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Atlantic Meridional Overturning
Circulation slowdown modulates wind-
driven circulations in a warmer climate

Check for updates
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Wind-driven and thermohaline circulations, two major components of global large-scale ocean

circulations, are intrinsically related. As part of the thermohaline circulation, the Atlantic Meridional

Overturning Circulation has been observed and is expected to decline over the twenty-first century,

potentially modulating global wind-driven circulation. Here we perform coupled climate model

experiments with either a slow or steady Atlantic overturning under anthropogenic warming to

segregate its effect on wind-driven circulation. We find that the weakened Atlantic overturning

generates anticyclonic surface wind anomalies over the subpolar North Atlantic to decelerate the gyre

circulation there. Fingerprints of overturning slowdown are evident on Atlantic western boundary

currents, encompassing a weaker northward Gulf Stream and Guiana Current and a stronger

southward Brazil Current. Beyond the Atlantic, the weakened Atlantic overturning causes a poleward

displacement of Southern Hemisphere surface westerly winds by changing meridional gradients of

atmospheric temperature, leading to poleward shifts of the Antarctic Circumpolar Current and

Southern Ocean meridional overturning circulations.

Wind-driven and thermohaline circulations characterize global large-scale
ocean circulations. Although both components are typically thought to be
driven by separate surface fluxes—the former by surfacewinds, the latter by
surface heat and freshwater fluxes—wind-driven and thermohaline circu-
lations are inextricably linked1. The thermohaline circulation, for example,
might collapse if surface winds disappeared2 or considerably weakened3.

The Atlantic Meridional Overturning Circulation (AMOC), as part
of the thermohaline circulation, has been suggested to closely link to the
wind-driven subpolar gyre circulation (SPG) in the North Atlantic. Since
the 1990s, either the AMOC4 or the North Atlantic SPG5 has experienced
a declining trend, implying that a weakened AMOC is associated with a
decelerated SPG, accompanied by a weakened and southward-shifted
Gulf Stream6–9. On the other hand, a slowing AMOC is suggested to
relate to an intensified North Atlantic SPG10,11 and a northward dis-
placement in the Gulf Stream path12. These contrasting relationships
between the AMOC and North Atlantic SPG potentially stem from the
arguments that the observed SPG and AMOC changes may mainly
reflect their decadal variations5,10, both the AMOC and SPG are driven by
common forcing such as the North Atlantic Oscillation6, and complex
phase lead/lag in the AMOC-SPG coupling when atmosphere-ocean
interactions are considered13,14.

Indeed, aside from recent observations of the transatlantic section at
25°N4 and RAPID array at 26.5°N in the North Atlantic15, proxy

reconstructions indicate that an AMOC slowing has been present since the
middle to late twentieth century16–18. The AMOC slowing is expected to
continue during the twenty-first century in scenarios like Representative
Concentration Pathway 8.5 (RCP8.5)19 and Shared Socio-economic Path-
way 5–8.5 (SSP5–8.5)20. Such long-termAMOCdecline has the potential to
influence the North Atlantic SPG; however, this influence and underlying
mechanisms remain largely unknown, as the centurial AMOC change
exceeds the aforementioned circulation variability on decadal scales. To
tackle this scientific question, here we combine reanalysis data and coupled
climate model simulations to investigate the effects and physical mechan-
isms of AMOC slowdown on global wind-driven circulations, including the
North Atlantic SPG, throughout the twenty-first century.

Results
Observed weakening in the AMOC and SPG

We first investigate changes in AMOC strength and barotropic stream
function in the North Atlantic using an ensemble of three reanalysis pro-
ducts (Methods). The reanalysis ensemble mean shows an AMOC slow-
down from1980 to2017 (Fig. 1a) andadeclining trend in theNorthAtlantic
SPG during the same period, particularly in the western SPG (Fig. 1b). This
finding aligns with previous research4,5,21, indicating that the AMOC and
North Atlantic SPG are weakening in a coherent manner. The eastern
North Atlantic SPG, however, is in a strengthening trend (Fig. 1b), which is
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likely due to the decadal gyre intensification in this region since the mid-
2000s22. On the other hand, the weakening of the subtropical gyre over the
Gulf Stream region, combined with the strengthening of the SPG to the
north, forms a dipole pattern, indicative of a northward shift of either the
Gulf Steam path or the North Atlantic subtropical gyre23,24. Note that these
collective changes in the AMOC, North Atlantic gyres, and Gulf Stream
path could be heavily influenced by anthropogenic forcing—many of the
changesmay serve as a direct response to anthropogenic forcing—making it
difficult to disentangle the AMOC effect on the North Atlantic SPG and
Gulf Stream.

AMOC effects on global wind-driven circulation

To segregate and quantify AMOC effects on the North Atlantic SPG, or
more broadly, on global wind-driven circulation within a fully coupled
climate system under anthropogenic forcing, we employ a broadly used
coupled climate model—Community Climate System Model version 4
(CCSM4;Methods). The ensemble mean of CCSM4 historical plus RCP8.5
simulation (free-AMOC thereafter) describes an AMOC slowdown since
the 1980s (Fig. 1a). Over 1980–2017, the trend of AMOC strength (Meth-
ods) is −0.69 ± 0.13 Sv per decade (ensemble mean trend ± one standard
deviation of the trends among ensembles, 1 Sv = 106m3 s−1) for the free-

AMOC simulation and −1.43 ± 1.11 Sv per decade (reanalysis mean
trend ± one standard deviation of the trends among reanalyses) for reana-
lysis data, which reveals that the simulated AMOC change is within
observational uncertainty and, hence, justifies the usage of CCSM4. Based
on the free-AMOC simulation, we perform a parallel ensemble simulation
with CCSM4 (fixed-AMOC thereafter, Methods) that is driven by the same
historical and RCP8.5 forcing agents, with the exception that freshwater is
gradually removed fromthe surface in thedeep-water formation areas in the
North Atlantic and uniformly redistributed over the rest of the global
oceans25. This experimental setup contributes to maintaining a constant
AMOC strength throughout the twenty-first century (Fig. 1a), even as
anthropogenic warming continues. The difference between free- and fixed-
AMOC simulations depicts AMOC effects.

We look at and into the ensemblemean results of CCSM4 simulations,
with a particular focus on the AMOC effect in the twenty-first century. In
the fixed-AMOC simulation, the barotropic stream function exhibits
positive and negative anomalies in the North Atlantic SPG and subtropical
gyre over 2000–2024 compared to 1961–1980 (Fig. 2c and Supplementary
Fig. 1c), suggesting that the SPG weakens, and the subtropical gyre shifts
poleward under anthropogenic forcing even in the absence of AMOC
slowdown. Compared to the fixed-AMOC simulation, the magnitude of
barotropic stream function anomalies in the North Atlantic is larger in the
free-AMOC simulation (Fig. 2a and Supplementary Fig. 1a), meaning that
the AMOC slowdown significantly weakens the North Atlantic SPG and
moves the North Atlantic subtropical gyre poleward (Fig. 2e and Supple-
mentary Fig. 1e). This is because the weakened AMOC creates a dipole-like
change in sea level pressure (SLP) in the subpolar North Atlantic—negative
SLP anomalies over Greenland and positive SLP anomalies to the south
(Fig. 3a)—as a result of a direct linear response to the sea surface tem-
perature (SST) warming minimum in the North Atlantic warming hole24

combined with an indirect eddy forced response due to the enhanced SST
gradient produced by the warming hole26. The latter positive SLP anomalies
promote anticyclonic surface wind anomalies, which drive anomalous
anticyclonic ocean flows, decelerating the North Atlantic SPG (Fig. 3a).
Over 2000–2024, the AMOC slows by 0.03 Sv per decade, which yields a
weakening of the North Atlantic SPG by −0.05 Sv per decade. We also
discover consistent changes in the North Atlantic SPG, SLP, and surface
winds over 2076–2100 from the difference between the free- and fixed-
AMOC simulations (Fig. 2f, Fig. 3b and Supplementary Fig. 1f), implying
that this mechanism is active throughout the twenty-first century.

On the other hand, along with the poleward shift of the North Atlantic
subtropical gyre, theweakenedAMOCbrings about a northward shift in the
Gulf Streampath. Here, we use subsurface temperatures near the north wall
at a depth of 200m to indicate the Gulf Stream path27. By comparing the
free- and fixed-AMOC simulations, we find that the weakened AMOC
makes theGulf Stream shift north, and the shift becomesmuch larger in the
latterperiod (SupplementaryFig. 2), as consistentwithpreviousfindings12,28.

The AMOC slowdown also manifests fingerprints in upper ocean
western boundary currents in the Atlantic in the forms of continuous
negative anomalies of barotropic stream function between 40°N and 40°S
along the western boundary of the basin (Fig. 2e, f, and Supplementary
Fig. 1e, f). Over the period 2000–2024, the weakened AMOC prompts a
weaker northward Gulf Stream and Guiana Current, as well as a stronger
southward Brazil Current (Supplementary Fig. 3), wherein the latter is
important for flow redistribution in the South Atlantic subtropical gyre29.
The changes in the Guiana and Brazil Currents can be understood from the
perspective of oceanic adjustments via oceanic Kelvin and Rossby waves30.
Oceanic signals in response to freshwater perturbations in the subpolar
North Atlantic can propagate to lower latitude North Atlantic and even the
South Atlantic via coastal Kelvin waves along the Atlantic’s western
boundary on interannual timescales31, and the westward propagation of
oceanic Rossby waves emanating from the Atlantic’s eastern boundary 32,33

on longer decadal timescales34. These fingerprints on the western boundary
currents become even more striking toward the end of the twenty-first
century (Supplementary Fig. 4). Given that the Gulf Stream has both wind-

Fig. 1 | Observed AMOC and North Atlantic gyre circulation changes. a AMOC

strength (Methods) derived from reanalysis data (the average of GECCO3, ORAS4,

and ORAS5, orange), CCSM4 historical plus RCP8.5 simulation (denoted as free-

AMOC; prior to 1980, ensemble mean, black; ensemble spread, gray; after 1980,

ensemble mean, blue; ensemble spread, light blue) and CCSM4 fixed-AMOC

experiment (denoted as fixed-AMOC; ensemble mean, red; ensemble spread, light

red) where ensemble spread represents one standard derivation among ensembles.

CCSM4 and reanalysis AMOCs reference the left and right areas, respectively.

b Changes in annual mean barotropic stream function (shading in Sv) between

2000–2017 and 1980–1997 (2000–2017minus 1980–1997) in the North Atlantic for

the average of three reanalysis products. Contours show the annual climatology of

barotropic stream function from 1980 to 1997 (solid positive, dashed negative, and

zero thickened). The stipples refer to the regions where changes are not significantly

different from zero at the 95% confidence level of the Student’s t-test. The basemap is

from NCAR Command Language map outline databases.
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driven and thermohaline components, our free- and fixed-AMOC simu-
lations delineate that changes in thewind-drivenpart aremuch smaller than
those in the thermohaline part in a warming climate (Supplementary
Figs. 3a–c and 4a–c).While a surface warming effect35may play a role in the
AMOC-induced acceleration of the Brazil Current. TheGuianaCurrent, on
the other hand, weakens under anthropogenic forcing if the AMOC keeps
steady, but strengthens when the AMOC slows (Supplementary Figs. 3d–f
and 4d–f), which demonstrates the central role of the AMOC in controlling
future changes in this ocean current.

The AMOC affects wind-driven circulation not only in the Atlantic,
but also in the Southern Ocean (Fig. 3 and Fig. 4). Between 2000 and 2024,
the AMOC slowdown causes a SLP change in a pattern similar to the
positive Southern Annular Mode (Fig. 3c). Corresponding to the SLP
change, Southern Hemisphere surface westerly winds display a poleward
displacement (Fig. 3c), whose zonal mean exhibits positive and negative
anomalies to the southandnorthof 55°S (Fig. 4c). Suchsurfacewindsdrive a
poleward shifted Deacon cell (Fig. 4f), which is partially mediated by eddy-
induced meridional overturning circulation (MOC, Fig. 4i). As a result, the
residual MOC response generally follows the change in the Deacon Cell,
producing a poleward-shifted residual MOC in the Southern Ocean
(Fig. 4l). Via altering Southern Hemisphere surface westerly winds, the
AMOC slowdown also generates a dipole-like change in the barotropic
stream function in the Southern Ocean, with negative anomalies typically
around 45–60°S and positive anomalies to the south, indicative of a pole-
ward shift of the Antarctic Circumpolar Current (Fig. 2e).

In particular, the AMOC slowdown remotely alters Southern Hemi-
sphere winds and Southern Ocean circulation36,37 through the following
mechanism. During 2000–2024, the weakened AMOC reduces northward
oceanic heat transport, giving rise to tropospheric warming in the Southern
Hemisphere (Fig. 5a). The most pronounced warming occurs around 55°S,
with poleward temperature gradient increasing south of 55°S but decreasing
toward the north. Such temperature gradient changes intensify and weaken
the Southern Hemisphere jets on their poleward and equatorward flanks,

respectively (Fig. 5b), prompting poleward displacements of Southern
Hemisphere westerly winds and Ferrell cell (Fig. 5c). Relative to 1961–1980,
poleward shifts of Southern Hemisphere westerly winds, the Deacon cell,
SouthernOcean residualMOCandAntarctic Circumpolar Current are also
present over the period of 2076–2100 (Fig. 3d, Supplementary Fig. 5), albeit
the dipole-like changes in westerly winds and associated changes in the
Deacon cell and residual MOC appear smaller than those in 2000–2024,
whereupon the aforementioned mechanism is in effect throughout the
twenty-first century (Supplementary Fig. 6). It merits attention that, besides
the atmospheric teleconnection, a weakened AMOC could have a con-
spicuous effect on ocean circulation changes in the southern Indian Ocean
and Antarctic Circumpolar Current via oceanic bridges38. The weakened
Atlantic overturning causes positive sea level anomalies to propagate into
the Cape of GoodHope and the southern IndianOcean as Kelvin waves via
oceanic waveguides, modulating the Antarctic Circumpolar Current
through wave–current interactions38.

Evidence frommulti-model large ensembles

In addition to our full-physics free- and fixed-AMOC experiments, inde-
pendent evidence from other sources also supports the important role of
AMOC slowdown in wind-driven circulation. Here, we leverage the large
ensemble simulations with CESM1 under historical and RCP8.5 scenarios,
CESM2 under historical and SSP3–7.0 scenarios, and ACCESS1-ESM1.5
and MPI-ESM1.2-MR under historical and SSP5-8.5 scenarios. The
underlying rationale is that, even under the same external anthropogenic
forcing, individual ensemble members simulate varying degrees of AMOC
decline throughout the twenty-first century due to internal variability. A
comparison of these members thus helps to reveal the AMOC effect. This
approach is in linewith previous analysis using inter-modeldifference in the
coupled model intercomparison project39—verified by EC-Earth3 fixed-
AMOC simulations40—pertaining to AMOC impacts under abruptly
quadrupled CO2 scenario. In particular, for each model, we calculate the
Atlantic barotropic stream function and AMOC strength anomalies for all

Fig. 2 | Global wind-driven circulation changes

andAMOC impacts. a, c, eChanges in annualmean

global barotropic stream function (shading in Sv) for

the ensemble means of CCSM4 a free- and c fixed-

AMOC simulations during the period of 2000–2024

relative to 1961−1980, and e the difference between

the two (a minus c). b, d, f Same as a, c, e but for the

period of 2076–2100. The stipples refer to the

regions where changes are not significantly different

from zero at the 95% confidence level of the Stu-

dent’s t-test. The base map is from NCAR Com-

mand Language map outline databases.
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members over the periods of 2000–2024 and 2076–2100 relative to
1961–1980, respectively, and exploit inter-member differences to estimate
the response of Atlantic barotropic stream function to 1-Sv AMOC decline
during the two periods via linear regression (“Methods”). We find that an
AMOC slowdown is associated with a decelerated North Atlantic SPG,
along with poleward shifts of the North Atlantic subtropical gyre and Gulf
Stream path, and aforementioned fingerprints in the western boundary
currents in the North Atlantic for all four models during the periods of
2000–2024 (Fig. 6) and 2076–2100 (Supplementary Fig. 7). This result
evinces that the AMOC effect derived from CCSM4 experiments is robust
across a broad range of models and global warming scenarios.

Conclusions
In this study,weuse fully coupled climatemodel simulations to elucidate the
effect of AMOC slowdown onwind-driven circulation over the twenty-first
century. We find that the weakened AMOC causes positive SLP and
anticyclonic surface wind anomalies over the subpolar North Atlantic,

which slows the North Atlantic SPG. The decelerated Atlantic overturning
also has fingerprints on upper ocean western boundary currents in the
Atlantic, such as aweakernorthwardGulf StreamandGuianaCurrent anda
stronger southward Brazil Current. Beyond the Atlantic, the weakened
AMOCpromotes apolewarddisplacementof SouthernHemisphere surface
westerly winds by altering meridional gradients of atmospheric tempera-
ture, which renders poleward shifts of the Deacon cell, residualMOC in the
Southern Ocean, and Antarctic Circumpolar Current. Our findings high-
light the significance of the atmospheric response to AMOC slowdown in
modulating wind-driven circulation on a global scale.

Methods
Reanalysis data

We employ three ocean reanalysis products to derive AMOC strength and
barotropic stream function, namely the ocean synthesis contributed by the
German Estimating the Circulation and Climate of the Ocean version 3
(GECCO3), Ocean Reanalysis System 4 (ORAS4) and 5 (ORAS5) from the

Fig. 3 |AMOCeffects on sea level pressure and surfacewind stress. a,bDifferences

of annualmean sea level pressure (shading in hPa) and wind stress (vectors in N/m2)

between the ensemble means of CCSM4 free- and fixed-AMOC simulations (free

minus fixed) over the North Atlantic during a 2000–2024 and b 2076–2100 relative

to 1961–1980. c, d As in a, b but for the Southern Ocean. The stipples refer to the

regions where differences are not significantly different from zero at the 95% con-

fidence level of the Student’s t-test. The base map is from NCAR Command Lan-

guage map outline databases.
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Fig. 4 | AMOC effects on Southern Ocean surface winds and MOCs over

2000–2024. a–cChanges in annual and zonalmean zonal wind stress to the south of

30°S during 2000–2024 relative to 1961–1980 for the ensemble means of CCSM4

a free- and b fixed-AMOC simulations, and c the difference between the two (free

minus fixed). d–f Same as a–c but for annual mean Eulerian-mean MOC in the

Southern Ocean (shading in Sv). g–i Same as d–f but for eddy-induced MOC.

j–l Same as d–f but for residual MOC. In d–l, the overlapping black contour lines (in

Sv, with an interval of 5 Sv, solid positive, dashed negative, and zero omitted) in each

panel denote the annual and ensemble mean during 1961–1980, and the stipples

refer to the regions where changes are not significantly different from zero at the 95%

confidence level of the Student’s t-test.
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European Centre for Medium-Range Weather Forecasts. The monthly
GECCO3 data41 have a nominal horizontal resolution of 0.4° × 0.4° and 40
vertical levels, spanning from1948 to2018.ThemonthlyORAS4data42have
a horizontal resolution of approximately 1° × 1° and 42 vertical levels,
spanning from 1958 to 2017. The monthly ORAS5 data43 starts from 1979
and has a horizontal resolution of approximately 0.25° × 0.25° and 75

vertical levels. For each reanalysis product, we calculate the Atlantic mer-
idional overturning stream function (ψ) at the depth z from the meridional
velocity (v) as,

ψ y; z
� �

¼

Z 0

z

Z xe

xw

v x; y; z0
� �

dxdz0 ð1Þ

Fig. 5 |AMOCeffects on atmospheric temperature

and circulation over 2000–2024. Differences of

annual and zonal mean a atmospheric temperature

(shading in K) and b zonal winds (shading in m/s),

and c annual mean meridional stream function

(shading in 109 kg/s) during 2000–2024 relative to

1961–1980. The overlapping black contour lines in

each panel denote the annual mean during

1961–1980. The stipples refer to the regions where

differences are not significantly different from zero

at the 95% confidence level of the Student’s t-test.

https://doi.org/10.1038/s43247-024-01907-5 Article

Communications Earth & Environment |  2024)7 6

www.nature.com/commsenv


where x, y, and z0 represent the zonal, meridional, and vertical depth
coordinates, and xw and xe denote thewestern and easternboundaries of the
Atlantic Ocean. AMOC strength is defined as the maximum annual mean
meridional stream-function below 500m in the North Atlantic. We
examine the changes in AMOC strength during the period from 1980 to
2017, when all the reanalysis products have data available.

CCSM4 free- and fixed-AMOC experiments

We use CCSM4, which combines the Community Atmosphere Model
version4,Community LandModel version4,Community IceCodEversion
4, and Parallel Ocean Program version 2, featuring an atmospheric reso-
lution of approximately one degree and an ocean resolution nominally set at
onedegree44.We investigatefive ensemblemembers fromCCSM4historical
plus RCP8.5 (referred to as free-AMOC) simulation. The CCSM4 free-
AMOC simulation exhibits a deceleration of the AMOC since the 1980s in
the historical plus RCP8.5 scenario, which is consistent with findings from
reanalysis data (Fig. 1a) andmany other climate models19. We also perform
a five-ensemble sensitivity (referred to as fixed-AMOC) experiment in
which freshwater is extracted fromtheNorthAtlantic deep-water formation
region to sustain theAMOCstrength24. This experiment started in 1980 and
shares the same historical (prior to 2005) and RCP8.5 (after 2005) forcing
agents with the free-AMOC simulation. However, it entails gradually
removing freshwater from the region north of 50°N in the North Atlantic,
Labrador, Greenland, Iceland, and Norwegian Seas, and redistributing
freshwater uniformly across the global oceans as outlined by refs. 25,45–48.
The local modification of surface freshwater flux in the North Atlantic,

Labrador, Greenland, Iceland, andNorwegian Seas has few direct effects on
salinity in other ocean basins, such as the SouthernOcean, on the timescales
of interest.

Multi-model large ensemble simulations

We exploit large ensemble simulations conducted with four different cli-
mate models that provide barotropic stream function outputs. They are
CESM1 with 40 members under historical and RCP8.5 scenarios spanning
from 1920 to 210049, CESM2 with 50 members under historical and
SSP3–7.0 scenarios spanning from1850 to210050, ACCESS-ESM1.5with 50
members under historical and SSP5–8.5 scenarios spanning from 1850 to
210051, and MPI-ESM1.2-MR with 50 members under historical and
SSP5–8.5 scenarios spanning from 1850 to 210052. For each model, we first
calculate Atlantic barotropic stream function and AMOC strength
anomalies for all members over the periods of 2000–2024 and 2076–2100
relative to 1961–1980, respectively. For both periods, we calculate the linear
regression coefficient on each grid between barotropic stream function
anomaly andAMOC strength anomaly of ensemblemembers andmultiply
(−1) Sv to illustrate the response of barotropic stream function to 1-Sv
AMOC decline.

Significance tests

We use a Student’s t-test to determine the statistical significance of linear
trend.We calculate the p-value to determinewhether the linear trend differs
significantly from a zero trend.We also test the difference between CCSM4
free- and fixed-AMOC simulations for significance at the 95% confidence

Fig. 6 | Intermodel comparison for the period of

2000–2024. Barotropic stream function response to

1-Sv AMOC slowdown (shading in Sv) via linear

regression based on inter-member differences of

changes in annual mean barotropic stream function

and AMOC strength over 2000–2024 relative to

1961–1980 for a CESM1, b CESM2, c ACCESS-

ESM1-5, and dMPI-ESM1-2-LR large ensemble

simulations (Methods). Contours (in Sv, with an

interval of 5 Sv, solid positive, dashed negative, and

zero omitted) indicate the annual mean barotropic

stream function averaged over the 1961–1980 per-

iod. The base map is from NCAR Command Lan-

guage map outline databases.
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level using the Student’s t-test to illustrate when and where AMOC impacts
are significant relative to internal climate variability.

Reporting summary

Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data from CESM1 and CESM2 large ensemble simulations, and CCSM4
historical and RCP8.5 simulations are available at https://www.
earthsystemgrid.org. Data from ACCESS-ESM1.5 and MPI-ESM1.2-MR
large ensemble simulations are available at https://aims2.llnl.gov/search/
cmip6/. The fixed-AMOC experiment was conducted with a modified
source code of CCSM4 based on ref. 24, and the source code of CCSM4 is
available at https://www.cesm.ucar.edu/models/ccsm4.0/.

Code availability
The source code of CCSM4 is available at https://www.cesm.ucar.edu/
models/ccsm4.0/. Figures are generated via theNCARCommandLanguage
(NCL,Version6.5.0) [Software]. (2018). Boulder,Colorado:UCAR/NCAR/
CISL/TDD (https://doi.org/10.5065/D6WD3XH5).
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