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Projections of tropical rainfall under global warming remain highly uncertain’?,
largely because of an unclear climate response to a potential weakening of the Atlantic

meridional overturning circulation (AMOC)?. Although an AMOC slowdown can
substantially alter tropical rainfall patterns*8, the physical mechanisms linking
high-latitude changes to tropical hydroclimate are poorly understood". Here we
demonstrate that an AMOC slowdown drives widespread shifts in tropical rainfall
through the propagation of high-latitude cooling into the tropical North Atlantic.
We identify and validate this mechanism using climate model simulations and
palaeoclimate records from Heinrich Stadial 1 (HS1)—a past period marked by
pronounced AMOC weakening®°. In models, prevailing easterly and westerly winds
communicate the climate signal to the Pacific Ocean and Indian Ocean through the
transport of cold air generated over the tropical and subtropical North Atlantic.
Air-seainteractions transmit the response across the Pacific Ocean and Indian
Ocean, altering rainfall patterns as far as Indonesia, the tropical Andes and northern
Australia. A similar teleconnection emerges under global warming scenarios,
producing a consistent multi-model pattern of tropical hydroclimatic change.
These palaeo-validated projections show widespread drying across Mesoamerica,
the Amazon and West Africa, highlighting an elevated risk of severe drought for
vulnerable human and ecological systems.

Several mechanisms have been proposed to explain tropical climate
changes driven by localized cooling over the North Atlantic due to a
reduction in the Atlantic meridional overturning circulation (AMOC)
strength™. Among them, a well-established theory predicts that the
hemispheric energy imbalance caused by a change in the strength of
the AMOC would produce anorth-southshiftinthe Inter-Tropical Con-
vergence Zone (ITCZ)’—the belt of strong rainfall and converging winds
encircling thetropics. Global climate models produce ashiftinthe ITCZ
towardsthe SouthernHemisphereinresponsetoaweaker AMOCandthe
associated North Atlantic cooling. However, outside the circum-tropical
Atlantic, the simulated changes seem to be model-dependent and show
notable departures from a zonally symmetric response>*®2, These
model differences suggest more complex pathways and mechanisms
linking the global tropics to variationsin AMOC strength and the associ-
ated inter-hemispheric distribution of heat".

The climaticimpacts and mechanisms of aweaker AMOC cannot be
studied using historical records because current observations show
trends that are too small to be discernible” . Furthermore, the detec-
tion of hydrological responses using instrumental observations would
probably be obscured by responses to other hemispheric forcings, such

aschanging aerosol emissions. Past climateintervals, suchas Heinrich
stadials, provide an alternative target for model validation, because
itis well established that the AMOC was weaker during these cooling
events in the North Atlantic®'®’¢. Moreover, palaeoclimate records
from past Heinrich stadials show pronounced changes in hydrocli-
mate across the global tropics, but, as in the models, the patterns of
rainfall change inferred from these palaeodata cannot be explained by
asimple southward shift of the ITCZ". Alternative mechanisms have
been considered>*®", butarigorous and systematic evaluation against
palaeoclimatic evidence has not been performed on aglobal scale.
To address these issues, we studied the tropical response to reduc-
tionsin AMOC strength using ensembles of climate model simulations
combined with a synthesis of hydroclimate changes during Heinrich
Stadial1(HS1)—thebest sampled geological interval,about15-17 kaBP,
with robust and unambiguous evidence of aweaker AMOC®°. The term
‘Heinrich stadial” has beenintroduced toidentify the interval associated
with a Heinrich event in regions, such as the tropics, where climatic
signals exceed the duration of the ice-rafted debris events'®. To identify
mechanisms explaining changes during HS1, we used a multi-model
ensemble of simulations of the climate response to a weaker AMOC.
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Fig.1|Proxy-inferred changesin hydroclimate during HS1compared with
simulated changesinresponsetoreductionsinthe strength ofthe AMOC.
a, Latitudinal patterns of rainfall change simulated in response toreductions in
AMOC strength (red line and shading) and during HS1 inferred from rainfall-
sensitive proxies (bars). Shading indicates the range of maximum and minimum
ofthe simulated rainfall changes among all models. Proxy-inferred changes
(bars) are estimated as the percentage of sites withawetter or drier HS1within
each10°latitude band. b, Agreementbetween simulated and proxy-inferred
patterns of rainfall change based on the Cohen’s k metric'®. The simulations,
listed along the horizontal axis, are sorted by level of agreement from low

(left) to high (right). ¢, Simulated reductionin AMOC as a percentage of the

These simulations were rununder Last Glacial Maximum (LGM) bound-
ary conditions to best approximate the mean state of the climate system
before the onset of HS1(Methods). AMOC reductions were simulated
by applying a flux of freshwater over different regions in the North
Atlantic. The resulting ensemble of hosing simulations exhibits abroad
range of reductions in AMOC strength and cooling responses over
the high-latitude North Atlantic (Extended Data Fig. 1). Although dif-
ferences in the experimental design do not allow us to systematically
explore the impacts of glacial boundary conditions and the rates and
locations of freshwater forcing, the ensemble provides diverse pat-
terns of rainfall change for model evaluation against the palaeodata
(Extended Data Fig. 2). Further details on the ensemble are provided
inSupplementary Information section 1.

Wefocused our analysis on HS1because the background state for this
event is relatively better known and closer to full glacial conditions as
in our simulations, than the Younger Dryas, allowing for amore direct
comparison against our ensemble and because records spanning earlier
Heinrich stadials are too sparse to accurately capture the spatial patterns
of pastrainfall change. The simulated responses with the highest agree-
ment with the palaeodata were used to identify mechanisms linking
changes inthe North Atlantic with the global tropics. These mechanisms
were then identified in multi-model projections to constrain future
changesintropical rainfall associated with reductionsin AMOC strength.

Past patterns of hydroclimate change

Our methodology for reconstructing hydroclimate changes during
HSlincludes several new features that are important for quantitative

strengthin the glacial control. d, Simulated surface air temperature change
averaged over the high-latitude North Atlantic (60° W-0°40° N-65° N).

e, Simulated surface air temperature change averaged over the tropical North
Atlantic (80° W-40°W12°N-22°N).f-h, Simulated surface air temperature
changes grouped by the magnitude of the cooling response over the tropical
North Atlantic (domain outlinedinredinf):between-3 Kand -1K (moderate),
exceeding -3 K (strong) and less than -1 K (muted). Simulations with moderate
coolingareidentified withbold labelsine.See Extended Data Table1foralist
ofthesimulations, including their categorization according to the patterns

of cooling.

proxy-model evaluation. The abundance of rainfall-sensitive records
(>200) spanning the HS1interval allowed us to apply very stringent
selection criteria to reconstruct patterns of change during HS1 and
assess the robustness of our conclusions to proxy interpretation (Meth-
ods). Record selection focused on temporal resolution and length to
resolve changes during HS1 relative to a glacial or deglacial baseline.
Sufficient temporal resolution (at least 5 data points during the HS1
interval) was important to exclude records in which climate or proxy
noise might be aliased into a millennial-scale signal. Record length
extending the LGM (21-19 ka) was important to make sure that each
selectedrecord can capture the HS1response directly linked to a weaker
AMOC relative to other deglacial drivers. Thisis animportant consid-
eration for comparison against the simulations, which by construction
isolate the response to AMOC reductions. Previous work" inferred
changes relative to aHolocene baseline, conflating responses to differ-
entdeglacial forcings. The application of our selection criteria resulted
inatotal of 125 records of rainfall-sensitive proxies and 113 merged sites
spanning the global tropics (Extended Data Fig. 3).

The patterns of hydroclimate change inferred from our synthesis are
largely independent of the proxy techniques used to infer past changes.
All records are based on proxies with well-established relationships
to rainfall, including 54 records based on terrestrial water isotopes
and S1records based onaridity proxies—that s, dust flux, terrigenous
discharge or high-resolution lake-level reconstructions. Sensitivity
analysis shows that these records alone can reconstruct the bulk of
the spatial patterns needed to validate and detect model responses
(Extended Data Fig. 4). The remaining 20 records are based on veg-
etation proxies (carbon isotope ratios and pollen), also reflective of
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hydroclimate changes. We excluded marine isotopic records measuring
80 of seawater from foraminifera from our analysis because of their
more complex relationship to precipitation, evaporation and oceanic
advection. Moreover, owing to the difficulties in extracting quantita-
tive data from most of these proxy reconstructions, the changes at
each site were categorized as drier, unchanged or wetter during HS1
relative to the glacial or deglacial baseline following previous work®.
The categorization was done largely following the original published
interpretation of the records. A limited subset of 23 records required
newinterpretation largely because the original authors did not identify
changes during HS1. We changed the interpretation of a small subset
of 6 records because of an ambiguous HS1change. Further details are
provided inSupplementary Information section 2. Our reinterpretation
of these records improved the delineation of patterns by identifying
many sites with an unchanged HS1 hydroclimate. The resulting net-
work of sites with hydroclimate changes was used to validate model
responses, quantifying agreement with simulated patterns using
Cohen’s k metric”® (Methods).

Our proxy data synthesis for HS1shows broadly coherent patterns
across the global tropics, with most sites showing drier conditions in
the Northern Hemisphere and wetter conditions in the Southern Hemi-
sphere, consistent with a southward-shifted ITCZ (Fig. 1a). However,
regional differencesin the simulated hydroclimatic responses are also
evident, particularly away from the tropical Atlantic (Extended Data
Fig.2), suggesting that other mechanisms are important for transmit-
ting the signal from the Atlantic to the global tropics. Differencesin the
ability of models to simulate these regional responses are evident in
thelarge variationsin the proxy-model agreement (Fig. 1b), with some
models showing poor agreement (kx = 0.07 for CESM1-0.1Sv) and oth-
ers simulating highly consistent proxy-model responses (x = 0.57 for
CCSM3-TraCE-MWF). Although these differences could arise fromthe
intensity of the responses to freshwater forcing, we do not find a con-
sistentrelationship between the level of proxy-model agreement onthe
magnitudes of the AMOC reduction or the magnitude of high-latitude
cooling (Fig. 1c,d). Instead, we see the highest proxy-model agree-
ment for simulations with cooling in the tropical North Atlantic and
conversely the lowest agreement for those exhibiting muted cooling
in this region (Fig. 1e). There are a few exceptions to this relationship
(for example, CCSM4-0.1Sv-RB and CESM1-0.15Sv) suggesting that
models simulate distinct hydrological responses depending on the
magnitude of cooling over the tropical North Atlantic. The robustness
of this link is supported by a significant correlation (r=0.53, P < 0.03,
N=17) between the values of global proxy-model agreement (measured
by k) and the magnitude of tropical cooling over the North Atlantic
acrossall17 simulationsin our ensemble (Extended Data Fig. 5a). Higher
correlations are obtained when we exclude the three simulations with
the strongest cooling (r=0.71, P< 0.03, N=14). By contrast, coolingin
the high-latitude North Atlantic does not explain the levels of proxy-
modelagreementinour fullensemble (Extended DataFig. 5b, r = 0.07,
P<0.79,N=17).

Evaluation of simulated responses

Our simulations indicate that the extent of cooling over the tropical
North Atlantic is driven by distinct patterns of AMOC-induced cool-
ing. We used ensemble averaging to isolate common responses to the
distinct patterns of cooling (Extended Data Table 1). Simulations with
amoderate temperature response show the cooling patternin the
North Atlantic extending southwestward from the Iberian Peninsula
into the westernmost tropical North Atlantic and the Caribbean Sea,
where cooling ranges from -1K to -3 K (Fig. 1f, domain outlined in red).
The rainfall changes in these moderate cooling simulations capture
many features seen in the palaeodata (Fig. 2a), leading to the highest
model-data agreement, to our knowledge, across the global tropics,
with k= 0.58 based on the ensemble mean pattern of the moderate
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Fig.2|Rainfallresponses associated with patterns of tropical Atlantic
cooling.a-c, Ensemble mean changes in the annual mean rainfall averaged
across simulations with moderate (a), strong (b) and muted (c) cooling.
Symbolsindicate changesinferred from palaeoclimate records. Bigger
trianglesindicate sites resulting from merging multiple records withina
100-kmradius. The simulations used tocompute each response are listed in
Extended Data Tablel.

cooling simulations. The superior agreement in this ensemble suggests
that the associated pattern of cooling in the tropical North Atlantic is
important for explaining hydroclimate changes during HS1. A similar
pattern of cooling is present in another subset of simulations, but we
distinguish them here because the magnitude of cooling over the Car-
ibbean and tropical Atlanticis unrealistically large (Fig.1g) compared
with palaeodata (Extended Data Fig. 6 and Supplementary Information
section 3). These strong cooling simulations exhibit lower levels of
agreement with k= 0.47 for the ensemble meanrainfall response. The
excessive temperature response (larger than 3 Kin the outlined domain
inFig. 1f) produces drying with broader spatial extent thanis evidentin
the proxy datainregions such as the Amazon and the Maritime Conti-
nent (Fig.2b). A third set of simulations show the high-latitude cooling
response characteristic of an AMOC collapse, but the pattern does not
propagate over to the tropical North Atlantic and Caribbean (Fig. 1h,
average cooling less than1K over the outlined domain). These muted
cooling simulations produce weaker tropical rainfall responses with
patterns that are inconsistent with the palaeoclimate data (Fig. 2c).
For instance, they do not simulate wetter conditions over northern
Australia nor along the spine of the tropical Andes as seen in proxies,
resulting in lower agreement (k = 0.37).

Most simulations show a substantial degree of agreement with the
palaeoclimate data globally because they simulate a southward ITCZ
shiftin the Atlantic, with a pattern of drying north of the equator and
wetter conditions to the south that is also evident in the palaeodata
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Fig.3|Simulated climate responses driving hydroclimate changes during
HS1.a,c,Patternagreementbetween simulated and proxy-inferred changes
inrainfallin several domains as a function of the magnitude of cooling over
thetropical North Atlantic. Shading indicates different levels of statistical
significance of the k metric. The regions used for agreement are outlined in the
Methods. b,d-f, Simulated and proxy-inferred rainfall changes associated with
aseries of climatic responses driven by moderate cooling over the tropical
Atlanticand Caribbean Sea: Atlantic ITCZ (b), Caribbean and Eastern Pacific

(Fig. 2). Similar levels of agreement are found when the model-data
agreementis quantified over the circum-tropical Atlantic (Fig. 3a). This
resultis consistent with theory and indicates that the southward shift
of the Atlantic ITCZ is controlled by the large temperature responses
in the high-latitude North Atlantic, with a lesser role for temperature
responsesinthetropics. Whenwe exclude the tropical Atlantic fromthe
global domain, the k values are higher and more statistically significant
(P<0.01) for simulations with moderate cooling in the tropical North
Atlantic than for those with muted or strong cooling (Fig. 3a). This
confirms the importance of this temperature response in communi-
cating theinfluence of an AMOC collapse to the global tropics. Higher
regional k values are found in the Pacific Ocean and Indian Ocean for
the ensemble of models with moderate cooling (Fig. 3¢). Thisresponse
shows higher agreement because it produces widespread drying in
the eastern Pacific margin of Central and South America, extending
southward along the Andes and western South America. Inthe Central
Andes, the hydroclimate response reverses sign, consistent with the evi-
dence for wetter conditions and higher lake levels during HS1 (Fig. 3c,d,
triangles). Across the Pacific, proxies from Borneo and Sulawesi sug-
gest decreased precipitation over the Maritime Continent (Fig. 3e,
triangles), although less spatially coherent proxy and model changes

ITCZ (d), Pacific Walker Circulation (e) and East African, Indian, and Australian
Monsoons (f). The simulated changes (shading) are the average among the

six simulations exhibiting moderate cooling over the tropical Atlanticand
Caribbean Sea (80° W-40° W12° N-22°N). The proxy-inferred changes
(symbols) are givenin categorical form—thatis, drier, wetter or unchanged
HS1relative to the deglacial baseline. Hatching indicates regionsinwhich the
multi-model response under moderate North Atlantic cooling has a different
signthanthe response for muted North Atlantic cooling.

lead tolevels of agreement with lower, 1o, statistical significance than
the other regions (Fig. 3¢). In the Indian Ocean region, models with
moderate (and strong) cooling over the tropical Atlantic produce dry-
ing north of the equator and wetter conditions to the south, including
over northern Australia (Fig. 3f, shading) in agreement with the proxy
evidence (Fig. 3f, triangles). By contrast, the models with muted tropical
coolingdonot produceincreased rainfall over northern Australiaand
have more limited drying over India (Fig. 3f, stippling), explaining the
lower and less significant k values.

Mechanisms driving tropical response

Our simulations show that the Pacific response is initiated when the
cooling patterninthe tropical Atlantic reaches the Caribbean Seaand
extends across the Central American Isthmus into the Pacific Ocean.
The cooling pattern is communicated across land through the trans-
port of cold air by the prevailing trade winds as proposed by previous
works?*?, Cooling north of the equator induces a response to the south
ofitin the eastern tropical Pacific characterized by ocean warming and
increased rainfall extending to 20° S along coastal South America and
the tropical Andes (Fig. 4a,b). The southward extent and magnitude
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Fig.4|Simulated climateresponsesin the easterntropical Pacificand
thelndian Ocean. a,b,d,e, Changesinannual meansurface air temperature
andrainfall averaged across simulations with moderate coolingin the tropical
North Atlantic. ¢, Relationship between changes in the magnitude of the rainfall
changes over the southern tropical Andes (70-65° W 25-15° S) (y-axis) and

the magnitude of tropical Atlantic cooling as defined in the Methods (x-axis).
Coloursineachcircleindicate the changesin the north-south surface air
temperature gradientacross the equator in the eastern Pacific, computed

of the temperature and rainfall responses are important for capturing
the palaeoclimatic evidence for wetter conditions over this region.
Both the weakened temperature gradient across the equator and the
increaseinrainfallinthe southerntropical Andes are highly correlated
with the magnitude of temperature responses over the tropical Atlantic
across simulations (Fig. 4c; r=-0.69 and r= 0.86, respectively). These
changes involve a reduction in the climatological north-south tem-
perature gradient and associated cross-equatorial windsin the eastern
tropical Pacific?®?.. The consistency between these responses in our
ensemble, together with the palaeoclimatic evidence of the associated
hydrological responses during HS1, demonstrates that this is the main
pathway through which an AMOC collapse influences the Pacific Ocean,
irrespective of the magnitude of high-latitude cooling.

IntheIndian Ocean, the response resembles asouthward shiftin the
ITCZ, although the underlying mechanisms causing this response are
notdirectly associated with the Atlantic ITCZ shift. Thisis evidentin the
factthatallmodels show an Atlantic ITCZ response (Fig. 2), but only the
models withmoderate (and strong) cooling of the tropical Atlantic show
the north-south precipitation dipolein the Indian Oceanthat s evident
inproxy data (Fig. 4e and Extended DataFig.7). The models suggest that
cooling of the Arabian Seais crucial to driving thisresponse (Fig. 4d,e),
andthisresponseis enhanced when high-latitude cooling propagates
over the subtropics and tropics in the North Atlantic. Colder Arabian
sea-surface temperaturesreduce the supply of moisture for the Indian
monsoon, resulting in widespread drying over the northern Indian
Ocean and south Asia (Fig. 4e). This mechanism is supported by the high
correlation (r=0.79; Extended Data Fig. 8) between the magnitude of
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asthe difference between the surface air temperature change north of the
equator (95-85° W 0-10° N) minus south of the equator (85-80° W10° S-0°).
Negative valuesindicate arelaxation of the climatological north-south gradient.
Eachcircle corresponds to asimulationin the fullensemble (Extended Data
Tablel).f, Relationship between changesin rainfall over India (70-85° E7-30° N)
(y-axis) and the magnitude of tropical Atlantic cooling (x-axis). Coloursin
eachcircleindicate the magnitude of cooling over the Arabian Sea (50-70° E
5-25°N).

the Arabian Sea cooling and the drying over India across simulations
(Fig. 4f). Insimulations with tropical Atlantic cooling, the cooling of the
Arabian Seaalso excites aninter-hemispheric temperature gradientin
theIndian Ocean (Extended DataFig. 7). This inter-hemispheric temper-
ature dipole weakens the cross-equatorial trade winds (Extended Data
Fig.9) driving warming over the southeastern Indian Ocean (Fig.4d). As
aresult, the weaker winds and warmer ocean temperaturesincrease the
moisture convergence over northern Australia strengthening the aus-
tralsummer monsoon (Fig. 4e and Extended DataFig. 9). This response
is consistent with palaeoclimatic evidence for wetter conditions in
northern Australia during HS1. Further details on the mechanisms are
available in the Supplementary Discussion.

Tropical North Atlantic cooling pattern

Our analysis demonstrates that cooling of the tropical Atlantic can
effectively weaken the Indian monsoon, explaining one of the most
conspicuous hydroclimatic responses during HS1. Thisinfluence occurs
in an eastward direction as the westerly winds transport colder air
generated in the subtropical North Atlantic across North Africa and
the Arabian Peninsula???. The colder subtropical air ultimately cools
the Arabian Sea triggering coupled ocean-atmosphere responses in
the Indian Ocean (Fig. 4d). Other mechanisms could reinforce this
eastward response® %, explaining some of the scatter among the
simulated changes (Fig. 4f). Cooling of the Arabian Sea represents a
pathway for a mid-latitude influence on the Indian monsoon bypassing
the topographicinsulation that characterizes this monsoon system?.



30°N

0°

120° W 0°

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

Normalized rainfall change (mm d:ay_1 K'1)

Cc
60° N
30°N
0°
90° W 60° W 30°W 0°
HET  ThEa
0.5 1.0
Normalized warming (K K'1)
e
o~ 02
2y
<
g9 = R L
©
g7 L] L]
S E
= 02 -
I I

Amazon Caribbean

West Africa

India Indonesia

I Strong high-latitude cooling
I Strong tropical cooling (moderate high-latitude cooling)
"] Muted tropical cooling (moderate high-latitude cooling)
[] Muted high-latitude cooling
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a-e, Twenty-first century projections according to models with strong cooling
over the tropical North Atlantic (a,b) compared with the models with cooling
restricted to the highlatitudes (c,d). e, Rainfall response averaged over key
regionsinwhich the tropical cooling pattern produces dryingoramore
muted rainfallincrease. The high-emission projections used in the analysis
were obtained from phases 3, 5and 6 of the CMIP**® as described inthe
Methods. The strong and muted tropical cooling responses are based onthe
magnitude of sea-surface temperature change over the tropical North Atlantic

This analysis shows that a westward influence by a weakened Pacific
Walker circulation proposed by previous work®" cannot explain the
overwhelming evidence of wetter conditions over northern Australia
norisactiveinour ensemble, suggesting astate or model dependence.

Palaeo temperature records from the tropical Atlantic provide evi-
dence of significant ocean cooling during HS1in support of our results
(Extended DataFig. 6 and Supplementary Information section 3). How-
ever, most sites are located in the periphery of the simulated pattern,
and potentially influenced by small-scale coastal processes not resolved
by climate models?, preventing an accurate evaluation of the magni-
tude of the temperature response. Regardless, most of the records
show cooling (10 out of 13) with changes broadly consistent with the
simulated pattern extending from the coast of Africa to the western
Caribbean. Additional key patterns of ocean change involved in the
global response are also supported by palaeodata, suchas the weakened
inter-hemispheric temperature gradientin the eastern Pacific? and the

(80°W-40°W12°N-22°N) relative to the surface temperature change over the
tropics (30°S-30° N). The strong and muted high-latitude cooling responses
areisolated based on the magnitude of sea-surface temperature change over
the North Atlantic (60° W-0°50° N-65° N) relative to the surface temperature
change over the Northern Hemisphere (0°-90° N). Surface temperature and
rainfall changes are computed for each individual model as the linear trend
from2021t0 2100, normalized by the magnitude of tropical mean surface
warming over the same interval, and then composited based on the North
Atlantic cooling responses described above.

cooling of the Arabian Sea®. These patterns are essential to explain
rainfall patterns in the Americas, along the eastern Pacific and across
theIndian Ocean, and are properly simulated by models that simulate
cooling over the tropical North Atlantic.

Multi-model projections

The differences in the tropical responses identified here suggest that
asimilar model dichotomy could occur in future simulations where
anthropogenic warming leads to an AMOC slowdown or collapse™*.,
To address this, we examined the tropical North Atlantic temperature
response in available multi-model predictions used by the Intergov-
ernmental Panel on Climate Change (IPCC). These global warming
simulations show awide range of AMOC responses to future warming,
evidenced by the degree of cooling (or reduction in warming) over the
high-latitude North Atlantic (Methods and Extended Data Fig. 10).
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rainfall changes under high-emissions scenarios according to the AR5 and AR6
by the IPCC. Models participating in phases 5 and 6 of the CMIP*"* were used to
reproduce therainfall predictionsinthe AR5 (a,c) and AR6 (b,d), respectively.
Rainfall changes are computed for eachindividual model as the annual mean
changebetween the 2081-2100 and 1986-2005 periods and thenaveraged to
produce the multi-model mean prediction. Stippling indicates regions in which

Normalization of temperature responses relative to Northern Hemi-
sphere and tropical means allows us to distinguish the patterns associ-
ated with AMOC weakening relative to other responses to greenhouse
forcing, suchas the well-known acceleration of the hydrological cycle®.
To isolate differences in the tropical response, we focus our analysis
on a subset of models (63 out of 77) with moderate AMOC-induced
temperature responses in the North Atlantic defined by normalized
warming over the high-latitude North Atlantic between 0 KK and
1K K™ (Extended Data Fig. 10, upward and downward triangles, y-axis).
The remaining 14 simulations are used to approximate the rainfall
responsesto very strong or muted high-latitude cooling (Fig. Se, purple
and yellow bars).

We find that despite the wide range of high-latitude temperature
responses, the biggestinfluence ontropical rainfall occurs when mod-
els simulate AMOC-induced cooling reaching the western tropical
North Atlantic and Caribbean Sea (Fig. 5a), similar towhat we seein the
HS1 freshwater hosing simulations. This subset of 25 models predicts
pronounced drying over the Caribbean, Central Americaand northern
South America and Amazon, as well as muted rainfall responses over
the Maritime Continent and the Indian monsoon region, similar to the
changes during HS1 (Fig. 5b). By contrast, the 38 models with similar
high-latitude AMOC cooling, but a muted temperature response in
the tropical Atlantic (Fig. 5¢), simulate more muted tropical rainfall
responses (Fig. 5d). The largest differences occur over the Amazonand
the Caribbean (Fig. Se, blue bars compared with green bars), although
the tropical North Atlantic cooling effect also drives more muted rain-
fall changes over India and Indonesia (Fig. 5e, blue bars), opposing the
tendency towards increasing rainfall driven by the thermodynamic
increases in moisture driven by greenhouse warming (Fig. 5e, yellow
bars). In many regions, for example, the Amazon, the Caribbean and
India, the rainfall responses associated with tropical cooling are more
pronounced or comparable to those in models with the strongest
high-latitude cooling (Fig. Se, purple bars compared with blue bars),
highlighting the importance of sea-surface temperature changes in
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90% of modelsin each ensemble agree on the sign of the change following
the criterionused by the IPCCin the ARS (ref. 1). The number of models

used to calculate the multi-model meanisindicated for each ensemble.
Palaeo-validated models (c,d) are future simulations with aweakened AMOC
collapseinwhichsignificant cooling extendsinto the tropical North Atlantic
(defined as arelative warming of <0.8 KK™in thatregion), consistentwith the
tropical temperature response in palaeodata foran AMOC collapse.

the tropical North Atlantic as amplifiers of the tropical influence of
AMOC changes.

Reduced uncertainty by palaeo-evaluation

Our results show important details on the tropical response to AMOC
collapse that are possible because of our new model evaluation against
palaeoclimate data. Our model evaluation showed key features of the
climate response to a weaker AMOC that are relevant for predict-
ing future changes. First, cooling over the tropical North Atlantic, a
response previously seen in single model simulations*®, is the main
pathway through which an AMOC collapse influences the global trop-
ics. Other mechanisms, such as the ITCZ shift, have limited regional
influence. Second, models showing either amuted or excessive cooling
responseinthe tropical Atlantic produce unrealistic changes in rainfall
regardless of the size of the high-latitude temperature response and
the magnitude of AMOC reduction, indicating that the differences in
model response are not related to the magnitude of the forcing. This
provides a way to reconcile the possibility that a more modest AMOC
reduction during HS1'° could explain the palaeoclimatic evidence of
large changes in tropical hydroclimate. Conversely, it supports our
conclusion that future AMOC reductions, even if they do not result
ina full collapse, could have alarge impact across the global tropics.
Third, the broad range of cooling responses seen in models over the
North Atlantic probably reflects the differences in model physics. The
cooling patterninthe North Atlantic resembles the air-seainteractions
involved in the wind-evaporation-SST feedback®. Thus, our results
couldreflect model differencesin the strength or activation of this feed-
back. Givenitsimportance connecting high and low latitudes, the model
deficienciesidentified here couldlead to erroneous responsesto other
hemispheric forcings associated with tropical Atlantic temperatures,
such asindustrial aerosols, greenhouse gases or volcanic eruptions.
Changesinsea-surface temperatures over the tropical North Atlan-
tic could thus play animportant part in amplifying future changes in



rainfall across the tropics. This response is not simulated by all models
usedinthe current climate assessments, indicating an error of impor-
tance for predicting future changes. We find that models that simu-
late a cooling pattern in agreement with past changes produce more
reliable drought predictions over the Caribbean, Central America,
the Amazon and West Africa. Over these regions, the Fifth and Sixth
Assessment Reports (AR5 and AR6) by the IPCC showed highly uncer-
tain rainfall changes (Fig. 6a,b). Note that areas with future drought
show very little stippling, that is, low model agreement, consistent
with Figure SPM.8 in the Summary for Policy Makers of the ARS (ref. 1)
and Cross-Chapter Box 11.1, Fig. 2 of Chapter 11 of the AR6 (ref. 2). We
performed the same analysis, but selecting the models based on their
ability to simulate the cooling pattern in the tropical North Atlantic.
Theresulting ensembles predict stronger drought than the consensus
of models used by the IPCC, reaching a 40% reductionin rainfall over
parts of the Amazon for AR6 models exhibiting the palaeo-validated
response to AMOC collapse (Fig. 6d). Moreover, both ensembles of
palaeo-validated AR5 and AR6 models show much higher agreement
among the models, leading to more reliable predictions (Fig. 6c,d;
note the increase in stippled areas with future drought). Therefore,
cooling over the tropical Atlantic is more important for predicting
rainfall responses across the tropics than the magnitude of the AMOC
reductionitself or the associated hemispheric cooling. As such, future
changes in tropical rainfall could also be significant, even if the pre-
dicted changes in AMOC strength during this century do not result
inafull collapse as predicted by the models***. This heightened risk
of future drought will fall on vulnerable societies and ecosystems
across the tropics, particularly Central America, the Amazon and
Indonesia, adding urgency to the mitigation of human emissions of
greenhouse gases.
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Methods

Ensemble of freshwater hosing simulations

Our main dataset is an ensemble of 17 simulations of global climate
in which the strength of the AMOC is weakened by applying a flux of
freshwater over the high-latitude North Atlantic. This approach of
simulatingan AMOC collapse, generally referred to as freshwater hos-
ing, has been extensively applied in climate models*****° to circumvent
limitations in the representation of physical processes that trigger
Heinrich events, such asice sheetinstability, iceberg discharge and the
distribution and propagation of a freshwater anomaly over the ocean
surface. All simulations implemented the freshwater flux as aspatially
uniform negative salinity flux over the North Atlantic, particularly over
areas of wintertime convection in the Labrador and Greenland seas. The
magnitude of this flux ranged from 0.1Svt0 0.2 Sv (1Sv=10°m>s™)in
most simulations, consistent with the record of sea-level rise during
Heinrich events*"*2, Two simulations used much higher values (0.4 Sv
and 1Sv) to consider extreme AMOC responses in the ensemble. The
freshwater flux was applied over different regions over the North Atlan-
tic,including the Ruddiman Belt (40°-50° N)—in which palaeoclimatic
evidence shows the effect of iceberg discharge, the mid- to high-latitude
North Atlantic (50°-70°) and the Greenland-Iceland-Norwegian Seas
(GIN, north of about 65°Nin the Atlantic). Nine simulations are part of
an existing ensemble*®, which we augmented with eight simulations
using newer models or existing models forced with different rates of
freshwater (Extended Data Table 1).

All hosing simulations were run relative to glacial background con-
ditions to perform a more realistic evaluation because the rainfall
responses to AMOC reductions will depend on the location of clima-
tological rainfall patterns under glacial conditions. It is also impor-
tantto consider the influence of initial oceanic states, particularly the
strength ofthe AMOC, which shows awide range of magnitudes, from
8.4 Svt026.8 Svin our simulations. Simulations performed with the
MIROC (Modelfor Interdisciplinary Research on Climate) and COSMOS
are particularly useful to assess the sensitivities to the strength of the
glacial AMOC. Two of these simulations were run relative to glacial
states withastrong AMOC (MIROC-S and COSMOS-S)—typical of glacial
simulations**— whereas the remaining two simulations have a weak
glacial AMOC (MIROC-W and COSMOS-W)—consistent with palaeocli-
matic evidence'. These simulations helped us explore the sensitivity
of the model-proxy agreement to the initial AMOC state.

Several simulations were run with the same model with freshwater
forcingapplied at differentlocations or rates. Simulations performed
with HadCM3 were rununder low and high rates of freshwater forcing
(HadCM3-0.1Svand HadCM3-0.4Sv). These two simulations used glacial
boundary conditions for 24,000 years before present (kaBP) (ref. 44).
Therest of the models used 21 kaBpboundary conditions correspond-
ing to the LGM following versions 2 or 3 of the PMIP protocol**¢, More
details on theirimplementation can be found in their original publica-
tionslisted in Extended Data Table 1. The existing ensemble®included
two simulations performed with the CCSM3 developed at the National
Center for Atmospheric Research (NCAR) in which freshwater fluxes
were applied in different regions of the North Atlantic: 0.1 Sv applied
over the North Atlantic (CCSM3-0.1Sv-NA) and 0.2 Sv applied to the
Greenland, Iceland and Norwegian seas (CCSM3-0.2Sv-GIN-LR).

We expanded the ensemble with three additional simulations per-
formed with CCSM3 to explore theimpact of resolution and freshwater
rates. In CCSM3-0.2Sv-GIN-HR, the model was configured with higher
atmospheric and oceanicresolution (T851.4° and 1°, respectively) and
forcedwith 0.2 Svapplied over the GIN seas. This simulation was run
for 400 years with climatologies computed from the past 50 years.
The LGM control followed the PMIP2 protocol*s, In CCSM3-1Sv, the
model was configured at T42 atmosphericresolution (2.8°) and 1° ocean
resolution and was forced with the extreme rate of 1 Sv over the North
Atlantic (50°-70°) (ref. 49). The climatologies are based on 100-year

averages of equilibrated climate. We also included output from the
TraCE-21ka experiment*, performed with the lower resolution version
ofthe CCSM3 model (T31atmosphere/3° ocean), but forced solely by a
time-varying melt water flux (CCSM3-TraCE-MWF), with other external
forcings (for example, insolation, ice sheet and greenhouse gases)
held constant at LGM levels. Thisis a transient simulation in which the
freshwater fluxincreases gradually during 19-17 ka, then stays constant
during17-15 kawith the equivalent magnitude of 0.17 Sv (ref. 50). The
background climate was obtained by averaging betweenyears19,000
and 21,000, and the interval with reduced AMOC between years 15,000
and17,000. The four simulations performed with CCSM3 used different
modelresolutions, allowing the study of the sensitivity of the results to
model resolution and rates, and location of freshwater forcing.

Our ensembleincludes five new, unpublished simulations performed
with morerecent versions of the IPSL and NCAR models. A new simula-
tion was performed with the IPSL-CMS5 forced with 0.1 Sv applied over
the North Atlantic (50°-70° N). This simulation was run for 400 years
with the climatology obtained from the past 300 years of equilibrated
climate. The control climatology was based on 300 years of equilibrated
LGM climate. We alsoincluded anew simulation performed withv.1.2.2
ofthe NCAR Community Earth System Model (CESM) configured with
CAM4 atmospheric physics and land carbon-nitrogen cycling. This
simulation was forced with 0.1 Sv applied over the Ruddiman Belt
(North Atlantic, 40°-50° N) for 200 years. We label this simulation
CCSM4-0.1Sv-RB because the use of CAM4 physics makes this model
configuration closer to its previous version, CCSM4. This simulation
anditsLGM control used the GLAC-1D ice sheet reconstruction®, unlike
therest of the simulations, which followed the PMIP2 or PMIP3 proto-
cols. The past 30 years of each simulation were used to compute the
climatologies used in the analysis. We complete the ensemble with
three new simulations performed with v.1.2.1 of the CESM1 config-
ured with CAMS atmospheric physics under different magnitudes of
freshwater hosing (0.1Sv, 0.15 Sv and 0.2 Sv) applied over the North
Atlantic (50°-70° N). These simulations are based on an existing LGM
simulation performed following the PMIP3 protocol®. All three hos-
ing simulations were run for 200 years, with the past 50 years used
to compute the climatologies used in the analysis. Further details on
the ensemble are provided in Supplementary Information section 1.

The simulated patterns of rainfall change are broadly consistent
amongthe17 hosing simulations analysed here (Extended Data Fig. 2).
The models simulate drier conditionsin the northern tropics and wetter
conditionsinthe southerntropics—a pattern broadly consistent with
asouthward shiftin the ITCZ associated with the cooling of the North
Atlantic. The hosing simulations, such as the palaeoclimate proxies,
exhibit large departures from this global pattern at the regional level,
particularly over land, where monsoonal responses may not be directly
drivenby the global shiftin the ITCZ%*%, Furthermore, the rainfall pat-
terns are most consistentamong models in the circum-Atlantic region,
less consistent in the eastern Pacific and eastern Africa, and rather
inconsistent in the western Pacific and over the Maritime Continent.
Forinstance, all hosing simulations, except CESM1-0.1Sv-NA, show drier
conditions over the northwestern coast of Africa, the Indian Ocean and
the Indian subcontinent. Most of the simulations show wetter condi-
tionsinsouthern Africa and northeastern Brazil. However, the sign of
the rainfall response (wet and dry) over the Pacific Ocean, across the
Maritime Continent and over much of South America and East Asia is
not consistent among most simulations.

Synthesis of hydroclimate changes during HS1

Our synthesis of hydroclimate changes during HS1is based on acollec-
tion of 220 published records based on rainfall-sensitive proxies. The
collection was last updated in August 2024 with recently published
records. Our evaluation of model responses is based on a subset of
125 records selected based on their location, resolution, length and
co-location with the climate signal. The abundance of records allowed



ustorobustly reconstruct patterns of change across the global tropics,
which combined with the availability of multi-model hosing simula-
tions, motivates our focus on HS1 relative to other intervals with evi-
dence of AMOC reductions, such as the Younger Dryas or the 8.2 ka
events. We did not study the Younger Dryas event because of the limited
availability of multi-model simulations for this interval. Conversely,
there are not enough records with the temporal resolution required
to resolve the much shorter 8.2 ka event, preventing us from recon-
structing spatial patterns of change with the level of detail as for HS1.

Allrecords are based on proxies explicitly defined as sensitive to
hydroclimate changes by their original authors. Records were catego-
rized according to the following proxy types: terrestrial isotope, aridity
orvegetation, allowing us to explore the sensitivity of the model-proxy
agreement. Terrestrialisotope records include hydrogenisotope ratios
from leaf waxes (6D,,,,) from both marine and lacustrine sediment,
oxygen isotope ratios from cave speleothems (8'®0_,,i..) and hydro-
genisotoperatios fromice coresfromtropical glaciers (6D.). Aridity
recordsinclude dust flux, terrigenous discharge (for example, titanium
or aluminium fluxes) and high-resolution lake-level reconstructions.
Vegetation records encompass carbonisotope ratios (6"°C) and pollen
records frommarine or lacustrine sediments. Marine isotope records,
including 6®0 of seawater, were not included because sea-surface
salinity fields were not available for direct model-proxy comparison.
Threeisotope records fromice cores from the tropical Andes** ** were
excluded because of a lack of consensus in the literature on whether
they capture hydroclimate or temperature changes. Excluding these
records did not affect our results because multiple nearby records
supported the pattern of wet conditions in both the Timor Sea and
the tropical Andes.

The domain used for record selection spans the global tropics
(25°S-25°N).In Central America, this boundary was extended to 30° N
toinclude asitein northern Mexico potentially sensitive to changesin
the North American monsoon®. Similarly, records as far north as 35°
were included along the coast of North Africa, where there could be a
directinfluence of changes related to the West African monsoon. Sev-
eral stalagmite 60 records from China north of 25° N were excluded
because they may reflect non-local effects®®, and therefore it is unclear
whether they should be compared against local rainfall changes. How-
ever, theresults are not sensitive to this choice because these records
consistently show a drier HS1in agreement with the simulations with
moderate tropical North Atlantic cooling (Fig. 2a). Over India, we
extended the domain northwards toinclude Bittoo Cave at about 30° N
inthe Himalayas, where there is evidence of local hydroclimate changes
associated with the Indian summer monsoon®. We also extended the
domain over South Americato28° Stoinclude records thathave been
associated with monsoonal changes®®°,

Record selection focused on temporal resolution and length to
resolve changes during HS1 and to define the glacial or deglacial
baseline before the onset of HS1, respectively. Record resolution was
required tobeatleast about 500 years during the17.5-5 kainterval for
HS1. Considering potential age uncertainties, analytical errors and vary-
ing signal-to-noise ratios, this requires at least 5 data points between
17.5kaand 15 ka. This criterion was important to exclude records that
cannotreliably resolve a change during HS1. Mainly, it avoids aliasing
climate or proxy noise into a millennial-scale signal that could be con-
foundedasaresponse to changesinthe North Atlantic climate during
HSI. Although it led to the exclusion of many records, this criterion
was particularly important to identify those few, important locations
with robust evidence of negligible changes for our ‘unchanged’ cat-
egory. These sites were essential to delineate the spatial extent of pat-
terns of drying or wetting. Arecord length extending back to the LGM
(21-19 ka BP) was required to ensure that a change during HS1 can be
robustly defined relative to a well-defined baseline climate. Alterna-
tively, if the record was shorter, we required a clear deglacial trend to
define the changes. For instance, previous work focusing on tropical

changes" inferred changes relative to a Holocene baseline—sometimes
using records without a clearly defined glacial state.

Atotal of 125 records meeting the selection criteria (proxy type,
tropical domain, record resolution, length and co-location with climate
signal) were used for pattern evaluation of the models. These records
were selected out of 157 records included in our published database,
from which we excluded 29 marine isotopic records measuring §'°0
of seawater and three records based on vegetation proxies without a
clear link to a co-located pattern of climate change. For each selected
record, the changes during HS1were categorized as wetter, unchanged
ordrier relative to the glacial or deglacial baseline. Most of the records
(102) were categorized following the original published interpreta-
tion. The remaining subset of records (23) required reinterpretation.
Thiswas done after multipleinspections of the records by many mem-
bers of our team to ensure robust results. Most of these records (17)
required reinterpretation because the original authors did not iden-
tify achange during HS1. We categorized many of these records (8) as
unchanged, potentially explaining why the original authors did not
reportachange during HS1. The rest of the records (9) show aclear dry
or wet HS1anomaly. A small subset of records (6) required us to change
the originalinterpretation because of either an unclear anomaly (4) or
anunclear baseline (2). Further details are provided in Supplementary
Information section 2 and with the published synthesis®.

Most of the selected records have chronologies based on radiocar-
bon or U-Thdating (117 out 0of 125), and fewer records (8 records) have
chronologies based onless accurate methods, such as correlations with
paired records or optically stimulated luminescence. Although we did
not use chronology as a limiting constraint on the choice of records,
most of the records have sufficient chronological constraints to allow
HS1to beidentified. Most of the records with U-Th or *C dates (111 out
of118) have at least three dates between the 10-21 ka BPinterval. Only
six records have two or fewer dates. The additional eight records had
age models based on marine 60 stratigraphy (7) or optically stimu-
lated luminescence (1). Further details are provided with the published
synthesis®.

The hydroclimate changes inferred fromterrigenous discharge and
dust records were located at the sites despite the non-local nature of the
changes captured by these proxies. Most of the sites were located near
the catchment or dustsource and areinlocations where large-scale pat-
terns were simulated by the models. Records from sites withinaradius
of 100 km were merged, and the changes were labelled as not robust
if the categorical changes did not agree for similar proxy types. This
resulted in six merged sites, reducing the number of sites or records
to113. Merged sites are shown with larger triangles in all figures. Only
one merged site included disagreeing records, and southern Africa
was not included in the model evaluation.

Pattern agreement

We evaluated the responses in the models against proxy-inferred
patterns following previous work®. This technique compares
proxy-inferred changes in dry, unchanged and wet categories with
simulated rainfall changes converted to the same categories. First, we
compute the rainfall change as the difference in the annual mean pre-
cipitation (large-scale plus convective) between each HS1hosing simu-
lation minusits LGM control. Although some palaeoclimaterecordsin
our synthesis might be biased towards a specific season, for simplicity,
we used simulated the annual mean responses in the evaluation. We
normalize the rainfall change relative to the annual mean rainfallin the
LGM control to ensure comparable values across regions with different
hydrological regimes. We use rainfall as the main hydrological variable
for comparison against proxy-inferred changes following the original
methodology”. Although proxies are influenced by various processes,
such as evaporation, extreme rainfall, atmospheric circulation or soil
moisture, the sign of the change, that is, the dry, unchanged or wet cat-
egories, willbe dominated by the rainfall changes in most of the proxies
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in our synthesis, because typically these variables will change coher-
ently. To conclude, we interpolated the normalized rainfall change to
the location of each site for further comparison.

The merged sites that do not show a robust response are excluded
from the k calculation. Thresholds ranging from 1% to 100% are used
to categorize the simulated in situ normalized rainfall changesinto the
wetter, drier or unchanged categories. Last, the k statistic was com-
puted between the simulated and the proxy-inferred in situ changes as
afunction ofthe threshold used to categorize the simulated changes.
The k statistic estimates the fractional agreement between the asso-
ciated patterns relative to the probability of random agreement. It
can range from 1, for perfect agreement, to O, for no agreement. This
categorical approach facilitates direct evaluation of the simulated
patterns against the spatial patterns in the proxy data, avoiding the
challenges of convertingindirect proxy indicators into absolute rainfall
amounts. This procedure generates arange of k values as a function of
the threshold used to categorize the model responses”. Throughout
this study, we used the maximum « for thresholds larger than 5% to
quantify the best agreement between a simulated response and the
proxy-inferred changes (for example, Figs. 1b or 3a,c).

Evaluation of regional responses
The simulated annual mean rainfall responses were grouped into
strong, moderate and muted cooling (Extended Data Table 1), based
onthe magnitude of this response over the tropical North Atlantic (80-
40° W12-22°N). The cutoff values for grouping the simulations (-3 K
and -1K) define three distinct groups of responses. However, some
simulations classified as muted showed asubstantial degree of cooling,
forexample, CCSM4-1Sv-RB, but notas strong as the simulationsin the
moderate and strong groups (Extended Data Table 1). Ensemble aver-
aging across simulations with cooling patterns of similar magnitude
produces distinct levels of agreement (Fig. 3a). Ensemble averaging
also producesrainfall responses across the tropics with distinct spatial
patterns (Fig. 2). The magnitude of the cooling patternin the tropical
North Atlantic was quantified using air surface temperature because
only this variable was available from all the models. Although air tem-
peratureis not exactly equal to sea-surface temperature, the changes
over the tropical North Atlantic differ by less than 0.1 K in the CESM1
simulations that have both variables available. The rainfall changes
associated with strong, moderate and muted cooling were isolated by
averaging changes across simulationsineachgroup. Ensemble averag-
ingreduces theimpact of different model formulations or background
glacial climate, isolating the influence of the distinct cooling patterns.
We used the k metric to evaluate regional responses associated with
cooling patterns over the North Atlantic. The regions for this analysis
wereselected based on mechanisms proposedin the literature® as well
astheavailability of sites to resolve their spatial signature. Their extent
was optimized to include a sufficient number of sites and produce
statistically significant x (P < 0.05), while making sure that we cover
the global tropics. The ‘East African, Indian and Australian monsoons’
domainincludes multiple responses because the patterns associated
withindividual monsoon systems could not be isolated with the avail-
able palaeoclimate records. However, we find that all the responsesin
this domain are ultimately related by the magnitude of cooling over the
Arabian Sea, thusjustifying the use of alarger, integrated domain. We
excluderecords fromlocations influenced by mid-latitude (not tropi-
cal) dynamics because they would not help us distinguish mechanisms
communicating the response to the global tropics. The regions used
to evaluate mechanisms are given below.

Atlantic ITCZ. Shifts in the Atlantic ITCZ were evaluated, focusing
onsites in tropical South America and Africa (Fig. 3b, triangles). This
domain includes West Africa, where the homonymous monsoon
system could be driven by ventilation of colder, drier high-latitude
air without a direct influence from the tropical Atlantic?’. We do not

separate this region from the larger tropical Atlantic domain because
the available data do not allow us to estimate statistically significant
values (P < 0.05). This domain excludes sites surrounding the Western
Caribbean and Central America, which can also be affected by shifts
inthe Atlantic ITCZ, but they are more directly involved in the bridge
mechanism to the eastern Pacific (see next region). Therefore, these
sites are included in the ‘Caribbean and Eastern Pacific ITCZ' domain
because rainfall over those regions is more directly influenced by cool-
ing over the Caribbean Sea, which we show is the mechanism commu-
nicating the response to the Pacific.

Caribbean and eastern Pacific ITCZ. Shiftsin the eastern Pacific ITCZ
were evaluated by focusing on sites from areas of Central America and
along the west coast of tropical South America (Fig. 3d, triangles). This
domainincludessitesin the Caribbeanand northern Central America,
aswellasmodern-day Florida, that could beinfluenced by patterns of
cooling over the Caribbean Sea.

Pacific Walker circulation. This domainincludessitesin the Maritime
Continentand along the west coast of South America, south of the equa-
tor (Fig. 3e). Simulated changesin rainfall over the sitesin the Maritime
Continentare notinfluenced by changesin the Indian Ocean and show
responses associated with changes in the Pacific Walker circulation.
The sites along the west coast of South America also capture rainfall
changes associated with meridional shifts in the ITCZ. However, we
alsoinclude theminthis domainbecause they also reflect the changes
in the Walker circulation.

East African, Indian and Australian monsoons. This domain focuses
onsitesinland areas surrounding the Indian Ocean, where rainfall vari-
ability is governed by these monsoon systems (Fig. 3f). This domain
includes sites off the coast of Sumatra and Southeast Asia, where the
simulated changes in rainfall are associated with changesin the Indian
Ocean with aminimalinfluence from the Pacific Ocean.

Temperature and rainfall responses in global warming
simulations

We used climate model simulations performed under high-emission
scenarios to study theinfluence of future reductionsin AMOC strength
ontropical rainfall. Using high-emission scenarios allowed us to com-
pareresults betweenthe AR5 and AR6. Both assessments showed that
models disagree in the sign of the projected rainfall change under
high-emission scenarios'* Projections are dominated by internal vari-
ability under low-emission scenarios that humanity is likely to exceed;
therefore, we do not consider them in our analysis. A total of 77 simu-
lations run with different models participating in phases 3, 5and 6 of
the CMIP were analysed. Eight simulations are from phase 3 (CMIP3)
(ref. 36) performed following the SRES A2 scenario, 40 from phase 5
(CMIPS) (ref. 37) following the RCP8.5 scenario, and 29 from phase 6
(CMIP6) (ref. 38) following the SSP5-8.5 scenario. For each simulation,
the change insea-surface temperature or rainfall was computed based
onleast-squareslinear trends over the2021to 2100 interval. Unlike the
HS1hosing simulations, these simulations show AMOC-induced cool-
ing over the North Atlantic superimposed on the overall warming trend
driven by increasing greenhouse gas concentrations. We isolated the
cooling patterns associated with reductionsin AMOC strength follow-
ing previous work showing a high correlation between these responses
in models®. The temperature change simulated by each model needs
tobenormalized to separate it from the global-warming-driven green-
house forcing.

The intensity of AMOC-induced cooling is quantified as the
sea-surface temperature change over the North Atlantic (50° W-0°
50°N-65° N) relative to the surface temperature change over the North-
ern Hemisphere (0°-90° N, both land and ocean). Similar results are
obtained ifthe globalmeanis used in this normalization® or the tropical



mean, whichwe usein Fig. 5to highlight patternsin the tropical North
Atlantic. Most models show a normalized temperature response less
than 1, indicative of AMOC-induced cooling (Extended Data Fig. 10,
x-axis). Several models show negative values, indicative of absolute
cooling, and very few models show values close to1, indicative of muted
cooling over the high-latitude North Atlantic. Using this metric to quan-
tify the AMOC response allowed us to maximize the size of our ensemble
because few modelling centres supplied the ocean overturning stream
function to estimate AMOC strength directly. Similarly, we estimate
the magnitude of the cooling response in the tropical North Atlantic
as the simulated sea-surface temperature change over the tropical
North Atlantic (80° W-40° W12° N-22° N) relative to the surface tem-
perature change over the tropics (30° S-30° N, both land and ocean).
A normalized temperature change less than 1indicates high-latitude
coolinginfluencing the tropical North Atlantic, and conversely, values
close tolindicate a muted influence of AMOC reduction cooling the
tropical North Atlantic.

The global warming simulations show a wide range of warming
rates in the high-latitude and tropical North Atlantic, suggesting a
diversity of AMOC-induced responses (Extended Data Fig. 10). These
coolingresponses are not highly correlated (r = 0.36), suggesting that
the two patterns are largely independent and therefore separable. To
isolate the effect of these patterns on tropical rainfall, we classified the
simulations into four different categories based on the magnitude of
the relative warming in the high latitude and tropical North Atlantic.
Most of the simulations (63 out of 77) show normalized warming over
the high-latitude North Atlantic between 0 K K'and 1 K K™ (Extended
Data Fig. 10, upward-pointing and downward-pointing triangles),
suggesting a degree of AMOC-induced cooling in this region relative
to the hemispheric warming driven by greenhouse gas forcing. This
subset of simulations shows a wide range of warming rates over the
tropical North Atlantic (Extended Data Fig. 10, y-axis). We focused
our analysis on these models because they have high-latitude tem-
perature responses of comparable magnitude. Then we separated
these 63 models into two additional subgroups based on whether
the magnitude of tropical warming is smaller or larger than 0.8 K K™
(Extended DataFig. 10, upward-pointing and downward-pointing tri-
angles, respectively). These two subgroups were used to isolate the
rainfall responses to strong and muted tropical cooling shownin Fig. 5.
Focusing our analysis on these two subsets of simulations allows us to
isolate the effect of tropical cooling independently of the magnitude
of high-latitude cooling, which is quite homogeneous among these
63 simulations. A small subset of the simulations (10 out of 77) show
normalized cooling smaller than 0 K K™ (that is, negative), suggest-
ing much stronger AMOC-induced cooling (Extended Data Fig. 10,
squares). Most of these simulations show a negative response, that is,
absolute cooling (Extended Data Fig. 10, x-axis). These simulations are
used to isolate the rainfall responses to strong high-latitude cooling
(Fig.4e, purplebars). Conversely, thereis a subset of simulations (4 out
of 77) with normalized warming larger than 1K K™, that is, very weak
high-latitude AMOC-induced cooling. These simulations are used to
isolate the rainfall responses to muted high-latitude cooling (Fig. 4e,
yellow bars). The changesin this subset of simulations approximate the
tropical response to processes such as the wet-get-wetter and weaker
Walker circulation®?¢®, whichin some places, for example, the tropical
Pacific, can be much larger than the effect of AMOC reductions (not
shown). Last, we normalized the magnitude of rainfall changes by the
magnitude of tropical (30° N-30° S) surface warming (land and ocean)
ineach simulation before compositing them. This seeks to homogenize
the responses of models with different rates of global warming.

Data availability

Our synthesis of hydroclimate changes during HS1 (ref. 62), including
metadata, methods and references, is available at Zenodo®* (https://

doi.org/10.5281/zenodo.13881535). The original published records
are available in published repositories as detailed by the individual
publications listed in the document accompanying the synthesis.

Code availability

The MATLAB code used to perform the quantitative model-proxy
evaluation and create the figures is available at Zenodo” (https://doi.
org/10.5281/zenodo.13886977).
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Extended DataFig.1|Simulated changesinsurface air temperature
inresponse to freshwater forcing. Change in annual-mean surface air
temperature simulated by climate models under varied magnitudes and
locations of freshwater forcingin the North Atlantic. The maps are labeled

surface air temperature change (K)

accordingtothe name of the simulationas specified in Extended Data Table 1.
Allexperiments were runrelative to glacial background states. The climate
responseto freshwater forcing was computed as difference relative to the
corresponding glacial simulation as described in the Methods.
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Extended DataFig.2|Simulated changesinrainfallinresponsetofreshwater  Extended Data Tablel. Allexperiments were run relative to glacial background
forcing. Change in annual-mean rainfall simulated by climate models under states. The climate response to freshwater forcing was computed as difference
varied magnitudes and locations of freshwater forcing in the North Atlantic. relative to the corresponding glacial simulationas described in the Methods.
The maps are labeled according to the name of the simulation as specified in
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Extended DataFig.7|ClimateresponsesintheIndian Ocean for different tropical North Atlantic. The simulationsineach group arelisted below each
patterns of coolingin the North Atlantic. Changes in annual-mean rainfall panelstitle. The values of strong and weak high latitude cooling range from -20
(a-d) and surface air temperature (e-h) averaged across simulations with to-8Kandfrom-7to-1Krespectively. The values of strong/moderate and

different combinations of strong and muted coolingin the high latitude and weak tropical cooling range from -5.5to-1K and from -1to O K respectively.
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Extended DataFig. 8| Correlation between changesin rainfall over India
and Arabian Sea cooling. Relationship between rainfall changes over India
(70-85°E7-30°N) (y-axix) vs. the magnitude of the surface air temperature
responses over the Arabian Sea (50-70°E 5-25°N).
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Extended DataFig. 9|Seasonal climateresponsesintheIndian Ocean. summer (c,f) changes are displayed toillustrate the responses of the Indian and
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Extended DataFig.10| AMOC-related sea-surface temperature changesin
CMIP greenhouse warming simulations. Normalized sea-surface
temperature change over the high latitude (x-axis) vs. tropical (y-axis) North
Atlantic simulated from1921to 2100 under high-emissions scenarios by
models participatingin the Climate Model Intercomparison Project (CMIP).
Each symbol corresponds to values simulated by a distinct model participating
inphases3,5,and 6 of CMIP indicated by the colors. Models are grouped based
onthe magnitude of the normalized sea-surface temperature changein each
regiondefined by the dotted lines and by the symbols as indicated by the
legend. The averaged sea-surface temperature change over the North Atlantic
(50°W-0°50°N-65°N) is normalized by the surface temperature change
averaged over the Northern Hemisphere (0-90°N). The averaged sea-surface
temperature change over the tropical North Atlantic (80°W-40°W 12°N-22°N)
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(20°S-20°N).



Extended Data Table 1| Freshwater hosing simulations and model configuration

Model resolution FW forcing AMOC TNA
Ice sheet
Simulation Reference reduction cooling
reconstruction Atmosphere Ocean Rate (Sv) Loc.
(Sv) (K

Simulations with strong cooling over the tropical N. Atlantic

HadCM3-0.4Sv 44 ICE-5G (24 ka)  3.75 x 2.5°L19 1.25° 0.4 NA 15.1 5.4
CCSM3-1Sv-NA 49 ICE-5G 2.8 x 2.8°L26 1° 1 NA 12.0 3.8
CESM1-0.2Sv this work PMIP3 2.5 x 1.9°L30 1°L54 0.2 NA 14.9 3.2

Simulations with moderate cooling over the tropical N. Atlantic

CCSM3-0.25v-GIN-LR 64 ICE-5G 3.75 x 3.75°L26  3°L25 0.2 GIN 6.6 2.4
IPSL-CM4 40 ICE-5G 3.75 x 2.5°L19  2°L31 0.1 NA 10.0 22
CCSM3-TraCE-MWF 41 ICE-5G 3.75 x 3.75°L26  3°L25 0.17 NA 9.5 22
IPSL-CM5 65 PMIP3 3.75 x 1.8°L39  2°L31 0.1 NA 12.5 1.7
CCSM3-0.25v-GIN-HR 47,48 ICE-5G 1.4 x 1.4°L26 1°L40 0.2 GIN 6 -1.6
CESM1-0.15Sv this work PMIP3 2.5 x 1.9°L30 1°L54 0.15 NA 10.5 -1.6

Simulations with muted cooling over the tropical N. Atlantic

CCSM4-0.1Sv-RB 51 GLAC-D 2.5 x 1.9°L.26 1°L60 0.1 RB 18 0.9
COSMOS-W 66 PMIP3 3.75 x 3.75°L19 3 x 1.8° 0.2 RB 17.9 0.8
COSMOS-S 66 PMIP3 3.75 x 3.75°L19 3 x 1.8° 0.2 RB 23.9 0.6

CCSM3-0.1Sv-NA 49 ICE-5G 2.8 x 2.8°L26 1° 0.1 NA 6.2 0.6

MIROC-W 67 ICE-5G 2.8 x 2.8°L20 1.4° 0.1 NA 5.4 0.4
HadCM3-0.1Sv 44 ICE-5G (24 ka)  3.75 x 2.5°L19 1.25° 0.1 NA 45 0.3
CESM1-0.1Sv this work PMIP3 2.5 x 1.9°L30 1°L54 0.1 NA 4.7 03

MIROC-S 67 ICE-5G 2.8 x 2.8°L20 1.4° 0.1 NA 16.0 0.1

The simulations are named so that they can be distinguished based on the model used, the rate and location of freshwater forcing, and the state of the AMOC in the control simulation®-%.,

W =weak AMOC in the control simulation and S = strong AMOC in the control simulation. NA = North Atlantic (50-70°N), GIN = Greenland-Iceland-Norwegian Seas (north of about 65°N),
RB = Ruddiman Belt (i.e., North Atlantic, 40-50°N).
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Extended Data Table 2 | Temperature records used to infer the pattern and magnitude of tropical Atlantic cooling during
Heinrich Stadial 1

Core Proxy Latitude (°N) Longitude (°W) HS1 response Reference
0C437-07 GC49 Uk 17.4 23.2 <1 68
0C437-07 GC68 Uk 17.3 19.4 <1 68
0C437-07 GC37 Uk 15.4 26.8 > 1 68

ODP165 999a Mg/Ca 78.7 12.7 <1 70
GeoB16224-1 Uk 52.1 6.7 2 > 1 71
GeoB16224-1 Mg/Ca 52.1 6.7 2 > 1 71
M78-1 235-1 Mg/Ca 61.0 11.6 N/A 78
M35003-4 Uk 61.2 12.1 <1 72
ODP108 658C Ul 18.6 20.7 N/A 69
ODP165 1002C Uk 65.2 10.7 0 73
PLO7 39PC Mg/Ca 65.9 10.7 > 1 74
50164 3-4 Mg/Ca 72.2 16.5 0 75
VM12 107 Mg/Ca 66.6 113 0 76
VM28 122 Mg/Ca 78.7 11.9 > 1 70
GeoB7926-2 Uk 185 20.2 >1 77

Inference of range of cooling at each site during Heinrich Stadial 1 relative to the deglacial background®®7®. The values indicate: O = No evidence of cooling, <1=Evidence of cooling
less than 1K, >1=Evidence of cooling larger than 1K (but not larger than 2 K), N/A = excluded record due to issues outlined in Section 3 of the Supplementary Methods.
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