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Tropical hydroclimate in monsoonal regions has been largely understood
according to the orbital monsoon hypothesis, in which rainfall exhibits strong
covariation with local summer insolation on precessional (-21,000 years) time
scales, as exemplified in the Asian and South American monsoon stalagmite
records. However, paleo-rainfall variations in some tropical regions are poorly
explained by the orbital hypothesis, suggesting alternative forcing mechan-
isms of regional monsoon changes. Here, we show a 140,000-year record of
Central American rainfall from oxygen-isotope (8'®0) time series of precisely
dated stalagmites which reveals two dominant thermally-controlled monsoon
regimes in which the Atlantic Ocean thermal state linked to the meridional
overturning circulation (AMOC) is the primary driver, and local orbital summer
insolation control is limited. Our reconstruction, supported by isotope-
enabled climate model simulations, pinpoints the potential impacts of future

AMOC weakening on the Central American and Caribbean climate.

The orbital monsoon hypothesis predicts that local summer insolation
on precessional time scales drives monsoon circulation, for example
by heating the large Asian and South American landmasses'. Super-
imposed on precessional-scale rainfall variations in these regions are
anti-phased abrupt monsoon events linked to ice-rafted debris
deposition in the North Atlantic Ocean called Heinrich events, and
associated with monsoon weakening in Asia’ and strengthening in
South America’, as revealed by cave calcite §®0. In the tropics, chan-
ging rainfall amounts and oxygen-isotope composition (§"0,,) have
been attributed both to changes in local summer insolation that
influence atmospheric circulation and to latitudinal shifts in the
Intertropical Convergence Zone (ITCZ), which favors the warmer
hemisphere*. Such coherent antiphasing of rainfall characterizes a
unified circulation system known as the Global Monsoon>°. However,
rainfall variations in some major tropical regions, notably in Central
America and the Caribbean’”’, eastern Mexico'’, and other regions",
lack a clear precessional scale forcing, possibly because of their smaller

continental area relative to surrounding oceans hampered large-scale
land-sea thermal gradients (typical of classic monsoon systems), or
because of a stronger ocean control on atmospheric dynamics.
Testing for alternative hypotheses on primary drivers of rainfall
variations, such as Atlantic Ocean temperature or dynamics® requires
hydroclimate reconstructions near the tropical North Atlantic Ocean, a
key center of action for abrupt climate change®. For example, a strong
coupling between millennial-scale climate variability recorded in
marine sediments of the Cariaco Basin off northern South America and
similar events in Greenland ice cores demonstrates a strong coupling
between high and low latitude climate in the Atlantic/Caribbean
region'*", However, variations in the strength of tropical convection
over and upwind of Central America may not behave similarly to the
Cariaco Basin, particularly as Central America is outside the core
oceanic region of the ITCZ and responds to more complex ocean-
atmosphere dynamics other than solely north-south ITCZ latitudinal
changes. Thus, precisely-dated paleoclimate records from continental
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locations north of 10 °N would provide key information on the tem-
poral and dynamical response of Central American regional monsoon
to Atlantic Ocean forcing.

The Atlantic meridional Overturning circulation (AMOC) is one of
the core tipping elements of the Earth’s climate system' capable of
triggering far-reaching, potentially irreversible global changes. Paleo-
climate evidence documents rapid transitions between stable circula-
tion modes of AMOC throughout the last glacial cycle: a strong
(interglacial) mode in which warm surface waters are transported to
the northern high latitudes, release heat to the atmosphere, cool and
sink at depths to form deep water masses moving southward (North
Atlantic Deep Water formation); and a weak (glacial) circulation mode
where northward heat transport is reduced, oceanic convection is
shallower, and heat accumulates in the tropics. Tropical hydroclimate
reconstructions have shown that changes between AMOC states cause
shifts in the latitudinal position of the rain belt and the intensity of
monsoon precipitation'®. Presently, AMOC transports heat from the
tropics to the northern hemisphere high latitudes via the Gulf Stream,
contributing to a northern mean position of the tropical rainbelt'?.
Current state-of-the-art climate models project future AMOC weak-
ening in response to greenhouse gas warming?, albeit with widespread
inter-model discrepancy regarding magnitude and rate of slowdown*.
For associated impacts, key uncertainties are the role of AMOC on past
and future tropical rainfall variability*** and the regions most sensitive
to future AMOC decline?**%,

Central America is an ideal location to test for AMOC-tropical
climate controls because it is teleconnected to the AMOC upper limb
via the northeasterly trade winds, downwind of the large heat reser-
voirs of the tropical North Atlantic, Caribbean Sea, and Gulf of Mexico
(the broader Atlantic Warm Poo”*°). The rainfall annual cycle responds
to interactions between regional SST, ITCZ latitudinal changes, and
near-surface wind dynamics, primarily northeasterlies and the Car-
ibbean Low-Level Jet (CLL)), linked to east-west excursions of the North
Atlantic Subtropical High (NASH)?"*. About ~-65% of the 2500 mm of
our site’s annual rainfall*® occurs during the May through November
wet season when SSTs exceed 27.5 °C, the Atlantic Warm Pool is at its
maximum areal extension®, and a weaker CLLJ over the Caribbean
contributes to deep convective systems. During winter (December-
April), an intensified CLLJ linked to the westward expansion of NASH
and lower SST increases atmospheric subsidence over the Caribbean
suppressing regional convection”. Winter rainfall, which accounts for
ca. 35% of the annual total precipitation, consists mostly of localized
convection and northerly-sourced (nortes) air masses. We refer to the
strong seasonality of Central American rainfall as part of the Global
‘monsoon’, while recognizing that the region lacks some of the dis-
tinguishing features of classic monsoon circulation such as large-scale
wind reversals.

Here, we show from a speleothem-based paleo-rainfall record
over the last glacial cycle (140,000 years to present) from Guatemala
that the Atlantic Ocean overturning circulation (AMOC) and sea sur-
face temperature (SST) drive Central American hydroclimate varia-
tions and propose a strong link between AMOC and monsoon
strength. This thermally-driven Central American monsoon is distinct
from precession-driven monsoon systems elsewhere in the tropics,
and highlights the direct forcing of Atlantic Ocean thermal states on
Central American regional climate.

Results and Discussion

Glacial-interglacial monsoon convective states

We reconstruct Central American hydroclimate from calcite 80 time
series of precisely dated speleothems from three Maya highland caves
at ~-15°N latitude on the Caribbean slope of Guatemala (Supplementary
Fig. 1), Grutas del Rey Marcos (RM)?, Cueva Jul Iq (JQ), and Cueva
Bombil Pek (BO). Our reconstruction is anchored by ninety-three 2°Th
radiometric ages on nine replicating stalagmites to produce a
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Fig. 1| Central American monsoon reconstruction over the last glacial cycle.
a Composite Guatemala speleothem ice-volume corrected (blue) and measured
(grey) 80. b July 21 insolation curve (dotted) at 15°N (ref. 91). ¢ U-series ages with
associated 20 uncertainty of nine stalagmites. d Ocean §'®0 from ref. 32, used to
adjust our 60 record for ice-volume changes (8'°0;,.). Cold (blue) and warm
(yellow) Marine Isotope Stages (MIS 1-6) are shown.

composite time series, which was adjusted for inter-cave differences
(related to the elevation difference between caves sites) and for the
ice-volume corrected seawater isotopic composition (5%0jyc, in %o
Vienna Pee Dee Belemnite, VPDB throughout)* (Supplementary Fig. 2;
Methods). We interpret §®0;,. as primarily a proxy for 80 of pre-
cipitation (6'®0y,) reaching the cave site, which in turn is controlled by
rainfall amount along the prevailing source-to-cave moisture
trajectory®.

At our cave sites, lower monthly 60, values are associated with
enhanced rainfall from deep convection during May-November
(r=-0.68, p<0.0001; Supplementary Fig. 3, 4). Although seasonal
changes of the ITCZ latitudinal position modulate regional moisture
convergence across tropical America, today the ITCZ does not reach
the latitude of our cave sites (15 °N) during boreal summer’. Rather, a
broad zone of convection persists over Central America north of the
oceanic ITCZ. We thus discuss 80 variations in our record in terms of
regional convective intensity to distinguish it from proxy records from
lower latitudes, such as the Cariaco Basin® (10 °N), that are more
directly affected by north-south ITCZ changes. Cave drip waters inte-
grate amount-weighted precipitation 8®0 values, thus lower 50
indicates more regional convection and a stronger monsoon and
higher 80 reflecting less convection (Supplementary Fig. 5). Our
study sites are particularly sensitive to tropical North Atlantic pro-
cesses (Supplementary Fig. 6) because ~75% of the annual precipitation
originates in the Caribbean/western tropical Atlantic region®, with
smaller contributions from northern extra-tropical cold-fronts (~15%)
and eastern tropical Pacific (-10%).

Central American paleoclimate is defined by a distinct bi-modal
glacial-interglacial topology over the last 140,000 years (Fig. 1), sug-
gesting the existence of two primary convective regimes: a weak glacial
monsoon and a strong interglacial monsoon, either of which may be
interrupted by even more extreme abrupt episodes of monsoon
weakening. The prolonged strong monsoon between MIS 5e and the
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Fig. 2 | Atlantic Ocean temperature and circulation control on Central Amer-
ican monsoon variation. a Alkenone ratio Cs;.4, a proxy for Arctic surface waters
reaching the subtropical North Atlantic*®. b Guatemala 8'®0;,. record (this study);
¢ July 21 insolation curve at 15°N (ref. 91). d %'Pa/*°Th, a proxy for the strength of
the Atlantic Meridional Overturning Circulation (AMOC)""7, e Alkenone based sea
surface temperature (SST) from off the Iberian margin®°. f Alkenone based SST from
the tropical Guiana Basin (digitized)*. g Global ice volume from benthic §'0,
(ref. 42). Glacial termination I (T1) and Il (T2) are also highlighted. Vertical grey bars
denote Heinrich stadials (HSO-11). Marine Isotope Stages (MIS 1-6) are also shown.

first half of MIS 4 lasted more than 60,000 years and was punctuated
by several millennial-scale weak monsoon events.

Following ice age terminations I and Il (T1 and T2 in Fig. 2), peak
monsoon strength was delayed for several thousand years behind
minimum global ice volume, peaking at ca. 125,500 yr BP and
9000 yr BP, respectively, and in both cases relatively stable and wet
conditions were maintained for several millennia. A large and abrupt
transition to a glacial weak monsoon state occurred between 66,000
and 60,000yr BP, contemporaneously to intensified iceberg

discharges in the North Atlantic** and to an abrupt AMOC
slowdown” (Fig. 2).

Our observations reveal that convective intensity was decoupled
from orbital precession during the last glacial/interglacial cycle
(Fig. 1a, b): wet intervals lasted longer than a precessional cycle and
spanned insolation lows, whereas dry intervals were commonly shorter
than a full precessional cycle. Thus, a strong glacial-interglacial cycle
distinguishes Central America from monsoons in Asia’, South
America®, and Borneo®® that are more clearly paced by precession and
local summer insolation (Supplementary Fig. 7).

AMOC and SST forcing

Comparisons with North Atlantic paleoceanographic
reconstructions”>*** show that Central American monsoon intensity is
primarily responding to tropical and subtropical North Atlantic SST
and AMOC strength, with superimposed millennial-scale monsoon
collapses during cold North Atlantic Heinrich stadials (Fig. 2). For
example, SST records from the Iberian Margin® and the Guiana Basin®
off northern South America show a thermal structure similar to our
rainfall record, with a prolonged last interglacial period punctuated by
millennial scale cooling and drying excursions. The peak warming off
Iberia at 127,100 yr BP (Fig. 2e) closely overlaps the resumption of
strong convection over Central America but is delayed behind the ca.
130,000 yr BP global ice volume minimum.

Three major weak monsoon intervals (high 6*0;,.) coincided with
Arctic water penetration to the subtropics during MIS 5 as inferred
from high Cs74 alkenone ratios in marine sediments, at 111,500 to
107,500 yr BP (MIS 5 d), 105,600 t0 103,600 yr BP (MIS 5c), and 89,000
to 85,000 yr BP (MIS 5b) (Fig. 2a). These monsoon collapses coincide
with a period of moderate to low global ice volume (Fig. 2g), sug-
gesting that during relatively warm conditions, Central American
rainfall lies close to a tipping point in which slight cooling may produce
extensive monsoon suppression.

Further, we show that millennial-scale weak monsoon periods
over the last glacial/interglacial cycle were synchronous within dating
uncertainties to cooling episodes in the northern high- and mid-
latitudes®**® related to ice-rafted debris (IRD) deposition and melt-
water routing to the North Atlantic Ocean, called Heinrich (H) events
or stadials (HS)**.. For instance, the weakest monsoon convection in
Central America just prior to Terminations Il and I are coeval to the
largest North Atlantic HS11 and HS1, while the abrupt dry phases at the
MIS 5b and MIS 5 d coincide with HS8 and HS10 (Ref. 42; Fig. 2). Less
severe monsoon weakenings are also recorded in the Guatemalan
stalagmites throughout both warm MIS 5 and cold stages MIS 4-2.
Although our monsoon reconstruction shares Heinrich dry events with
the Cariaco Basin, our data lack the distinct millennial-scale
Dansgaard-Oeschger (DO) variability evident in the Greenland ice
core 80" and Cariaco Basin records®. These differences, along with
the stronger correspondence between our record and Atlantic SST,
suggest that Central American monsoon strength is responding to
different forcings than those inferred from the marine sediments in the
Cariaco Basin and has a unique paleoclimatic history separate from the
southern Caribbean™**,

Remarkably, the Central American monsoon responded on a one-
to-one basis (Fig. 3) with AMOC over the last deglaciation, as detailed
in the *'Pa/*°Th ratios in Bermuda rise ocean sediments”* in the
subtropical North Atlantic. Our record indicates moderate monsoon
strength at the Last Glacial Maximum (LGM, ca. 20,000 to 18,000 yr BP
in our record), a monsoon collapse at 17,500 to 14,800 yr BP (HS1), a
return to wetter conditions during the Bglling-Allergd (B-A, 14,800 to
12,800 yr BP), another monsoon weakening during the Younger Dryas
(YD, 12,800 to 11,600 yr BP), and a gradual monsoon strengthening in
the Early Holocene to reach near-modern values by 9000 yr BP™. Each
of these weak monsoon periods was associated with cooling and
AMOC slowdowns, and vice versa for strong monsoon intervals. The
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Fig. 3 | Central American monsoon evolution shows a one-to-one coupling with
AMOC and SST over Termination 1. a Guatemala 80, record (this study);

b Z'Pa/*°Thratios in subtropical North Atlantic sediments®. ¢, Alkenone-based SST
reconstruction from the Guiana Basin off northern South America (digitized)*.

d Ice-rafted debris (IRD) stack for the North Atlantic Ocean*. Vertical bars denote:
Younger Dryas (YD), Bolling-Allergd (B-A), Heinrich Stadial 1 (HS1), and Last Glacial
Maximum (LGM).

moderate monsoon during the LGM is linked to similarly moderate
AMOC strength comparable to that during the B-A, and provides evi-
dence for an active - though weaker than modern - monsoon during
the Last Glacial Maximum in Guatemala. Reconciling this observation
with proxy data indicating a strong LGM monsoon elsewhere in the
neotropics is an important target for future work’*¢,

Model constraints on AMOC-monsoon link

We use iTRACE* data - an ensemble of transient isotope-enabled
simulations based on the CESM v1.3 and spanning 20,000 to 11,000 yr
BP - to demonstrate that during the last deglaciation the strength of
the Central American monsoon can be explained by synchronous
changes in simulated 60, convective intensity, and AMOC strength
(Fig. 4). For instance, the iTRACE full forcing experiment (including ice
sheet, greenhouse gas, orbital, and meltwater forcing) shows that an
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Fig. 4 | Guatemala §"0;,. versus iTRACE model output. The Guatemala recon-
struction is shown in blue, and iTRACE* output (a-€) for Central American and the
Caribbean (latitudes 10.42° to 21.78° and longitudes 265° to 300°) as 31-yr running
averages. a iTRACE simulated surface temperature. b iTRACE §°0,, for MJJASON
(orange) and DJFMA (black). ¢ Rainfall amount for MJJASON (pink) and DJFMA
(black). d Convective activity index for MJJASON. e Simulated AMOC from the
equator to 49.6°N from the 500 to 1200 m depth. The iTRACE model accurately
simulates the §'®0,, response to changing regional rainfall amount in Central
America and the Caribbean, which is explained by changes in surface temperature
related to AMOC strength. Vertical bars define Younger Dryas (YD), Bglling-Allerad
(B-A), Heinrich 1 (HS1), and Last Glacial Maximum (LGM).

increase in speleothem §%0;,. coincides with decreases in AMOC
strength, North Atlantic surface temperature, and regional convective
rainfall and a convective activity index in Central America and Car-
ibbean (see Methods for details). Simulated 60, values increase
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the Early Holocene (11,001-11,500 yr BP) show Caribbean/Tropical Atlantic
SST cooling and wet season rainfall reductions related to AMOC weakening.
aMay-November difference in surface temperature (colors) and near-surface winds
(arrows). b Difference in wet season Central American rainfall (shading as percen-
tage changes relative to the Heinrich Stadial 1 climatology) was associated with a
weakened atmospheric convective activity. c-d Same as a and b but for the dry
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dots indicating significant differences within 1-99 percentile range. Maps are plot-
ted with the M_map package’” for MATLAB software, using the Global Self-con-
sistent, Hierarchical, High-resolution Geography Database (GSHHG)"* for
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during HS1 and the YD, almost perfectly matching the speleothem
8%0;,. and weak convective intervals (Figs. 4b and d).

The iTRACE simulation shows that during HSI rainfall was sup-
pressed from Central America east to the Caribbean Sea, coupled with
a general weakening of convective activity over the North Atlantic
(Figs. 5b and d). The rainfall reduction is clearly linked to Caribbean
SST cooling of ~5°C associated with meltwater influx to the North
Atlantic and a pronounced slowdown of the AMOC. The strongest
iTRACE precipitation response is seen in the May through November
wet season, while weaker for winter (DJFMA) rainfall (Fig. 4c). The
eastern tropical Pacific Ocean was not an important moisture source,
in agreement with modern moisture back-trajectory analyses (Sup-
plementary Fig. 6). SST cooling within the tropical North Atlantic and
Caribbean coincides with near-surface wind intensification describing
a southward shift of moisture convergence and convection strength-
ening over South America (Fig. 5a, b). Similar but less pronounced
responses are seen for the YD minus Early Holocene (not shown).

Comparing the iTRACE transient simulations with and without
meltwater forcing allows isolation of the AMOC forcing (Fig. 6) on Cen-
tral American rainfall. We find significant decoupling between simulated
880, and precipitation in the experiment without meltwater forcing
(Fig. 6b, c). Furthermore, the stalagmite 60 and iTRACE no meltwater
results (black in Fig. 6) are strongly different, demonstrating that the
variability observed in speleothem §®0 data is best explained by the
AMOC slowdown associated with meltwater forcing in the North Atlantic.

Atlantic mean state control on rainfall

Given the temporal dissimilarity between Central America and other
tropical monsoon regions more strongly paced by orbital precession
(Supplementary Fig. 7), we posit that the Central American monsoon
represents a thermally-controlled monsoon, distinct from the Global
Monsoon. Central America may be distinguished from other monsoon
regions because of its physiography of a small and narrow isthmus
bounded by a major ocean heat reservoir whose energy budget drives
regional convection®. We propose that AMOC intensity, tropical
Atlantic SST, and northern hemisphere ice sheet extent were the
dominant rainfall controls over Central America during the last
140,000 years BP, enhanced by Central America’s proximity to the
AMOC center of action. For instance, the positive §®0;,. excursions
between late MIS 4 and MIS 2 (-65,000-17,000 yr BP) occurred
coevally with Laurentide Ice sheet expansion and AMOC shifting to a
weak glacial circulation mode™", which suppressed Caribbean and
Central American atmospheric convection. Furthermore, the lack of
clear DO events in our record suggests that Central American paleo-
climate differs from that inferred from the Cariaco Basin and the two
regions should be viewed as distinct climate regions. Hydroclimate
observations in the Caribbean and Central American regions can be
now understood as a predominantly thermodynamic response to
changing Atlantic Ocean thermal states, and our study thus reconciles
previous regional hydroclimate interpretations from the Bahamas*®,
Cuba®*, Puerto Rico®®, Costa Rica®, Mexico®**”', and Guatemala’
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Fig. 6 | Guatemala 8'°0;,. versus iTRACE full forcing and no meltwater forcing
results. The Guatemala §®°0;, record is shown in blue, and iTRACE full forcing (in
orange) and no meltwater forcing as 31-yr averages. a iTRACE surface temperature.
b iTRACE 80, for MJJASON. ¢ iTRACE MJJASON rainfall amount. d Simulated
AMOC. The remarkable difference between our speleothem 8®0;,. and the NO
MELT experiment results pinpoints the dominant role of AMOC in driving Central
American monsoon intensity during the last deglaciation. Vertical bars define
Younger Dryas (YD), Bolling-Allergd (B-A), Heinrich Stadial 1 (HS1), and Last Glacial
Maximum (LGM).

(Supplementary Fig. 8), which can now be considered a unified
regional Central American and Caribbean monsoon system driven
primarily by Atlantic Ocean processes.

A bimodal speleothem 8%0;,. distribution (Supplementary Fig. 9)
supports the existence of two main monsoon states, and further
implicates the existence of an SST threshold below which widespread
atmospheric convection is diminished, possibly related to an SST
threshold of -27°C that sustains vigorous convection today****.
Considered in relation to the background climate boundary condi-
tions, temperature thresholds within the tropical North Atlantic basin
might have been lower than modern during intervals of larger/inter-
mediate Northern Hemisphere ice sheets® and could potentially
increase under future greenhouse warming>.

The Central American paleoclimatic record and data-model
comparison have implications for future projections of AMOC, Tro-
pical North Atlantic/Caribbean SST, and monsoon changes. The ana-
lysis of different model simulations during the last deglaciation
isolates AMOC as a dominant forcing mechanism of regional monsoon
convection. Further, Tropical North Atlantic/Caribbean SST was tied to
AMOC strength variations throughout the last glacial cycle, triggering
rapid transitions in the Central American monsoon convection.

Observational and proxy data suggest that AMOC has weakened
over the last century’*® in response to increasing greenhouse gas
concentrations, while other studies argue that the observed AMOC
slowdown results from its internal variability>**°. Under various future
warming scenarios, AMOC is very likely to weaken by the end of the
century®, although large uncertainties among models hamper our
ability to confidently estimate the temporal rates of decline?””. Such a
discrepancy has been attributed to the over-stability of AMOC in
model simulations® and the lack of dynamical cryosphere (i.e., ice
melting) and deepwater formation processes”. Early-warning signals
of AMOC approaching a tipping point are also found in most recent
climate models®*®.

The speleothem data indicate that AMOC weakening alone can
trigger widespread reduction of monsoon convection in Central
America and the Caribbean, independently of the background thermal
conditions. Future rainfall in Central America and the Caribbean is
projected to decrease significantly by the end of the century®* ¢, but
few studies have focused on the role of AMOC***"%%, Whether monsoon
regimes weaken in the future will also depend on the direct response
to SST warming®. However, separating the competing effects of direct
radiative, SST warming, and dynamic forcing on future monsoon var-
iations remains challenging’®"*.

In this context, our results stress that if the AMOC- Central
American monsoon link documented over the last 140,000 yr BP holds
under future warming scenarios, a potential AMOC slowdown or col-
lapse as suggested by climate models”****’> will likely weaken
monsoon convection in Central America and impact freshwater avail-
ability in the region.

Methods

Cave sites

The stalagmites were collected from three caves located in the Alta
Verapaz Department on the Caribbean slope of Guatemala. Grutas del
Rey Marcos (RM) is a private-owned touristic cave located at about
20 km from the city of Coban (15.427°N and -90.280°W, 1460 m asl).
The cave is characterized by a small (gated) entrance into a narrow
passage that opens to a sequence of larger rooms highly decorated in
speleothems of vadose origin (stalactites, stalagmites, flowstones,
draperies, etc.). Bedrock thickness above the cave is about 80-100 m.
All samples were retrieved at about 50-70 m from the cave entrance
and ‘dead-and-down’, meaning that no active and/or standing sta-
lagmites were collected for cave preservation reasons. Cave monitor-
ing indicates that relative humidity is nearly 100% year-around and
temperature is 17 + 0.5°C (Ref. 76). Bombil Pek and Jul Iq caves are
located near Chisec, 45km from Coban (15.837 °N and -90.277 °W,
elevation 240 m asl). The caves open to the surface through a series of
sinkholes, and are characterized by a sequence of extensive, highly-
decorated conduits and chambers. Bedrock thickness above the caves
is between 40-60 m. Stalagmites from BO and JQ caves were collected
between 150-200 m from the cave entrance, in sections that had no
perceptible airflow.

230Th dating. Seven new stalagmites from Grutas del Rey Marcos (GU-
RM-4, -10, -11, and -35), Jul Iq Cave (GU-JQ-2 and -3), and Bombil Pek
Cave (GU-BO-1) were analyzed in this study. Two additional ages were
determined on stalagmite GU-RM-1 (ref. 12). The stalagmites consisted
of columnar and open compact calcite; no aragonite was observed.
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Z9Th radiometric dating was performed at the Isotope Laboratory
facilities of the Institute of Global Environmental Change, Xi’an Jiao-
tong University. Sub-samples of -60-150 mg were drilled along the
growth axis using a SHERLINE 5410 milling device in clear compact
calcite layers whenever possible. Uranium and thorium separation
followed the standard chemical procedures described in ref. 77. A
triple-spike *Th-2*U-2°U isotope dilution method was applied to
monitor U-Th concentrations and isotope ratios and correct for
instrumental fractionation effects. U/Th isotopic ratios were measured
on a Thermo-Finnigan Neptune multi-collector inductively coupled
plasma mass spectrometer (MC-ICP-MS) using updated techniques
described in ref. 58. All ages were calculated using half-lives from refs.
78-80, and corrected for detrital contamination using a 2°Th/?*?Th
atomic ratio of 4.4 ppm, assuming secular equilibrium with a bulk
earth #Th/?*8U value of 3.8 (Ref. 81). All age uncertainties are reported
as absolute 20 and include analytical errors and initial 2°Th/***Th ratio.
Age corrections are relatively small (- 20-100 years) for samples with
moderate uranium concentration and little #*Th contents, while sam-
ples having higher concentrations of detrital thorium (i.e., **Th >1000
ppt) and/or low uranium content are more susceptible to 2°Th/?’Th
correction (-300-1500 years) and exhibit larger age uncertainties. All
data are shown in Supplementary Table 1.

Stable isotope analysis. Oxygen and carbon isotope measurements
were done at the Las Vegas Isotope Science Laboratory (LVIS) of the
University of Nevada Las Vegas, Las Vegas (USA). Sub-samples were
drilled/milled along the stalagmite growth axes at intervals between 0.2
and 1mm, producing a subset of 3169 isotope analyses for the sta-
lagmites used here. Sample powders were reacted with 104% phosphoric
acid at 70 °C in a Kiel IV automated carbonate preparation device, the
CO, gas was separated via cryogenic trapping, and isotope measure-
ments were performed on a ThermokElectron Delta V Plus isotope ratio
mass spectrometer in dual inlet mode. Isotope values were corrected
with an internal standard (USC-1) and reported as 6-%. deviations from
the Vienna Pee Dee Belemnite (VPDB) standard scale. USC-1 values
were previously determined by calibration with international standards
NBS-18 and NBS-19. Analytical uncertainties are 0.03-0.05 %o for 6°C
and 0.08-0.11 %o for 6%0. Cave and rainwater isotope analyses (Sup-
plementary Tables 4-5) were completed at the Center for Stable Isotopes
(CSI) of the University of New Mexico (Albuquerque, NM) using a
cavity ring-down spectroscopy L1102-1 Water Isotopic Analyzer bracke-
ted with calibrated internal standards. §°H and §'®0 precision are better
than + 2.0 %0 and 0.06 %, respectively. Because the speleothems were
collected from three different cave systems with potentially unique
hydrology and vegetation cover the 6C analyses are not discussed
further here.

Age modeling. Individual stalagmite age models were constructed
using the COPRA algorithm®, which employs Monte-Carlo age model
simulations (n=2000) that can constrain uncertainties in both the
time and proxy space. >*°Th age outliers with high detrital thorium and
ages significantly older than the age/depth trends from cleaner sam-
ples were omitted from the final age models (Grey shading in Table S1
indicates excluded dates). In cases where poorly-dated sections of
stalagmites were compromised by detrital 2°Th but had similar 80
profiles to well-dated stalagmites, we tuned small sections of the sta-
lagmites to the better-dated stalagmites to provide greater time cov-
erage; the 60 data from the base of GU-RM-1 and GU-RM-35 were
tuned to the better chronologies of GU-RM-10 and GU-RM-11 using tie-
points on clearly correlative 80 anomalies across the interval 14-10.5
kyr BP (see Supplementary Fig. 10). The age tie points assume +200
years uncertainty and were subsequently used in the final COPRA age
model. Age model uncertainty and age resolution varies among the
different stalagmites, and are about +200-600 years and +11-221 years
at the 95% confidence interval, respectively.

Guatemala composite §'°0 record. Stalagmite 50 values were
composited by binning into 50-yr average bins. Prior to compositing,
stalagmites 60 for BO and JQ caves were adjusted by —0.6 %o rela-
tive to RM, to account for different temperature-dependent equili-
brium fractionation based on their lower elevation and higher
temperatures relative to RM cave, and assuming that modern water-
calcite equilibrium conditions were similar during the last glacial
cycle. Despite BO and JQ caves being virtually at the same elevation,
a further 0.4 %o correction to the JQ samples was applied to align
absolute values, which differed slightly between coeval stalagmites
while sharing the same overall structure. The origin of the small
offsets is not clear, but soil and/or epikarst processes (i.e., PCP%)
may have a small influence on the 80 of drips feeding the different
stalagmite sites while preserving the overall replication and time
series structure between stalagmites. Because the fractionation of
isotopes in precipitation is relative to the ocean 8“0 value, and
because the ocean 560 itself has changed, we corrected composite
Guatemala (GUA) 80 record for the §'®0 of the ocean from global
ice-volume variations to create a 6%0;,. record using the Wael-
broeck, et al.*” reconstruction. The ice-volume correction accounts
for up to 1-1.2 %o decrease (more negative) in speleothem 80 values
during the glacial periods (i.e., LGM, MIS, 4, and MIS 6) and is rela-
tively small for interglacial stages (i.e., Holocene, MIS 5). This cor-
rection does not influence the interpretations or change the §%0
time series in any substantial way.

iTRACE transient climate ensemble simulations. We use the
iTRACE* model output to support the dynamical interpretation of
reconstructed Guatemalan rainfall changes. iTRACE is, to our
knowledge, the only publicly available transient climate simulation
ensemble with a model that incorporates oxygen-isotopes within
the ocean, atmosphere, land surface, and sea-ice allowing to directly
compare precipitation and temperature simulations with proxy
records. The model is built in the Community Earth System Model
CESM v.1.3, with a land and atmosphere spatial resolution of 1.9° and
2.5° (latitude and longitude), and a nominal 1°resolution for the
ocean and sea ice®. CESM simulations have been successfully vali-
dated against modern observations of rainfall variations across the
global tropics®>*. Previous studies have shown that the CESM model
ensemble reproduces the overall precipitation variability in Central
America and the Caribbean in both modern and paleoclimate
timescales'>*%. However, biases in the estimate of magnitude and
rate of seasonal rainfall changes were noticed, particularly for the
early-wet season (May-June), possibly related to the low spatial
resolution of the models that lack of reliably capture the complex
regional topography and divergence in modeling regional SST
variations®*°, Although the iTRACE model ensemble only simulates
the last deglaciation (20-11 kyr BP), it provides a direct means for
testing regional climate dynamics during abrupt millennial-scale dry
intervals such as Heinrich stadial 1 (HS1) and Younger Dryas (YD).
iTRACE includes a full-forcing experiment with ice sheets, green-
house gases, orbital, and meltwater forcing related to ice dynamics
into the high latitude oceans, as well as sensitivity experiments
where some of the forcings are neglected. We extracted seasonal
(DJFMA, MJJ, and ASON) precipitation, surface temperature, wind
fields at 200 hPa (upper level) and 1000 hPa (surface), and oxygen
isotopes for both convective and large-scale rainfall. The AMOC
strength (in Sverdrups -Sv) is obtained from the zonally-integrated
meridional overturning transport in the Atlantic Ocean, including its
Eulerian mean, eddy-induced, and sub-mesoscale components,
averaged over the domain encompassing 500-1200 meters depth
from the equator to 49.6°N latitude. Spatially-averaged time series
for the Caribbean and Central American region were extracted
between 1010.4° and 21.88° latitude, and 265° to 300° longitude to
emphasize regional climatic processes.
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Simulated &'®0,, is calculated as follows:

8%0,= KP:—ED —~ 1} x1000 O

where Prigo and Pri¢o are the sum of convective and large-scale rainfall
amounts for H,®0 and H,"°O, respectively. Local atmospheric
convective activity is estimated from the horizontal wind fields as
the difference between upper level (200 hPa) and lower level (1000
hPa) divergence. Specifically, given the velocity vector field V and its
horizontal u and v components along the zonal and meridional axes
identified by x and y, respectively, the horizontal divergence (Vy) of V
is defined as:

2

A convective activity index is calculated from the horizontal
divergence at 200 hPa and 1000 hPa as:

3

where positive and negative anomalies of the index indicate enhanced
and reduced atmospheric convection, respectively. Values of a variable
in two periods are considered to be significantly different if the cor-
responding distributions do not overlap within the 1-99
percentile range

(VH 'V)zoo - (VH 'V)looo

Data availability

Speleothem stable isotope data produced in the study are available
from the NOAA World Data Service for Paleoclimatology at: https://
www.ncei.noaa.gov/access/paleo-search/study/39960. Source data
are provided with this paper.
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