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Abstract We present a 500‐year precipitation‐sensitive record based on co‐varying speleothem δ18O values
andMg/Ca ratios from Larga cave in Puerto Rico. This multi‐proxy record shows that the evolution of rainfall in
the northeastern Caribbean was characterized by alternating centennial dry and wet phases corresponding to
reduced versus enhanced convective activity. These phases occurred synchronous with relatively cool and warm
tropical Atlantic sea‐surface temperatures (SSTs), respectively. While the observed pattern suggests a close link
of northeastern Caribbean rainfall to the Atlantic Multidecadal Variability, a regional comparison reveals
intermittent regional heterogeneity especially on decadal timescales, which may be related to a superimposing
influence of the Pacific and Atlantic basins. Furthermore, the speleothem‐based hydroclimate reconstruction
indicates a significant volcanic impact during the past two centuries, and further reveals a potential solar signal
in the preceding three centuries. We posit that the forcing likely shifted from solar to volcanic during the
eighteenth century in being an important source of multidecadal to centennial Caribbean rainfall variability. The
link between convective rainfall and natural forcing may be explained through a modulation of SST variations in
the tropical Atlantic and Pacific oceans.

Plain Language Summary Climate change is expected to affect rainfall throughout the Caribbean
and Central America, where over 200 million people are heavily dependent upon rain as their main source of
freshwater. We have looked at how the amount of rainfall in the Caribbean has changed through time, and
possible reasons for these changes, to inform predictions of future rainfall patterns for the region. Cave mineral
deposits, also known as speleothems, can be used to assess the amount of regional rainfall in the past by looking
at their slight changes over time in the mineral's chemical composition. We created a record of Caribbean
rainfall spanning the last five centuries using a speleothem from Puerto Rico. Our results indicate that rainfall
changes since the sixteenth century were strongly influenced by changes in temperatures of the surface waters of
the Atlantic Ocean. We further found that changes in the sun's brightness and volcanic eruptions may alter
Atlantic Ocean sea‐surface temperature, which in turn affect the overall changes in Caribbean rainfall patterns.

1. Introduction
Late Holocene hydroclimate reconstructions in Central America and the Caribbean have reported substantial
decadal to centennial variations in precipitation amount, but the dominant drivers of these rainfall changes are still
debated, and may be spatially and temporally heterogeneous (e.g., Asmerom et al., 2020; Bhattacharya &
Coats, 2020; Obrist‐Farner et al., 2023; Steinman et al., 2022; Yang et al., 2024). This uncertainty is partly due to
the lack of well‐dated, high resolution paleoclimate reconstructions prior to the twentieth century, in particular in
the north‐eastern Caribbean (Obrist‐Farner et al., 2023; Oster et al., 2019; Steinman et al., 2022). The spatial and
temporal distribution of rainfall in Central America and the Caribbean is mainly controlled by the Inter‐Tropical
Convergence Zone (ITCZ) and the North Atlantic Subtropical High (NASH), which are responsible for the
characteristic seasonal cycle with enhanced convection, cyclogenesis, and associated rainfall amounts in the
warm summer season (Martinez et al., 2019). In addition, their long‐term variability affects rainfall patterns and
tropical cyclone (TC) activity on decadal to centennial timescales (Hernández Ayala, 2019; Pausata &
Camargo, 2019; Taylor et al., 2002; Yang et al., 2024).
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In the northeastern Caribbean, Puerto Rican speleothem records covering different time slices over the past 46 ka
suggest that multidecadal to centennial rainfall changes are closely associated with Atlantic sea surface tem-
perature (SST) variations (Vieten et al., 2024; Warken et al., 2020, 2022b; Winter et al., 2011). Other regional
high‐resolution hydroclimate records located in the western Caribbean or Central America support the general
interpretation that late Holocene multidecadal SST variations in the tropical Atlantic and Caribbean are an
important precursor of convective rainfall changes in the region (Fensterer et al., 2012;Winter et al., 2015;Wright
et al., 2022). Tropical Atlantic SST variations are part of the basin‐scale phenomenon known as Atlantic Mul-
tidecadal Variability (AMV, also denoted as Atlantic Multidecadal Oscillation, AMO) (Kilbourne et al., 2008;
Vásquez‐Bedoya et al., 2012; Waite et al., 2020; Wang et al., 2006, 2017). As a consequence, multidecadal
rainfall variations in the eastern Caribbean and the wider realm have been related to the AMV (e.g., Fensterer
et al., 2012; Hernández Ayala, 2019; Stephenson et al., 2014; Taylor et al., 2002; Winter et al., 2011).

In addition, paleoclimate records and modeling studies suggest a significant influence of competing effects of
Atlantic and Pacific SSTs and associated teleconnection patterns (e.g., Bhattacharya & Coats, 2020; Lachniet
et al., 2017; Sullivan et al., 2021; van Beynen et al., 2007; Wright et al., 2022). As a result, coupled phenomena in
the tropical and extra‐tropical Pacific, most prominently including the El Nino Southern Oscillation (ENSO) as
well as the Pacific Decadal Variability (PDV), may modulate Caribbean rainfall patterns on different timescales
(Kim et al., 2020; van Beynen et al., 2007). A separation Atlantic and Pacific influences on Caribbean rainfall is,
however, complicated due to variable interdependencies between modes of oceanic and SST variability in both
basins (Hernández et al., 2020; Taylor et al., 2002; Zhang&Delworth, 2007). Further complexity arises because the
cross‐basin relationships of tropical Atlantic and Pacific SSTs as well as the observed PDV‐AMV connection may
not be a persistent feature of inter‐basin variability, as suggested by numerical simulations (Meehl et al., 2021;
Zanchettin, Bothe, Rubino, & Jungclaus, 2016). In addition, there is large inter‐model uncertainty in the simulated
AMV influence on the equatorial Pacific (e.g., Ruprich‐Robert et al., 2021), and several mechanisms acting on
different timescales have been proposed to explain a potential AMV‐ENSO connection (e.g., Zanchettin, Bothe,
Graf, et al., 2016). Attribution of AMV and PDV as predominantly externally forced rather than intrinsic modes of
variability remains debated, although a host of observational, proxy‐ andmodel‐based studies suggest the AMV to
be more sensitive to natural and anthropogenic external forcing than the PDV (Fang et al., 2021;Mann et al., 2020;
Otterå et al., 2010; Zhang et al., 2013).

In this respect, evidence of a dominant influence of natural forcing, that is, solar activity and energetic volcanic
eruptions, on Caribbean multidecadal to centennial SSTs and hydroclimate changes has been found by a number
of studies (Black et al., 1999; Burn & Palmer, 2014; Haase‐Schramm et al., 2003; Hodell et al., 2001; Pollock
et al., 2016; Ridley et al., 2015; Smirnov et al., 2017; Waite et al., 2020; Warken et al., 2021; Winter et al., 2015;
Yang et al., 2024). For example, a reconstruction of Mesoamerican precipitation based on a speleothem record
from the Yucatán Peninsula revealed a strong association between the occurrence of multidecadal drying phases
during the past three centuries and clusters of strong tropical volcanic eruptions (Winter et al., 2015). Yet, over the
modern era, the effects of solar and volcanic forcing are masked by increasing anthropogenic impact (Ridley
et al., 2015; Schmidt et al., 2011). Hence, the dominating processes of tropical precipitation and the potential
relation with SSTs, AMV/PDV, and forcing mechanisms prior to the nineteenth century are still uncertain. This is
also because of the limited temporal and spatial coverage of available studies considering the known non‐
stationarity of teleconnections and dependency of responses on initial conditions and mean climate state (e.g.,
Swingedouw et al., 2015; Zanchettin et al., 2013).

Here we provide a high‐resolution multiproxy‐based reconstruction of precipitation amount from Larga cave,
Puerto Rico, spanning the past five centuries, increasing the spatial and temporal coverage and resolution of north‐
eastern Caribbean precipitation reconstructions. This record enables us to (a) identify a predominant multidecadal
to centennial component in regional precipitation, (b) discussCaribbean precipitation in relation toCaribbeanSSTs
and the AMV, and (c) assess natural forcings on Mesoamerican/Caribbean precipitation back to about 1500 AD.

2. Materials and Methods
2.1. Sample Description

Larga cave is located at a height of 350m above sea level in the north‐central karst region of Puerto Rico (N 18°19;
W 66°48) (Figure 1a). The area is a mature karst characterized by sinkholes and mogotes. A thick tropical forest
covers the surface above the cave, which is dominantly vadose with some phreatic features. The cave developed in
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the Oligocene Lares Limestone (Monroe, 1980). Speleothem PR‐LA‐C2 (Figure 1d) was collected in 2014 at site
LA‐C2 (Figure 1c). At this location, in the back of the cave, the seasonal, temperature‐related cave air ventilation is
minimal, and cave air temperature is stable (23.4 ± 0.2°C; Vieten, Warken, Winter, Scholz, et al., 2018; Vieten
et al., 2016). Over the cave monitoring period between 2013 and 2019, the drip water at site LA‐C2 showed no
significant seasonal variations in themeasured stable isotope values and elemental ratios,with ameanδ18Ovalue of
− 2.6 ± 0.1‰ (VSMOW) and a mean Mg/Ca ratio of 0.27 ± 0.01 (×10− 3) (Vieten et al., 2018a, 2018b; Warken,
Kuchalski, et al., 2022). The most recent speleothem calcite layer has a δ18O value of − 3.2‰ (VPDB), which is in
oxygen isotope equilibriumwith the present‐day drip water (Coplen, 2007; Tremaine et al., 2011; Vieten,Warken,
Winter, Scholz, et al., 2018). The drip site exhibits a high drip rate of about 1 drop per second,with small interannual
variability of <20%, minimizing potential kinetic effects on the δ18O values of speleothem calcite (Vieten
et al., 2018a, 2018b;Warken, Kuchalski, et al., 2022). Over the relatively short length of the record, it is reasonable
to assume that the drip characteristics, that is, residence times and lack of seasonal variability in drip water
chemistry, did not vary substantially. Thus, the drip site is ideal to study multiannual changes.

2.2. Local Climatology

The annual cycle of Puerto Rican rainfall is influenced by moisture convergence and cyclogenesis associated with
the expansion and contraction of the western flank of the NASH and determined by the seasonal migration of the
ITCZ (Martinez et al., 2019). The summer rainy season is bimodal with an early summer maximum around May,
and a late summer peak in August through November (Figures 1b, Hernández Ayala, 2019). The main source of
rainfall are the tropical Atlantic Ocean surface waters (Scholl & Murphy, 2014; Vieten et al., 2024). From there,
precipitation reaches Puerto Rico as low‐pressure systems embedded in easterly convective waves, tropical
cyclones and hurricanes, trade wind convergence, and occasional cold fronts from the north‐west (Jury

Figure 1. (a) Map showing the locations of Larga (red star) and of other relevant records discussed in this study: (1) Xibalba cave (Winter et al., 2015); (2) Santo Tomas
Cave (Fensterer et al., 2012); (3) Lee Stocking Island, Bahamas (Waite et al., 2020). The inset displays the position of Larga cave and meteorological stations in Puerto
Rico. (b) Monthly normals of precipitation amount at Arecibo and GNIP station San Juan compared to rainfall d18O values at San Juan and Larga Cave (see text for
details and references). (c) Plan view of Larga cave (after Miller, 2010) indicating the collection site; (d) 230Th/U‐ages and age‐depth‐model obtained by StalAge
(Scholz & Hoffmann, 2011) (red line, green lines are 95%‐confidence limits). The age model is compared to a scan of the upper right half of a longitudinal section of
speleothem PR‐LA‐C2.
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et al., 2007; Scholl & Murphy, 2014). Analyses of rainfall observations only found a weak to moderate influence
of decadal North Atlantic teleconnection patterns, such as the Arctic Oscillation or the North Atlantic Oscillation,
and only a very minor or even non‐significant relationship with ENSO (Hernández Ayala, 2019; Hosannah
et al., 2019; Jury et al., 2007; Taylor et al., 2002; Torres‐Valcárcel, 2018). Similar studies found that the strongest
control of annual and seasonal rainfall amounts can be associated with the AMV (Hernández Ayala, 2019;
Stephenson et al., 2014; Taylor et al., 2002).

Rainfall δ18O values at the location of Larga cave as well as the GNIP station San Juan follow the seasonal rainfall
pattern with lower δ18O values during the warm season characterized by high amounts of rainfall originating from
convective precipitation incl. tropical cyclones and hurricanes. The lowest values occur in rainfall related to
hurricanes (Vieten, Warken, Winter, Schröder‐Ritzrau, et al., 2018). In contrast, higher δ18O values are recorded
during the generally drier winters (Figures 1b, Vieten, Warken, Winter, Schröder‐Ritzrau, et al., 2018; Warken
et al., 2020). As a consequence, rainfall δ18O values in Puerto Rico have a significant interannual anti‐correlation
(r = − 0.73) with rainfall amount, indicating an isotopic “amount effect” of c. − 0.1‰ per 100 mm (Vieten
et al., 2018a, 2018b, 2024;Warken et al., 2020). This is consistent with results from northeastern and central Puerto
Rico (Govender et al., 2013; Scholl & Murphy, 2014; Scholl et al., 2009). Combined with the predominantly
singular easterly moisture source from the Caribbean Sea, the δ18O values of precipitation are primarily controlled
by rainfall amount in air masses at and upwind of the study area (Vieten et al., 2024; Warken et al., 2020).

2.3. 230Th/U‐Dating and Chronology

Seven samples for 230Th/U‐dating were cut along the growth axis of the stalagmite using a band saw (Figure 1d).
Analyses of Th and U isotopes were conducted at the Max Planck Institute for Chemistry (MPIC), Mainz,
Germany, using a Nu Plasma multi‐collector inductively coupled plasma mass spectrometer (MC‐ICPMS).
Sample preparation and analytical details of MC‐ICPMS measurements of the U and Th isotope ratios are
described by Obert et al. (2016) and Yang et al. (2015). Details about the calibration of the mixed U‐Th spike are
given by Gibert et al. (2016). Age uncertainties are quoted at the 2σ‐level and do not include half‐life un-
certainties. The age‐depth model (Figure 1c) was constructed using the algorithm StalAge (Scholz &
Hoffmann, 2011).

2.4. Proxy Analyses

2.4.1. Stable Isotopes

Samples were taken via continuous milling along the extension axis of the stalagmite. Oxygen and carbon isotope
values were analyzed at a resolution of 0.1 mm up to a depth of 16 mm and at 0.2 mm up to a depth of 52 mm
below the top of the stalagmite. Stable isotope measurements were made at the University of Innsbruck. A
ThermoFisher Delta V Plus isotope ratio mass spectrometer equipped with a Gasbench II was used (Spötl, 2011).
Raw data were calibrated against NBS19, and δ‐values are reported relative to Vienna Pee Dee Belemnite
(VPDB) standard. Long‐term precision of the δ18O and δ13C values, estimated as the 1σ‐standard deviation of
replicate analyses, is 0.08 and 0.06‰, respectively (Spötl, 2011; Spötl & Vennemann, 2003).

2.4.2. Trace Element Analysis

Samples for Mg/Ca ratios were continuously milled every 0.5 mm along the same trace as sampled for stable
isotopes. Mg and Ca were measured on a Horiba Jobin Yvon Ultima 2C inductively coupled plasma optical
emission spectrometer at Stony Brook University. Powdered samples were dissolved in 5% HNO3 in a volume
sufficient to yield a Ca concentration of approximately 80 ppm. The instrument was calibrated usingmulti‐element
standards bracketing the expected range of Ca and Mg concentrations (1.6–180 ppm for Ca, and 0.8–10 ppm for
Mg). Mg/Ca was corrected for potential instrument drift by running standards after every fifth sample
(Schrag, 1999). Reproducibility of the standard and replicate samples in this study is±0.06 and±0.08 mmol/mol,
respectively.

2.5. Multi‐Proxy Coherence

We made the utmost effort to take oxygen isotopes and trace element samples from adjacent positions. To es-
timate the likelihood that periodic signals in external time series are in‐phase with the Mg/Ca and δ18O time series
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given age uncertainties, we assess the robustness of the PR‐LA‐C2 multi‐proxy record with a Monte Carlo
approach. Accordingly, a large number (10,000) of surrogate annual time series was obtained by interpolating the
experimental data of both records to dates resampled from within the dating error according to a uniform dis-
tribution. Then, the relative occurrence of cross‐wavelet spectra yielding a phase difference between each pair of
Mg/Ca and δ18O surrogate records within − 0.1π and 0.1π was calculated. A value of 0.1π is the expectation of
occurrence if a phase is purely random; values exceeding this threshold are not determined by chance, yet a higher
threshold is sought especially as far as the lowest frequencies in the records are concerned. Wavelet coherence
spectra were calculated using the algorithm of Grinsted et al. (2004) and Torrence and Compo (1998). The power
of the wavelet coherence spectrum can be interpreted as a measure of the strength of the local correlation between
the two time‐series in the time‐frequency domain.

2.6. Complementary Data

We used the precipitation data as available from KNMI Climate Explorer (https://climexp.knmi.nl) and NOAA/
NCEI (https://www.ncdc.noaa.gov/ghcnm/v2.php). For calculating the average Puerto Rican precipitation, we
used 10 stations closest to Larga Cave that cover at least 25 years (Table S2 in Supporting Information S1). In
addition, we used the Paleo Hydrodynamics Data Assimilation product (PHYDA, Steiger et al., 2018), which
provides hydroclimate variables over the common era, that is, the past 2 ka. Here, we extracted the Standardized
Precipitation‐Evapotranspiration Index (SPEI) as an indicator of drought conditions from the two grid boxes
covering Puerto Rico and computed their average.

The observed AMV index is the 1856–2017 annual‐average time series unsmoothed index from the Kaplan SST
V2 calculated at NOAA/ESRL/PSD1 and available at http://www.esrl.noaa.gov/psd/data/timeseries/AMO. The
observed PDV index is the 1854–2022 annual‐average time series of the NCEI PDO index based on NOAA's
extended reconstruction of SSTs (ERSST V5) and available at https://www.ncei.noaa.gov/access/monitoring/
pdo/. Gridded SST observational data for the period 1870–2019 were obtained from the Hadley Center Sea Ice
and SST data set (HadISST1, Rayner et al., 2003) and used to calculated Caribbean SSTs (spatial average over the
domain 80–50°W and 9–23°N) and Pacific‐Atlantic SST gradient (Atlantic minus Pacific) following Bhatta-
charya and Coats (2020).

Variations in solar forcing are expressed in terms of total solar irradiance (TSI) changes (Figures 2a and 2b). In
order to account for uncertainties in TSI reconstructions, two time series are considered: (a) the TSI obtained from
the semi‐empirical SATIRE model, which is among the recommended time series for the Coupled Model
Intercomparison Project Phase 6 (Matthes et al., 2017); (b) the upscaled TSI time series to match a variability
(max‐min) of 0.25% of the standard TSI value of 1367 W/m2 used in the solar forcing Millennium COSMOS
experiment based on the ECHAM5/MPIOM Earth system model (Jungclaus, 2008; Jungclaus et al., 2010),
referred to as “Krivova.”

Volcanic forcing estimates are derived from numerical paleoclimate simulations following Winter et al. (2015).
Specifically, volcanic forcing estimates for CCSM4 are derived from the full‐forcing last‐millennium simulation
available in the Coupled Model Intercomparison Project 5 repository (Landrum et al., 2013), a volcanic‐forcing
only last‐millennium simulation is considered for the COSMOS Earth system model (Jungclaus et al., 2010), and
a natural forcing (volcanic and solar) last‐millennium simulation is used for the Bergen Climate Model (BCM,
Otterå et al., 2010). Different reconstructions of aerosol optical properties for volcanic forcing were used, and the
reader is referred to Winter et al. (2015) for further details. Cumulative volcanic forcing is obtained by cumu-
latively adding through time the forcing of each volcanic event within “volcanic clusters,” where each cluster is
defined as a sequence of strong volcanic events occurring within temporal intervals of 40 years or less.

3. Results and Discussion
3.1. Speleothem PR‐LA‐C2 Multi‐Proxy Record

3.1.1. Chronology
230Th/U‐dating (Figure 1c) shows that stalagmite PR‐LA‐C2 grew continuously during the last 500 years (1500
CE‐present). The U content is between 0.38 and 0.83 μg/g, and for most samples the (230Th/232Th) activity ratios
are high (Table S1 in Supporting Information S1). However, the detrital 232Th content is significant, even for
comparably clean samples from Larga Cave (Warken et al., 2020), and also for stalagmites from other caves in
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Puerto Rico (Rivera‐Collazo et al., 2015; Vieten et al., 2024) and other Caribbean locations (e.g., Fensterer
et al., 2010; Steidle et al., 2021). Therefore, we regard the bulk Earth detrital (230Th/232Th) activity ratio of 0.8 as
inappropriate to account for initial 230Th in stalagmite PR‐LA‐C2. To bring all ages in stratigraphic order with the
two clean ages at 0.5 and 3.2 cm dft, we assumed a (230Th/232Th) activity ratio of 61.1 ± 61.1 and secular
equilibrium for the detritus to correct the activity ratios and ages for detrital 230Th. This (230Th/232Th) value is
consistent within uncertainty with other studies from Larga Cave and this region (e.g., Fensterer et al., 2010;
Rivera‐Collazo et al., 2015; Steidle et al., 2021; Vieten et al., 2024;Warken et al., 2020). However, due to the high

Figure 2. Puerto Rico Larga cave proxy records compared to regional precipitation and sea‐surface temperature (SST)
records. All panels are oriented to reflect warmer/wetter conditions toward the top, and colder/drier conditions toward the
bottom. (a) PR‐LA‐C2 Mg/Ca record with uncertainty as surrogate envelope (shading); (b) PR‐LA‐C2 δ18O record with
uncertainty (shading) as well as the Perdida Cave (PDR‐1) δ18O speleothem record (Winter et al., 2011). Note that due to
relatively poor resolution and age control before c. 1850 AD, only the modern part of the PDR‐1 record is shown; (c) Puerto
Rican multi‐station mean monthly precipitation amount (see text for more details); (d) PHYDA Standardized Precipitation‐
Evapotranspiration Index drought index (Steiger et al., 2018). Before c. 1800 AD, the data is shown in lighter colors because
the data assimilation product is not well constrained in this grid box; (e) tropical Atlantic SST anomaly as derived from the
detrended and normalized sclerosponge‐based SST reconstruction of Waite et al. (2020); (f) Puerto Rico coral detrended
δ18O values (Kilbourne et al., 2008, 2014) converted to z‐scores as an indicator of SST anomalies. Vertical brown bars
indicate decades of relatively dry conditions on Puerto Rico.
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(230Th/232Th) ratios of PR‐LA‐C2, the correction is still small resulting in uncertainties of the corrected, indi-
vidual ages between 10 and 100 years (Table S1 in Supporting Information S1). The uncertainty of the resulting
age‐depth model obtained by StalAge ranges from 10 to 50 years over most parts of the record. The average
growth rate of PR‐LA‐C2 is more than 100 μm/a, which results in a close to annual resolution of the stable isotope
values, and around 5 years for Mg/Ca.

3.1.2. Proxy Interpretation

Figures 2a and 2b illustrate the temporal evolution of the PR‐LA‐C2 multiproxy record during the past five
centuries. Monitoring of the drip site of PR‐LA‐C2 shows relatively constant drip rates, and it can be assumed that
fracture flow is not dominant at this site (Vieten et al., 2018a, 2018b; Warken, Kuchalski, et al., 2022). As a
consequence, drip water δ18O values show only little variability and reflect the annual mean δ18O value of
precipitation (Vieten et al., 2018a, 2018b). Hence, on an interannual scale, speleothem δ18O values are expected
to reflect changes in Puerto Rican rainfall amount (Vieten et al., 2024; Warken et al., 2020). This is supported by
the good co‐variance within dating uncertainties of the PR‐LA‐C2 δ18O record with the stalagmite δ18O data from
Perdida Cave (Winter et al., 2011), which provides a comparable resolution as our record back until c. 1850 AD
(Figure 2b).

For some drip sites in Larga cave, an influence of δ18O‐depleted TC precipitation cannot be excluded (Vieten,
Warken, Winter, Schröder‐Ritzrau, et al., 2018). Even though no direct influence was detectable at drip site C2,
we explore a potential influence of TC‐related rainfall on the δ18O signature of speleothem PR‐LA‐C2. To this
end, we compare our record with historical TC counts from the HURDAT2 database (Landsea & Franklin, 2013)
as well as regional, proxy‐based reconstructions (e.g., Burn & Palmer, 2015; Nyberg et al., 2007). This com-
parison reveals no clear pattern (Figure 3), which could be due to both dating uncertainties and archive resolution.
Moreover, sedimentary archives do not necessarily record high precipitation events, and tropical cyclones and
depressions with comparably weak wind speeds or storm surges can still bring a considerable amount of δ18O
depleted rainfall (e.g., Govender et al., 2013; Warken, Kuchalski, et al., 2022). Interestingly, our record shares a
similar pattern with a recent study combining sedimentary paleo‐hurricane records and a statistical reconstruction
of hurricane activity dependent on SSTs (Yang et al., 2024) (Figure 3). Taking dating uncertainties into account,
periods of lower speleothem δ18O values appear to coincide with times of higher statistical probability of hur-
ricane occurrence associated with warmer SSTs (Yang et al., 2024). We interpret this common pattern such that
warmer SSTs generally support enhanced convection and cyclogenesis, from tropical waves, depressions, tropical
storms, and hurricanes, which altogether result in higher rainfall amounts affecting Puerto Rico. Nevertheless,
although individual events cannot be resolved by our record, the results of Yang et al. (2024) generally support
our assessment that lower speleothem δ18O values reflect higher convective rainfall amount.

The pronounced co‐variability of the PR‐LA‐C2 proxies (Figures S1 and S2 in Supporting Information S1)
provides additional support for a strong underlying hydroclimatic control via the “amount effect” on speleothem
δ18O values, and Mg/Ca (δ13C) values reflecting changes in prior calcite precipitation (PCP) and residence time
(Johnson et al., 2006), similar to what has been observed for other stalagmites from Larga cave and other sites on
Puerto Rico (Vieten et al., 2024;Warken et al., 2020). These processes are typically enhanced during drier periods
with reduced recharge, and result in an increase in the Mg/Ca (δ13C) values of the solution, and, subsequently, the
speleothem (Fairchild et al., 2000; Johnson et al., 2006). Drier phases in Puerto Rico are mainly associated with a
reduced contribution of convective summer rainfall to the drip water reservoir, which shifts the mean annual δ18O
value of the infiltrating water toward higher values (Vieten et al., 2024). Hence, in a setting like Larga Cave, site‐
specific karst‐hydrological effects and PCP are expected to accompany or even exacerbate the amount effect on
rainfall δ18O values (Deininger et al., 2021; Warken et al., 2020). This is, for example, visible in the temporal
evolution of the proxy data. The stable proxy values during the dry and wet phases and the rapid transitions in
between suggest that the underlying process may follow a non‐linear bi‐stable regime rather than an oscillatory
behavior. A potential explanation for this observed pattern may be non‐linear hydrological responses in the karst
system (Priestley et al., 2023; Treble et al., 2022). In summary, the strong correlations between speleothem δ18O,
δ13C, and Mg/Ca values suggest a non‐negligible role of in‐cave processes, such as PCP. However, the com-
parison with instrumental data also justifies the interpretation of the speleothem multi‐proxy record as a robust
indicator of local water balance related to rainfall amount (Figure 2c). In addition, the speleothem proxies robustly
reflect the transition from drier to wetter conditions during the early twentieth century, with the wettest phase
around the 1940s (within dating uncertainties). Likewise, the subsequent progressive drying trend is recorded by
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less negative speleothem δ18O values. The lack of meteorological data precludes inferences beyond the instru-
mental period, but a comparison with the reconstructed PHYDA SPEI drought index (Steiger et al., 2018) pro-
vides further support for the interpretation of our record for the period up to c. 1800 AD (Figure 2b). Prior to that,
the PHYDA data assimilation product is largely unconstrained in the Caribbean area due to a lack of hydro‐
climatically sensitive data in the region (Steiger et al., 2018).

In summary, this discussion shows that the PR‐LA‐C2 record captured the large‐scale rainfall amount signal and
not only local conditions related to runoff or in‐cave processes (Figure 2d). The previous discussion of a potential
influence of δ18O‐depleted TC rainfall also justifies the interpretation of speleothem δ18O values as recorders of
rainfall amount related to convective activity. Still, due to dating uncertainties and potentially underlying non‐
linear effects, we refrain from quantitative inferences on rainfall amount from the speleothem proxies and
focus on the general patterns visible on multi‐decadal to centennial timescales.

3.1.3. Temporal Evolution

The resulting speleothem time series is largely dominated by the alternation of multidecadal‐to‐centennial periods
of anomalously dry and wet conditions separated by decadal‐scale transitions. The most recent periods include a
wet interval peaking in the first half of the twentieth century and progressively drier conditions until the 1980/90s

Figure 3. Comparison of several tropical cyclone (TC) reconstructions. From top to bottom: (a) Atlantic hurricane activity
index reconstruction (Burn & Palmer, 2015); (b) tropical Atlantic hurricane activity reconstruction (Yang et al., 2024);
(c) PR‐LA‐C2 δ18O record (this study); (d) Puerto Rican hurricane activity reconstructed from coral luminescence records
from Puerto Rico (Nyberg et al., 2007); (e) historical counts of hurricane/tropical cyclones per 5 years in Puerto Rico as
archived in the HURDAT2 database (Landsea & Franklin, 2013). Blue bars indicate times of low speleothem δ18O values
indicative of enhanced convective activity and higher rainfall amounts.
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(Figure 2). Within dating uncertainties, this general feature of the PR‐LA‐C2 multiproxy record corresponds well
to the evolution of Puerto Rican summer rainfall from meteorological observations (Figure 2c), as well as a
previous speleothem‐derived rainfall reconstruction (Winter et al., 2011). The pronounced multidecadal to
centennial scale variability is further highlighted by the very energetic but broad spectral peak around the 100‐
year periodicity observed in the energy spectra of the surrogate series of both Mg/Ca and δ18O values, with
the significance envelope highlighting the multidecadal portion of the spectrum in the former and the multi‐
centennial portion in the latter (Figures S2 and S6 in Supporting Information S1). Accounting for age uncer-
tainty (shading in Figures 2a and 2b), the most prominent multidecadal to centennial wet phases observed in both
records occurred between c. 1600 and 1650, 1760 to 1830, and 1915 to 1940 CE, whereas a pronounced consistent
dry phase was identified between 1700 and 1750 CE.

3.2. Link of Puerto Rican Precipitation to Atlantic SSTs and AMV

Warmer surface temperatures of the tropical Atlantic Ocean sustain enhanced convection in the moisture source
locations of Puerto Rican precipitation, and hence are interpreted to cause more rainfall at the site, in particular
during the wet summer season (Stephenson et al., 2014;Wang et al., 2006; Yang et al., 2024). Correlation analysis
confirms that rainfall amount in Puerto Rico is linked to SST anomalies (SSTA) in the tropical Atlantic with
r = 0.48 (p < 0.01) (Figures S3 to S5 in Supporting Information S1). This is also seen in the wavelet coherence,
with a clear co‐phase and a shift in periodicity of the two parameters (Figure S4 in Supporting Information S1), as
well as spatial correlation with basin wide SSTs (Figure S5 in Supporting Information S1). Prior to the twentieth
century, this observation is supported by similar variations of the speleothem proxies and tropical Atlantic SST‐
sensitive tropical coral δ18O data (Figure 2f, Kilbourne et al., 2008, 2014), reconstructed SSTAs from a
sclerosponge‐based record from the Bahamas (Figure 2e, Waite et al., 2020), as well as SST‐related cyclogenesis
(Figure 3b, Yang et al., 2024). This shows that the multidecadal wet phases in Puerto Rico were associated with
relatively warm SSTs and vice versa (Figure 2) confirming that Atlantic SST changes have been a dominant
precursor of Puerto Rican precipitation since c. 1500 AD.

The apparent regime bi‐stability in the reconstructed Puerto Rican rainfall contrasts with the more oscillatory
behavior of regional SST/SSTAs. A possible process entails an on‐off dependency of deep atmospheric con-
vection on local SSTs, such that deep convection is only activated above a certain SST threshold (Evans &
Webster, 2014; Johnson & Xie, 2010; Winter et al., 2020). Accordingly, the sharp transitions detected in the PR‐
LA‐C2 δ18O record may reflect gradual SST warmings inducing sharp transitions in the frequency and intensity
of deep convection and cyclogenesis once such a threshold is surpassed, hence rapidly enhancing the total amount
of rainfall in the catchment of the cave. This is supported by the similarity of the Larga cave speleothem record
with the statistical SST‐based reconstruction of hurricane activity by Yang et al. (2024). However, another
plausible explanation for this threshold behavior could be site‐specific, and related to non‐linear karst hydro-
logical effects, such as changes in the contribution from different flow paths and reservoirs (Treble et al., 2022,
see Section 3.1.2).

Reconstructions across the western tropical Atlantic have shown that Caribbean and western tropical Atlantic
SSTs varied in concert with the AMV, that is, basin‐wide, quasiperiodic oscillations of North Atlantic SSTs
(Vásquez‐Bedoya et al., 2012; Waite et al., 2020; Wang et al., 2006). Consequently, the multidecadal to
centennial fluctuations in the multiproxy PR‐LA‐C2 record also appear related to alternating phases of the AMV,
with warm AMV being associated with wetter conditions and vice versa (Figures 4c, 4d, and 4f). A strong
interdecadal connection between Puerto Rican rainfall and AMV also emerges from the observational records of
both variables (Figures 2e and 2f). This manifests in a strong correlation between Puerto Rican rainfall amount
and the observed AMV index (r = 0.59 p < 0.01, Figure S3 in Supporting Information S1), and a robust wavelet
phase at interdecadal time scales (Figure S4 in Supporting Information S1). Wavelet coherence between the PR‐
LA‐C2 δ18O record, the SST reconstruction by Waite et al. (2020), and the AMV reconstruction by Svendsen
et al. (2014) indicate a synchronous pattern of AMV, Caribbean SSTs and Puerto Rican precipitation since c. 1750
AD (Figure 5). The increasing spread in the existing AMV reconstructions prior to ca. 1750 AD makes further
analysis for earlier times challenging (Hernández et al., 2020).

In summary, this analysis provides evidence for the previously hypothesized mechanism linking AMV, Carib-
bean SSTs and regional rainfall (Fensterer et al., 2012; Wang et al., 2006). Within the AMV framework, basin‐
scale ocean dynamics in the North Atlantic Ocean modulate Caribbean SSTs (Vásquez‐Bedoya et al., 2012),
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which in turn control the intensity of local atmospheric convective activity, and hence directly impact regional
precipitation (Wang et al., 2006; Winter et al., 2020). Dynamics linked to anomalously warm Caribbean SSTs
under a positive AMV and the associated development of a near‐surface negative pressure anomaly in the western
tropical Atlantic and the Caribbean low‐level jet core region provide an additional feedback mechanism to
support a connection between AMV and Caribbean rainfall (Taylor et al., 2011).

3.3. Regional Comparison—Common Signals and Discrepancies

Although many records from the common era documenting a multidecadal to centennial variability in precipi-
tation and/or SSTs, a detailed inspection of the regional records reveals some disagreement concerning the timing
of events as well as dominant periodicities. In the PR‐LA‐C2 record, the shorter, decadal‐to multidecadal‐scale
mode of variability is distinctly suppressed relative to other regional records of precipitation and SST variability.
For example, a Puerto Rican coral δ18O‐SST history spanning the last 250 years also displays clear decadal to
multidecadal scale variability (Kilbourne et al., 2008), but a multidecadal to centennial mode is not apparent until
the coral δ18O data are detrended and filtered (Figure 2f). The Puerto Rican speleothem and coral data show

Figure 4. Comparison of the Larga cave proxy record with other regional records and associated forcing mechanisms.
(a) Time series of reconstructed total solar irradiance (Jungclaus, 2008; Jungclaus et al., 2010; Matthes et al., 2017), (b) time
series of cumulative volcanic forcing from paleoclimate simulations (black: BCM; brown: CCSM4; yellow: COSMOS; after
Winter et al., 2015), (c) PR‐LA‐C2 δ18O record with uncertainty as surrogate envelope (shading), (d) standardized AMO
time series including reconstructions from Svendsen et al. (2014) (dark green) and observations (light green). (e) Guatemala
Xibalba speleothem δ18O values (Winter et al., 2015), (f) Cuba speleothem CG δ18O values (Fensterer et al., 2012), (g) North
Atlantic sea‐surface temperature reconstruction (Lapointe et al., 2020).
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similar patterns to the AMV index (Figures 2c, 2d, and 2f) for most of the interval of overlap, although the coral
data contain a peak in multidecadal variability post‐1970 that is not apparent in the speleothem data.

Similarly, a speleothem δ18O record from Cuba (Fensterer et al., 2012) exhibits clear decadal‐scale variability but
again lacks distinctive multidecadal to centennial‐scale variability (Figures 4e and 5e). Puerto Rico coral SSTs
increase over the last 250 years, but the Puerto Rican and Cuban speleothem precipitation reconstructions do not
show such a warming trend, suggesting that absolute regional SSTs are not the only control on precipitation over
this time interval, an assertion further supported by a three century‐long increase in both tropical and larger‐North
Atlantic reconstructed SSTs (Figures 4f and 4g; Lapointe et al., 2020; Waite et al., 2020) that are not matched by
any of the regional speleothem precipitation records (Figures 4a–4c and 4e).

Figure 5. Wavelet coherences between the PR‐LA‐C2 δ18O record, potential forcing factors of Caribbean precipitation
variability, and other regional records. Panels show analysis with (a) solar activity (Jungclaus, 2008), (b) volcanic activity
(simulated top‐of‐atmosphere forcing from COSMOS (Jungclaus et al., 2010), (c) AMV (reconstruction by Svendsen
et al., 2014), (d) the linearly detrended GU‐Xi‐1 δ18O record (Winter et al., 2015), (e) sea‐surface temperature reconstruction
from Lee Stocking Island, Bahamas (Waite et al., 2020), as well as the detrended CG δ18O record from Cuba (Fensterer
et al., 2012). All δ18O values are multiplied by − 1 for this analysis. The color shading illustrates the local amplitude of the
wavelet coherence spectrum, from small (blue) to large (yellow). Thick contours identify the 5% significance level. Arrows
identify the phases (eastward‐pointed arrows identify co‐phase, the PR‐CL‐C2 δ18O record leads for anticlockwise rotation
from the co‐phase axis). The shaded region indicates where edge effects occur.
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A shorter record that shows pronounced multidecadal‐to‐centennial variations similar to the PR‐LA‐C2 multi-
proxy record (Figures 3a and 3b) is the GU‐Xi‐1 δ18O record of Yucatán Peninsula precipitation covering the past
three centuries (Winter et al., 2015) (Figure 3e). This record also displays recurrent δ18O minima around − 4 ‰
and a prolonged wet phase until the early nineteenth century followed by a pronounced drying trend until present.
These features in GU‐XI‐1 contrast with the PR‐LA‐C2 record, which is dominated by multidecadal‐to‐centennial
variability rather than multi‐centennial features. Nonetheless, once the Yucatán Peninsula record is linearly
detrended, the wavelet coherence spectra between δ18O records from both locations indicate common multi-
decadal variability around the 40 to 50‐year time scale since about 1800 CE (Figure 4). Within uncertainties, the
Puerto Rican and Yucatán Peninsula records are synchronous.

While our analysis shows a clear connection between Puerto Rican rainfall amount and tropical Atlantic SSTA,
the regional comparison recommends caution about general inferences on potential large‐scale expressions of the
AMV in the Caribbean realm. One reason for the observed discrepancies may be archive‐specific issues, such as
dating uncertainties, internal noise, memory or smoothing of the individual records, or heterogeneous proxy
sensitivity. Additional, replicated, high resolution paleoclimate reconstructions from the wider region covering a
longer time period could support or reject some of these processes. On the other hand, the regional heterogeneity
suggests superimposing influences on regional hydroclimate. A changing Pacific‐Atlantic inter‐basin SSTA
gradient may modulate the Walker circulation and in turn change the tropical convective activity over the tropical
Pacific and Atlantic (e.g., Bhattacharya & Coats, 2020; Kim et al., 2020). We note that the correlation of
instrumental Puerto Rican rainfall amount with the Pacific‐Atlantic inter‐basin SST gradient is insignificant
independent of the chosen period of the year, whereas significant yet comparably weak for the PDO index
(r = 0.22, p = 0.07 for annual‐average values, and r = 0.30, p = 0.01 for winter values). However, while
Caribbean SSTs are part of the AMV pattern, Pacific and Atlantic decadal and multidecadal patterns are known to
be not independent, and precipitation resembles the PDO index during certain periods (Figure S2 in Supporting
Information S1). Therefore, we cannot fully rule out a preconditioning role from interdecadal Pacific SST
changes.

3.4. Potential Forcing Mechanisms

Various processes have been discussed as potential forcing mechanisms of Caribbean precipitation on the
multidecadal to centennial scale. Changes in natural forcing, such as solar activity and energetic volcanic
eruptions, have been suggested as major drivers of (hydro)climate variability during the past millennium (e.g.,
PAGES Consortium, 2017; Wang et al., 2017). In the Caribbean paleoclimate record, imprints of solar cycles
throughout the Holocene period have been documented by various studies (Black et al., 1999; Burn &
Palmer, 2014; Haase‐Schramm et al., 2003; Hodell et al., 2001; Pollock et al., 2016; Ridley et al., 2015; Smirnov
et al., 2017; Waite et al., 2020; Warken et al., 2021; Winter et al., 2015). The multiproxy PR‐LA‐C2 record
contains significant signals related to natural forcing (Figure 5 and Figure S1 in Supporting Information S1).
Reconstructions of both solar and volcanic forcing are affected by substantial uncertainties (Figures 2a and 2b)
(e.g., Zanchettin, Bothe, Rubino, & Jungclaus, 2016), and we therefore provide only the most prominent results.
Grand solar changes appear to have been in phase with δ18O fluctuations in PR‐LA‐C2 until around 1800 CE
(Figure 5a). There is a tendency toward drier conditions during the Maunder Minimum of solar activity in the
second half of the seventeenth century and the early eighteenth century, followed by wetter conditions under
increased solar activity (Figure 2).

Wavelet coherence indicates that volcanic forcing is significantly linked with centennial‐scale δ18O fluctuations
in PR‐LA‐C2 since around 1700 CE, with a delay of a couple of decades in the response seen as a phase‐lag
between signals by 90° (Figure 5b). Such a delay can be interpreted as a cumulative hydroclimate response to
clusters of large volcanic eruptions, most prominently the early nineteenth century cluster with the 1809 unknown
and 1815 Tambora eruptions, the late nineteenth century cluster including the 1883 Krakatau and Santa Maria
1900 eruptions, and the twentieth century cluster with the 1963 Agung, 1982 El Chichón and 1991 Pinatubo
eruptions (Figure 2b). The coherence spectrum obtained using cumulative volcanic forcing does not display this
centennial‐scale connection (not shown), suggesting that this reflects dynamical than merely direct radiative
responses.

The coherence detected in the eighteenth century, when there was no major eruption or volcanic cluster, is
interpreted to reflect the connection between lack of volcanic activity, warmer SSTs, and thus wetter conditions in
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Puerto Rico. This agrees with the observation by Ridley et al. (2015), who suggested modulation of Caribbean
SSTs as a possible explanation for the observed link between volcanic forcing and Mesoamerican precipitation
(Ridley et al., 2015). Solar cycles are hypothesized to modulate SSTs of the North Atlantic Ocean via combined
atmospheric and ocean circulation effects (Bond et al., 2001; Jiang et al., 2015; Marchitto et al., 2010; Moffa‐
Sánchez et al., 2014). Weak (strong) solar activity could have induced a concomitant cooling (warming) in the
tropical Atlantic as well as changes in the Hadley circulation, that is, enhanced (reduced) trade wind variability
(Black et al., 1999). In addition, it has been suggested that changes in solar irradiance could influence the tropical
Pacific via the so‐called “ocean dynamical thermostat” response, because negative (positive) radiative forcing
results in a warming (cooling) of the eastern tropical Pacific, and hence more El Nino‐like (more La Nina‐like)
conditions (Clement et al., 1996; Mann et al., 2005; Marchitto et al., 2010). Both effects would explain drier
(wetter) conditions associated with negative (positive) radiative forcing in the Caribbean (Burn & Palmer, 2014).

The AMV, to which North Atlantic and Caribbean SSTs are integrally linked, is at least partly a natural phe-
nomenon, as recent analyses of observations, re‐analyses and climate model simulations suggest (Birkel
et al., 2018; Mann et al., 2020; Wang et al., 2017). Recent research has therefore attempted to disentangle the
AMV evolution during the past millennium into its externally forced and intrinsic components (Fang et al., 2021;
Wang et al., 2017). However, a model study based on multimillennial unperturbed preindustrial and Holocene
transient simulations, including and excluding volcanic forcing, demonstrated that individual events of strong
AMV fluctuations can display significantly different anomalous spatial patterns, especially over the subpolar
North Atlantic and the tropics (Zanchettin et al., 2023). This also poses the question of which aspect of the AMV
is predominantly captured by individual study locations and different proxies (Hernández et al., 2020). Hence, the
proposed relation between volcanic eruptions, AMV, and tropical precipitation over periods of more than a few
centuries is uncertain because of the limited temporal coverage of these studies considering the known non‐
stationarity of teleconnections and dependency of responses on initial conditions and mean climate state (e.g.,
Swingedouw et al., 2015; Zanchettin et al., 2013). Accordingly, the reconstructed Caribbean SST variability
during the past 600 years from Lee Stocking Island, Bahamas, entails periods when the AMV signal can be traced
back to volcanic activity and periods when it was incoherent with external forcing, thereby suggesting pre-
dominance of intrinsic (or endogeneous) climate variability (Waite et al., 2020; Yang et al., 2024).

4. Conclusions
The multiproxy PR‐LA‐C2 record illustrates the evolution of northeastern Caribbean rainfall during the past five
centuries, which we posit is dominated by the alternation between multidecadal to centennial dry and wet phases
potentially linked to changes in natural forcing, such as solar and/or volcanic activity. The record shows that the
rainfall regime is primarily controlled by local atmospheric convection driven by SST changes in the tropical
sector of the North Atlantic. The intertwining between Caribbean SST variability and the basin‐scale changes
associated with the AMVmay explain the dominance of multidecadal to centennial fluctuations in the spectrum of
Caribbean rainfall and could provide a framework for its interpretation as a response to natural forcing.

Nonetheless, several questions arise from our results. While a robust synchroneity between PR‐LA‐C2 and AMV
records appears to exist back to the eighteenth century, the diversity of AMV characteristics simulated by coupled
climate models (e.g., Mann et al., 2020; Zanchettin et al., 2014) and the substantial variability through time of the
AMV fingerprint on tropical SSTs in climate model simulations (Zanchettin et al., 2023) means that PR‐LA‐C2
record may not be a straightforward AMV proxy. Still, the connection between Caribbean precipitation and
Caribbean SSTs, and hence the western tropical branch of the AMV, and the discussed link with solar and
volcanic forcing provide support that the AMV pattern could be linked to external radiative forcing (Fang
et al., 2021; Klavans et al., 2022; Waite et al., 2020).

A further open question is how the warm‐wet and cold‐dry scenarios observed in our and other record compare
with expected changes under future climate scenarios. Most models indicate a drying over the Caribbean under
global warming (Khalyani et al., 2016; Neelin et al., 2006), which is contrary to the natural mechanisms illustrated
here. It is arguable that other possible climatic patterns beyond the one linking AMV, Caribbean SST, local
atmospheric convection and cyclogenesis incl. hurricanes with rainfall amount, may become dominant as
warming progresses. Among these are meridional shifts in the positions of the Hadley Cell and especially the
ITCZ and the related tropical rainfall bands. Nonetheless, observations of Puerto Rican rainfall show no
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significant century‐scale trends (Jones et al., 2016), and the natural variability illustrated in this paper may
therefore remain dominant in the upcoming decades.

Data Availability Statement
Data is accessible at Vieten et al. (2023).
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