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Abstract The Little Ice Age (LIA) (c. 1350 to 1850 CE) was a major period of anomalously cold conditions
over much of the Earth. However, strong heterogeneity of reconstructed climatic anomalies renders the spatial
and temporal characterization of the LIA in the tropics an enduring gap to be filled. Here, we describe
hydroclimatic variations reconstructed using a speleothem (GU-Xi-1) from the southern Yucatan peninsula that
precipitated aragonite since 1000 CE. Stable oxygen isotope ratios from GU-Xi-1 are interpreted as a proxy for
past rainfall amounts, for which they allow to resolve variability on interannual time scales. The reconstructed
precipitation record demonstrates drier than normal conditions between around 1400 and 1600 CE, which we
term the Mesoamerican Dry Event (MDE) with an abrupt - within two decades - onset and termination. The
beginning of the MDE occurred at the same time as estimates of the start of the LIA, indicating that there may be
a link between the two events. The MDE is associated with surface cooling of the Intra-Americas Sea: between
1400 and 1600 CE, Caribbean sea-surface temperatures fell below the threshold required to sustain deep
atmospheric convection, leading to prolonged drying in Mesoamerica.

Plain Language Summary A 32 cm stalagmite GU-Xi-1 from the Cave of Xibalba, in the Yucatin
Peninsula, was examined to reconstruct local climate variations during the past millennium. The age model
using 16 precise U/Th dates from this stalagmite was constructed from three different adjacent sections that
grew continuously from 1000 CE to 2000 CE. There is good evidence that the middle section grew during
anomalously dry conditions from 1400 CE to 1600 CE, which we term the Mesoamerican Drought Event
(MDE). Similar dry conditions were also found in other speleothems and lake records that grew nearby. The
beginning of the dry event occurred at the same time as recent estimates of the start of the LIA, suggesting a link.
The MDE is associated with surface cooling in the Caribbean Sea, and we suggest a connecting mechanism
explaining the sudden onset of the MDE. The progressive ocean cooling brings, around 1400 CE, Caribbean
sea-surface temperatures below the threshold to sustain atmospheric convective activity, which is the major
source of precipitation in the region. Due to this sudden reduction in convective activity, Mesoamerica faces a
prolonged dryness, which lasts until the ocean surface warms again enough to reinitiate substantial convective
activity.

1. Introduction

The Little Ice Age (LIA), a multi-centennial period of predominant anomalously cold conditions on Earth, is
considered to have profoundly contributed to characterize Earth's climate during the pre-industrial part of the last
millennium (e.g., PAGES Hydro2k Consortium, 2017; Fernandez-Donado et al., 2013; Mann et al., 2009). Es-
timates indicate that the LIA occurred from c. 1350 to c. 1850 CE (Guo et al., 2024; Lozano-Garcia et al., 2007,
Mann et al., 1999; Matthews & Briffa, 2005). It was originally detected in Northern Hemisphere paleoclimate
proxies, but later evidences from the Southern Hemisphere suggest it was a near-global phenomenon (e.g., Simms
et al., 2021). While the exact causes of the persistent cooling are not unambiguously known, several factors are
thought to have contributed, including external forcing such as reduced solar activity and explosive volcanism
(e.g., Lapointe & Bradley, 2021; Moffa-Séanchez et al., 2014; Slawinska & Robock, 2018), and internal feedback
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mechanisms involving changes in the extent of North Atlantic sea ice, strength of oceanic surface currents as well
as atmospheric circulation (e.g., Lapointe & Bradley, 2021; Thirumalai et al., 2018; Zhuravleva et al., 2023).

In Mesoamerica, a number of studies provide evidence for climatic and environmental variations during the last
millennium, including the LIA (e.g., Asmerom et al., 2020; Burn & Palmer, 2014; Cuna et al., 2014; Lozano-
Garcia et al., 2007; Medina-Elizalde et al., 2010). However, recent compilations also highlighted the heteroge-
neity in the regional reconstructions - especially during the LIA - which may be predominantly the result of
unappreciated climate controls on the climate proxies as well as uncertainties of the chronologies (e.g., Akers
et al., 2019; Obrist-Farner et al., 2023; Oster et al., 2019; Steinman et al., 2022; Wogau et al., 2022). Therefore,
additional robust proxy reconstructions are needed for the region.

Today, regional precipitation in Mesoamerica is largely confined during the season spanning between June and
October, linked primarily to the meridional displacements of the Intertropical Convergence Zone (ITCZ), which
reaches latitudes around 15°N in the boreal summer (e.g., Lechleitner et al., 2017; Martinez et al., 2019; Winter
et al., 2015). Year-to-year variability is influenced by the interaction of global and regional oceanic and atmo-
spheric processes which determine moisture convergence associated with the ITCZ and the North Atlantic
Subtropical High (Martinez et al., 2019). The Caribbean low-level jet (Taylor et al., 2013) and the Atlantic Warm
pool (Wang et al., 2006) further modulate regional precipitation patterns in time and space (Martinez et al., 2019;
Wang et al., 2013).

Among climate archives, speleothems can be precisely dated and ideally have few sources of proxy uncertainty.
580 records have been shown to provide reliable records of convective activity and regional rainfall amount in
Mesoamerica and the Caribbean area (e.g., Medina-Elizalde et al., 2010; Vieten, Warken, Winter, et al., 2024;
Winter et al., 2020), hence allowing to constrain hydroclimate evolution during the LIA on the Yucatin peninsula
(Hodell, Brenner, Curtis, et al., 2005; Steinman et al., 2022; Winter et al., 2015).

Herein, we present an extended speleothem &'%0 time series from a precisely-dated aragonite stalagmite from
Xibalb4 cave, Guatemala (Figure 1) showing a pronounced layer of deposited carbonate and a positive 5'%0
excursion that describes a 200-year persistent dry period. We present the proxy data and the age model used for
the reconstruction (Section 2), illustrate the rapid transition revealed by the data to persistent, exceptionally dry
conditions around 1400 CE that quickly terminated around 1600 CE - the Mesoamerican Dry Event (MDE) - and
place our record within the context of other regional paleoclimate records that span the LIA (Section 3) to
characterize the MDE, and discuss possible mechanisms responsible for the event (Section 4).

2. Materials and Methods
2.1. The GU-Xi-1 Speleothem

The 32 cm-long speleothem GU-Xi-1 (Figure 1) was recovered in 2007 from Xibalba cave (approx. 17.5°7'48"N,
88°51'57"W, Figure 2) located in the Campur Formation at an elevation of 350 m asl in the Maya Mountains
bordering both Guatemala and Belize. GU-Xi-1 was collected ~250 m inside the cavern and was active and
dripping at the time of collection. The speleothem was chosen for its candle-shape, its distance from outside
atmospheric influences, and its location of 30 m above the nearby modern river level; the karst surface is generally
100-150 m above the cave passages (Winter et al., 2015). GU-Xi-1 consists of three clearly visible sections
(Figure 1) labeled A (upper), B (middle) and C (lower). Noteworthy is the 11° offset of the growth axis from
section C to A. We postulate that this may have been caused by a change in the drip orientation after the large
earthquake of 1541 CE (compare age model in Figure 1c).

2.2. U/Th Dates and Age Model

200 mg of powder were collected with a hand-held dental drill from a polished slab section of GU-Xi-1 along
growth layers for dating. Three dates were obtained from section B and four from section C (Table 1). The nine
dates comprising section A were previously described in Winter et al. (2015). The dates were either obtained from
a Finnigan Element ICP-MS (Table 1 Section A; samples GUA 1-6), a Finnigan Neptune MC-ICP-MS (Table 1
Section A, samples GUA 8-13), or a Nu Plasma Element (Table 1 Section B and C) at the University of Min-
nesota. Activity ratios were calculated using the half-lives from Cheng et al. (2013), and all errors are reported at
the 2c-level. Based on the dates, a chronology with uncertainty (Figure 2) was built with the software COPRA
(Breitenbach et al., 2012) using 2,000 Monte Carlo simulations. According to the U/Th dates section C grew from
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Figure 1. Image of speleothem GU-Xi-1, proxy data, and age model construction; (a) Entire GU-Xi-1 speleothem (ruler in
cm) showing all three sections mentioned in our study: (A) upper, (B) middle, (C) lower. The numbers refer to the U/Th dates
in Table 1. Clearly visible is the change in growth axis of 11° between sections A and C. (b) 8'%° over the entire record with
age model uncertainty; (c) age model using COPRA.

c. 1000 to 1400 CE, section B from c. 1400 to 1600 CE and section A from c. 1600 to 2000 CE. Before and after
the change in drip axis GU-Xi-1 growth rates were 0.35 mm/yr and 0.58 mm/yr, respectively. Section A, covering
the years from c. 1700 to 2000 CE, was already reported extensively in Winter et al. (2015).

2.3. Isotopic Analysis

Stable oxygen isotopes samples for all sections of GU-Xi-1 were extracted and analyzed in the same way as
described in Breitenbach and Bernasconi (2011). Briefly, sections A and C were continuously milled (Figure 1a)
along the central growth axis at 0.3 mm intervals. 482 samples were collected corresponding to an approximate
yearly to bi-yearly resolution. Samples were analyzed using a continuous flow isotope ratio mass spectrometry at
ETH Zurich, Switzerland. The external analytical precision for 8'%0 is smaller than 0.06%o. For section B, 65
samples each containing about 200 pg of powder were continuously milled at 0.1 mm intervals along the angled
growth axis of 2 cm, resulting in a 4-year resolution for the stable isotope data. An internal standard was used
every Sth sample for drift correction. Samples were heated in the Gasbench tray to 72 £ 0.1°C, and analyzed on a
Gasbench II carbonate periphery, coupled to a Delta V Plus mass spectrometer (both Thermo Electron Corpo-
ration, Bremen, Germany).

2.4. Climatology

The modern climatology of the region was described at length in Winter et al. (2015). One of the most salient
features is the rainy season, that occurs in the highlands of Guatemala between June and October (Giannini
et al., 2000). Rainfall originates usually from the vicinity of the ITCZ via transport into the monsoonal system via
the Caribbean low-level jet, and by localized convection. Year-to-year rainfall variability in the Guatemala
mountain regions today is correlated with the gradient between sea-surface temperatures (SSTs) in the western
tropical Atlantic and eastern tropical Pacific. Colder (warmer) than normal tropical Atlantic SSTs that are
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Figure 2. Regional map showing the location of GU-Xi-1 (blue star) from Xibalba, Guatemala/Belize border (1) compared to the locations of other paleoclimate records
used in this study: (2) Lake Salpetén (Rosenmeier, Hodell, Brenner, Curtis, & Guilderson, 2002); (3) Lake Chichancanab, Mexico (Hodell, Brenner, & Curtis, 2005); (4)
Laguna de Juanacatlan (Metcalfe et al., 2010); (5) Grape Tree Pond, Jamaica (Burn & Palmer, 2014); (6) Tobago Basin, Caribbean (Zhuravleva et al., 2023); (7)
Garrison Bay, Gulf of Mexico (Thirumalai et al., 2018); (8) Dry Tortugas, Gulf of Mexico (Lund & Curry, 2006); (9) South Sawtooth Lake (Lapointe et al., 2020); (10)
Perdida Cave (Winter et al., 2011; (11) Tzabnah Cave, Mexico (Medina-Elizalde et al., 2010); (12) Yok Balum Cave, Belize (Asmerom et al., 2020; Kennett

etal., 2014); (13) Santo Tomas Cave, Cuba (Fensterer et al., 2012). Colors are coded to represent the same colors used in the graphs of Figures 3 and 4 and Figure S2 in

Supporting Information S1.

consistent with a stronger (weaker) and more southward (northward) displaced North Atlantic Subtropical High,
lead to drier (wetter) than normal conditions in Central America. Similarly, anomalously warm (cold) eastern
equatorial Pacific SSTs, for example, during El Nifio (La Nifia) events, force an equatorward (northward)
displacement of the east Pacific ITCZ and contribute to drying (wetting) in most of Central America (Lachniet
et al., 2007; Seager et al., 2009).

3. Results
3.1. GU-Xi-1 Age Model

GU-Xi-1 consists of aragonite generally unaffected by post-depositional diagenetic alteration, with high levels of
U concentrations ranging from 1140 to 3226 ppb (Table 1). As there is also very little detrital *°Th, the ages have
small error bars in the range of a few years for the MC-ICP-MS ages, and around 30—-40 years for ICP-MS
measurements. The sections have an age control point approximately every 30—40 years. Supporting the U/Th
dating is the fact that the speleothem exhibits visible annual layers (Figure 1a) that match closely the U/Th dating
within a few years (Figure S1 in Supporting Information S1). The age model obtained with COPRA (Figure 1c)
indicates that the average growth rate of section A was 0.58 mm/yr, section B 0.35 mm/yr, and section C
0.35 mm/yr. The middle section B growth rate is dependent on the location where the samples were taken. Since
this was one of the larger cross sections, we consider this an upper limit.

3.2. Stable Isotopes

5'%0 values of GU-Xi-1 range from —3.7 %o to —2.4 %o VPDB (Figure 3a). The most notable feature is a long
positive excursion associated with section B that exhibits more positive &'0 values that are about 0.8 %o heavier
than the values to either side. The period of heavy oxygen isotope values starts rather rapidly c. 1385-1441 CE (5—
95 percentile interval for the date of the first sample exceeding —2.8 %o) and ends c. 1590-1600 CE (5-95
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Figure 3. Comparison between the GU-Xi-1 record and relevant regional proxy records. (a) GU-Xi-1 8'%0 record

(1); (b) Salpeten %CaCOj5 (2), (Rosenmeier, Hodell, Brenner, Curtis, & Guilderson, 2002); (c) Chichancanab 880 3),
(Hodell, Brenner, & Curtis, 2005); (d) Laguna de Juanacatlan Ti values (4), (Metcalfe et al., 2010) and (e) Grape Tree Pond,
Jamaica (5), (Burn & Palmer, 2014). The gray band highlights the Mesoamerican Dry EventIMesoamerican Drought Event.
All records are aligned so that up is wet according to the author's original interpretations. Individual numbers before each
reference refers to location of record in Figure 2.

percentile interval for the date of the last sample exceeding —2.8 %o). A strong inverse correlation between
speleothem 8'®0 and tropical precipitation intensity (Dansgaard, 1964) has previously been observed for the
region. This is known as the “amount effect” and is the basis for tropical hydrological reconstruction (Lucia
et al., 2024). The significant correlation between the GU-Xi-1 5'80 time series and observed June-November
precipitation in Belize City confirms that the amount effect dominates the GU-Xi-1 signal (Winter
et al., 2015). More positive speleothem 8'®0 values are commonly interpreted to indicate drier conditions via the
amount effect in the tropics (Lachniet & Patterson, 2009), suggesting an extended drought event occurred in that
region.
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3.3. Comparison With Local Terrestrial Records

Robust high-resolution climate records in Mesoamerica are challenging to find, especially those that grew
continuously since the LIA. Also, young tropical speleothems are sometimes hard to date (e.g., Akers et al., 2019;
Fensterer et al., 2010; Kerber et al., 2025). Nevertheless, terrestrial hydroclimate reconstructions exist that
support the record of GU-Xi-1 (Figure 3). One record using Ti as a precipitation proxy from Laguna de Juana-
catlan, Mexico (Metcalfe et al., 2010) exhibits an extended major dry period practically coinciding with that of
GU-Xi-1 (Figure 3d). Other lake records, including Salpetén, Guatemala (Rosenmeier, Hodell, Brenner, Curtis, &
Guilderson, 2002; Rosenmeier, Hodell, Brenner, Curtis, Martin, et al., 2002, Figure 3b), and Chichacanab from
the northern Yucatan peninsula (Hodell, Brenner, & Curtis, 2005, Figure 3c), and Grape Tree Pond from Jamaica
(Burn & Palmer, 2014, Figure 3e) as well as La Alberca maar lake, Mexico (Wogau et al., 2019) and Lake Azuei,
Haiti (Noncent et al., 2023) display unusually dry intervals for most or part of the MDE. Some speleothem records
from the Yucatén peninsula, including two 5'®0 data sets from near-by Yok Balum Cave (YOK-I and YOK-G,
Asmerom et al., 2020; Kennett et al., 2012) as well as stalagmite “Chaac” from Tzabnah Cave in the northern part
of the Yucatan peninsula (Medina-Elizalde et al., 2010) show either unclear or at least slightly drier or cooler
periods around 1400-1600 CE (Figure S2 in Supporting Information S1).

3.4. Comparison With Records From the Greater Caribbean Region

Multi proxy-based SST reconstructions from several locations throughout the nearby Intra- Americas Sea indicate
that winter SSTs were at least 2°C cooler during the LIA (e.g., Black et al., 2007; Richey et al., 2009; Thirumalai
etal., 2018). Several studies using foraminiferal SST proxies including Tobago basin, Caribbean Sea (Zhuravleva
et al., 2023, Figure 4d), Garrison basin, northern Gulf of Mexico (Thirumalai et al., 2018, Figure 4e) as well as
offshore Puerto Rico (Nyberg et al., 2002, not shown) or at dry Tortugas, Florida Strait (Lund & Curry, 2006,
Figure 4f) highlight anomalously cold conditions between 1400 and 1600 CE. Finally, this period is also evident
in the annually laminated sedimentary record from Ellesmere Island, Canada, indicating that cool SSTs prevailed
in the whole North Atlantic (Lapointe et al., 2020, Figure 4e). Hence, overall cooler SSTs are reported for the
Caribbean and the wider North Atlantic basin during the time when GU-Xi-1 8'%0 values indicate drier condi-
tions in Mesoamerica.

4. Discussion
4.1. Proxy Evidence of the Mesoamerican Dry Event

We are confident that the Xibalba time series is robust and that the combined mineralogy and isotope results
support a dry event that occurred between 1400 and 1600 CE. The high uranium content of the stalagmite ensures
that the onset and ending dates of the event are well confined, while the dating strongly indicates that deposition
occurred nearly continuously throughout this period without apparent growth interruptions (Figure 2 and
Section 2.3).

One evidence for drier conditions between 1400 and 1600 CE is that the stable oxygen isotopes in this period are
anomalously positive (+0.8 %o), which is what one would expect from reduced convective activity via the amount
effect (e.g., Bernal et al., 2023; Lachniet & Patterson, 2009; Medina-Elizalde et al., 2010; Winter et al., 2020, see
Section 2.1). However, we acknowledge that this positive offset in 8'30 values is likely exacerbated by additional
effects, such as changes in the kinetics of deposition or disequilibrium fractionation effects (Lachniet, 2015;
Vieten, Warken, Zanchettin, et al., 2024; Warken et al., 2020). XRD analyses showed that the speleothem consists
of 100% primary aragonite. We also plotted the relationship between 8'%0 and 8'3C in all three sections of the
Xibalba speleothem (Figure S3 in Supporting Information S1) and found that all sections displayed similar trends.
The trend in section B is in fact nearly identical to that of section A. This supports our finding that there are likely
no secondary effects such as recrystallization of aragonite, primary calcite precipitation or other diagenetic effects
affecting oxygen isotope fractionation.

We determined both visually and petrographically that the mineralogical structure of section B is equivalent to the
speleothem “L layer”-type identified by Railsback et al. (2013). Such fabric is deposited only under exceptionally
dry conditions when drip rates slow down to minimum levels. Further evidence is the relatively slow growth of
this section which can indicate lower rainfall. This structure only forms when there is not enough time to form a
suitable site for carbonate precipitation because of extremely dry conditions. Hence, it is possible that the isotopic
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composition of the “L layer” of section B was geochemically altered toward higher values by kinetic and/or
disequilibrium effects due to very slow growth, slow drip rates, and evaporation (e.g., Carlson et al., 2020;
Deininger et al., 2012; Hansen et al., 2019). We milled the samples for isotope analysis from the widest part of
section B. This facilitated acquiring the largest number of samples for analysis. It is difficult to ascertain how far
these samples were located from the central growth axis (if there was any). Still, stable isotopes values may
become more positive away from the central drip line (Mickler et al., 2006).

In summary, the mineralogical structure of the type of “L Layer” deposition and the more positive stable isotope
values in section B indicate generally dry conditions during that time. However, we acknowledge that the values
measured in the speleothem may be the result of superimposing effects of less (convective) precipitation (i.e., the
“amount effect”) and additional kinetic and/or disequilibrium isotopic fractionation, which may have altered the
isotope value of the infiltrating meteoric water to even more positive values.

4.2. Regional Reconstruction Differences

Hydroclimate reconstructions suffer from low resolution or inherent limitations. For example, local effects arising
from karst-hydrological flow path differences or disequilibrium fractionation processes are one possible expla-
nation of sometimes divergent isotopic time series in stalagmites (e.g., Deininger et al., 2012; Skiba & Fohl-
meister, 2023; Treble et al., 2022). In addition, in many cases low U concentrations (and high initial Th) make
dating of comparably young material challenging (e.g., Fensterer et al., 2012; Akers et al., 2019; Kerber
et al., 2025). Yok Balum cave, located in the same vicinity as Xibalbd provides two well-known records
(Figures 2d and 2¢) YOK-I (Kennett et al., 2014) and YOK-H (Asmerom et al., 2020). Comparison of these two
880 records leaves open the possibility that the signal is also affected by local hydrological processes, land-use
changes, or karst effects, potentially limiting its reliability as a direct climate proxy. For speleothems, local cave
conditions such as sensitivity to temperature rather than hydrological changes, drip-site specific karst-
hydrological differences but also the cave position relative to the primary wind (hence moisture) direction
may contribute to explaining inconsistencies across different cave sites, but also to other proxy records from lakes
and sediments (e.g., Baker et al., 2019; Bernal et al., 2023; Cuna et al., 2014; Lases-Hernandez et al., 2020; Skiba
& Fohlmeister, 2023; Treble et al., 2022; Vieten, Warken, Winter, Schroder-Ritzrau, et al., 2018).

Lake sediment records often contain larger chronological uncertainties because of challenges with radiocarbon
dating, due to organic matter cycling, reworking, and calibration of ages, compared to our precise aragonite U-
series ages. The presence of opposing hydroclimate anomalies in 8'%0 values over short distances is difficult to
reconcile without considering non-climatic influences that may compromise the reliability of one or both records.
Lake sediment proxies may also be more sensitive to changes in evaporation than rainfall amount and may be
further influenced by human land use (Douglas et al., 2012; Rosenmeier, Hodell, Brenner, Curtis, & Guilderson,
2002; Rosenmeier, Hodell, Brenner, Curtis, Martin, et al., 2002). Nevertheless, some of the lake sites, in particular
Chichancanab and Juanacatlan, show some similarity with our site (though not with Salpetén). Handling age
uncertainty that facilitates comparisons between paleorecords such as lake sediment and speleothem records (e.g.,
Blaauw & Christen, 2011) is possible but beyond the scope of the present work. A large study of 48 records states
that northern hemisphere records are much more heterogeneous that those from the southern hemisphere
(Steinman et al., 2022). This seems to be especially the case for the terrestrial Mesoamerican region because of
greater complexity of topographic and oceanic influences (Obrist-Farner et al., 2023; Oster et al., 2019; Wogau
et al., 2022).

Since Xibalb4 matches many reconstructions in the region (detailed below), we believe that it is less affected by
such issues. However, for most cave sites including Xibalba there are not enough data to elucidate some of these
local processes, e.g., from comprehensive monitoring studies (e.g., Bernal et al., 2023; Lases-Hernandez
et al., 2019; Lases-Hernandez et al., 2020; Vieten, Warken, Winter, Scholz, et al., 2018).

The comparison of available proxy-based hydroclimatic records over Mesoamerica reveals a large similarity to
our Xibalba record (Sections 3.3). Many regional records indicate rather drier than wetter conditions in Meso-
america between 1400 and 1600 CE, coinciding with relatively cool regional SSTs (Section 3.4). Evidence for
environmental degradation in Mesoamerica between c. 1400 and 1600 CE also comes from historical records,
reporting frequent droughts concomitant with demographic and epidemiologic disasters, in particular during the
16" century (e.g., Acuiia-Soto et al., 2002; Mendoza et al., 2005; Stahle et al., 2011). Some more distant records
from the Greater Antilles such as stalagmite 8'80 values from Puerto Rico (Winter et al., 2011), western Cuba
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(Fensterer et al., 2012) or Lake Azuei from Haiti (Noncent et al., 2023) also suggest a relatively dry period before
c. 1600 CE within age model uncertainties (compare also Figure S2 in Supporting Information S1). Even though
the different locations, archives, and proxy types appear to exhibit varying sensitivity to hydroclimatic changes
across this period, the regional comparison suggests that the dry interval between c. 1400 and 1600 CE was not
confined to the southern Yucatan peninsula but was likely a regional-scale drying event (the MDE) that occurred
within a phase of hemispheric cooling and drying (Steinman et al., 2022).

We regard the overall correspondence between Xibalba and the many records farther afield a good indication that
the drying described by the GU-Xi-1 record did occur and was not just a local effect but resulted from a wider
regional to hemispheric pattern. Since the agreement appears to be better with records from small islands or SST
reconstructions, we surmise this is because these are less affected by the above-mentioned local factors. Hence,
we conclude that the Xibalba dry period is the local expression of a regionally widespread hydroclimate response
to cooler SSTs in the tropical Atlantic and Caribbean Sea during the LIA.

4.3. Causes of the Guatemalan MDE

The beginning of the MDE in our record (c. 1385-1441 CE) superposes, within age error, to estimates of the start
of the LIA (e.g., PAGES Hydro2k Consortium, 2017; Lozano-Garcia et al., 2007; Matthews & Briffa, 2005)
suggesting a link between the two events. But there is still much conjecture regarding attribution and origin of the
LIA, as well as hydroclimatic responses on different temporal and regional scales (Cuna et al., 2014; Zhuravleva
et al., 2023).

During the LIA, rainfall anomalies in the Western Hemisphere have been associated with concomitant weakening
of North Atlantic surface currents and increased Caribbean salinification (e.g., Lapointe & Bradley, 2021; Lund &
Curry, 2006; Thirumalai et al., 2018; Zhuravleva et al., 2023). These variations in the large-scale oceanic surface
circulation have been linked with changes in the strength of the subpolar gyre and the Labrador Sea Water
formation (Marchitto & deMenocal, 2003; Zhuravleva et al., 2023). Reduced convection and surface circulation
in the North Atlantic likely triggered the expansion of sea ice in the North Atlantic during the LIA, which
combined with reduced meridional salt transfer and sea ice-ocean feedbacks reinforced the initial transient
cooling (Lehner et al., 2013; Moffa-Sanchez et al., 2019; Moffa-Sanchez & Hall, 2017; Zhuravleva et al., 2023).
This process manifested in persistently cool conditions lasting from 1400 until the early 1600s (Lapointe
et al., 2020, Figure 4g).

Several hypotheses have been put forward to explain the dry conditions in Mesoamerica as a result of LIA cooling
in the Atlantic basin. Colder SSTs in the (tropical) North Atlantic are linked with a smaller Atlantic Warm Pool,
which has been associated with generally weaker precipitation in the region (Wang et al., 2006). Likewise, an
intensification/expansion of the North Atlantic Subtropical High caused simultaneous strengthening of the
northeast trade winds as well as southward shifts in tropical storm tracks and the ITCZ (e.g., Black et al., 1999;
deMenocal et al., 2000; Nyberg et al., 2001; Rauscher et al., 2008; Richey et al., 2009). In addition, the overall
synoptic patterns at the time may also have changed when troughs of cold air moved further south than present
(Winter et al., 2000). Caribbean cooling further favors an increased pressure gradient between the Atlantic and
Pacific basins, leading to a stronger atmospheric moisture transport across Central America (Wang et al., 2013).
The interbasin gradient argument was also identified in a proxy-model study by Bhattacharya and Coats (2020).
These interacting processes likely contributed to increased dryness in the circum-Caribbean land and Central
America between 1400 and 1600 CE.

The GU-Xi-1 record indicates that both the initiation and the termination of the MDE were abrupt, within perhaps
20 years. This behavior points to a threshold response, analogous to what was described by Winter et al. (2020).
The cooling in the Intra-Americas Sea may have been up to 2-3°C cooler on average compared to today (Nyberg
et al., 2002; Richey et al., 2009; Zhuravleva et al., 2023). Thus, the present-day range of 26-29.5°C decreased to
about 24 to about 27.5°C.

A convection threshold response (Winter et al., 2020) could explain the sudden onset of the drying events as SST
may have fallen below a level needed to trigger local moist convection (Williams et al., 2009). As a result,
convective activity was too small, especially in areas located in the leeward sides of mountains, as is the case for
Xibalb4, to initiate high precipitation over many parts of Mesoamerica, causing the dry conditions that lasted from
1400 to 1600 CE. The end of the MDE c. 1600 CE and the recovery to more moist conditions also ended rapidly
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once the convection threshold over the oceans was reached again. Simulations with a fully reconstructed LIA
climate state would be needed to fully evaluate this hypothesis.

4.4. The Role of External Forcing Factors

Volcanic eruptions and changes in solar irradiance have been discussed as major external forcing factors
contributing to reinforcing ocean/sea-ice/atmosphere feedback processes in the North Atlantic during the LIA
and other major dry episodes in Mesoamerica (e.g., Burn & Palmer, 2014; Steinman et al., 2022; Vieten, Warken,
Zanchettin, et al., 2024; Warken et al., 2021; Winter et al., 2015). However, we find no evidence in our record of
any robust response to individual volcanic eruptions nor cumulative volcanic forcing before the MDE (Figure 3e).
The MDE may be a delayed response to the earlier cluster of very strong volcanic eruptions in the 13th century
(Amaya et al., 2018), which would require a long-term mechanism to establish a causal relationship. The MDE
also encompasses the Sporer Minimum of solar activity (1460-1550 CE, Jungclaus et al., 2017), which was
associated with comparably cold temperatures in the North Atlantic (Moffa-Sanchez et al., 2014). Low solar
irradiance is suggested to promote the development of frequent and persistent atmospheric blocking events over
the North Atlantic, and could have contributed to the North Atlantic LIA cooling through ocean-sea ice-
atmosphere feedbacks (Moffa-Sanchez et al., 2014). However, the solar connection remains elusive as promi-
nent minima such as Wolf (1280-1350 CE), Maunder (1645-1715 CE) or Dalton (1790-1820 CE) appear only as
minor dry periods in the GU-Xi-1 record (Figure 4). Hence, the phase of low solar activity may be thus implicated
in the MDE, but this would require invoking strong feedbacks triggering the persistently dry conditions in
Mesoamerica. Climate models can support attribution and dynamical interpretation of the reconstructed MDE.
However, the multi-model ensemble used in Winter et al. (2015) revealed substantial uncertainties affecting the
simulation of Yucatan precipitation, which were traced back to considerable deficiencies in the representation of
key processes and in the imposed external forcing reconstructions. We leave such proxy-model comparisons to a
follow-up study that should possibly also include large ensembles and single-forcing experiments.

5. Conclusions

Multiple lines of evidence from speleothem GU-Xi-1 show an extended drying event that occurred in Guatemala
from 1400 to 1600 CE. Similar variations are found in some other proxy-based reconstructions, suggesting that
this interval was not only restricted to the location of Xibalba. The beginning of the MDE in our record super-
poses, within age error, to recent estimates of the start of the LIA, suggesting a link between the two events. The
abrupt drying and cooling observed in the Xibalba record suggests that during the MDE, Caribbean SSTs could
not go over a convection threshold which explains why precipitation was strongly diminished over Mesoamerica.
We find no robust connection with volcanic and solar forcing.

Our results show that the LIA in Mesoamerica was characterized by cooler SSTs and persistent drought, and
highlight the important, complex role of basin-wide ocean-atmosphere interactions in regional climate variability
of the historical past. Our high-resolution reconstruction reveals the possible “abrupt” character of climate
transitions. We need to gain more information on past decadal regional climate variability to unveil threshold
behavior and possible tipping points.

WINTER ET AL.

10 of 15

85U8017 SUOWIWIOD dAIIERID 3|qedl|dde au Aq peuienob ake Sapile YO 8sN JO Sanu Joj Al TaUIIUO /8|1 U (SUOTHPUOD-pUB-SWLBIALI0D" A3 1M AReq 1 [ul [UO//Stny) SUORIPUOD pue suLB | 8y} 88S *[5Z02/TT/SZ] U0 ARIqITauIuO A8 |IM eiZeUB A 13S0 BD BISPAIN AQ TTZS00VdS202/620T OT/I0PA00" A8 im AReiqijpuljuo'sqndnfe//sdny Wwoly pepeojumoa ‘0T ‘520z 'Ssvz.Se



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology

10.1029/2025PA005211

1000 1200 1400 1600 1800 2000
(GN | T | A S A | I S | PSR S A | IR A A 1
60
E 50 4 a)
37 40
2 30
~ 20 l
751w Ll ILLJ
A 0 Ld. - _LL Ill ]I.IJ PPRP N ST | e I.Jl‘. - IJ.I.
S

b)

Xibalba

1)

5'%0 (%o vppa)

26 e) Garrison Basin, Gulf of Mexico

SST (°C)

2
2

e VV\ﬁ-N\-fwf e
f)

st

L
"\
r\l’"'-fk"M Dry Tortugas, Florida Strait

2000

22.4 - g) —=—MC118
7 /
%) 22.3
<
- 22.2
(7))
) 22.1
North Atlantic
22.0- T [T Ty | REEAEEALE: [T IEEREE A 1
1000 1200 1400 1600 1800
Year (CE)

28.0

SST (°C)

27.5

Figure 4. Comparison between the GU-Xi-1 record (c) with relevant mostly oceanic sea-surface temperature (SST) records
and external forcing reconstructions. (a) evolve2k volcanic stratospheric sulfur injection rate (Jungclaus et al., 2017),

(b) Total Solar Irradiance (Schmidt et al., 2011), (c) Xibalba cave §'%0 record (1, this study), (d) SST Tobago Basin,
Caribbean sea (6, Zhuravleva et al., 2023), (e) SST Garrison Basin, Gulf of Mexico (7, Thirumalai et al., 2018), (f) SST Dry
Tortugas, Gulf of Mexico (8, Lund & Curry, 2006), (g) SST North Atlantic (9, Lapointe et al., 2020). Individual numbers

before each reference refer to location of record in Figure 2 where applicable.
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