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ARTICLE INFO ABSTRACT

Handling Editor: Qiuzhen Yin Heinrich Stadial 1 (HS1; ~17.5-15 thousand years before present) was characterized by a weakening of the
Atlantic Meridional Overturning Circulation (AMOC) that resulted in large hydroclimate changes across the

Dataset link: https://doi.org/10.5281/zenodo.1 global tropics. Here we investigate the mechanisms driving tropical rainfall changes by comparing an ensemble

6903147, https://github.com/lawmana/Lawm

of numerical simulations against paleoclimate proxy records spanning the global tropics. Our multi-model
an_etal 2025_QSR/

ensemble and synthesis of 154 hydroclimate records both show drier conditions north of the equator and

Keywords: wetter conditions south of the equator - a pattern broadly consistent with a meridional mean shift in tropical
Paleoclimatology rain belts. However, changes in rainfall outside of the Atlantic and in monsoonal regions require more complex
Tropical hydroclimate mechanisms to explain the proxy-inferred patterns. Cooling of the tropical North Atlantic emerges as the key
Abrupt climate change link connecting AMOC weakening and the tropical hydroclimate response. Mechanisms involving tropical North

Atmospheric circulation
Paleoclimate proxies
Global climate models

Atlantic cooling are essential for propagating the North Atlantic climate signals to remote regions such as West
Africa, the Indian Ocean, and the Andes. Simulations and the proxy synthesis show globally consistent response
patterns except for the Maritime Continent. Reconciling these differences will require the separation of different
proxy types and improved proxy system modeling for this region.

Plain language summary North Atlantic agree best with the rainfall patterns inferred from the
records.

The Atlantic Meridional Overturning Circulation (AMOC) is a sys-
tem of currents that move heat from the southern to the northern 1. Introduction
hemispheres and its variations modulate global climate. Future changes
in the strength of this system of currents have the potential to impact
rainfall patterns worldwide, but the regional details of this response
remain unclear. To understand how the global tropics respond to an
abrupt decrease in AMOC strength, this study compares simulations
from climate models to records of past rainfall changes from natural

climate archives. We find that a weaker AMOC cools the high latitude rents will likely weaken in response to anthropogenic warming, becom-

No%‘thern HemisPhere and is then comn.mnicated to. the tropics Vifi a ing a key driver of temperature and rainfall changes across the global
series of mechanisms. The models that simulate cooling of the tropical tropics (Portner et al., 2022; Bellomo et al., 2021). However, model

Changes in the strength of the Atlantic Meridional Overturning Cir-
culation (AMOC) - the system of currents that transport heat northward
across the equator — have the potential to alter rainfall patterns across
the tropics via redistribution of heat between the hemispheres (Buckley
and Marshall, 2016). Model projections indicate that this system of cur-
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discrepancies exist and the physical mechanisms that link changes in
AMOC to the global tropics represent a major uncertainty (Kent et al.,
2015; Bellomo et al., 2021; Portner et al., 2022). Recent trends in ob-
served AMOC strength are small and hard to detect, making it difficult
to determine the mechanisms based on observations alone (Bellomo
et al., 2021; Kilbourne et al., 2022). Climate changes in the geolog-
ical past provide an alternative opportunity to clarify the connection
between AMOC strength and the global tropical hydroclimate response.

Over the past decades, many paleoclimate records have been pro-
duced showing evidence for millennial-scale fluctuations in rainfall
concurrent with changes in the strength of AMOC (Hughen et al., 1996;
Peterson, 2000; Hendy et al., 2002; Stager et al., 2011; Deplazes et al.,
2013; Wang et al., 2004; McManus et al., 2004; Lippold et al., 2009;
Bohm et al., 2015). Heinrich Stadial 1 (HS1), ~17.5-15 thousand years
before present (kiloannum, ka), is a recent interval with clear evidence
of an AMOC reduction and widespread temperature and hydroclimate
changes (Stanford et al., 2011; Wang et al., 2001; McManus et al., 2004;
Stager et al., 2011). Paleoclimate proxy records from HS1 show rainfall
changes in regions remote from the North Atlantic. These changes in-
clude wetter conditions over South America, and drier conditions over
East Asia, the Maritime Continent, and the Indian Ocean, suggesting
regionally coherent rainfall responses to reduced AMOC across the
global tropics (Bradley and Diaz, 2021; Stager et al., 2011; Hughen
et al.,, 1996; Peterson, 2000; Wang et al.,, 2004, 2006, 2001, 2008;
Partin et al., 2007). However, previous syntheses had a limited spatial
scope (Du et al., 2023; Oster et al., 2023) or defined changes relative to
the modern climate (Stager et al., 2011), thus hindering the comparison
against simulations of AMOC weakening and the study of mechanisms.

There are several mechanisms through which a reduction in AMOC
strength could influence rainfall patterns across the tropics. An im-
portant mechanism involves a southward shift in the Intertropical
Convergence Zone (ITCZ), the ascending branch of the Hadley cir-
culation, where surface winds converge and intense rainfall occurs.
To compensate for reduced northward ocean heat transport due to a
weaker AMOC, the ITCZ shifts southward and transports more energy
via the atmosphere from the tropics to higher northern latitudes (Kang
et al., 2008; Clement and Peterson, 2008; Swingedouw et al., 2009;
Kageyama et al., 2013; Marzin et al., 2013; Ma et al., 2024). Climate
models and proxy data show patterns that are broadly consistent with
a southward ITCZ shift expected from the energetic argument outlined
above (Vellinga and Wood, 2002; Zhang and Delworth, 2005; Kang
et al., 2008; Clement and Peterson, 2008; Marshall et al., 2013; Schnei-
der et al.,, 2014). That said, some proxy records and models show
departures from this response, for instance over the continents and
in monsoonal regions (McGee et al., 2014, 2018; Stager et al., 2011),
highlighting that a zonally symmetric ITCZ shift cannot fully explain
the simulated and proxy inferred regional rainfall changes. Alternative
mechanisms have been proposed for specific regions (Clement and
Peterson, 2008; Du et al., 2023), but further research is needed to
comprehensively understand the impact of an AMOC reduction on
rainfall patterns across the entire global tropics.

To better understand the mechanisms that link tropical rainfall
changes to weakened AMOC during HS1, here we synthesize and select
a network of 154 rainfall-sensitive proxy records that span the global
tropics to infer patterns of hydroclimate change. We compare the
proxy-inferred patterns against an ensemble of 18 numerical experi-
ments that simulate LGM and HS1 climates, performed with 8 different
climate models. First we characterize the patterns of inferred and
simulated tropical rainfall change. Then for regions where the proxy
records exhibit spatially coherent responses, we use the simulations to
explore both dynamic and thermodynamic mechanisms linking weaker
AMOC to the hydroclimate changes. We conclude by emphasizing the
important role of tropical Atlantic temperature patterns in generating
zonally asymmetric rainfall responses that best agree with the patterns
inferred from the proxy records.
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2. Methods
2.1. Multi-proxy synthesis of tropical hydroclimate changes during HS1

We used published paleoclimate records to reconstruct patterns of
hydroclimate change during HS1. The records were selected following
a series of criteria allowing the isolation of changes associated with the
reductions in AMOC strength during this interval. This is particularly
important for the comparison of reconstructed changes against the
simulated changes. The selection criteria were applied to published
rainfall-sensitive proxy records spanning the HS1 interval as follows:

1. Global tropical domain: The study site is located between 25°S
and 25°N. These boundaries were extended to 30°N in northern
Mexico and 35°N along the coast of North Africa to include sites
potentially sensitive to changes in monsoon systems. Several
stalagmite records from China north of 25°N were excluded
because they may reflect non-local effects and it is unclear if
they should be compared against local rainfall changes (Pausata
et al., 2011).

2. Rainfall-sensitive proxy: The climate proxy is sensitive to
changes in rainfall based on well-established relationships be-
tween the proxy measurements and precipitation or aridity. The
types of proxies are further described in the paragraph following
the selection criteria.

3. Sufficiently long record to identify baseline climate: The
proxy record extends back to the Last Glacial Maximum (LGM:
21-19 ka) or demonstrates a clear deglacial trend, which pro-
vides a reference interval to determine the observed rainfall
changes during HS1. The use of an LGM reference state was
chosen for consistency with the simulations (Section 2.2). The
LGM is also closer to the mean climate state prior to HS1 than
the pre-industrial.

4. Sufficient temporal resolution to resolve HS1: The record has
at least ~500-year resolution during the ~17.5-15 ka interval for
HS1. The Nyquist sampling theorem requires that a frequency
of at least one sample per 1000 years is needed in order to
correctly capture the signal of a 2000-year event. Considering
potential age uncertainties, analytical errors, and varying signal-
to-noise ratios, we double the temporal resolution in our data
selection criteria, requiring 5 data points between 17.5-15 ka.
This approach allows for unambiguous identification of HS1
changes, improving our confidence in the regional signals of
hydroclimate change during HS1.

The publicly available synthesis (DiNezio et al., 2025a) includes
records based on marine and terrestrial stable isotopes, aridity, and
vegetation proxies (Fig. 1a, symbols). The stable isotope records include
hydrogen isotope ratios from leaf waxes (6D,,,) from both marine
and lake sediments, oxygen isotope ratios from cave speleothems
(6"80,41ci1e), and 6'80 records reconstructed from surface dwelling
foraminfera. Foraminiferal 6'30 is a function of both temperature and
the 6'80 of seawater/salinity (Ravelo and Hillaire-Marcel, 2007). Our
interpretation of hydroclimate change is based on available 6'30 of
seawater records where 6'80 was corrected by the original authors
using the accompanying Mg/Ca temperature data from the same core
to remove the temperature effect. We interpret the 6'80 of seawater
as a proxy for rainfall, but note that this proxy is also sensitive to
changes in evaporation, ocean circulation (advection) and runoff (Rav-
elo and Hillaire-Marcel, 2007). The synthesis also includes non-isotope
aridity records, including dust fluxes, terrigenous sediment discharge
(e.g. titanium or aluminum fluxes), and high-resolution lake level
reconstructions. Lastly, vegetation-related proxy records include carbon
isotope ratios (6!3C) and pollen records from marine and lake sedi-
ments. Many of the records are publicly available via the NOAA World
Data Service for Paleoclimatology (https://www.ncdc.noaa.gov/data-
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access/paleoclimatology-data/datasets) or the PANGAEA Data Pub-
lisher for Earth and Environmental Science (https://www.pangaea.de)
repositories.

The changes in each selected record were classified as wetter, drier,
or unchanged during HS1 relative to the LGM or the deglacial reference
interval (Fig. 1a, symbol color). The interpretations were largely consis-
tent with the original studies, but were updated accordingly to reflect
our choice of an LGM baseline. This allowed direct comparison with the
responses to AMOC weakening simulated in our multi-model ensemble
(Section 2.2). While evaporation and other processes may influence
some proxies, the direction of change (i.e., wet, dry, or unchanged)
is typically driven by precipitation. Moreover, because precipitation
and evaporation often vary coherently, these additional influences are
unlikely to affect our categorical interpretations.

2.2. Multi-model ensemble of freshwater hosing simulations

We explored mechanisms driving tropical climate changes in re-
sponse to weakened AMOC using a multi-model ensemble of climate
model simulations. In all simulations, the strength of the AMOC was
reduced by applying a freshwater flux over the North Atlantic to reduce
surface salinity and suppress wintertime convection. These so-called
“freshwater hosing” simulations are characterized by a weakening of
the sinking branch of the AMOC, producing cooling over the Northern
Hemisphere and widespread changes in global climate (Manabe and
Stouffer, 1995; Stouffer et al., 2006; Clement and Peterson, 2008;
Kageyama et al., 2010, 2013; Ma et al., 2024). Our ensemble consists
of 18 simulations generated using 8 different coupled global climate
models with different rates and locations of freshwater forcing to
produce a range of responses in the AMOC strength (Table 1). The size
of our ensemble allowed us to investigate model-dependencies in the
response and identify consistent mechanisms that explain the patterns
inferred from the proxy data (Section 2.1).

All freshwater hosing simulations were performed under glacial
conditions, facilitating the comparison with the proxy records for HS1
(Section 2.1). Our ensemble is an “ensemble of opportunity” with no
common hosing protocol, but the simulations were designed similarly
such that they can be compared. It consists of the 9 simulations ana-
lyzed by Kageyama et al. (2013) and 9 recently published simulations,
performed with modified freshwater forcing scenarios or newer model
versions (Table 1) (Singarayer and Valdes, 2010; Otto-Bliesner and
Brady, 2010; Merkel et al., 2010; Kageyama et al., 2009; Liu et al.,
2009; Kageyama et al., 2012; Erokhina et al., 2017; Campos et al.,
2019; Bakker et al., 2020; Zhang et al., 2013; Chikamoto et al., 2012;
He et al., 2021; DiNezio et al., 2025b). Most of the simulations in the
ensemble followed the PMIP2 protocol for the LGM (Braconnot et al.,
2007) as the control simulation, with the exception of the HadCM3
simulations that used a 24 ka reference state (Singarayer and Valdes,
2010).

The ensemble also includes two transient simulations (CCSM3-
TraCE-MWF and CESM1-iTraCE-MWF). CCSM3-TraCE-MWF is a single-
forcing simulation in which transient meltwater forcing was applied,
whereas orbital insolation, ice sheet, and greenhouse gases were held
constant at LGM levels (He, 2011). The CESM1 iTraCE project (He
et al.,, 2021) is a set of transient simulations where climate forcings
were applied additively to the isotope-enabled Community Earth Sys-
tem Model version 1.3 (iCESM1.3). The full forcing simulation has
time-varying ice sheet, greenhouse gases, insolation, and meltwater
forcing. To isolate the climate responses to meltwater forcing during
17-15 ka, we calculated the difference between the full forcing sim-
ulation and the factorized simulation with only ice sheet, greenhouse
gas, and insolation forcing. The 18 control simulations have a wide
range of AMOC strengths, ranging from 8.4 to 26.8 sverdrup (Sv, 1Sv
=10°® m3/s), allowing us to explore the sensitivity of the response with
respect to the initial AMOC state.

Quaternary Science Reviews 369 (2025) 109567

The reductions in AMOC strength were induced by applying a
negative salinity flux (i.e., a positive freshwater flux) in different re-
gions such as the North Atlantic (50°-70°N), the Greenland-Iceland—
Norwegian Seas (north of approximately 65°N), or the Ruddiman Belt
in the North Atlantic (40°-50°N) (Table 1). Most simulations used a
constant flux ranging from 0.1 Sv to 1.0 Sv. In CCSM3-TraCE-MWEF, the
freshwater flux was applied with gradually increasing amplitude from
19-17 ka and then held constant at 0.17 Sv from 17-15 ka. Similarly, in
CESM1-iTraCE-MWF, the freshwater flux was increased from 19-17 ka
and then held at a constant rate of 0.23 Sv from 17-15 ka (He et al.,
2021). All hosing simulations produced an AMOC reduction in response
to freshwater forcing (Table 1).

The response to the imposed freshwater flux (Figures S1 and 2) was
defined as the difference between the respective freshwater hosing and
the LGM control simulation (Figures S2 and S3). For each set of simula-
tions, only annual mean surface air temperature and total precipitation
were made available by all modeling centers. Surface air temperature
changes over the ocean reflect changes in sea surface temperature (SST)
well. We also analyzed monthly and seasonal mean precipitation, near-
surface winds, and sea level pressure (SLP) changes from 4 simulations
with full model output available (IPSL-CM5, CCSM3-1Sv-NA, CESM1-
0.2Sv and CESM1-iTraCE-MWF; Figures S4-S5 and S10-S13). These
diagnostics allowed for a more thorough understanding of seasonal
moisture supply and rainfall dynamics in monsoon regions.

The simulations exhibited a wide range of temperature and hy-
droclimate responses to AMOC weakening. We first quantified the
agreement between the simulated patterns of rainfall change and the
patterns inferred from the proxy records. Then we used the model
output to analyze the mechanisms driving these patterns in key re-
gions across the global tropics. Following Kageyama et al. (2013), we
use pattern correlation analysis to explore the relationships between
simulated regional precipitation changes and large-scale temperature
patterns (Section 3). Statistically significant correlations are reported
using a two-tailed t-test at the 90% confidence interval unless otherwise
noted.

2.3. Quantifying the model agreement with the proxy-inferred hydroclimate
patterns

We quantified the agreement between the simulated and proxy-
inferred patterns of hydroclimate change using the Cohen’s (x) statistic
(Fig. 1b) (Cohen, 1960; DiNezio and Tierney, 2013). The simulated
changes were first placed into the same wetter, drier, and unchanged
categories as the network of proxy records (Section 2.1) using a range
of wetter/drier thresholds from 0% to 60% (Fig. 1b) to explore the
sensitivity of the model-data agreement. The agreement between the
simulated and proxy-inferred patterns was then quantified using the
Cohen’s « statistic, which is the observed fractional agreement (p,)
relative to the probability of random agreement (p,) (DiNezio and
Tierney, 2013):

= Po — Pe (1)
1- Pe

The x was determined for each simulation (Fig. 1b, x-axis) for the
range of wetter/drier thresholds (Fig. 1b, y-axis). The highest Cohen’s
x for each simulation (Fig. 1b) is reported in Table 1. A « of 1
indicates perfect agreement between the simulation and the proxy-
inferred patterns, whereas a « of 0 indicates that the agreement could
be expected entirely by chance. Thus, a value of 0 indicates complete
disagreement between the simulated and proxy-inferred patterns. The
Cohen’s « calculation was modified by a weighting matrix (Cohen,
1960; DiNezio and Tierney, 2013) so that a model was penalized for a
total miss (e.g., the model is drier when the proxy records show wetter)
to a greater degree than a near miss (e.g., the model is drier when the
proxy records show unchanged).
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Table 1
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The ensemble of 18 freshwater hosing simulations and their model configuration (Section 2.2). The table provides the model resolution of the atmosphere and ocean components,
the rate (Sv) and location of freshwater forcing, the magnitude of the AMOC reduction (Sv), the percent decrease in AMOC strength compared to the initial state, the tropical North
Atlantic temperature change (°C), and the Cohen’s « indicating the model agreement with the proxy-inferred hydroclimate patterns (Section 2.3). W = weak AMOC in the LGM
control simulation and S = strong AMOC in the LGM control simulation. Locations of the freshwater forcing: NA = North Atlantic (50-70°N), GIN = Greenland-Iceland—Norwegian
Seas (north of 65°N), RB = Ruddiman Belt in the North Atlantic (40-50°N). The simulations are ordered based on the magnitude of tropical North Atlantic cooling over the

domain (12°-22°N, 80°-40°W).

Freshwater Hosing Resolution Freshwater forcing AMOC reduction TNA cooling Highest Reference
Simulation Atmosphere Ocean Rate (Sv) Location (Sv) (% decrease) (°C) Cohen's k
Simulations with strong and moderate tropical North Atlantic cooling
1 HadCM3-0.4Sv 3.75°x 2.5° L19 1.25° 0.4 NA 15.1 68 -5.4 0.42  Singarayer and Valdes (2010)
2 CCSM3-1Sv-NA  2.8°x2.8°L26 10 1 NA 12 80 .38 0.4p  Otto-Blesner and Brady
(2010)

3 CESM1-0.2Sv 2.5°x 1.9° L30 1° 154 0.2 NA 14.9 81 -3.2 0.42  DiNezio et al. (2025)
4 CCSM3-0.2Sv-GIN-LR 3.75°x 3.75°L26  3°L25 0.2 GIN 6.6 65 2.4 0.54  Merkel et al. (2010)
5 IPSL-CM4 3.75°x 2.5°L19  2°L31 0.1 NA 10 77 -2.2 0.48  Kageyama et al. (2009)
6 CCSM3-TraCE-MWF 3.75°x 3.75°L26  3°L25 0.17 NA 9.5 76 22 0.57  Liuetal (2009)

CESM1-iTraCE-MWF  2.5°x 1.9°L30 1°L60 0.23 NA 15 75 2.2 0.53 Heetal (2021)
8 IPSL-CM5 3.75°x 1.8°L39  2°L31 0.1 NA 12,5 78 1.7 0.50  Kageyama et al. (2013)

. . . Campos et al. (2019);

9 CCSM3-0.2Sv-GIN-HR  1.4°x 1.4°L26 1°L40 0.2 GIN 6 50 -1.6 041 g ihing et al (2017)
10 CESM1-0.15Sv 2.5°x 1.9°L30 1° 154 0.15 NA 10.5 57 -1.6 0.33  DiNezio et al. (2025)

Simulations with muted tropical North Atlantic cooling

11 CCSM4-0.1Sv-RB 2.5°x 1.9°L26 1°L60 0.1 RB 15 75 -0.9 0.48  Bakker et al. (2020)
12 COSMOS-W 3.75°x 3.75°L19  3°x 1.8° 0.2 RB 17.9 95 -0.8 0.33  Zhang et al. (2013)
13 COSMOS-S 3.75°x 3.75°L19  3°x 1.8° 0.2 RB 23.9 89 -0.6 0.34  Zhang et al. (2013)
14 CCSM3-0.1Sv-NA  2.8°x2.8°L26 10 0.1 NA 6.2 40 -0.5 0.40 (Ozgzgﬁesner and Brady
15 MIROC-W 2.8°x2.8°L20 1.4° 0.1 NA 5.4 64 0.4 0.31  Chikamoto et al. (2012)
16 HadCM3-0.1Sv 3.75°x 2.5° L19 1.25° 0.1 NA 4.5 19 -0.3 0.24 Singarayer and Valdes (2010)
17 CESM1-0.1Sv 25°x1.9°L30  1°L54 0.1 NA 47 25 -0.3 0.07  DiNezio et al. (2025)
18 MIROC-S 2.8°x2.8°1L20 1.4° 0.1 NA 16 84 0.0 0.22  Chikamoto et al. (2012)
3. Results 80°-40°W) is another feature of inter-model differences (Figures S1 and

Our synthesis of hydroclimate changes during HS1 reveals coherent
patterns in many regions across the global tropics. The proxy-inferred
changes are broadly characterized as drier conditions in the northern
tropics and wetter conditions in the southern tropics consistent with
a southward shift of the ITCZ (Fig. 1a). Several spatially coherent re-
gional rainfall patterns can be identified. For example, drier conditions
over coastal West Africa, northeastern Africa, the Indian subcontinent,
and wetter conditions over the tropical Andes, northeastern Brazil,
southeastern Africa, and northern Australia (Fig. 1a). The proxy syn-
thesis also shows several transitional zones with no rainfall responses
(e.g., eastern Africa and coastal southwestern Africa).

The simulated temperature (Figure S1) and precipitation (Fig. 2)
responses in the 18-member freshwater hosing ensemble show sev-
eral common patterns. All the freshwater hosing simulations show
pronounced cooling of the high-latitude North Atlantic (Figure S1).
Over two-thirds of the simulations show Southern Hemisphere warming
with varying spatial patterns and magnitudes. Inter-model tempera-
ture agreement is poorer in the Southern Hemisphere compared to
the Northern Hemisphere, particularly in regions outside of the At-
lantic (Figure S1). Cooling of the tropical North Atlantic (12°-22°N,

S7). We classify the simulations with an average temperature change
less than —1 °C as the “strong and moderate cooling” group (Fig. 3a),
while those with changes greater than —1 °C fall into the “muted
cooling” group (Fig. 3c).

The simulated tropical rainfall response patterns (Fig. 2) are also
broadly consistent with the proxy-inferred patterns during HS1 (Fig.
la). For example, all freshwater hosing simulations show drier con-
ditions across the northwestern coast of Africa and the Indian sub-
continent, suggesting a direct connection with AMOC weakening and
high-latitude cooling (Fig. 1c). Most of the simulations show wetter
conditions in southern Africa and northeastern Brazil. The simulated
rainfall patterns are the least consistent in East Asia and the Maritime
Continent, where many of the simulations disagree on the sign of the
rainfall change (Figs. 1c and 2). In the subset of simulations with both
precipitation and evaporation available, we confirm that precipitation
dominates the simulated changes in precipitation minus evaporation
(P-E; Figure S6). Precipitation and P-E change with the same sign
across most of the tropics, further demonstrating that the categorical
interpretations of the proxy records (wetter, drier, unchanged) would
be consistent for either P or P-E (Figure S6).

While drier northern tropics and wetter southern tropics are con-
sistent with a southward ITCZ shift, the freshwater hosing simulations
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Fig. 1. Tropical rainfall changes in response to a weakened AMOC. (a) 154 hydroclimate-sensitive paleoclimate proxy records (symbols) indicating wetter (blue), drier (brown),
or unchanged (white) conditions during HS1 compared to a LGM/deglacial reference interval (DiNezio et al., 2025a). The shape of the symbol indicates terrestrial isotope
(triangle), marine isotope (circle), aridity (square), and vegetation (diamond) proxy records. Colored shading indicate the ensemble mean annual rainfall change (mm/day) for
the 5 simulations that have the highest global model-data agreement (CCSM3-TraCE-MWF, CCSM3-0.2Sv-GIN-LR, CESM1-iTraCE-MWF, IPSL-CM5, and IPSL-CM4). (b) Agreement
between the simulated and proxy-inferred patterns of rainfall change based on the Cohen’s « statistic (Cohen, 1960). Cohen’s x for each simulation shown as a function of the
drier/wetter threshold (0%-60%). Black outlines indicate statistically significant values (p < 0.05). The highest « for each simulation is listed in (Table 1). The simulations are
grouped based on the tropical North Atlantic temperature change (12°-22°N, 80°-40°W; Table 1). Simulations with an average temperature change less than —1 °C are classified
as the “strong and moderate cooling” group, while those with changes greater than —1 °C fall into the “muted cooling” group. The ensemble mean for each grouping is also
provided. Black dots next to the model names indicate the simulations used in (a). (c) The number of simulations with the same sign as the 18-member ensemble mean rainfall
response (Fig. 2, bottom row). Globally, the proxy-inferred patterns of hydroclimate change during HS1 best agree with the simulations with strong and moderate cooling of the

tropical North Atlantic.

exhibit large departures at the regional level. For example, over land
where monsoonal responses may not be directly driven by the global
shift in the ITCZ (Biasutti et al., 2018). The extent of the ITCZ shift also
varies zonally. The most pronounced southward shifts occur over the
Atlantic, eastern Pacific, and Indian Oceans, whereas the changes show
a large spread over land and the western and central Pacific (Fig. 4a).
We find that the magnitude of tropical North Atlantic cooling is
a key factor controlling the agreement between the simulations and
proxy-inferred responses. Although all freshwater hosing simulations
show cooling across the high-latitude North Atlantic (Figure S1), the
simulations with moderate and strong cooling of the tropical North
Atlantic (12°-22°N, 80°-20°W; Fig. 3a) produce rainfall responses
(Fig. 3b) that best agree with the proxy-inferred patterns of rainfall
changes during HS1 (Figs. 1b and 5a blue line). Simulations with muted
cooling of the tropical North Atlantic (Fig. 3c) show poorer agreement
with the proxy-inferred patterns (Figs. 1b, 3d, and 5a orange line).
The importance of tropical North Atlantic cooling for the model-data
agreement is robust across the entire global tropics (Fig. 5a), as well as
for regions both within (Fig. 5b) and outside (Fig. 5c) the Atlantic ITCZ
domain. This finding is also consistent across all proxy types (Fig. 5).
Notably, the model-data agreement is not directly related to the
magnitude of the AMOC reduction (Figure S8a and S8b). For instance,
both COSMOS-W and MIROC-S have a large AMOC reduction (17.9
and 16.0 Sv, respectively; Table 1), but only weak agreement with
the proxy-inferred patterns. The temperature change in the tropical
North Atlantic is also poorly correlated with the reduction in AMOC
(Figures S8c and S8d). Furthermore, although the simulations exhibit
the well-known double ITCZ precipitation bias in the Southern Hemi-
sphere (Tian and Dong, 2020) (Figure S9a), this systematic model

issue does not significantly affect the agreement between the simulated
and proxy-inferred rainfall pattern (Figure S9b). Collectively, these
results further reinforce the robust link between tropical North Atlantic
cooling and the overall model-data agreement. The following results
sections further explore the regional rainfall responses and associated
mechanisms, here organized by ocean basin.

3.1. Rainfall changes across the tropical Atlantic Ocean

The proxy-inferred and simulated rainfall changes in response to
a weaker AMOC are generally the most consistent in Atlantic regions
(Figs. 1a and 5b). A southward shift of the Atlantic ITCZ provides a first-
order explanation for the observed patterns (Fig. 4). However, some
regional rainfall responses show departures from the patterns of rainfall
change expected from a simple meridional ITCZ shift. For example, in
West Africa, a drying during HS1 extends into the Sahel, but is limited
to more coastal proxy records west of 10°E. Proxy records from sites
along the eastern Gulf of Guinea, the Congo, and further south along
the west coast of Africa do not show clear evidence of a Heinrich
event, suggesting a muted response in these locations. The absence
of a clear HS1 signal in proxy data from coastal southwestern Africa
is in stark contrast with sites at similar latitudes in South America,
where many proxy records indicate wetter conditions during HS1 (Fig.
1a). Such patterns require more nuanced mechanisms as discussed in
Sections 3.1.1 and 3.1.2.

3.1.1. Drier northern South America and wetter northeastern Brazil
Our proxy synthesis shows widespread drying across northern South
America (0-12°N, 60°-80°W) during HS1 (Fig. 1a). South of this
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Fig. 2. Simulated annual mean precipitation change in response to freshwater hosing (mm/day) for the 18 freshwater hosing simulations (Table 1). The ensemble mean including

all 18 simulations (bottom row).

region, the proxy records reveal wetter conditions, particularly over
northeastern Brazil (0-20°S, 35°-55°W). This spatial pattern agrees
well with the ensemble mean of freshwater hosing simulations (Fig. 2),
which show reduced precipitation over northern South America and
increased precipitation over northeastern Brazil and the central Andes.
The strong model-data agreement allows us to use the simulations to
diagnose the mechanisms driving the proxy-inferred changes.

The decrease in precipitation north of the equator and increase in
precipitation south of the equator suggests a southward shift of the ITCZ
in the Atlantic and eastern Pacific (Deplazes et al., 2013). According
to well-established theoretical and modeling studies, these rainfall
changes occur through a reorganization of the ascending branch of the

Hadley Circulation in order to compensate for the inter-hemispheric en-
ergy imbalance caused by the AMOC weakening (Zhang and Delworth,
2005; Clement and Peterson, 2008; Marshall et al., 2013; Swingedouw
et al., 2009; Schneider et al., 2014). The strongest precipitation changes
occur over the ocean, with the impact of the ITCZ shift extending inland
into South America (Fig. 2). We find that almost all the simulations
show a southward shift of the ITCZ across the Atlantic and the eastern
Pacific Ocean, suggesting that a southward shift of the ITCZ over
this region is a robust response to freshwater forcing (Fig. 4a). The
latitudinal extent of the Atlantic ITCZ shift is strongly correlated with
changes in tropical North Atlantic temperature (Fig. 4b).
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Precipitation across northern and eastern tropical South America
are correlated with tropical Atlantic temperature changes (Fig. 6).
While the rainfall changes in northern South America are strongly
correlated with tropical Atlantic SST (Fig. 6a, b), the rainfall changes
in northeastern Brazil are better correlated with tropical south Atlantic
SST (Fig. 6¢, d). Together, these correlation patterns suggest AMOC-
induced changes in the tropical Atlantic SST gradient are important for
precipitation across tropical South America.

The northeast trade winds intensify in response to the AMOC-
induced changes in the inter-hemispheric meridional SST gradient (Fig-
ure S4, annual mean). The strengthened winds increase evaporative
cooling which further contributes to tropical North Atlantic cooling via
the wind-evaporation-SST (WES) feedback (Xie and Philander, 1994).
The WES feedback also contributes to warmer temperatures across the
tropical South Atlantic due to the weaker southeast trade winds (Figure
S4, annual).

AMOC-induced changes in the tropical Atlantic SST gradient and
the location of the ascending branch of the Hadley circulation are key
controls on precipitation across tropical South America. The reduction
in AMOC strength may also weaken or reverse the North Brazil Current
and further contribute to cooling in the tropical North Atlantic and
warming in the tropical South Atlantic by impacting the northward heat
transport in this region (Wen et al., 2011). Previous work by Campos
et al. (2019) find that millennial-scale precipitation in South America
is sensitive to both dynamic and thermodynamic processes, including
seasonal moisture supply from the tropical Atlantic. A cooler tropical
North Atlantic decreases the water vapor content in the air that is
advected from the tropical North Atlantic to northern South America
via the climatological northeast trade winds (Figure S5), which fur-
ther contributes to reduced rainfall (Figure S4). Similarly, warming of
the tropical South Atlantic increases the moisture content of the air
transported by the southeast trade winds to northeastern Brazil (Figure
S4).

3.1.2. Aridification of West Africa

The freshwater hosing simulations and proxy data provide evidence
for widespread drying across the western Sahel in northwestern tropi-
cal Africa (5°-15°N, 18°W-10°E) (Fig. 1), an area influenced by the
west African monsoon. Similarly to South America, this change has
previously been attributed to the southward shift of the Atlantic ITCZ
during HS1 (Stager et al.,, 2011). Analysis of the freshwater hosing
simulations suggests a more complex response in which drying over
the Sahara and Sahel is controlled by several indirect responses to
the cooling of the North Atlantic. In all simulations, cooling of the
North Atlantic causes widespread and seasonally persistent surface
cooling over Africa north of 15° N (Figures S1 and S4). This surface

cooling weakens the Saharan Heat Low, decreases the meridional sea
level pressure gradient between the Sahara and the Guinea coast, and
reduces the northward propagation of low-level moist southwesterly
winds during the boreal summer monsoon season (June-July-August,
JJA; Fig. 7a) consistent with the mechanisms proposed by Liu et al.
(2014). In addition, there is a weakening of the upper tropospheric
Tropical Easterly Jet (TEJ) in the simulations (Fig. 7c), which may
further weaken the West African Monsoon by reducing upper-level
divergence and low-level convergence (Sylla et al., 2009; Nicholson,
2008).

The simulations show the largest rainfall reductions near the At-
lantic coast and a west to east decline in the magnitude of the drying
(Figs. 1a and 3b, d) that mimic the climatological rainfall gradient
(Figure S3). In this region, changes in the mid-tropospheric African
Easterly Jet (AEJ; Fig. 7b) contribute to the drying in West Africa
through intensified moisture export (Mulitza et al., 2008) and its impact
on convection core genesis (Cook, 1999; Diongue et al., 2002; Mohr
and Thorncroft, 2006; Fontaine et al., 2010). In the simulations with
seasonal output available (Figure S4), a weakened mid-tropospheric
meridional temperature gradient between the tropical North Atlantic
and the Gulf of Guinea weakens the AEJ over the coastal northwestern
tropical Africa region (Fig. 7b), and as a result, causes further drying
across this region during the summer monsoon season (Fig. 7a).

The role of tropical Atlantic temperature is further supported by
a strong correlation between tropical North Atlantic temperature and
precipitation across coastal northwestern tropical Africa (r ~ 0.7, Fig.
7d). The influence of tropical Atlantic temperature weakens inland,
as evidenced through a gradual weakening of the correlation between
tropical North Atlantic temperature and northern tropical Africa pre-
cipitation moving eastward (Fig. 7d). A strengthening correlation with
high-latitude North Atlantic temperature (40°-65°N, 60°W-0°) sug-
gests a stronger influence of high latitude temperature on northern
tropical Africa precipitation east of the prime meridian (Fig. 7d) as
further discussed in Section 3.2.1.

3.2. Monsoonal responses across the Indian Ocean

Proxy records from around the Indian Ocean, which includes the
Indian subcontinent, eastern equatorial and southeastern Africa and
western Australia (Fig. 1a), indicate substantially less conclusive ev-
idence for widespread drought during HS1 compared with previous
syntheses (Stager et al., 2011). Our synthesis does not clearly show the
extension of HS1 aridity into equatorial or southeastern East Africa.
Instead, drier conditions are restricted to the Indian subcontinent and
northeastern Africa (10°-20°N, 30°-50°E), and wetter conditions are
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Fig. 6. Tropical Atlantic temperature controls precipitation changes over northern and eastern South America. (a) Spatial correlation between simulated rainfall changes over
northern South America (blue box) and surface temperature changes. (b) Scatter plot of rainfall changes over northern South America (blue box in panel a) versus surface
temperature changes over the tropical North Atlantic (white box in panel a). (¢) Spatial correlation between rainfall changes over eastern South America (blue box) and surface
temperature changes. (d) Scatter plot of rainfall changes over eastern South America (blue box in panel c) versus surface temperature changes over the southern tropical Atlantic
(white box in panel c). Stippling in (a) and (c) indicates significant correlations (two-tailed t-test at the 90% confidence level, Section 2.2). Markers in panels b and d are numbered
based on Table 1 and colored to denote the tropical north Atlantic temperature change (°C). Circles indicate the simulations with strong and moderate tropical North Atlantic

cooling. Squares indicate the simulations with muted cooling.

only evident in southeastern Africa (15°-20°S, 25°-35°E) and northern
Australia (10°-25°S, 110-150°E) (Figs. 1 and S1). We find that rainfall
over equatorial east Africa remained largely unchanged during HS1.
A number of lake records, for example Lake Tana (Lamb et al., 2007)
and Lake Victoria, previously interpreted as desiccated by Stager et al.
(2011) are excluded from our synthesis due to the lack of an LGM
or deglacial baseline prior to HS1 that prevents us from evaluating
whether there was a distinct change during HS1 or if the deglacial
lake level rise simply reflects a wetter transition from a dry LGM state
(Section 2.1).

Precipitation changes over the Indian Ocean show complex spatial
features, seasonality, and model dependence. The pattern of drier
conditions over the northern tropical Indian Ocean and wetter condi-
tions over the southern tropical Indian Ocean that are separated by a
transition zone with small changes, is a robust feature of freshwater
hosing (Figs. 1a and 2). Some insights into the causes of these changes
are provided by a subset of the simulations for which we have seasonal
output (Section 2.2). In these simulations, the annual mean response is
dominated by changes in summer monsoon precipitation over most of
the Indian Ocean domain. The drying over India is most pronounced
during boreal summer (Fig. 8a; JJA), whereas in southeast Africa
and northern Australia, wetter conditions are strongest during austral
summer (Fig. 8b; DJF).

While many of the simulations show basin-wide drying over the
northern tropical Indian Ocean, five of the freshwater hosing simu-
lations show zonally asymmetric precipitation changes between 12°N

and 12°S (Fig. 2; CESM1-0.2Sv, CESM1-0.15Sv, CESM1-0.1Sv, CESM1-
iTraCE-MWF, and CCSM3-0.1Sv-NA). The pattern of drier conditions
in the western Indian Ocean and East Africa and wetter conditions
in the eastern Indian Ocean is consistent with a zonal mode during
HS1 identified by Du et al. (2023) using CESM1-iTraCE. However, this
pattern is model-dependent and the majority of the simulations from
other models do not exhibit this asymmetry as further discussed in
Section 3.3.2 about the Maritime Continent.

3.2.1. Drying across northeastern equatorial Africa

The proxy data and freshwater hosing simulations consistently
show drier conditions over northeastern equatorial Africa (Figs. la
and 2). While the rainfall changes in northwestern equatorial Africa
are strongly correlated with tropical Atlantic SSTs (Section 3.1.2), this
correlation decreases longitudinally from west to east across Africa
(Fig. 7d). Rainfall changes in northeastern equatorial Africa are poorly
correlated with tropical Atlantic SST changes, and are instead better
correlated with high latitude temperatures (Fig. 7d).

The drier conditions across northeastern Africa in response the
AMOC reduction are explained by the advection cold, dry air from
higher-latitudes into northeastern Africa (Figure S4) (Chou et al.,
2001). The ventilation mechanism is consistent with year-round drying
in the freshwater hosing simulations (Figure S4, annual) as stabilization
of the atmosphere with cooler high latitude air inhibits deep convection
during the rainy seasons.
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3.2.2. Aridification of the Indian subcontinent

Drying across the Indian subcontinent is a robust response of the
climate system to a weaker AMOC. All of the freshwater hosing simu-
lations except CCMS3-0.1Sv-NA produce drying over the Indian subcon-
tinent (Figs. 1c and 2). Previous work by Marzin et al. (2013) suggested
that tropical Atlantic SST changes are key to explain the reduction of
rainfall over India, inducing a southward shift of the subtropical west-
erly jet across northern Africa and Eurasia and reducing the meridional
upper tropospheric temperature gradient between the Tibetan Plateau
and the tropical Indian Ocean. Together these changes decrease the
intensity of the summer monsoon. However, drying over India is also
present in simulations with weak cooling of the tropical North Atlantic
(Fig. 3c, d), suggesting that other mechanisms are involved to generate
more arid conditions.

Work by Mohtadi et al. (2014) find that the Indian summer mon-
soon responds to North Atlantic cooling through a stationary Rossby
wave train teleconnection that originates in the North Atlantic. An
alternative mechanism is that cooling of the Arabian Sea via the ad-
vection of cold, mid-latitude air acts as an important bridge between
high-latitude cooling and India summer monsoon rainfall, and provides
a possible dynamical explanation for the simulated decrease of Indian
summer monsoon rainfall in previous studies (e.g. Pausata et al., 2011).
As discussed in Section 3 results overview, the high-latitude North At-
lantic cools in response to freshwater forcing. The Northern Hemisphere
westerlies advect cold and dry air downstream to lower latitudes, but
due to the topographic insulating effect of the Himalayas, this high lati-
tude cooling cannot directly influence the Indian subcontinent through
the process of ventilation (Boos and Kuang, 2010). Instead, the cold air
is advected across the Arabian Peninsula into the northwestern Arabian
Sea (Fig. 8) where it is not blocked by high topography. The intrusion
of this cold, dry air over the Arabian Sea reduces moisture availability
during the summer monsoon. This effect produces widespread drying
over the Indian subcontinent even in simulations where Indian summer
monsoon winds do not weaken, demonstrating the thermodynamic
nature of the response.

The relative importance of high latitude versus tropical North At-
lantic cooling in controlling changes in Indian summer monsoon rain-
fall appears to be model dependent. For example, simulations with
similar amounts of high latitude cooling but varying magnitudes of
tropical North Atlantic cooling (Fig. 3a, c) show a relationship between
the magnitude of the rainfall reduction over India and tropical Atlantic
temperatures (Figs. 3b, d and 8e). Thus, it appears that both high
and low-latitude mechanisms influence precipitation in India, but the
relative importance in each simulation likely depends on the rela-
tive magnitudes of surface temperature changes in the tropical and
high-latitude North Atlantic.

An alternative hypothesis to explain the drying of the Indian subcon-
tinent is that precipitation across India weakens as a result of a Rossby
wave response to suppressed convective heating over Indonesia in the
Maritime Continent (Zhang and Delworth, 2005). However, the simu-
lations do not consistently agree on the sign of the precipitation change
in the Maritime Continent, with approximately half of the simulations
showing wetter and half showing drier conditions (Section 3.3.2). The
rainfall discrepancies over the Maritime Continent make it difficult
to evaluate this mechanism, but given that drying over India is a
consistent response in nearly all simulations, this mechanism appears
to be of secondary importance.

3.2.3. Wetter southeastern Africa and northern Australia

The freshwater hosing simulations generally show wetter conditions
across the tropical to subtropical southern Indian Ocean from Africa
to Australia. The increase in rainfall is most pronounced during the
austral summer wet season (Figs. 8b and 8d, DJF), when the region
receives more moisture via the climatological winds (Figure S5). Strong
cooling in the Arabian Sea increases the north-south temperature and
sea level pressure (SLP) gradient, driving northerly wind anomalies
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across the equator (Fig. 8b and d). The northerly wind anomalies
are deflected by the Coriolis effect in the Southern Hemisphere to
become northwesterly wind anomalies that subsequently weaken the
climatological southeast trade winds, reduce evaporative cooling and
induce SST warming via the WES feedback along 15°S (Figs. 8b and
8d). Through such a WES feedback (Sections Section 3.1.1), there is
a broad band of positive rainfall anomalies at ~15°S (Fig. 8b) during
DJF, indicating a southward shift of the rain belt over the tropical
Indian Ocean (Fig. 4a). These changes provide additional moisture,
which is then transported to southeastern Africa via the climatological
easterlies (Figure S5), yielding wetter conditions in southeastern Africa
even without a large change in wind.

The wetter conditions in northern Australia are not only affected
by the shift in the tropical rain belt, but also by coastal warming along
the western coast of Australia (Fig. 8d). The coastal SST warming could
be related to a strengthened southward Leeuwin Current. Northerly
wind anomalies along the west coast of Australia advect warm tropical
waters into this region. This mechanism is supported by the similarity
between the simulated pattern of warming along the west coast of
Australia (Figure S4) and the position of the climatological Leeuwin
Current. Although the causality of the coastal warming and northerly
wind anomalies requires further investigation, the combined impact of
warm SST and northerly wind anomalies intensify the wetter conditions
over northwestern Australia through enhanced moisture availability
and strengthened summer monsoon winds. In summary, cooling of the
Arabian Sea and the associated northerly wind anomalies are important
for communicating the high-latitude North Atlantic cooling to the
southern tropical Indian Ocean.

3.3. Rainfall changes across the tropical Pacific Ocean

Conversely, the rainfall changes across the Maritime Continent are
heterogeneous. In many records from Indonesia, the rainfall changes
during HS1 are muted and difficult to unambiguously classify as wet
or dry due to large background noise. A few notable exceptions are a
stalagmite record from Borneo (Partin et al., 2007) and three marine
salinity records from Sumatra on the western margin of the Maritime
Continent in the Indian Ocean (Mohtadi et al., 2014). Collectively, the
proxy records generally indicate that conditions were unchanged or
drier across the Maritime Continent during HS1. The regional responses
are further described in Sections 3.3.1 and 3.3.2.
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3.3.1. Wetter tropical Andes

The proxy synthesis shows that the Andes mountains south of the
equator, herein the Peruvian Andes (0-15°S), are wetter during HS1
compared to the LGM. This is consistent with the freshwater hosing
simulations, which show increased precipitation across this region (Fig.
1a). Wetter Peruvian Andes are shown in simulations with and without
tropical North Atlantic cooling (Fig. 3), suggesting that tropical North
Atlantic SST is not a deterministic factor for precipitation change over
the Peruvian Andes.

Located just south of the equator, the Peruvian Andes are sensitive
to a meridional ITCZ shift. Nearly all models simulate a southward shift
of the ITCZ in the eastern Pacific Ocean, though the models with weak
tropical North Atlantic cooling generally show a smaller change in the
latitude of the eastern Pacific ITCZ (Fig. 4a). A southward displaced
eastern Pacific ITCZ, driven by the interhemispheric temperature im-
balance, thus accounts for the increased Andes precipitation.

Further south, over the Central Andes and the Altiplano (15-25°S)
- which consists of the highlands of southern Peru, western Bolivia,
and northern Chile — four records (Thompson, 1998; Ramirez et al.,
2003; Fornace et al., 2014; Nunnery et al.,, 2018) show no change,
while two records (Baker et al., 2001; Placzek et al., 2006) show wetter
conditions during HS1 (Fig. 1a). Collectively, these records suggest
that the Altiplano was slightly wetter during HS1. However, not all
proxies may capture this nuanced change. In particular, the two records
that show wetter conditions are both aridity records (Fig. 1a; square
symbols).

Consistent with the proxy data, a wetter Altiplano is shown in
the model ensemble with tropical North Atlantic cooling (Fig. 3a, b).
The magnitude of tropical North Atlantic cooling thus plays a critical
role in modulating the precipitation change over the Altiplano. This
relationship is evidenced by the strong negative correlation between
the precipitation change over the Altiplano and tropical North Atlantic
temperature (Fig. 9a), with the negative correlation extending into
the tropical northeastern Pacific. We find that in the simulations with
tropical North Atlantic cooling, anomalously high sea level pressure
strengthens the northeasterly trade winds across the Central America
isthmus. The strengthened trade winds propagate the drying and cool-
ing signals from the tropical North Atlantic to the northeastern tropical
Pacific (Figure S4, annual), in agreement with an Atlantic-Pacific atmo-
spheric bridge mechanism (Zhang and Delworth, 2005; Timmermann
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et al., 2007; Xie et al., 2008; Merkel et al., 2010). Such cross-isthmus
dynamics are absent in the simulations with weak tropical North At-
lantic cooling (Fig. 3c), where the northeastern tropical Pacific SSTs are
warmer instead. A study compiling regional SST records indicates that
the transition between cooler tropical northeastern Pacific and warmer
tropical southwestern Pacific is located at approximately 2°S (Kienast
et al., 2013), supporting the SST patterns simulated in the models with
tropical North Atlantic cooling (Fig. 3a).

The change in precipitation over the Altiplano is strongly correlated
with the topical eastern Pacific meridional SST gradient (r = 0.79;
Fig. 9b). This suggests that the precipitation change is dynamically
influenced by changes in large-scale circulation as a response to the
spatial pattern of SST change rather than the thermodynamic impact
of warming over the adjacent ocean. The tropical northeastern Pacific
cooling induces an anomalous meridional sea level pressure gradient
with cross-equatorial northerly wind anomalies (Figure S4). Through
the WES feedback, stronger northern trade winds enhance tropical
Pacific cooling north of the equator, and weaker southern trade winds
enhance warming south of the equator, driving a change in the merid-
ional SST gradient over the tropical eastern Pacific. This meridional SST
gradient is further enhanced by a Bjerknes feedback (Bjerknes, 1969)

12

Quaternary Science Reviews 369 (2025) 109567

that reduces coastal upwelling in the tropical southeastern Pacific and
increases SST in the eastern Pacific cold tongue.

Today, the Altiplano is one of the driest climates on Earth’s due to
its altitude and subtropical location. It is unlikely that the ITCZ shifts
to 20°S during HS1 since there is no evidence of such dramatic changes
in the proxy data (Fig. 1a). However, we hypothesize based on the
seasonality of modern rainfall in the Altiplano (Garreaud et al., 2003),
that with a large change in the meridional temperature gradient, the
ITCZ would be positioned south enough to occasionally bring tropical
convective systems to the Altiplano and cause a slight increase in
annual mean precipitation. This may also explain the more nuanced
change shown in the proxy data (Fig. 1a).

Lastly, although the ensemble mean of the simulations with tropical
North Atlantic cooling shows strong agreement with proxy data over
the central Andes, there is poorer inter-model agreement on the spatial
pattern of precipitation change, as shown by the absence of stippling
in this region in Fig. 3b. The climate of the Andes is difficult to
simulate due to the complex topography that may not be adequately
represented in global climate models (Neukom et al., 2015). Future
studies using high-resolution models with improved representation of
the topography and convection-permitting capability will be helpful for
better illustrating the climate dynamics of this region. Furthermore,
this region is also known to be influenced by changes in the El Nifio
Southern Oscillation (ENSO) and the Pacific Walker Circulation, where
the equatorial and central Andes are wetter during La Nifa years and
drier during El Nifio years (Vuille and Bradley, 2000; Garreaud, 2009;
Deser et al., 2012). However, the simulations differ in their responses in
the Pacific Walker Circulation, with some models show a more El Nifio-
like mean Pacific climate state and others showing a more La Nifia-like
mean state as discussed in Section 3.3.2.

3.3.2. Heterogeneous rainfall changes across the Maritime Continent

Intriguingly, the rainfall responses over the Maritime Continent
are more complicated than in the eastern Pacific. Whereas the proxy
synthesis generally shows muted to drier conditions across the Maritime
Continent during HS1, the simulated rainfall responses differ widely
(Fig. 2). Approximately half of the simulations simulate drier conditions
over the Maritime Continent, while the other half simulate wetter
conditions. Although the overall model-data agreement is lower outside
of the Atlantic (Fig. 5c), the simulations with moderate to strong
cooling of the tropical North Atlantic (Fig. 3a, b) better agree with the
proxy synthesis compared to the simulations with weak tropical North
Atlantic cooling (Fig. 3c, d).

Rainfall across the Maritime Continent is influenced by both the
Pacific and Indian Oceans. The relative influence of each basin on the
simulated rainfall change is likely model dependent. To more com-
prehensively understand the diverse rainfall responses in models, we
perform an inter-model Empirical Orthogonal Function (EOF) analysis
of the rainfall changes over the Maritime continent (Fig. 10). This
analysis allows us to identify the leading modes of inter-model spread
of local rainfall responses over the Maritime Continent and explore the
connections with global rainfall and temperature responses. The lead-
ing inter-model EOF mode of Maritime continent rainfall explains 53%
of the total inter-model variability and exhibits a meridional dipole
pattern of rainfall over the Indian Ocean (Fig. 10a—c). This meridional
dipole is most pronounced in HadCM3-0.4Sv-NA as indicated by the
high principal component value (Fig. 10c). The second mode explains
23% of the inter-model variability and features a zonal dipole pattern in
the Indian Ocean (Fig. 10d-f). This zonal dipole pattern is particularly
strong in CESM1-0.2Sv and CESM1-iTraCE-MWF (Fig. 10f).

The proxy synthesis (Fig. 1a) indicates that both sides of the north-
ern tropical Indian Ocean are drier during HS1, providing independent
support of the north-south dipole across the Indian Ocean in EOF1
(Fig. 10a, b). Conversely, a subset of the simulations (e.g., CESM1-
0.1Sv, CESM1-0.15, CESM1-0.2Sv, and CCSM3-0.1Sv-NA) demonstrate
zonally asymmetric rainfall responses across the Indian Ocean (Fig. 2)
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b) PC1 and (d, e) PC2. EOF1 and EOF2 mode explains 53% and 23% of the total inter-model variability, respectively.

that are in line with the EOF2 pattern (Fig. 10d, e), but inconsistent
with the proxy-inferred drying observed across the Maritime Continent
(Fig. 1).

Global SST regressions on the EOF1 and EOF2 modes show that
the rainfall changes over the Maritime Continent are connected to
high-latitude North Atlantic cooling and cooling over the Arabian Sea
(Fig. 10b, e). However, EOF1 shows stronger connections with SST
and rainfall changes in the tropical Pacific and tropical Atlantic, while
EOF2 shows a zonal SST dipole pattern over the Indian Ocean and more
muted connections to other tropical ocean basins. The simulated wetter
conditions over the Maritime Continent in a subset of the simulations
may be associated with this east-west SST dipole in the Indian Ocean
that may be jointly influenced by high-latitude North Atlantic cooling
propagated through the Arabian Sea cooling and/or changes in the
Indian Ocean Dipole as suggested by Du et al. (2023). Conversely,
drying over the northern tropical Indian Ocean and wetter conditions
over the southern tropical Indian Ocean are consistent with strong
cooling over the North Atlantic and a southward shift in the ITCZ.

Given that EOF1 explains 53% of the inter-model variability, we
also explore mechanisms involving a Pacific pathway by focusing on
changes in the Pacific Walker Circulation (PWC). The drying signal
across the Maritime Continent is more pronounced in the simulations
with tropical North Atlantic cooling (Figs. 3a, b). These simulations also
tend to have zonally asymmetric temperature responses in the Pacific,
suggesting a PWC influence. The composite of simulations with cooling
of the tropical North Atlantic generally shows a zonal asymmetry in
equatorial Pacific SSTs and rainfall, with cooler/drier conditions over
the western Pacific and warmer/wetter conditions over the eastern
Pacific (Fig. 3a, b). This “El Nifio-like” pattern hints toward the role
of changes in the PWC on tropical rainfall. Of the simulations with
full seasonal output available, CCSM3-1Sv-NA shows strong cooling
of the tropical North Atlantic (Figures S4 and S11). In CCSM3-1Sv-
NA, the cooling of the tropical North Atlantic spreads to northeastern
equatorial Pacific by the trade winds and induces warmer and wetter
conditions in the southeastern equatorial Pacific (Section 3.3.1). The re-
sulting southward ITCZ shift in the eastern Pacific promotes convection
over the southeastern tropical Pacific and subsequently weakens the
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ascending branch of the Pacific Walker Circulation over the Indo-Pacific
warm pool during boreal fall (Fig. 11a). This weaker Walker Circulation
mechanism is supported by the wetter signal over the equatorial Andes
and an associated increase in convection in the southeastern tropical
Pacific.

In contrast, the “El Nifio-like” zonal temperature and rainfall asym-
metry across the tropical Pacific is absent in other simulations. These
simulations generally show SST warming in the eastern Indian Ocean
and wetter conditions across the Maritime Continent. This pattern
conflicts with the weaker Pacific Walker Circulation mechanism dis-
cussed above and results in poor model-data agreement. Most of the
models with a wetter Maritime Continent also have weak tropical
North Atlantic cooling; however, IPSL-CMS5 is an exception. While IPSL-
CMS5 is one of the models with strong tropical North Atlantic cooling,
it shows a strengthening of the PWC and “La Nina-like” pattern in
response to freshwater hosing (Fig. 11b), that is consistent with the
work of Orihuela-Pinto et al. (2022) that identifies a PWC strengthening
with weakened AMOC. In IPSL-CM5, while there is a warming along
the tropical Pacific coast of South America, likely associated with a
weaker cold tongue driven by the “bridge” mechanism (Zhang and Del-
worth, 2005; Timmermann et al., 2007; Xie et al., 2008), the stronger
Indo-Pacific Warm Pool warming induced by the Indian Ocean dipole
dominates the tropical Pacific zonal temperature gradient and drives an
“La Nina-like” response (Figure S1). The PWC response to hosing thus
appears model dependent.

Given the large disagreement among the simulations and uncertain-
ties in the proxy synthesis, the rainfall response to a weaker AMOC
across the Maritime Continent is one of the main drivers of the model-
data agreement. Without the full seasonal output from all 18 simu-
lations it is difficult to disentangle competing mechanisms between
the Pacific and Indian Oceans. On the proxy side, there is a lack of
high-resolution proxy records from the central Pacific to independently
validate the simulated Walker Circulation changes. Furthermore, many
of the records that show drier responses come from marine isotope
records (Fig. 1a) that may also be influenced by an increase in sea
surface salinity due to the advection of more saline water from the
subtropics as opposed to local rainfall. Furthermore, in many records
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it is difficult to clearly identify a wet or dry rainfall signal in many
Maritime Continent proxy records due to large background noise.

4. Discussion
4.1. Role of tropical Atlantic SST

Different mechanisms have been proposed to explain how changes
in the North Atlantic are transmitted to the global tropics. As reviewed
by Clement and Peterson (2008), the mechanisms broadly fall into
two categories: zonally symmetric and zonally asymmetric responses.
The zonally symmetric mechanisms highlight the role for the cooling
over the subpolar North Atlantic to cool the entire mid- and high-
latitude Northern Hemisphere via the westerly winds. This cooling is
then propagated to the global tropics via strengthened trade winds
and the WES feedback, which uniformly shifts the ITCZ southward
toward the warmer hemisphere (Broccoli et al., 2006; Chiang and
Bitz, 2005; Clement and Peterson, 2008). For the zonally asymmetric
mode, Zhang and Delworth (2005) propose that cooling of the tropical
North Atlantic increases sea level pressure in the northeastern tropical
Pacific, strengthening the cross equatorial trade winds and shifting the
eastern Pacific ITCZ southward. The eastern Pacific changes are con-
nected to changes in the western Pacific through a Walker Circulation
adjustment, yielding asymmetric rainfall responses across the tropical
Pacific (Zhang and Delworth, 2005; Clement and Peterson, 2008).

Although we find evidence of both the zonally symmetric and
asymmetric modes in the 18 freshwater hosing simulations, the sim-
ulations with an asymmetric response better agree with the proxy
data. The proxy records and model ensemble (Figs. 1 and 2) generally
show a broad pattern of drier conditions in the Northern Hemisphere
and wetter conditions in the Southern Hemisphere that is consistent
with the zonally symmetric rainfall response involving a southward
shift of the ITCZ. The meridional shift in the ITCZ is particularly
pronounced in the Atlantic (Fig. 4a) and is associated with weakening
of the AMOC and reduced northward ocean heat transport. Conversely,
the proxy-inferred rainfall changes over land and in monsoon regions
require more nuanced mechanisms than a zonally symmetric ITCZ
shift. Additionally, the differences among the simulations become more
pronounced the farther away from the Atlantic, particularly in regions
such as the Maritime Continent (Fig. 1c).
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We identify that cooling of the tropical North Atlantic is a key driver
of global tropical hydroclimate changes. As discussed in Section 3, the
simulations with moderate and strong cooling of the tropical North
Atlantic (Figs. 1b and 3a, b) better agree with the proxy-inferred
patterns compared to simulations with weak tropical North Atlantic
cooling (Fig. 3c, d). The ensemble mean of the simulations with tropical
Atlantic cooling consistently shows higher global x compared to the
ensemble mean of the simulations with muted cooling across all proxy
types (Fig. 5a blue versus orange lines). The importance of tropical
Atlantic cooling is further underscored when examining the model-data
agreement with and without the Atlantic ITCZ domain (Figs. 5b and
5¢).

The subset of simulations with tropical Atlantic cooling tends to
show asymmetric rainfall responses in the Pacific with drier conditions
across the Maritime Continent and wetter conditions in the eastern
equatorial Pacific (Section 3.3.2). Conversely, the subset of simulations
with only weak cooling of the tropical North Atlantic (Fig. 3c, d) show
a zonally symmetric change in rainfall across the tropical Pacific that
is inconsistent with the proxy-inferred responses. This zonal asymmetry
is key for producing the correct sign of the rainfall response in regions
that are far-removed from the Atlantic.

Furthermore, although a southward shift of the ITCZ in the Atlantic
is a robust response in all the simulations (Fig. 4a), the magnitude of
tropical North Atlantic cooling strongly influences the hydroclimatic
changes in northeastern South America and West Africa. Simulations
with stronger cooling of the tropical North Atlantic tend to cause more
expansive cooling and drying patterns over the northern South Amer-
ica (Fig. 3a, b). More pronounced southward propagation of drying
across South America could limit the spatial extent of wetter conditions
emanating from a warmer southern tropical Atlantic. In the eastern
side of the basin, stronger tropical North Atlantic cooling shifts the
African Easterly Jet and weakens the West African Monsoon along the
coast (Section 3.1.2). Together, this highlights that across the Atlantic,
there are different mechanisms driving regional responses to freshwater
hosing.

4.2. Non-tropical Atlantic SST influences

Although cooling of the tropical North Atlantic emerges as an im-
portant explanatory pattern, some regions are impacted by alternative
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mechanisms that are not entirely driven by cooling of the tropical North
Atlantic. In some regions, temperature changes in the high-latitude
North Atlantic or southern tropical Atlantic more directly influence
rainfall. For example, advection and high-latitude forcing explain the
drying of northeastern Africa (Section 3.2.1). Warming of the south-
ern tropical Atlantic is key for explaining the proxy-inferred rainfall
changes in South America (Section 3.1.1).

Furthermore, there are regions that appear linked to both high-
latitude and tropical mechanisms. Drier conditions in the Indian mon-
soon region occur regardless of whether a simulation shows strong or
weak cooling of the tropical North Atlantic. We find that the high-
latitude North Atlantic cooling can directly cool the Indian Ocean
through the advection of cold and dry air via the Arabian Sea (Sec-
tion 3.2.2). The cooling of the Arabian Sea emerges as an important
factor driving reduced Indian summer monsoon rainfall (Pausata et al.,
2011; Tierney et al., 2015). The relative importance of high-latitude
versus tropical mechanisms on Indian summer monsoon rainfall is
likely model-dependent (Section 3.2.2). Together, these regions high-
light the complexity of regional rainfall responses to weaker AMOC and
abrupt cooling of the North Atlantic.

4.3. Responses over the Maritime Continent

An additional challenge is that even the best performing simulations
based on their global « (Fig. 1b) have varying regional responses. Even
among the simulations with the highest global model-data agreement
(Fig. 1a), the individual rainfall responses in the Amazon, eastern equa-
torial Africa, and the Maritime Continent do not unambiguously agree
with the sign of the ensemble mean rainfall response (Fig. 12). These
discrepancies highlight key regions in which future proxy data acquisi-
tion and modeling studies may help disentangle competing mechanisms
driving the proxy-inferred responses. Furthermore, the Pacific Walker
Circulation and the Indian Ocean zonal dipole response to hosing vary
among the different simulations (e.g., Fig. 11), making it difficult to
assess the role of large atmospheric circulation changes in controlling
Maritime Continent rainfall.

4.4. Future directions

Additional high-resolution records from southern Africa, inland Sa-
hel, and southeast Asia would provide additional observational con-
straints for data sparse regions. Additional climate modeling studies
would also further test the proposed mechanisms that explain the
regional changes in rainfall. For example, additional sensitivity ex-
periments would help constrain the relative influence of high-latitude
versus tropical mechanisms driving the reduction in rainfall over India.
The importance of warming of the southern tropical Atlantic could
also be refined with further modeling experiments. Recent advances in
isotope-enabled modeling may also shed new light on interpreting wa-
ter isotope proxy records, and understanding the mechanisms driving
the proxy-inferred responses in complex regions such as the Maritime
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Continent (Du et al., 2021), South America (Bao et al., 2023) and the
Asian monsoon region (He et al., 2021).

The East Asian monsoon region presents additional complexities.
Most simulations show a very weak response in this region (Fig. 1a),
but the proxy records, derived primarily from cave speleothem oxygen
isotope records (Wang, 2001), show a strong drying signal. One possi-
ble explanation for this discrepancy is that the oxygen isotope records
from this region may reflect change in the upstream activity along the
moisture transport rather than local rainfall amount (Pausata et al.,
2011; Liu et al., 2014; Clemens et al., 2010; Hu et al., 2019; He et al.,
2021). Due to the longstanding debate about controls on speleothem
oxygen isotope values, records from East Asia were excluded from the
global kappa analysis in Fig. 1b. In the simulations with full monthly
output (Section 2.2), we find a decrease in precipitation in southeastern
China, indicating a weakening of the East Asian summer monsoon
(Figure S4, JJA). However, there is an increase in precipitation during
fall and winter in association with a southward shift of the westerly
storm track (Figure S4, SON and DJF), which may explain the incon-
sistent/weak simulated changes in annual mean precipitation (Figs. 1a
and 2). Additional non-isotope high-resolution records and a better
understanding of water isotope proxy systems in East Asia are needed
to determine the local hydroclimate response in East Asia.

Finally, this work points to other outstanding questions that are
good targets for future studies. For example, understanding why some
models simulate cooling of the tropical North Atlantic whereas others
do not is beyond the scope of this study, but will be an important
subject of future work especially given that the magnitude of cooling is
not directly related to the amount of freshwater forcing or the reduction
in AMOC. In some regions, the southern tropical Atlantic plays an
important role in explaining the hydroclimate responses, but it is
unclear whether the warming is driven by changes in ocean circulation
or atmospheric processes.

5. Conclusion

This study presents a data-model comparison for HS1 to understand
the mechanisms of AMOC-driven climate change across the global
tropics. Our new proxy data synthesis based on stringent selection cri-
teria and consistent interpretation metrics allows us to identify robust
regional hydroclimate signals in the tropics during Heinrich Stadial
1. Using an ensemble of 18 existing and new freshwater hosing sim-
ulations, we develop a globally coherent framework to explain how
changes in the North Atlantic are transmitted across the global tropics.
Specifically, we test whether a previously widely accepted assumption
involving a zonally symmetric southward shift of the ITCZ is adequate
to explain the observed changes, or if zonally asymmetric mechanisms
may play a more important role in certain regions. We find that
while both models and data broadly exhibit rainfall patterns consis-
tent with a zonal mean ITCZ shift, this simplistic mechanism fails to
fully explain all inferred patterns, particularly outside the Atlantic and
in monsoon-sensitive regions. We identify diverse pathways through
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which an AMOC reduction propagates across different regions, involv-
ing both dynamic and thermodynamic processes. Notably, we highlight
the importance of air-sea interactions, including the WES feedback
and advection, and large-scale adjustments in global wind patterns.
Lastly, we find that simulations with strong to moderate cooling of the
tropical North Atlantic generally produce zonally asymmetric rainfall
responses that better agree with the proxy data, particularly in the
Pacific sector. The disparities among models present crucial areas for
future advancements in paleoclimate modeling, in order to enhance
our understanding of the dynamical mechanisms underlying changes
in rainfall across the global tropics.
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