’s functions in a,b) to reconstruct (d) TOA radiation anomalies (W m=) and (e) near-surface temperature
anomalies (K) for the dehosedx — 4xCO2 experiments. (f) The change in global feedback resulting from local
SST anomalies for dehose4x — piControl compared to 4xCO2 — piControl experiments.

Rglobal d 6Tglobal
8SST; 8SST;

Green’s functions developed for other models (Bloch-Johnson et al., 2024), the CESM2

.8
temperature to local SST anomalies (

, respectively). Consistent with

Green’s functions show the largest global radiative and warming sensitivity to SST in the
western Pacific, and relatively small global sensitivity to SST in the North Atlantic (Figure
9a,b).

We multiply these sensitivities by local SST differences for dehose4x - 4xCO2 in each

year (ASST;) to estimate each grid point’s contribution to global-mean differences in TOA

radiation (ARy;opq,) @nd near-surface warming (AT,0p41,), and we sum over all gridpoints

to estimate the total change in ARy;opq; and ATy pq;

SRgioba

ARgiobar = 2i DRgiopar;, = X 6‘;;:1, *ASST; (6)
é‘Tglobal

ATglobal = ZiATglobali = Zi 5SST; ASST; . (7)

Averages over years 85-115 for ASST;, ARyiopai;» and ATy 0pqq; are shown in Figure 9c-e. We
add the Green’s reconstructions of ARgjopq; and ATy,p4; fOr dehosedx - 4xCO2 to the actual
anomalies in ARgopq; and ATy;,pq; for 4xCO2 - piControl to reconstruct anomalies in
ARgiopar aNd AT g0 for dehosedx — piControl (Figure S12). As discussed below, this allows

for more accurate reconstructions than directly reconstructing anomalies for dehose4x —

piControl. These reconstructions of ARy;,pq; and AT g;,p4; for dehosedx — piControl produce
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a reasonable approximation of the actual global anomalies, although they slightly

underestimate near-surface warming.

Discrepancies between Green’s function reconstructions and actual anomalies in global-
mean TOA radiation and near-surface temperature may arise from applying Green’s
functions to fully-coupled rather than atmosphere-only experiments. In addition, Green’s
function reconstructions may introduce error by linearly summing the responses to regional
SST forcings that induce larger changes in atmospheric circulation and convection
(particularly in the tropics) than the actual response to more spatially-uniform anomalies
(Dong et al., 2019). These Green’s functions also exclude the impact of anomalies in sea-ice
concentration on TOA radiation and near-surface temperature. We reduce these errors due to
nonlinearities and sea-ice impacts by applying Green’s functions to the dehose4x — 4xCQO2
difference (as opposed to dehose4x - piControl and 4xCO2 — piControl), as both experiments

have very little sea ice and have temperature differences that are largest in the extratropics.

Following Dong et al. (2019) and Zhou et al. (2017), we approximate the global feedback,
Agiobat = (BRgiopar — F)/ATg10pa; , gain setting F = 9.74 W m? K. The Green’s function
reconstruction captures +0.08 W m2 K! of the actual +0.11 W m2 K! increase in global
feedback for dehose4x — piControl compared to 4xCO2 — piControl, averaged over years 85-
115. We find qualitatively similar results when defining the feedback using regression, but
use division here for consistency with the Green’s function literature and for a better fit

between reconstructed and actual feedback changes.
We calculate the contribution of different grid points or regions i to the total feedback

change as:

ARgl"bali.dehose4x—4xC02 + ARQlObal‘GCOZ—PiCO"WOl ~ ERF

AAi, dehose4x—4xC02 = - A4xCOZ—piControl ’ (8)

ATgl"bali,dehose4x—4xC02 + ATglObal‘lXCOZ—picontr"l

ARt‘ﬂObalzLxCOZ—piControl ~ER

F
where Ayxcoz—picontrot = is the actual net feedback for 4xCO2 —

ATQZObM:}xCOZ—piControl

piControl. Applying Equation 8 to the North Atlantic basin (0-60°W, north of 0°N), we find
that North Atlantic SST changes alone reproduce the total +0.08 W m? K increase in the
reconstructed global feedback for dehose4x — piControl compared to 4xCO2— piControl. We
also use Equation 8 to calculate the contribution of AMOC-induced SST changes at each grid
point to changes in the global feedback (Figure 9f). Figure 9f illustrates that a less-negative

global feedback with a stronger AMOC is primarily driven by increased warming in the
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extratropical North Atlantic region. Extratropical North Pacific warming also produces a less-
negative global feedback. As shown in Section 3c, warmer SSTs in both regions weaken the
local inversion strength and low-cloud cover to support a more-positive shortwave cloud
feedback.

In contrast, warming in the tropical western Pacific and Atlantic is effectively damped by
a more-negative global feedback. Surface warming in these regions is communicated
vertically by deep convection to the upper troposphere and then horizontally throughout the
tropics by gravity waves, strengthening non-local inversions and negative shortwave cloud
feedbacks (e.g., Williams et al., 2023). This analysis suggests that increased local warming in
the tropical Atlantic induced by the WES feedback actually damps global-mean warming.
Despite larger radiative sensitivities to SSTs in tropical regions (Figure 9a), the global
feedback is impacted most by the extratropical North Atlantic (Figure 9f) because this region

experiences the largest SST anomalies in response to AMOC changes (Figure 9c).

4. Summary and Conclusions

We use novel experiments in a state-of-the-art climate model to examine how the
considerable model uncertainty in projections of AMOC weakening impacts uncertainty in
near-future warming. Imposing the intermodel spread in AMOC decline within a single
model, CESM2, reproduces more than 20% of the total intermodel spread in near-future
warming across CMIP6, averaged over years 85-115 in CO2z-quadrupling experiments. A
simple energy-balance model indicates that changes in ocean heat uptake and climate
feedbacks in these experiments contribute approximately equally to the near-surface warming
response to AMOC differences.

A weaker AMOC decline, resulting in a stronger AMOC, yields greater northward ocean
heat transport that warms SSTSs, particularly in the extratropical North Atlantic. Warmer SSTs
reduce lower tropospheric stability, dissipating low clouds and allowing for greater absorbed
shortwave radiation in a more-positive shortwave cloud feedback. In response to weakened
winds in the subtropical North Atlantic and global northern tropics, reduced evaporative
cooling extends warming to lower latitudes in a positive wind-evaporation-SST feedback. We
quantify these effects using a radiative feedback decomposition, a cloud-controlling factor

analysis, and a mixed-layer heat budget.
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Furthermore, we use Green’s functions to illustrate that a less-negative global feedback
with a stronger AMOC results primarily from sea-surface warming in the extratropical North
Atlantic. Moreover, we find similar changes in ocean heat uptake and climate feedbacks
correlated with the AMOC decline across CMIP6 models as in our CESM2 experiments. This
consistency suggests that our experiments within a single model are relevant for

understanding AMOC impacts on intermodel spread across CMIP6.

One caveat to this analysis is that the sensitivity of climate feedbacks to AMOC in
CESM2 may not be representative of other climate models. CESMZ2 is known to have a too-
positive shortwave cloud feedback particularly in the Southern Hemisphere due to issues with
cloud microphysical parameterizations (Shaw et al., 2022; Zhu et al., 2022). A more realistic
cloud microphysical scheme may produce differences in the cloud feedback and warming
response to the AMOC decline. However, as noted above, we find similar feedback changes
associated with the AMOC decline across CMIP6 models as in our CESM2 experiments.
Further, in our cloud controlling factor analysis, observational cloud radiative sensitivities
produce similar cloud feedback changes as the CESM2 radiative sensitivities (Figure S7-10).
This analysis indicates that a stronger AMOC produces a robust increase in the North
Atlantic shortwave low-cloud feedback (and a decrease in the Southern Hemisphere
shortwave low-cloud feedback) by changing sea-surface temperatures and inversion
strengths.

CESMZ2 also simulates insufficient sea-ice cover in present and future climates (Kay et
al., 2022). As a result, CMIP6 models with more mean-state sea ice may show a larger effect
of the AMOC on Arctic feedbacks and warming (Bellomo and Mehling, 2024), as suggested
by regressions of Arctic feedbacks against the AMOC decline across CMIP6 models (Figure
7). We plan to explore the role of AMOC for uncertainty in Arctic warming as mediated by
sea ice in a follow-up study. Additionally, coupled interactions between ocean circulation and
climate feedbacks complicate assessments of how each mediates the surface warming
response to AMOC changes; we plan to apply more idealized experiments to address this in

future work.

This study contributes novel mechanistic insight on how the AMOC decline impacts
climate feedbacks, and demonstrates that we need to understand both feedback changes and
ocean circulation changes to understand AMOC impacts on near-future warming. We also

quantify for the first time the extent to which uncertainty in the AMOC decline across CMIP6

22
File generated with AMS Word template 2.0



584
585
586
587
588
589

590

591

592
593
594
595
596
597
598
599

600

601
602
603
604

605

606

607

608

609

610

611

612

models may impact uncertainty in global warming. Others have suggested that constraining
the mean-state AMOC strength using observations is a promising avenue for constraining
AMOC projections (Bonan et al., submitted; Lin et al., 2023; Weijer et al., 2020). Given the
sizeable effect of uncertainty in the AMOC decline on uncertainty in global warming, our
results suggest that constraining AMOC projections may substantially reduce global warming

uncertainty.
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