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The Atlantic Meridional Overturning Circulation (AMOC) 
plays a fundamental role in Earth’s climate via its control of 
poleward ocean heat transport1. The global climate state dur-

ing an AMOC shutdown has been shown to be fundamentally dif-
ferent to when the AMOC is on, characterized by an expansion of 
Arctic sea ice, a colder Northern Hemisphere and a southward shift 
of the Intertropical Convergence Zone (ITCZ)2–4. This has occurred 
in the past and has been linked to past abrupt climate change5–7.  
At present, there is evidence that the AMOC is declining during  
the modern climate record8–11 and, furthermore, it is projected 
to slowdown and potentially even collapse under anthropogenic 
global warming12.

The AMOC stability relies on an intricate balance of temperature 
and salinity which cause density changes making it a nonlinear sys-
tem with multiple stable states13. Even though a full AMOC collapse 
is not a high probability scenario, it is not a discarded possibility14–16. 
Furthermore, current models predicting its decline do not take into 
account the role of land ice melt17, which would act to increase the 
likelihood of a shutdown via salinity changes18. This effect would 
be in addition to the temperature changes caused by anthropogenic 
global warming, which is the main driver of an AMOC slowdown 
in future projection models19. Given the nonlinearity and tipping 
point behaviour of the AMOC as well as its major impact on global 
climate, further research into its role in controlling the far-field 
ocean–atmosphere circulation is required.

The potential impact of an AMOC collapse goes beyond the 
Atlantic Ocean2,3, with previous studies suggesting changes reach-
ing the tropical Pacific. However, the way the tropical Pacific might 
respond to an AMOC collapse remains uncertain, with no consensus 
on how the trade winds and equatorial surface temperatures might 
change in response to an AMOC shutdown4,20–22. Addressing these 
discrepancies is crucial to understanding the effects of an AMOC 
collapse on global climate. In this study, we investigate the impact 
of an AMOC shutdown on global climate, including its effects on 
interbasin teleconnections to the tropical Pacific and Indian Oceans, 
as well as interhemispheric teleconnections to Antarctic climate. 

We find that an AMOC collapse drives a complex rearrangement 
of the global atmospheric circulation that affects all latitudes, from 
the tropics to the polar circulation of both hemispheres. We find 
that changes in the tropical Pacific involve a robust intensification of 
the Walker circulation, a weakening of the subtropical highs in the 
Southern Hemisphere and an intensification of the Amundsen Sea 
Low over west Antarctica.

Model set-up and experimental design
The Community Earth System Model (CESM) v.1.2 global climate 
model is used to perform two sets of experiments (Methods); the 
first ensemble set is based on a pre-industrial control simulation 
(AMOC-on) wherein the AMOC exhibits a realistic modern-day 
overturning circulation (Fig. 1; Methods), while the second set is 
derived from runs perturbed by meltwater so that the AMOC col-
lapses (AMOC-off). Note that the CESM model is particularly skilful 
in representing key climatic processes involved in this study, namely 
the AMOC23, the Pacific mean state including the Walker circula-
tion and coupled ocean–atmosphere feedbacks24, and Atlantic–
Pacific interbasin interactions (Methods; Extended Data Fig. 1). 
A total of five 100-yr ensemble members are generated for each 
experiment. All ensemble members were branched off different ini-
tial conditions 10 years apart using the equilibrated pre-industrial 
control AMOC-on experiment, with the only difference in set-up 
being the application of a freshwater flux to suppress the Atlantic 
overturning in the AMOC-off ensemble members. The strength of 
the AMOC in the AMOC-off experiments is weakened by ~20 Sv 
(1 Sv = 106 m3 s−1), down to values of only ~3–4 Sv after year 50  
(Fig. 1c); thereafter it remains at around this value for the rest of  
the simulation.

The main analyses shown in this study are derived from  
differences between the last 50 years of the AMOC-off case and the 
equivalent 50 years from the AMOC-on run. Similar analyses run 
over the last 20 of the experiments show robust results. In addition to  
analysing the equilibrated AMOC-off run relative to the AMOC-on 
control experiment, we also explore the transient adjustment of the 
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coupled ocean–atmosphere system to AMOC collapse, by examin-
ing the development of decadal climatic anomalies subsequent to 
the initial freshwater perturbation.

global surface ocean temperature response
As the maximum ocean heat transport in the North Atlantic (Fig. 1d) 
is greatly reduced with an AMOC collapse, a strong sea surface tem-
perature (SST) cooling is established in the Northern Hemisphere 
oceans (Fig. 2a). The cooling anomalies initially appear in the North 
Atlantic high latitudes (Fig. 3a) along with a sea ice expansion, 
which in turn amplifies cooling in the area by reflecting incoming 
radiation back to space. The cooling gradually extends southwards 
reaching the northern mid-latitudes within the first 10 years of the 
AMOC-off simulation (Fig. 3a). From there, the cooling signal is 
progressively advected southward to the tropical Atlantic via the 
wind–evaporation–SST (WES) feedback25,26. Anomalous northeast-
erly winds that develop across the tropical North Atlantic (Fig. 4) 
enhance the evaporative cooling, reducing SST and expanding the 
cooling southward until it reaches the tropical North Atlantic by 
around year 20 (Fig. 3).

In the North Pacific high latitudes, cool SST anomalies appear 
by around year 5 and are well established by year 20 (Fig. 3a,b).  
The rapid onset of cooling in the North Pacific is probably due 

to advection of the North Atlantic temperature anomalies via the 
mean westerly winds. On longer timescales, cooling could also  
happen via the Bering Strait throughflow27. The North Pacific cool-
ing ultimately causes sea ice to expand in this ocean basin, which 
reinforces the cooling via the sea ice albedo feedback. A southward 
displacement of the cool anomalies into the tropical North Pacific 
can also be explained by the WES feedback, similar to the North 
Atlantic basin. However, as the AMOC slows down a synchronous 
cooling commences in the equatorial Pacific, maturing by around 
year 30 (Fig. 3 and Extended Data Fig. 2), evolving to La Niña-like 
conditions. This in turn weakens the Aleutian Low (Figs. 2c and 4), 
which is a teleconnection that is known to occur during La Niña 
events28. The equatorial Pacific cooling is associated with a strong 
intensification of the Pacific trade winds (Fig. 4 and Extended Data 
Fig. 2), which drive enhanced equatorial upwelling and westward 
advection of cool waters, as well as a spin up of the shallow tropical 
overturning cells.

With less northward ocean heat transport out of the South 
Atlantic (Fig. 1d), much of the Southern Hemisphere warms in 
response to the AMOC shutdown (Fig. 2a). This signal of hemi-
spheric warming matures after around three decades (Fig. 3), 
contrasting the more rapid cooling of the northern oceans. The 
Southern Hemisphere warming is mainly a result of slower oceanic 
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Fig. 1 | Meridional overturning and poleward heat transport in the model simulations. a,b, Mean meridional streamfunction (Sv; 1 Sv = 106 m3 s−1) in the 
Atlantic in AMOC-on (a) and AMOC-off (b) derived from the average of the last 50 years of the five member ensemble of simulations. c, Annual maximum 
of the AMOC streamfunction (Sv) in the AMOC-on and AMOC-off cases versus time, with individual ensemble members shown using thin lines and 
ensemble mean as bold lines. The maximum of the AMOC streamfunction is obtained between latitudes 25° N–75° N and between depths of 500 and 
2,000 m for AMOC-on (black) and AMOC-off (red). d, Mean Atlantic Ocean northward heat transport (PW) in AMOC-on (black line) and AMOC-off  
(red line) over the last 50 years of the experiment.
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adjustments associated with the reduction of oceanic heat trans-
port out of the South Atlantic (Fig. 1d). In this way, the AMOC-off 
state ultimately features a widespread cooling over all the Northern 
Hemisphere and a modest warming across much of the south,  
creating an anomalous interhemispheric temperature gradient. This 
is consistent with previous model studies wherein the AMOC is 
shutdown2–4. However, our results also reveal a new feature that has 
not been previously discussed in the literature: namely, a marked 
intensification of the Walker circulation and widespread cooling 
along much of the equatorial Pacific.

global atmospheric response
The weakening of the oceanic heat transport northward from the 
South Atlantic results in an anomalous northward atmospheric 
cross-equatorial heat flux to maintain the global energy balance. In 
other words, to compensate for the oceanic heat transport changes, 
the global atmospheric circulation is altered to increase heat trans-
port from the warmer to the cooler hemisphere. The resulting 
circu lation sees a strengthening of the Hadley cell in the Northern 
Hemisphere (Fig. 5a) and a displacement of the ITCZ toward the 
south (Fig. 2b). This relationship between cross-equatorial oce-
anic heat transport and ITCZ location agrees with previous work 
on the interplay between ocean and atmosphere energy fluxes29. It 
is the reorganization of the atmospheric circulation alongside SST 
changes that drives strong changes over the lower atmosphere.

Sea-level pressure intensifies over the northern high latitudes 
(Fig. 2c) where the coolest SST anomalies are located. At the northern  

subtropical latitudes, there is an overall increase in pressure in 
response to the strengthened descending branch of the northern 
Hadley cell. Conversely, over the southern subtropics the weakened 
descending branch of the southern Hadley cell leads to a decrease in 
sea-level pressure. This suggests that the semipermanent highs are 
shifted equatorward and intensified in the Northern Hemisphere, 
while the opposite tendency occurs in the Southern Hemisphere. 
The weakening of the subtropical highs is particularly clear in the 
Indian Ocean and the South Atlantic (Fig. 2c), where an anoma-
lous low pressure centre and cyclonic geostrophic wind anomalies 
develop. However, the South Pacific high shows a more modest 
response, since it is under the influence of the central Pacific cool-
ing and an associated Rossby wave-train pattern across the basin. 
Wave-trains emanating from the tropics to high latitudes are a 
typical response to tropical Pacific cooling in both hemispheres30; 
the development of this response can be seen in the simulated 
difference fields of geopotential height in the upper troposphere 
(Extended Data Fig. 3). In fact, these wave-trains are what shapes 
the most significant response in the northern and southern high 
latitudes, ultimately resulting in a weakening of the Aleutian Low 
and a deepening of the Amundsen Sea Low (Fig. 2c).

The main effect of the AMOC collapse on precipitation is seen 
in the tropics, corresponding to the southward displacement of 
the ITCZ (Fig. 2b). There is an overall increase in precipitation 
along the southern portion of the ITCZ and reduced rainfall to the 
north. This becomes a clear feature after year 30 of the simulation 
(Extended Data Fig. 4). Before then, precipitation is reduced over 
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Fig. 2 | response of the global climate system to AMOC shutdown. Shown as the difference between the ensemble mean of AMOC-off minus AMOC-on, 
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areas with the strongest cooling in the northern latitudes during 
the first few years of the experiment. The clear southward shift of  
the ITCZ in each ocean basin is established once cooling reaches the  
northern tropical latitudes and warming occurs just south of the 
Equator, highlighting the effect of the interhemispheric tempera-
ture gradient on precipitation anomalies. This is how the full  
pattern of precipitation change due to the AMOC shutdown  
(Fig. 2b) is obtained.

Surface winds in the southern extratropics adjust geostrophically 
to changes in atmospheric pressure, generating anomalous cyclonic 
circulation in response to the weakening of the subtropical highs 
in the Indian and South Atlantic Oceans and the strengthening  
of the Amundsen Sea Low (Fig. 2c). In the tropics, wind changes  
are consistent with the southward ITCZ shift, particularly in the 
Indian and Atlantic Oceans, where an anomalous cross-equatorial 
wind pattern is established; with westerly anomalies to the north  
and easterly anomalies to the south31. However, the Pacific response 
is more complex, involving local ocean–atmosphere feedbacks  
as well as interbasin teleconnections. Initially there is a trade  
wind accele ration in the east Pacific during years 11–20 (Fig. 4b) 
driven by the pressure gradient between the North Atlantic and 
Pacific Oceans across the Panama Isthmus32. In the decades that 
follow (Fig. 4c,d), the east Pacific trade wind acceleration extends 

westward along the tropical Pacific, due to both enhanced tropical  
South Atlantic convection and local Bjerknes feedbacks, both  
of which act to accelerate the Pacific Walker cell (Extended Data 
Figs. 5c,d and 6b). This mechanism is explained in more detail in 
the following section.

Walker circulation changes
In addition to the meridional atmospheric circulation changes 
induced by the intensification of the northern Hadley cell, the 
zonal equatorial circulation also responds to the AMOC collapse. 
In particular, there is a strengthening of the Walker cells in all ocean 
basins (Fig. 5b). This strengthening is particularly strong in the 
Pacific, where enhanced subsidence leads to intensified low level 
easterly winds. The anomalous subsidence in the east Pacific is 
tightly related to enhanced deep convection over the Atlantic, where 
the strongest upward anomalies among all ocean basins occur.

In the transient response (Extended Data Fig. 5) the upward 
motion in the equatorial Atlantic starts by year 20, initially generat-
ing anomalous subsidence and easterlies localized over the eastern 
Pacific. However, by year 30 the upward motion in the equatorial 
Atlantic intensifies, and the subsidence over the Pacific sector is 
enhanced, extending to the central and western Pacific. The west-
ward propagation of anomalous surface easterlies along with cool 
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SST anomalies extending from the eastern Pacific is also enhanced 
by a local Bjerknes feedback. This westward propagation of cool 
surface water and easterly wind anomalies is typical during cold (La 
Niña) events in the Pacific33,34.

The finding that tropical convection in the Atlantic is enhanced 
and drives the Pacific Walker circulation intensification in 
AMOC-off might at first seem counterintuitive, given that the tropi-
cal North Atlantic has cool SST anomalies and that past studies35–37 
found warming in this area to cause a similar effect. However, here, 
the origin of anomalous convection can be traced to the tropi-
cal South Atlantic, where relatively warm SST anomalies develop  
(Fig. 2a). In particular, these local warm SST anomalies drive anom-
alous convection (Fig. 2b) and upper-level divergence (Fig. 2d)  
in the tropical South Atlantic, consistent with the southward  
migration of the ITCZ (Fig. 2b). This can also be seen when the 
Walker circulation is separated into its components just north and 
south of the Equator (Extended Data Fig. 6), whereupon it becomes 
clear that most of the upward velocity anomalies occur just south  
of the Equator. Consequently, the anomalous tropical South Atlantic  
convection (Fig. 2b) drives enhanced subsidence (Fig. 5b) and 
upper-level convergence (Fig. 2d) over the east Pacific, accelerating 
the Pacific Walker circulation and hence cooling the tropical Pacific.

Discussion and summary
Our study investigates the potential climatic impacts and global 
atmospheric teleconnections of an AMOC shutdown. We find 
that an AMOC collapse drives a profound global-scale reorganiza-
tion of the atmospheric circulation, initially triggered by a strong 
North Atlantic cooling and a southward migration of the ITCZ. 
In particular, we find that an AMOC shutdown drives a signifi-
cant strengthening of the Pacific Walker circulation, something 
not previously described in the literature. The Walker circulation 
strengthening is triggered by enhanced low-level easterlies across 
the Panama Isthmus and reinforced by anomalous subsidence in the 
eastern Pacific from enhanced convection over the tropical South 
Atlantic. The stronger Pacific trade winds in turn lead to tropical 
central Pacific cooling and further Walker circulation acceleration. 
A positive Bjerknes feedback is established in a collapsed AMOC 
world, which forces the tropical Pacific into a more La Niña-like 
mean state.

The global-scale atmospheric and climatic changes driven by 
an AMOC collapse can be summarized in Fig. 6. These changes 
start with surface cooling over the North Atlantic and expanding 
Arctic sea ice, driven by reduced poleward heat transport in the 
Atlantic. The cooling then propagates into the North Pacific and 
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spreads southwards in both basins to reach the tropics. The reduc-
tion in oceanic heat transport also creates a net heat imbalance 
across the hemispheres, with excess heat remaining in the Southern 
Hemisphere and a deficit in the Northern Hemisphere. This gen-
erates an anomalous interhemispheric temperature gradient. The 
atmospheric circulation then compensates by intensifying and dis-
placing the northern Hadley cell southward, which causes the ITCZ 
to also shift southward. The anomalous interhemispheric tempera-
ture gradient also impacts Atlantic–Pacific interbasin teleconnec-
tions. In particular, in the AMOC-off state, convergence in the upper 
troposphere and subsidence over the eastern equatorial Pacific are 
triggered by tropical South Atlantic warming. Hence, the intensi-
fied convection in the South Atlantic ultimately acts to enhance the 
Pacific Walker circulation and cool the tropical Pacific, which in 
turn causes interhemispheric teleconnections such as a deepening 
of the Amundsen Sea Low (Fig. 6).

These findings have implications for both past climate states and 
also future climate change. In particular, climate change projections 
predict a weakening and potential collapse of the AMOC15, even 
without including the effects of Greenland ice melt. Our results sug-
gest that such a collapse would significantly alter the Pacific Ocean 
response to climate change, with the Walker circulation strengthen-
ing by 32% under an AMOC shutdown (Methods; Extended Data 
Fig. 7). Given that most climate models project a weakening of the 
Walker circulation under global warming38,39, with a median reduc-
tion of 10% by 2100 under a high emission scenario (Methods; 
Extended Data Fig. 7), this teleconnection from the Atlantic would 
dampen and perhaps even reverse this projected Walker circulation 
trend. Furthermore, we find that an AMOC collapse strengthens the 
northern Hadley cell by ~8% in AMOC-off (Methods), which would 
counteract the projected weakening of the northern Hadley cell39,40. 
In the South Pacific sector of the Antarctic margin, an AMOC col-
lapse would further contribute to projected Amundsen Sea Low 
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cooling is advected into the North Pacific and tropical North Atlantic via winds as well as a wind–evaporation–SST feedback, while anomalous heat remains 
in the Southern Hemisphere, creating an anomalous interhemispheric temperature gradient. This leads to a reorganization of the meridional atmosphere 
circulation, which weakens the subtropical highs in the Southern Hemisphere (light blue low pressure centres). The AMOC shutdown also displaces the ITCZ 
southward, leading to drier conditions (brown shading) in the tropical North Atlantic and wetter conditions (green shading) in the tropical South Atlantic. 
Warm SST anomalies in the South Atlantic favour enhanced convection (green upward arrow) that strengthens the local Walker circulation, driving anomalous 
subsidence in the equatorial east Pacific. The temperature difference and pressure gradient between the tropical North Atlantic and tropical Pacific generates 
anomalous winds that intensify the equatorial Pacific trade winds (grey arrows). The intensification of the Pacific trade winds strengthens the Walker 
circulation (orange dotted arrows) triggering the Bjerknes feedback that puts the tropical Pacific into a more La Niña-like state. The changes in the tropical 
Pacific mean state are conducive to a Rossby wave-train (grey dashed arrow) that leads to an intensification of the Amundsen Sea Low over west Antarctica.
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changes41, with this low pressure system deepening by ~2 hPa in 
AMOC-off (Methods). The AMOC teleconnection to the Pacific 
could also have further climatic impacts, such as setting the pace 
of decadal global temperature rise42 or altering the nature and fre-
quency of El Niño/Southern Oscillation (ENSO) events43. Our study 
has also demonstrated AMOC teleconnections to other remote loca-
tions, including the atmospheric circulation over the west Antarctic, 
with links to ice melt44,45 and the strength of the subtropical highs in 
the Southern Hemisphere.

Regarding past climatic states, there is palaeoclimate evidence 
that during the Last Glacial Maximum the AMOC was shallower and 
weakened46 along with a cooler central equatorial Pacific47 and a stron-
ger Walker circulation48. Our findings are consistent with this palaeo 
evidence, despite the differences in forcing and magnitude of the 
AMOC change. An AMOC weakening has also been associated with 
the Little Ice Age49,50, an epoch that shares similar climate anomalies to 
the ones we describe here. In particular, there is evidence that during 
this time there was a southward migration of the ITCZ51 and hydro-
logical proxies suggest a westward shifted precipitation due to inten-
sification of the Pacific Walker circulation52, again consistent with our 
findings. Most recently, historical records since the mid-twentieth 
century suggest a long-term multidecadal weakening of the AMOC9, 
coinciding with an overall intensification of both the Pacific Walker 
circulation53 and the northern Hadley cell54 and a deepening of the 
Amundsen Sea Low55 (see Methods for recent trends).

The results presented here have been derived from a single model 
set-up under pre-industrial conditions, although, as discussed, the 
model used is particularly skilful in representing the main mech-
anistic features analysed in this study, namely the AMOC, the 
Pacific mean state and its variability and, importantly, Atlantic–
Pacific interbasin interactions. Future work should examine how 
the impacts of an AMOC shutdown are further modulated under 
more complex scenarios, such as in past climate eras or in the future 
under a range of increasing greenhouse gas concentration scenarios. 
Nonetheless, the approach used here helps to isolate the effect of 
an AMOC shutdown from other factors and provides clues as to 
what teleconnections could play out in more complex scenarios. For 
future projections for example, where current climate models do not 
take into account the effects of ice sheet melt, there is an enhanced 
probability of an AMOC shutdown. In this case, the mechanisms 
described here would significantly alter the atmospheric response 
to global warming.
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Methods
Global climate model. The global climate model used in this study is the National 
Centre for Atmospheric Research CESM v.1.2, a fully coupled model comprising 
atmospheric, oceanic, land and sea ice models. The CESM configuration used 
here is essentially the Community Climate System Model v.4 (CCSM4)56. In 
particular, the atmospheric component is the Community Atmospheric Model v.4 
(CAM4) configured at 1.9° × 2.5° spatial resolution and a hybrid sigma-pressure 
vertical coordinate with 26 layers in the vertical grid, and the land component 
is the Community Land Model v.4 (CLM4) that runs on the same grid as the 
atmospheric model. The ocean model is the Parallel Ocean Program v.2 (POP2), 
set with a displaced-pole in the Northern Hemisphere over Greenland at 80° N, 
40° W. The horizontal grid is nearly uniform in longitude (∼1.13°) and variable 
in latitude (0.27° at the Equator, increasing to 0.65° at 60° N in the western North 
Pacific), with 60 vertical levels varying in thickness from 10 m near the surface to 
250 m at depth. The sea ice component is the Community Ice Code v.4 (CICE4), 
which runs on the same grid as the ocean model. All model components iterate 
via a coupling architecture that allows the exchange of freshwater, momentum and 
heat fluxes between components.

The model used here has been shown to have a good representation of the 
AMOC in a modern era setting23. The model has also been shown to simulate 
the Pacific mean state and variability relatively accurately compared to other 
climate models. For example, the model has a reduced cold tongue bias and 
improved trade wind metrics24, which are key to controlling the position and 
strength of the Walker circulation (refer to ref. 24, their Fig. 2c, particularly 
the indices for the equatorial Pacific zonal SST and wind stress biases). Most 
climate models exhibit stronger biases in the Pacific, with the Walker circulation 
typically under-represented in models. The good performance of our model in 
simulating the Pacific mean state also translates into an improved representation 
of its variability (that is, a better simulation of ENSO57 and ENSO diversity58). 
Furthermore, this model reproduces Atlantic–Pacific teleconnections in a more 
realistic way. This is evident in Extended Data Fig. 1 which shows an analysis59 
of intermodel performance in simulating the Atlantic influence on the Pacific, 
particularly in relation to the Pacific trade wind response to Atlantic–Pacific SST 
gradients. This analysis demonstrates the superior skill of the model in simulating 
this interbasin teleconnection compared to other climate models and also that 
many other climate models perform poorly in this regard.

Experimental design. First we spin up a pre-industrial control climate for 1,000 yr, 
and from there we branch off five separate ensemble members of both the control 
simulation (AMOC-on) and a perturbed meltwater run (AMOC-off), with each 
being initialized every 10 yr off the control run. The AMOC-on control members 
effectively comprise overlapping 100-yr continuations of the pre-industrial 
experiment, while the AMOC-off runs are identical, only with a constant surface 
freshwater forcing of 1 Sv applied over the North Atlantic (50° N to 70° N). This 
meltwater anomaly represents a strong idealized forcing, as also used in previous 
studies60,61, intended to trigger the AMOC to collapse within a few decades, 
equivalent to melting 1% of Greenland per year. When referring to an AMOC 
‘collapse’ or ‘shutdown’, this corresponds to a weakening of the AMOC from ~24 Sv 
to just a few Sv (Fig. 1c), with no surface water convectively overturned to the 
usual 1,500–2,000 m depth when North Atlantic Deep Water is formed. No flux 
adjustments are used in either simulation. The equilibrium climate response is 
derived from the ensemble mean difference between the last 50 yr of the AMOC-off 
case and the equivalent 50 yr from the AMOC-on run. All climate properties were 
also re-analysed over the last 20 and 40 yr of the experiments, which revealed 
robust results. All results presented here are derived from the ensemble mean of 
the five AMOC-off members relative to the corresponding control ensemble set. 
Wherever statistical significance tests are shown, each member is used to quantify 
the inter-member variability on the basis of a Student's t-test, in addition to the 
sample of the corresponding number of years being tested.

Climate metrics. Several climate indices are referred to in the text; the method for 
calculating these metrics is as follows:

 (1) Pacific Walker circulation: following past work, the strength of the Walker 
circulation is calculated as the surface zonal wind speed averaged in the 
equatorial Pacific (5° S–5° N, 150° E –150° W), which is a measure of the lower 
branch of the Walker circulation35,62.

 (2) Northern Hadley cell: the strength of the Hadley cell in the Northern 
Hemisphere is taken to be the maximum value of the streamfunction (Ψ) at 
500 hPa (refs. 63,64), given by

Ψ (ϕ, p) =
2πa cos (ϕ)

g

∫ p

0
v̄
(

ϕ, p′
)

dp′

where ϕ is latitude, p is atmospheric pressure, a the Earth’s radius, g the 
gravitational acceleration, v the meridional wind, overbar represents the zonal and 
annual mean and p′ is a dummy pressure variable of integration.
 (3) Amundsen Sea Low: the magnitude of the Amundsen Sea Low is defined as 

the area averaged sea-level pressure offshore of western Antarctica, in the 
rectangular sector bound by 75° S–60° S, 150° W–80° W.

The changes in these climate metrics in the AMOC-off simulations are 
calculated as the mean change of the ensemble average during the shutdown period 
(years 50–100), relative to the AMOC-on ensemble mean. To make comparisons 
between the model simulations and observed trends since the start of the satellite 
era (1979–2021), these same three indices were also calculated using the ERA5 
reanalysis65. Over the period 1979–2021, there has been an overall intensification 
of the Pacific Walker circulation (strengthening by 6% decade−1), intensification of 
the northern Hadley cell (by 0.6% decade−1) and a deepening of the Amundsen Sea 
Low (by on average 0.5 hPa decade−1).

In addition, we analysed a total of 59 projections from the Coupled Model 
Intercomparison Project (CMIP; including 28 Phase 5 (CMIP5) and 31 Phase 
6 (CMIP6) models), to quantify the projected trends of the Pacific Walker 
circulation under the Representative Concentration Pathway RCP 8.5 and Shared 
Socioeconomic Pathways SSP 5–8.5 high-end emissions scenarios, respectively. 
A 51-yr average is selected to filter out variability due to the Interdecadal Pacific 
Oscillation. This analysis reveals a median projected weakening of 10% during 
2050–2100 relative to 1950–2000 (percentage values are quoted to the nearest %). 
These results are shown in Extended Data Fig. 7.

Data availability
The ERA5 data used in the study can be downloaded from the Copernicus Climate 
Change Service (C3S) Climate Date Store (https://cds.climate.copernicus.eu/). The 
CMIP data analysed can be downloaded from the Earth System Grid Federation 
portal (https://esgf-node.llnl.gov/). Data generated from the coupled climate model 
simulations can be downloaded from ref. 66.

Code availability
Python scripts used for the analysis described in this study can be obtained from 
B.O.P. on request.
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Extended Data Fig. 1 | Model intercomparison of Atlantic–Pacific teleconnection strength. (a) Regressions between 11-year running trends in Pacific 
trade winds and 11-year running trends in the Atlantic–Pacific trans-basin index. Shown in red and blue are the models that are the most and least similar 
in reproducing the observed regressions (green bar), respectively, with the yellow bar indicating CESM1-CAM4 (equivalent to CCSM4) as used in this 
study. The Atlantic–Pacific trans-basin index is defined as the tropical Atlantic (20°S to 20°N; 70°W to 20°E) minus tropical Pacific (20°S to 20°N; 121°E 
to 90°W) SST gradient. (b) Future projections of equatorial (5°S to 5°N) SST (per degree of global warming) in two ensembles of 10 CMIP5 models (thin 
curves) with a strong (red) and weak (blue) coupling between decadal trends of the Atlantic–Pacific trans-basin index and equatorial Pacific trade winds. 
Changes are calculated as the difference in averages between RCP8.5 2070–2099 and the historical 1980–2009 period, divided by the global mean SST 
change over the same periods. The broad thick curves indicate where the difference between the two ensemble means (indicated by solid curves) is 
significant at 95% confidence level, based on a Student t-test. (c) Difference in climatological SST changes between the two 10-model ensemble means. 
Stippling indicates areas where the ensemble mean difference is significant at the 95% confidence level, based on a Student t-test. The colour scale in (c) 
indicates temperature in °C. Figure is an extended version of Fig. 5 from ref. 59.
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Extended Data Fig. 2 | Transient evolution of the Pacific climate response to AMOC shutdown. (a) Anomalies of sea surface temperature (°C) and  
850 hPa winds (m/s; overlaid as vectors), calculated for AMOC-off relative to AMOC-on and averaged over years 51–100 of the ensemble sets of 
experiments. (b) Transient evolution of the difference between AMOC-off and AMOC-on for equatorial Pacific sea surface temperature (°C; purple line) 
and Pacific trade winds, calculated based on the 850 hPa zonal wind speed (m/s; orange line); the latter is a measure of the strength of the lower branch  
of the Walker circulation35,62. Time series shown are 10 year running means. The 5 ensemble member difference time series are shown for each 
ensemble in thin lines, with the ensemble averages shown in solid bold lines. The areas for the spatial averages of each variable are shown in panel (a) as 
colour-coded rectangles.
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Extended Data Fig. 3 | Transient evolution of geopotential height at 200 hPa in response to AMOC shutdown. Anomalies of geopotential height at 
200 hPa with zonal mean removed in response to a meltwater-induced AMOC shutdown (AMOC-off ensemble mean minus AMOC-on ensemble mean). 
Each panel shows decadal mean anomalies of geopotential height at 200 hPa with zonal mean removed (m), with regions showing significant differences 
hatched based on a Student t-test at 95% significance level.
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Extended Data Fig. 4 | Transient evolution of precipitation in response to AMOC shutdown. Anomalies are shown as the AMOC-off ensemble mean 
minus AMOC-on ensemble mean. Each panel shows decadal mean anomalies of precipitation (mm/day), with regions showing significant differences 
hatched based on a Student t-test at 95% significance level.
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Extended Data Fig. 5 | Transient evolution of equatorial atmospheric circulation and vertical velocity in response to AMOC shutdown. Anomalies are 
shown as the AMOC-off ensemble mean minus AMOC-on ensemble mean. Each panel shows decadal mean anomalies of equatorial (5˚S–5˚N) mean 
atmospheric circulation (streamlines) and vertical velocity (shading; Omega, Pa/s).

NATurE ClIMATE CHANgE | www.nature.com/natureclimatechange

http://www.nature.com/natureclimatechange


Articles NATurE CLIMATE CHANgE

Extended Data Fig. 6 | Decomposition of the Walker circulation response to AMOC shutdown north and south of the Equator. Annual mean anomalies 
of equatorial mean atmospheric circulation (streamlines) and vertical velocity (shading; Omega, Pa/s) in response to an AMOC shutdown (AMOC-off 
ensemble mean minus AMOC-on ensemble mean, averaged over years 51–100) decomposed into the latitudes (a) north (0˚-5˚N) and (b) south (5˚S-0˚) 
of the Equator.
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Extended Data Fig. 7 | Comparison between the Walker circulation increase due to AMOC shutdown vs. that projected by climate models for  
2050–2100. Histogram of future projections in the lower branch of the Pacific Walker circulation, as measured by the percentage change in 850 hPa zonal 
winds averaged over the equatorial Pacific (5°S–5°N, 150°E –150°W)35,62 during the 2050–2100 period relative to 1950–2000 (blue dashed line indicates 
the median change). A 51-year average is selected to filter out variability due to the Interdecadal Pacific Oscillation. All up 28 CMIP5 and 31 CMIP6 
models are used under the RCP8.5 and SSP5-8.5 high-end emission scenarios, respectively. The red dotted line indicates the change of the same metric in 
the AMOC-off ensemble mean, relative to AMOC-on. Percentage values (%) quoted are rounded to the nearest percentage point.
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