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Hydroclimate variability in the northern
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atmospheric circulation and
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Marking the transition between the last glacial and Holocene, the last deglaciation featured rapid
climate shifts including Heinrich event 1 and the Bglling—Allerad. This study presents the highest-
resolution, continuous hydroclimate proxy records of this interval from the tropical Americas based on
a precisely dated Cuban stalagmite. The records span 17.6-14.3 thousand years before present,
revealing persistent interannual to multidecadal rainfall variability, attributed to El Nifilo-Southern
Oscillation and Atlantic Multidecadal Variability. Broader centennial to millennial-scale trends are
linked to major climate events. We observe peak aridity in western Cuba during Heinrich event 1.1 and
1.2 (~16.2 and ~15.1 thousand years before present), with preceding dry periods within chronological
uncertainty, suggesting synchronicity. Wetter conditions and increased growth rates follow during the
Bolling—Allerad. Model-based rainfall estimates support these results. Our proxy data highlight the
dynamic nature of tropical hydroclimate, demonstrating wet and dry conditions fluctuate across

timescales, despite climate state.

The last deglaciation, a pivotal period from approximately 19.0 to 11.7
thousand years (kyrs) before present (BP), represents a crucial phase in
Earth’s climate history marked by rapid and profound climate shifts
between cold (stadial) and warm (interstadial) times that ultimately led to
the Holocene. Significant climatic events during this period include Hein-
rich event 1 (H1) and the Bolling-Allered (B/A) warm interval'~. Heinrich
event 1 featured two phases of iceberg discharges impacting the Atlantic
Meridional Overturning Circulation (AMOC)*. The phase with larger
magnitude and impact, H1.1, peaked at 16.2 kyrs BP (15.5-17.1 kyrs BP)
amidst cold North Atlantic conditions and a weakened AMOC, and coin-
ciding with a rapid 2-4°C warming in the subtropical eastern North
Atlantic'*. This phase was followed by the shorter and weaker H1.2 phase,
peaking around 15.1 kyrs BP (14.3 to 15.9 kyrs BP), marked by minor North
Atlantic cooling™’. Following HI, high-latitude northern hemisphere

climate warmed abruptly during the onset of the B/A period, spanning from
14.7 to 13.0 kyrs BP*’. These rapid climatic shifts were closely linked to
AMOC and aligned with the interhemispheric thermal oceanic bipolar
seesaw, where variations in the strength of AMOC led to opposite thermal
responses in the Northern and Southern Hemispheres™".

The last deglaciation was marked by significant hydroclimate changes
across various low-latitude locations, linked as well via the ocean’s bipolar
seesaw. During H1, sediment reflectance records from the Cariaco Basin
indicated drier conditions in northern Venezuela''. Sediment cores from
Lake Petén Itza, Guatemala, revealed alternating clay and gypsum layers that
reflect wet and dry climate conditions, respectively. These lithological
changes are consistent with stable isotope (§'*0 and §"°C) records from the
same archive, all of which indicate that the most arid periods coincided with
Heinrich events'”"*. Conversely, a shift toward warmer and/or wetter
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conditions in the Northern Hemisphere at the onset of the B/A is marked by
declines in 6O and 8"C and the cessation of in gypsum precipitation.
During the B/A warm interval, low-latitude paleoclimate records across
both hemispheres also indicate an out-of-phase hydroclimate pattern. These
records suggest relatively wet conditions in the northern hemisphere,
mirrored by drier conditions in the southern hemisphere™*'*"*, opposite to
what is observed during H1.

This evidence of an out-of-phase tropical hydroclimate response has
been generally interpreted as indicative of a mean latitudinal shift of the
position the Intertropical Convergence Zone (ITCZ) and its belt of con-
vective activity'”'**". However, recent paleoclimate reconstructions from the
northern tropics, which lie beyond the direct influence of the ITCZ have
revealed similar out-of-phase variability during the last glacial period*' ™,
which suggests a more complex interplay of climate dynamics. Further-
more, modeling studies suggest that the ITCZ underwent only marginal
shifts (likely less than 1° latitude) during past climate reorganizations, such
as during the Last Glacial Maximum (LGM)****. While precise bounds of
ITCZ expansion and contraction during the deglaciation remain uncertain,
some studies (e.g.”"**) suggest that seasonal range variability in response to
CO, changes may play a role rainfall shifts in the tropics. Regardless, these
lines of evidence imply that changes in the ITCZ position alone likely do not
account for observed broader tropical hydroclimate patterns, indicating a
need for more comprehensive paleoclimate data and a deeper exploration of
climate dynamics.

Stalagmites found in tropical and subtropical regions provide valuable
archives for reconstructing past hydroclimate dynamics (Fig. 1). In parti-
cular, stalagmite §'*0 and 8"C records offer critical insights into historical
rainfall patterns. The §'*0 composition reflects the ‘amount effect’ in many
tropical locations (Fig. 2)*~* supporting inferences of past rainfall patterns,
and even interpreted quantitatively in some studies™"****. Additionally,
stalagmite 8"°C represents another valuable proxy of rainfall variability.

Rainfall influences the extent of prior calcite precipitation (PCP), which is
when degassing of the drip water occurs in air spaces prior to the site of
stalagmite formation, causing calcite precipitation and impacting stalagmite
8"C values™. Notably, these proxies have been extensively analyzed in
Caribbean regions like the Yucatan Peninsula, Belize, and Cuba, revealing
significant aspects of past hydroclimate conditions™***.

Our new stalagmite OS stable isotope records represent the highest-
resolution, continuous speleothem paleoclimate record from Cuba during
this interval, and are among the most detailed available for the tropical
Americas, providing Northern Hemisphere insights that complement
records from the Southern Hemisphere. OS, from Cuba’s Majaguas-Cantera
cave system, spans the time interval between 17.6 and 14.3 kyrs BP (Fig. 3),
thus covering the last deglacial phase with high resolution (mean resolution:
3+ 2 years). Our study presents detailed §'®0 and §“C records, offering
fresh insights into hydroclimate variability during H1 and B/A intervals.
Existing stalagmite records from Cuba mainly cover the last 12,500
years” ", with only one, Cuba Medio (CM), spanning the last deglaciation™.
During the interval covered by our records, however, CM has a hiatus
between 16.5 and 17 kyrs BP, in addition to much lower resolution of ~9
years (14.3-16.5 kyrs BP) and ~53 years (17-17.6 kyrs BP)”’. Our new
stalagmite OS stable isotope records not only offer the highest resolution,
continuous speleothem paleoclimate study during this interval from Cuba
to date, but also from the broader tropical Americas, across both
hemispheres®.

Considering this, the nature of our OS records allows observation of
higher-frequency hydroclimate variability on interannual to multidecadal
timescales. In particular, the role of large-scale climatic phenomenon such
Atlantic Multidecadal Variability (AMV) and El Nifio-Southern Oscillation
(ENSO) in influencing circum-Caribbean hydroclimate can be examined.
The AMV has been found to impact hydroclimate in the region through
various means, such as by influencing convection and modulating the
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Fig. 1 | Cave location presented with marked regional studies and images of the
Oliva (OS) specimen and collection site. A Map of Cuba and the surrounding
Caribbean region showing the locations of OS collection site and surrounding
referenced studies: (1) the Majaguas-Cantera cave system (MCCS; 22°23/N; 83°58'
W); (2) Santo Tomas Cave system, W. Cuba records (CM)*, (3) Lake Peten Itza,

Guatemala records'>'*”"; (4) Cueva Bonita, NE Mexico record (CB2)*; and

(5) Abaco Island, Bahamas records’"*"; Shading represents rainy season (June-Oct)
rainfall amount (mm/day) using the GPCC observational dataset (1981-2015)""".
B Picture of OS stalagmite collection area inside Salén de la Permanencia
Subterrdnea, within MCCS. C The 640-mm-long OS stalagmite specimen.
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Fig. 2 | Plots of IAEA-GNIP rainfall data from Havana, Cuba. The amount effect is demonstrated locally on seasonal (left) and annual (right) timescales.
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Fig. 3 | OS age versus depth with the 16 absolute U/Th ages and associated error
bars (+ 205 <1.4%). The OS chronology was created using COPRA (v. 1.16)" in
MATLAB (v. R2021b). Blue and Orange shading represents timing of Heinrich
Layer 1 stages (1.1 and 1.2) and the Bolling-Allered (B/A) warm interval, respec-
tively. Notice OS growth rate has a three-phase variability, with the fastest growth
occurring during the last 400 yrs of the record (14.3-14.7 kyrs BP), the slowest
growth between 14.7 and 16.1 kyrs BP, and relatively slow growth from 16.1 kyrs BP
until the beginning of the record at 17.6 kyrs BP.

intensity of Atlantic tropical cyclones, which can affect regional rainfall
patterns*' ™. ENSO also imprints periodicities into regional rainfall records
by altering tropical cyclone frequency and intensity”****°. OS records
enable investigation of the results of these internal climate variations on
rainfall patterns across multiple climate states.

Our study falls within the ‘Mystery Interval’ (MI; 17.5-14.5 kyrs BP) of
the last deglaciation, a period characterized by a climatic paradox**".
According to hydroclimate records, there is a twofold division of the MI,
with a global hydrologic reorganization occurring at ~16.1 kyrs BP**’. Low-
latitude hydroclimate records during this interval exhibit notable antiphase
variability between the hemispheres, aligning with shifts in the tropical
rainfall belt and suggesting profound changes in ocean circulation, in line
with the bipolar seesaw mechanism and often with a hydroclimate shift in
the mid-MI. However, indicators of ocean circulation, such as **'Pa to *Th
ratio in Atlantic sediments™ and the rate of "*C decline*’, imply that AMOC
was significantly weakened during the entire interval, with no notable early
to late MI transition in north Atlantic deep water production”. This
interplay between high-latitude climate shifts and tropical hydroclimate
changes during H1 and the B/A sets the stage for understanding the complex
dynamics of the MI. Opportunely spanning 17.6-14.3 kyrs BP, the OS
records will allow examination of the hydroclimate changes from the
northern Caribbean during the ML

To contextualize our study within the broader regional narrative,
it is essential to consider the diverse hydroclimate patterns revealed
by paleorainfall records across the circum-Caribbean region during
the last glacial and the MI. These records, encompassing areas such
as the Gulf Coast of Mexico, Guatemala, Cariaco Basin, Bahamas,
Cuba, and Puerto Rico, have indicated distinct trends and variability
during these time intervals and particularly during the H1 to B/A
transition'>'>'**"***!_ For instance, the single speleothem §'*O record
covering the last deglaciation in the northern Caribbean, albeit dis-
continuously, notably does not exhibit a distinctive transition
between H1 and the B/A (CM record from Cuba®®). This contrasts
with other tropical hydroclimate records that show a transition from
dry H1 to wet B/A conditions, such as the sediment reflectance
record from the Cariaco Basin'’ and the speleothem stable isotope
record from Northeast Mexico®, thus presenting an uncertainty in
our understanding of these climatic phases. Our northern Caribbean
stalagmite stable isotopic records cover this transition continuously
with high resolution, allowing new insight into the deglacial interval.
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Fig. 4 | Top panel: OS stalagmite oxygen (blue)
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This study allows detailed investigation into hydroclimate variability
during the last deglaciation in the Northern Caribbean, focusing on: 1) the
role of the ITCZ, SSTs, and other climatic factors in modulating rainfall
patterns across interannual to millennial timescales, and; 2) comparing our
findings with established records to explore the broader implications for
regional climate history.

Results and discussion

OS stalagmite growth rates

The OS stalagmite grew continuously from 17.6 to 14.3 kyrs BP, covering the
last deglaciation time interval, including H1 and the B/A. OS’s growth rate
showed three distinct phases of variability. From 17.6 to 16.1 kyrs BP,
stalagmite growth rates remained relatively low, averaging 0.2 mm/year.
The slowest growth occurred between 16.1 and 14.7 kyrs BP, with an average
rate of 0.1 mm/year, during H1.2. The fastest growth occurred in the latest
400 years of the record (from 14.7 to 14.3 kyrs BP) at an average rate of
0.9 mm/year, peaking at 4 mm/year approximately at 14.6 kyrs + 0.168 kyrs
BP, coinciding with the onset of the B/A (Figs. 3, S1).

Oxygen and carbon isotope resuilts

The reconstructed hydroclimate record is based on 1219 stalagmite stable
isotope analyses, sampled at a 0.5 mm interval, providing a mean temporal
resolution of 3 + 2 years (1 SD) (Figs. 4, S1). OS stalagmite calcite §'*0 values
vary from 0.8%o to —2.4%o, while the §"°C values range from —4.3%o to
—10.2%o (Fig. 4). A statistically significant positive isotopic trend (p < 0.01)
is observed in the OS §'*0 record with a slope of 0.86%o per kyr from 17.6 to
16.3 kyrs BP, coinciding with a period of slow growth rates (<0.5 mm/year),
as opposed to growth rates of nearly 4 mm/year later in the record (after ~15
kyrs BP). This can also be observed in the temporal resolution trends
(Fig. S1). Between 16.3 and 14.7 kyrs BP, the §'°0 and §"C values show
considerable oscillations, with positive isotopic values peaking at 14.7 kyrs
BP, before the onset of the B/A. We note that the most negative isotopic
excursions during the later interval from 16.3 and 14.7 do not reach levels
that are as negative as those observed during the first 700 years of the record
(Fig. 3). From 14.6 to 14.3 kyrs BP, a statistically significant negative trend
(p <0.01) emerges, with a slope of —0.79%o per kyr, featuring a pronounced
decline during the last century of the record, within the B/A (Fig. 3). Lastly,
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the trends observed in the OS stalagmite 80 record are mimicked by the
8"C record (Figs. 4, S2).

Wavelet spectral analysis

Wavelet spectral analysis results reveal significant variability in both the
8'°0 and 8"°C records across interannual, decadal, and multidecadal time-
scales (Fig. 4). Plots of these results are interpreted by looking for clusters of
strong spectral power spanning the same time interval. Our results indicate
that the record has dominant periods as short as 8 years and as long as 128
years, with periods between these two extremes also suggested. Additional
fluctuations occurring at approximately at ~6-year intervals are detected
during high-resolution segments such as the window from 14.3 and 14.7 yrs
BP, coeval with the B/A. These results are robust even when considering
chronological uncertainties (detailed in the Supplementary Information;
Fig. $4). These cyclicities may occur throughout the record, but we cannot
identify them during the lower resolution intervals.

Interpretation of stalagmite OS proxies

Tropical speleothem 8'°O records are generally interpreted to reflect past
rainfall variability, primarily via the existing inverse relationship between
the amount of rainfall and its oxygen isotope composition (amount effect),
which has been observed in the instrumental record (Fig. 1) and confirmed
via model simulations®. In this context, lower 8O values in the OS sta-
lagmite are interpreted to correspond to lower "0 values in rainfall and,
consequently, higher rainfall amounts™*>*, Within the MCCS, observa-
tional data indicate that stalagmite §'°O effectively integrates variations in
rainfall 8O, with the lowest 6O values aligning with periods of more
substantial rainfall and increased drip rates™. Notably, the impact of eva-
poration on the rainfall §'*O signal appears to be negligible, as the signal is
efficiently transmitted to drip sites™. Moreover, the cave temperature within
the MCCS remains remarkably stable throughout the year, with fluctuations
typically confined to a range of + 0.2 °C. Importantly, this cave temperature
is consistently over 3°C cooler than the mean annual surface
temperature’”*.

We propose that rainfall is the primary driver of carbon isotope
variability in the MCCS as well, impacting processes like bedrock con-
tributions, CO, degassing, soil moisture, and productivity. Stalagmite §"°C
likely reflects rainfall changes, with elevated §"°C during reduced rainfall.
The strong correlation between OS §"C and 8O records (Figs. 3, S2)
supports our interpretations. This correlation suggests that moisture source
changes do not control past rainfall §"O variability, and that §"C records
rainfall amount through rock-water interactions. Furthermore, while
vegetation type can influence speleothem carbon isotopes™, in low-latitude
karstic environments, like the MCCS, the vegetation overhead remains
relatively stable over time, and the soils tend to be shallow’**, These
interpretations are consistent with previous stalagmite research conducted
in western Cuba for this interval (e.g., lower P/Ca ratios in stalagmite CM
during the last deglacial vs. the LGM)*, as well as in the Yucatén Peninsula™,
and particularly supported by concurrent variability of stalagmite stable
isotopic and trace elemental compositions reflecting PCP*.

As one additional hydroclimate proxy, we also plotted the 8 **Ujpiial
values from our OS U-series dates (Table S2 and Fig. S8). The §"**Ujysia of
speleothems indicates the ***U/**U disequilibrium of the formation water™.
Related to weathering and water-rock interactions, higher 8**Up,1 values
have been found to correspond to drier conditions due to weaker weathering
and longer residence times of water in the karst, while lower values point to
wetter intervals due to increased infiltration times and bedrock
dissolution®*. For example, a recent study interpreted 8™**Ujya as a
hydroclimate proxy and found a relationship between §**Uy,a and their
8"C and Mg/Ca records™.

Interdecadal to multidecadal hydroclimate variability

The available evidence, including instrumental data, paleoclimate records,
and modeling studies, points to a significant connection between the
Atlantic Multidecadal Variability (AMV), which is the internal variability of

SSTs in the North Atlantic on multidecadal timescales, and hydroclimate
patterns in the Caribbean and Gulf of Mexico regions”***"*". Studies have
consistently shown a positive correlation between the AMV and rainfall,
particularly in western Cuba (i.e., higher SSTs correlated to more
rainfall)’””***'", Additionally, the strong decadal climate signal observed in the
modern Northern Caribbean has been attributed to AMV-related
influences®.

We propose that the OS stalagmite’s stable isotope records, reflecting
decadal to multidecadal rainfall variations, are likely connected with the
dominant North Atlantic SST variability pattern associated with the AMV.
This AMV-driven hydroclimate response in the Atlantic Basin is thought to
be associated with changes in convective activity related to the ITCZ and an
enhanced SST gradient across the equator*'. The AMV has also been found
to impact the intensity of Atlantic tropical cyclones, which can further affect
regional rainfall patterns in the northern Caribbean region along their
path*~** While this study focuses on hydroclimate variability during the last
deglaciation, the role of AMV in modulating hurricane frequency and
intensity remains an important avenue for new research. Although further
work is needed, future analyses could examine the co-variability of §'*C and
8'0 as potential indicators of tropical cyclone-related rainfall, given their
shared sensitivity to intense precipitation events. Additionally, a more
comprehensive analysis incorporating additional speleothem records
alongside sedimentary archives from mangrove cores, Gulf of Mexico
deposits, and the Mississippi Fan could provide valuable insights into long-
term hurricane variability in response to past climate shifts.

Furthermore, the higher frequency variability observed at approxi-
mately 6-year periods is likely influenced by the El Nino-Southern Oscil-
lation (ENSO) and its modulation of Caribbean hydroclimate. Studies have
demonstrated that variations in Atlantic tropical cyclone activity impact
rain amounts in the northern Caribbean on interannual to interdecadal
timescales. ENSO likely plays a crucial role in imprinting these periodicities
into regional rainfall records by modulating tropical cyclone frequency and
intensity”****>*, During El Nifio conditions, ENSO leads to decreased
hurricane activity due to increased wind shear in the Atlantic** and
therefore rainfall contribution from tropical waves and cyclones are
expected to decline in their regions of influence”. Importantly, these
dominant variability periods revealed by the OS stalagmite records are
consistently observed across the Caribbean region, highlighting the sig-
nificant roles of both AMV and ENSO throughout various climatic periods,
including the Holocene, the deglaciation, and the last glacial period e.g refs.
23,24,37,66.

Comparison with local and regional records
Comparing the 8" records of the OS stalagmite from the MCCS and the
CM stalagmite from Santo Tomas cave in Cuba (25 km away) reveals sig-
nificant differences in both absolute values and isotopic amplitude. The OS
stalagmite displays more than twice the 8O amplitude of the CM
stalagmite® (Fig. 5). The particularly high average §'°0 values in the CM
record at this time (0.8 to -0.9%o range; 0.1%o average) as opposed to the
8'"°0 value ranges CM recorded at different times (e.g., 1 to —4%o range over
the entire record of 7 to 96 kyrs BP), and versus those in OS (0.8 to —2.4%o
range; —0.8%o average), suggest that evaporative processes may have
influenced the CM record during this specific interval. Empirical isotopic
equilibrium calculations suggest that stalagmites precipitating near equili-
brium should show 80 values between —2.9 to 0.5%0°’, consistent with OS.
Although comparisons are limited by resolution issues between 15.0 to
17.0 kyrs BP and geographical differences, the OS 8'°O record is consistent
with the AB-DC-09 speleothem record from the Bahamas, which has a
similar drying trend near the early part of the record (~17.5 to 17 kyrs BP).
Arid conditions and low growth rates continued until ~15 kyrs BP in both
records, when a shift to lower 8O values (wetter conditions) started
(Fig. 6E)°"". While only available from the beginning of our record until
~15.5 kyrs BP, the Puerto Rican speleothem (PR-LA-1)** has a drying trend
from ~17.5 through 15.5 kyrs BP, comparable to the OS trend, and contains
three positive 8O excursions (peaks of aridity) of at least 1%, all of which
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are associated with a similar interval in the OS 8O record (Fig. 6D).
Additionally, we find a speleothem from NE Mexico, CB2, records a drying
trend from the beginning of our record until ~16.8 kyrs BP, and then a
gradual to sharp shift to wetter conditions around ~14.8 kyrs BP (Fig. 6F)*".
This longer-distance connection to the northern Caribbean is potentially
linked to the CLL]J extending over both Cuba and Mexico’".

Hydroclimate variability during H1

To ensure clarity and consistency, we adopt the definitions of Heinrich
events as outlined in ref. 4 and related sources. A Heinrich event refers to a
period of abrupt climate change suggested to be driven by the massive
discharge of icebergs from the Laurentide Ice Sheet into the North Atlantic.
The Heinrich layer is the distinct sedimentary deposit in marine sediment
cores that serves as physical evidence of these events. A Heinrich stadial is a
broader cold climatic period during which a Heinrich event occurs; how-
ever, not all stadials contain Heinrich events.

Previous studies have identified two phases within Heinrich event 1
(H1). The larger phase, H1.1, peaked at ~16.2 kyrs BP (15.5-17.1 kyrs BP)
during cold North Atlantic conditions and a weakened AMOC. This period
coincided with a 2-4°C warming in the subtropical eastern North
Atlantic*™®. The shorter and weaker H1.2 phase peaked around ~15.1 kyrs
BP (14.3-15.9 kyrs BP) and was marked by minor cooling™"’. During H1,
especially in its latter phase, the AMOC weakened significantly, impacting
hydroclimate patterns as shown by various tropical hydrological records
documenting substages across the equator'*'">'>'*%,

Data from OS demonstrate a two-step pattern during H1: a first period
from 17.6 to 16.1 kyrs BP, followed by a period from 16.1 to 14.7 kyrs BP.
This pattern is evident in both growth rate variations (Figs. 3, S1) and in the
average 8'°0 and §"C values (Fig. 4), as well as the §**Uji, values (Fig. S8).
The §"°0 record of the OS stalagmite suggests peak aridity in western Cuba
coinciding with both the peaks of H1.1 at 16.2 kyrs BP and H1.2 at 15.1 kyrs
BP. These periods of peak aridity, indicated by the highest §'°0 values, align
with the weakest phases of the AMOC. The positive shifts in our OS §"*0
record also match very closely (considering chronological error) with abrupt
monsoon weakening recorded in two speleothem hydroclimate records
from Hulu Cave, China (YT and PD; Fig. S7) around the peak of H1.1'**.
During the early phase of H1, we find more humid conditions with lower OS
stalagmite §'°0 values before 16.4 kyrs BP. The dual-phase pattern in the OS
8"%0 record thus closely aligns with the updated timeline for H1*, and
notably, with the two peaks of aridity in western Cuba. Given terrestrial
amplification of temperature changes has been inferred in the Caribbean
during Heinrich Stadial 1", it is also possible that some of the observed
increase in OS 8"°0 values during H1 is related to cooling.

Hydroclimate variability during the Bolling-Allerad (B/A)

To understand Caribbean regional dynamics’ impact on our speleothem
record, we compared it with the sediment reflectance record from the
Cariaco Basin, a key indicator of tropical hydrological variability linked with
high-latitude climate events'*”’ (Fig. 5). Reflectance is a proxy for changes in
sediment composition and highlights variability in the relative contributions
of terrigenous and biogenic components, which depends on rain amounts"”.
Prior to ~15.5 kyrs BP, the OS and Cariaco Basin records align with high-
latitude millennial climate events (Fig. 6A) and are consistent with each
other. Both show a decline of rainfall until ~16.5 kyrs, following by the most
arid conditions of this interval and increased variability. However, after
~15.5 kyrs BP, their similarity diminishes, evident from diverging patterns
in both records; for instance, the Cariaco Basin record has a gradual trend
towards wetter conditions between ~15.5 and 14.7 kyrs BP, whereas the OS
80 record does not, portraying instead multiple dry episodes during this
window (Fig. 5). During the B/A time interval (after 14.6 kyrs BP), however,
both records show a significant trend indicative of a transition to wetter
climate conditions across the Caribbean, distinct from H1 conditions,
coinciding with AMOC strengthening and North Atlantic warming
(Figs. 4-5, S3).
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Bolling-Allered (B/A) warm interval is marked as “1”. Reflectance is a proxy for
changes in sediment composition and highlights variability in the relative con-
tributions of terrigenous and biogenic components, which depend on rain
amounts”’.

Given the northern position of Cuba and that the Gulf of Mexico serves
as one of the primary moisture sources to the region”"’, we also consider the
potential impact of freshwater forcing to the Gulf of Mexico during the last
deglaciation. Multiple pulses of meltwater input via the Mississippi River to
the Gulf of Mexico have been suggested, one between ~16.4 and 15.7 kyrs BP
and a second between ~15.2 and 13.1 kyrs BP (peaking during the B/A) from
the Orca Basin, 300 km south of the Mississippi River (Core MDO02-
2550)">"*. These meltwater pulses may have driven a portion of the observed
discrepancies between regional records. For example, it is possible that some
of the divergence between the OS §'*0 and Cariaco Basin records could be
explained by this, such as between ~15.5 and 14.7 kyrs BP when Cariaco is
getting wetter while western Cuba experiences several dry episodes. Loca-
tions such as Cariaco Basin or Lake Petén Itza, which are located further
south, would likely see less hydroclimate impacts from Gulf of Mexico
meltwater inputs.

Interestingly, the trend from H1 to B/A in the OS isotopic record and
growth rates contrasts with the CM stalagmite 8O record from the same
period where no transition is apparent (Fig. 5). This discrepancy suggests
that the OS record is more in line during this time with records from the Gulf
of Mexico”', Bahamas™, and the Cariaco Basin', reflecting a distinct
regional response to the transition from HI to the B/A (Figs. 5-6). As
another line of evidence, the OS 8*Ujyy values (Fig. S8) during this
transition support a similar rapid response, with distinctively lower values
during the B/A (Fig. S8), consistent with our hydroclimate interpretation
from the OS growth rate and stable isotope records.
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Modeling studies and paleoclimate research indicate significant
warming in the tropical North Atlantic during the B/A, accompanied by a
northward shift in the ITCZ’s mean position®>'*’*’>’", Speleothem growth
rates during H1 were consistently low, divided into two phases. However,
during the B/A, we observed two significant surges in growth rates, indi-
cating increased rainfall, interspersed with drier periods reaching, briefly,
near H1 conditions. The ITCZ, as noted in earlier studies, typically does not
extend to the latitudes of Cuba, and these shifts were likely less than 1°
latitude®*. The warming of the North Atlantic likely intensified convection
in the region, thereby strengthening the regional Hadley circulation. This
process could have enhanced the North Atlantic Subtropical High (NASH),
potentially also affecting its geographical position.

Modeling studies support this hypothesis, suggesting that a warming
North Atlantic, similar to trends observed in anthropogenic global warm-
ing, results in a more intense NASH that tends to shift westward from its
usual location”””, This westward displacement of the NASH on seasonal

timescales significantly influences rainfall patterns, particularly in the
southeastern United States and the northern Caribbean, increasing climatic
variability and leading to alternating periods of enhanced rainfall inter-
rupted by declines”””*. The Atlantic Warm Pool (AWP) is another impor-
tant modifier of the extent of moisture provided to the region; it appears in
the Caribbean in summer, then expands into the Gulf of Mexico, weakening
NASH and enhancing rainfall when temperatures rise'*”. On this note, it
has been suggested that late glacial to early Holocene rainfall in this region
was linked to the AWP through a threshold for tropical convection
(~26 °C), wherein below this threshold aridity abruptly increased due to
atmospheric stability, while during warm intervals like the B/A and Holo-
cene, the SST convection threshold was surpassed, resulting in increased
rainfall and instability".

Finally, we would like to point out that our paleoclimate record from
Cuba, indicating significant rainfall fluctuations during the last deglaciation,
reflects the inherent variability in hydroclimate regardless of the overall

Communications Earth & Environment| (2025)6:498


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02465-0

Article

A Decadal Average Precipitation, Western Cuba, TraCE-21K-II
2.8 r
{N \; R
2.6 R0
] N \\77,\
2.4+ "
3 e,
€ 2.2
£
& 2.0
1.8 -
1.6 -
14.0 14.5 15.0 15.5 16.0 16.5 17.0 17.5 18.0
Time (kyrs BP)
B C PR Trends, 17.6-16.2 kyrs BP

PR Trends, 14.7-14.2 kyrs BP
i Y =

-1.0

-0.8

Fig. 7 | Simulated rain amounts in western Cuba. A During the interval of interest
covered by our record from TraCE-21K-II, the CCSM3-based transient all-forcing
paleoclimate simulation®. The model supports the overall millennial-scale

variations seen in our record. The highlighted green and brown boxes (A) are shown
in (B, C), respectively, as regional rainfall trends during the (B) B/A and (C) early
deglaciation periods.

climate state. This observation is consistent with numerous speleothem
records across the tropical Americas. During the B/A, wet and dry condi-
tions were not persistent but interspersed with intermittent opposite phases.
Multiple paleoclimate studies e.g.”**"**** from both hemispheres show this
(illustrated in Figs. S5, S6; see Supplementary Information). This pattern of
fluctuating hydroclimate is further supported by contemporary instru-
mental records, highlighting a common occurrence of high rainfall varia-
bility in the region across various timescales—seasonal, annual, and
interannual”"*'"*. These findings highlight the complex and dynamic nature
of tropical hydroclimate systems, particularly in the context of significant
climatic events like the last deglaciation.

Drivers of rain amounts in Cuba on millennial timescales

The factors influencing Cuban (and more generally Caribbean) rainfall over
millennial timescales are complex and multifaceted. A significant factor is
the variability in SSTs within the tropical-subtropical North Atlantic and
Caribbean regions. This is evidenced by the relationship between the OS
stalagmite 8'°O record and the Mg/Ca SST record from Core PL07-39PC in
the western tropical Atlantic, specifically in the Cariaco Basin” (Fig. 6B).
Warmer SST's in the Mg/Ca record are associated with increased rainfall and
lower OS 8O values (and vice versa). Our research suggests that the mean
position of the ITCZ alone is not the primary determinant of regional
hydroclimate. This is evident from several lines of evidence: (1) the Cariaco
Basin record diverging from the OS record between ~15.5 and 14.7 kyrs BP,
suggesting hydroclimate influences beyond the ITCZ shift (Fig. 5); (2) the
significant correlation between OS 8'*O values and SST's from the western
tropical Atlantic, reinforcing the role of SST-driven changes in regional

convection (Fig. 6B)"’; (3) the influence of AMV and ENSO on hydroclimate
variability as revealed by wavelet analysis (Fig. 4)*'***;and (4) proxy-model
comparisons (TraCE-21K-II) that capture millennial-scale hydroclimate
variability consistent with OS records and North Atlantic climate
shifts (Fig. 7A)**. These findings highlight the role of dynamic ocean-
atmosphere interactions beyond simple ITCZ migration in modulating
rainfall patterns.

During events such as H1, cooling of the northern tropics likely
resulted in reduced convection within the ITCZ, subsequently decreasing
the moisture available to regional weather systems like the CLLJ. This
mechanism also affects broader Atlantic tropical cyclone activity, potentially
influencing their frequency and intensity. Our findings thus move beyond
focusing solely on the position of the ITCZ, highlighting the importance of
SSTs per se and SST-induced changes in the intensity of regional convection
as key factors in Caribbean hydroclimate variability. Recent modeling and
paleoclimate studies”™** reinforce the significant influence of SST
variability on historical rainfall patterns in the Caribbean and Gulf of
Mexico. Furthermore, the behavior of the NASH and the AWP, as discussed
earlier”””, introduces an additional layer to these intricate interactions,
emphasizing the complexity of understanding rainfall drivers in the Car-
ibbean over millennial timescales. These results highlight that while ITCZ
migration plays a role in regional hydroclimate shifts, multiple interacting
factors, including SST-driven convection, AMOC variability, NASH dis-
placement, and internal variability from AMV and ENSO, contribute to the
observed hydroclimate responses. This complexity underscores the need for
an integrative approach to interpreting past rainfall patterns, considering
both atmospheric and oceanic influences.

Communications Earth & Environment| (2025)6:498


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02465-0

Article

Proxy-model comparison and directions for future research

To investigate if we can provide a model-based justification for the hydro-
climate changes observed in the OS stalagmite proxy results, we analyzed
rainfall amounts simulated by the CCSM3-based all-forcing paleoclimate
model experiment called the Simulation of Transient Climate Evolution
over the last 21,000 years (TraCE-21K-II)**. The preliminary analysis of
simulated rainfall over western Cuba in the TraCE-21K-II model shows that
the millennial-scale rainfall variability aligns well with the hydroclimate
shifts observed in the OS stalagmite record (Fig. 7A). Notably, the simulated
trends during the B/A and early deglaciation (Fig. 7B, C) correspond with
the transition from drier H1 conditions to wetter B/A conditions, sup-
porting the role of SST-driven convection changes rather than a simple
ITCZ latitudinal shift. Additional model-based analyses could further elu-
cidate the mechanistic links between SST variability, atmospheric circula-
tion, and rainfall in the northern Caribbean.

These spatial trends shown in Fig. 7B, C agree with previous obser-
vations of an out of phase hydroclimate response across the equator on
millennial timescales, aligning regional climatic shifts in the Caribbean
supported by our OS results with these significant high-latitude events. The
encouraging proxy-model comparison deserves further examination, as the
model-based analyses may be used to explore the proposed underlying
mechanisms related to atmospheric and SST variability and support infer-
ences drawn from proxy records.

Conclusions

The OS speleothem growth rates and proxy records (§'°C, §'*O, and
&***Uinitial values) from our study demonstrate significant hydroclimate
variability during Heinrich event 1 (H1) and the Belling-Allerad (B/A)
period, showing trends that are consistent with other Caribbean and Gulf of
Mexico records. During H1, particularly H1.1 (16.2 kyrs BP) and H1.2 (15.1
kyrs BP), the OS record indicates peak aridity in western Cuba, as evidenced
by high stalagmite §'°0 values, aligning with the weakest phases of the
Atlantic Meridional Overturning Circulation (AMOC). This pattern cor-
responds with more humid conditions indicated by lower stalagmite §'*0
values before 16.4 kyrs BP, when AMOC was stronger and North Atlantic
SSTs were higher.

In the transition to the B/A period, after 14.7 kyrs BP, the OS records,
alongside the Cariaco Basin, Bahamas, and Gulf of Mexico records, show a
shift towards wetter conditions, differing from those in H1. This is further
evidenced by significant surges in OS growth rates, indicating increased rain
amounts interspersed with drier periods. These records provide a precise
chronology, aligning regional climatic shifts in the Caribbean with these
significant high-latitude events, in agreement with previous observations of
an out-of-phase hydroclimate response across the equator on millennial
timescales. However, our findings reveal that hydroclimate variability is not
solely dictated by large-scale hemispheric shifts but is influenced by mul-
tiple, interacting processes operating across different timescales. These
include internal climate variability (AMV, ENSO), regional atmospheric
circulation changes, and tropical cyclone dynamics, which imprint strong
interannual to decadal variability on longer-term climatic trends.

Lastly, our study underscores the multi-factorial nature of hydro-
climate drivers in Cuba and the broader Caribbean, emphasizing the
interplay of oceanic and atmospheric mechanisms beyond ITCZ migration
alone. Central to this is the variability of SSTs in the tropical-subtropical
North Atlantic and Caribbean, which significantly modulates regional
hydroclimate through its influence on convective intensity, atmospheric
moisture availability, and tropical cyclogenesis. Additionally, the position
and intensity of the North Atlantic Subtropical High (NASH) respond to
SST variations, further shaping rainfall patterns through changes in wind
patterns and moisture transport. These insights highlight the dynamic
nature of hydroclimate in the region, where rainfall patterns are not static
but rather evolve in response to shifting oceanic and atmospheric
conditions.

The encouraging proxy-model comparison with TraCE-21K-II sup-
ports these interpretations, reinforcing the role of SST-driven convection in

hydroclimate variability and providing an avenue for further investigations
into the underlying mechanisms. Future research should focus on refining
the proxy-model relationship, particularly in capturing high-frequency
climate variability and better resolving the specific contributions of AMOC,
AMV, and NASH variability to past rainfall trends in the Caribbean.

Methods

Cave and collection site

The OS stalagmite was retrieved from the chamber locally known as Salén de
la Permanencia Subterrdnea (SPS), located within the Upper Cave of the
Majaguas Stream in the Majaguas-Cantera cave system (MCCS) (Fig. 1). This
extensive 35-km cave system located in the western Cuban province of Pinar
del Rio (22°23'N; 83°58'W) is situated in the karst region of Sierra de San
Carlos, part of the Sierra de los Organos mountain range. The MCCS com-
prises nine underground levels with elevations ranging from 50 to 290 m*. In
the hydrological years of 2008-2009, partial cave monitoring took place in the
MCGCS, particularly in Dos Anas cave. Dos Anas cave shares similar envir-
onmental characteristics with SPS and is located nearby, approximately 2 km
from the OS collection point™. Monitoring data indicated that the cave’s air
temperature fluctuated between 21.3 °C to 21.5 °C, while relative humidity
consistently maintained levels near 100% throughout the year.

Stable isotope composition and U/Th dating

The OS stalagmite 80 and 8"C compositions were determined in the
Stable Isotope Laboratory at the University of Massachusetts Amherst, using
an on-line carbonate preparation system linked to a Thermo Scientific Delta
Plus isotope ratio mass spectrometer. Reproducibility of the standard
material is better than +0.1%o. All values are reported relative to the V-PDB
standard”. The OS chronology was built using the U-series dating
technique®. Calcite powder samples, each weighing around 0.3 g, were
collected from the speleothem using a micromill. After collection, U/Th
analyses were performed using a multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS) in the Paleoclimate and Geochronology
Laboratory at the Massachusetts Institute of Technology (MIT). Before
measurement, samples were dissolved, spiked, and uranium and thorium
were separated following standard techniques®. The OS age model was
developed using the COPRA software” using default interpolation with
2000 Monte Carlo simulations in MatLab.

Isotopic equilibrium conditions

Speleothems provide information on past climate variability; however, the
8"Cand 60 signals in a speleothem depend in part on processes occurring
inside the cave. Under certain conditions §"°C and §'*0 values can be driven
out of isotopic equilibrium with the drip water, resulting in a speleothem
isotope signal that does not reflect the isotopic value of the drip water and
impacting the reliability of hydroclimate interpretations above the cave®.
Empirical isotopic equilibrium calculations carried out on another spe-
leothem from Dos Anas cave, stalagmite CG, support the notion that spe-
leothem calcite formation occurs under or near isotopic equilibrium
conditions, which may suggest similar conditions for stalagmites OS*****.
While monitoring data is not available from the SPS, its proximity to the
Majaguas stream likely contributes to consistently high humidity levels,
maintaining them at nearly 100% throughout the year, analogous to Dos
Anas cave. It is noteworthy that the complex karst landscape in Sierra de San
Carlos, coupled with neotectonics in the region, has had a significant impact
on lithological and structural rock conditions, including the potential
opening and blocking of infiltration pathways for speleothems®*. In order to
investigate whether stalagmite OS was formed under isotopic equilibrium
conditions, we performed calculations of calcite isotopic composition
expected from given environmental conditions using the equation from
ref. 67. These calculations consider observed yearly cave air temperature for
the MCCS (21.5 °C), estimated atmospheric surface temperature changes in
the northern Caribbean during the deglacial period”, and the range of
annual §"*0 composition of rainfall in western Cuba based on instrumental
data from the IAEA-GNIP database (—1.0%o to —4.0%o) (Fig. 2).
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Given the physicochemical attributes of the MCCS, including
high relative humidity’”’®*, and isotopic equilibrium insights from
our calculations of calcite §*O composition (see Table S1), we infer
that the OS stalagmite likely formed under conditions close to iso-
topic equilibrium with its drip water. This positions the OS sta-
lagmite as a valuable recorder of past rainfall patterns. This working
hypothesis is bolstered by related studies in the same cave® "%, It is
also key to note that a relationship between §"°C and §'*O does not
necessarily imply disequilibrium. Despite one of the outdated Hendy
criteria stipulating that there is no relationship between §"”C and
8"%0 when calcite is deposited at equilibrium conditions™, this can
only be true if §°°C is not influenced by climate”. In this case and
many others, particularly in the tropics, the primary determinator of
both §"°C and §"0 is rainfall, and thus one would expect a coupling
of the records.

Regional climate and climate drivers

Pinar del Rio Province experiences tropical climate characterized by
distinct dry and rainy seasons. The dry season typically extends from
November to April, while the rainy season spans from May to
October®™. The annual average temperature in the area is 24.9 °C,
and it receives an average of 1700 mm/year of rainfall’®. The North
Atlantic Subtropical High (NASH) briefly intensifies in midsummer,
leading to a midsummer drought and resulting in a slightly bimodal
rainfall pattern’’>*"%>%,

The Caribbean, Gulf of Mexico, and tropical North Atlantic serve as the
primary moisture sources to the region”"”. Seasonal rainfall variability in
Cuba is influenced by several interrelated factors, including the Caribbean
Low-Level Jet (CLL]), the NASH, Caribbean and tropical Atlantic sea sur-
face temperatures (SSTs), easterly waves, the eastern tropical Pacific, and
indirectly, the movement of the ITCZ (related to the influence on NASH
and the CLLJ)"*”™. Climate anomalies on sub-decadal to multidecadal
timescales in the wider Caribbean region are influenced by the North
Atlantic Oscillation (NAO), the Atlantic Multidecadal Variability (AMV),
and the El Nifo Southern Oscillation (ENSO)***>">*,

The ‘amount effect’ relationship and its implications
The presence of an ‘amount effect’ relationship, linking rainfall amount to its
8"*0 composition, has been widely observed in tropical regions, including
the Caribbean e.g. refs. 23,29,30,38,99. This relationship is corroborated by
IAEA-GNIP data from Havana, Cuba (Fig. 2). Medina-Elizalde et al.
(2017)* observed a consistent relationship which quantitatively defines the
‘amount effect’ across the Gulf of Mexico and Caribbean based on instru-
mental isotopic data. Furthermore, evidence of a seasonal amount effect
extends north of the Gulf of Mexico into the southeastern United States'”.
The enduring stability of the amount effect across diverse geographic
regions supports its presence in Cuba across various climate states, including
glacial-interglacial periods. However, it is important to consider changing
conditions during the deglacial period, which may have shifted rainfall §'*O
values. During the last glacial period, the extensive continental ice sheets
resulted in the ocean’s §'°O composition (§"*Osw) being ~1.2%o higher than
current levels. Additionally, model experiments suggest that the §'°O of
rainfall in the North Atlantic during this period could have been 1.6%o0 more
positive compared to modern times'™'®. This effect lessened during the
deglaciation, as seen in the §'"*Osw Caribbean record'”, indicating an overall
~0.4%o decrease during the period covered by the OS isotopic records.
Although we have accounted for this change in our equilibrium calculations
for the OS stalagmite (Table SI1), we acknowledge the uncertainty in our
estimates propagating from the unconstrained oxygen isotope composition
of the ocean through the period of interest.

Statistical data analysis

Wavelet spectral analysis, cross-correlation, and wavelet correlation analysis
were performed using the R package biwavelet (version 0.20.19 and available
freely from https://cran.r-project.org/package=biwavelet'”'"). Unevenly

spaced time series of 80 and 8"”C were interpolated to the mean
resolution of one year by the Akima splines method'”, one of the most
common, useful, and effective methods to interpolate unevenly spaced
paleoclimate time series'*'””. In addition, we have corroborated whether
this interpolation method works properly with our data by comparing
the interpolated time series with the original unevenly spaced one and
found differences to be negligible. We have used the R package Pracma
(version 2.3.3, available freely from https://CRAN.R-project.org/
package=pracma''’) that includes the Akima method to interpolate the
80 and 8"C time series.

Data availability

The OS oxygen and carbon isotope data presented in this paper are available
online on the NOAA Paleoclimatology database (https://www.ncei.noaa.
gov/access/paleo-search/study/41960).
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