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Abstract Hurricanes cause substantial loss of life and resources in coastal areas. Unfortunately,
historical hurricane records are too short and incomplete to capture hurricane‐climate interactions on
multi‐decadal and longer timescales. Coarse‐grained, hurricane‐induced deposits preserved in blue holes
in the Caribbean can provide records of past hurricane activity extending back thousands of years. Here
we present a high resolution record of intense hurricane events over the past 1500 years from a blue hole
on South Andros Island on the Great Bahama Bank. This record is corroborated by shorter
reconstructions from cores collected at two nearby blue holes. The record contains coarse‐grained event
deposits attributable to known historical hurricane strikes within age uncertainties. Over the past 1500
years, South Andros shows evidence of four active periods of hurricane activity. None of these active
intervals occurred in the past 163 years. We suggest that Intertropical Convergence Zone position
modulates hurricane activity on the island based on a correlation with Cariaco Basin titanium
concentrations. An anomalous gap in activity on South Andros Island in the early 13th century
corresponds to a period of increased volcanism. The patterns of hurricane activity reconstructed from
South Andros Island closely match those from the northeastern Gulf of Mexico but are anti‐phased with
records from New England. We suggest that either changes in local environmental conditions (e.g., SSTs)
or a northeastward shift in storm tracks can account for the increased activity in the western North
Atlantic when the Gulf of Mexico and southeastern Caribbean are less active.

1. Introduction

In modern climate the North Atlantic basin experiences on average 12 named tropical cyclones per year
(coast.noaa.gov/hurricanes, 2017). Many of these storms will either form in or pass through the warmwaters
of the Gulf of Mexico and Caribbean Sea on their way to the North American East Coast or Gulf Coast, put-
ting coastal property and lives at risk. In 2017, Hurricanes Harvey, Irma, and Maria struck many Caribbean
islands and locations along the U.S. coastline including Texas, Puerto Rico, and the Florida Keys. These
three intense hurricanes killed thousands of people and caused approximately 215 billion USD in damage
(Kishore et al., 2018; The hurricane season 2017: a cluster of extreme storms, n.d.). In 2018, Hurricanes
Florence and Michael devastated portions of the U.S. coastline causing approximately 50 billion USD in
damage and killing hundreds of people (https://www.ncdc.noaa.gov/billions/, 2019). Just this year
(September 1, 2019), Hurricane Dorian made landfall in the northern Bahamas at Category 5 strength with
sustained winds at 82 m/s and storm surge estimated at 7 m (www.nesdis.noaa.gov/content/hurricane‐dor-
ian‐2019, 2019).

Despite the destructive nature of storms such as these, little is known about the forces that alter hurricane
activity, particularly on multi‐decadal to centennial timescales. One challenge is that the current observa-
tional record is short; Atlantic hurricane records maintained by the National Oceanic and Atmospheric
Administration (NOAA) only extend back to 1851 CE and suffer from observation bias (Frappier et al.,
2007; Landsea & Franklin, 2013). This relatively short and potentially incomplete dataset prevents a rigorous
examination of the climate forcing mechanisms that influence storm activity on multi‐decadal to centennial
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timescales. This deficiency inhibits our ability to resolve hurricane/climate‐interactions during climatic
regimes not analogous to the short instrumental (and anthropogenically altered) period.

In the last decade, high‐resolution sedimentary records of paleohurricane activity from coastal basins have
been developed in an attempt to extend the hurricane record back in time (Denommee et al., 2014; Donnelly
et al., 2015; Donnelly & Woodruff, 2007; Gischler et al., 2008; Lane et al., 2011; Lane & Donnelly, 2012;
Toomey et al., 2013; van Hengstum et al., 2014). Strong winds, storm surge, currents, and waves generated
by hurricanes displace and transport coarse grains such as shell fragments, sand, and gravel into deposi-
tional environments where finer grained sediments typically dominate. There, they form distinct layers of
coarse material among the silt and/or clay that typically accumulate in these coastal basins, thereby provid-
ing a natural geological archive of past hurricane occurrence.

All of these reconstructions show periods of elevated hurricane activity interspersed by intervals of relative
quiescence. Two records from the western coast of Florida (Mullet Pond (Lane et al., 2011); Spring Creek
Pond (Brandon et al., 2013)) show marked variability in the frequency of high intensity events in the Gulf
of Mexico. Lane et al. (2011) documented several active periods of intense hurricanes with the most active
interval stretching from 2800 to 2300 years BP (years before present with present defined as 1950 CE by con-
vention) with almost six intense events/century. Records from the Caribbean also show significant changes
in hurricane frequency over the past millennium (Denommee et al., 2014; van Hengstum et al., 2014).

A growing number of paleohurricane reconstructions document the regional heterogeneity of past storm
activity in the North Atlantic. In particular, records from the U.S. East Coast (Boldt et al., 2010; Donnelly
et al., 2015; Mallinson et al., 2011) suggest heightened hurricane activity between 1400 and 1675 CE, while
records from the Gulf of Mexico and Caribbean (Brandon et al., 2013; Denommee et al., 2014; Lane et al.,
2011) suggest relatively low numbers of storms over this same period. These Gulf of Mexico and
Caribbean records remain active up until the early 1400s while the U.S. East Coast records are quiet. This
regional variability likely stems either from unfavorable local environmental conditions around the U.S.
East Coast, from climate driven geographic variability in hurricane tracks and intensity, and/or random
variability in hurricane paths. Using NCEP/NCAR Reanalysis data since 1948, Kossin (2017) illustrates
the unfavorable local environmental conditions hypothesis by documenting periods in which vertical wind
shear and sea surface temperature (SST) values in theMain Development Region (MDR) of the Atlantic were
favorable for hurricane growth and survival while regional conditions along the U.S. East Coast were not.
Other studies offer support for the second hypothesis suggesting that shifts in the positioning of the North
Atlantic subtropical high (NASH) can dramatically change where hurricanes track (Elsner et al., 2000;
Liu & Fearn, 1993). In particular, a more southwesterly position of the NASH might result in more straight
moving hurricanes that track through the Caribbean Sea and make landfall in the Gulf of Mexico. Finally,
the stochastic nature of hurricane landfalls makes it possible that the number of storms impacting a particu-
lar location might change from one sampled period to the next even if overall Atlantic hurricane activity
remained stationary through time.

More paleohurricane records are needed from the Caribbean Sea to investigate the regional coherency of the
existing records from the North American coastline or to identify any time transgressive shifts in hurricane
activity across records. In addition, of the records we do have from the Caribbean (e,g., Donnelly &
Woodruff, 2007; Toomey et al., 2013; van Hengstum et al., 2016), many have low sediment accumulation
rates and high flooding thresholds, which result in rather low resolution records of only the highest magni-
tude events. A combination of undercounting in cores with low sedimentation rates (Woodruff et al., 2008)
and the low occurrence rates of hurricanes in these records makes it difficult to distinguish between signifi-
cant changes in hurricane tracks and random clustering of storm events at a particular location.

The ample accommodation space of relatively deep coastal karst depressions can result in systems with
exceedingly high sedimentation rates where ambient fine‐grained sediment fluxes are high. These basins
are also often located in regions of the Atlantic prone to hurricane activity. In addition to the two published
records of high‐energy marine flooding events developed from a western Florida sinkhole (Lane et al., 2011)
and a sinkhole on Abaco Island in The Bahamas (van Hengstum et al., 2016), there have been several records
developed from coastal karst basins in the Caribbean Sea. Gischler et al. (2008) and Denommee et al. (2014)
documented a 1500‐year sedimentary archive of hurricane passages in the 125 m deep Lighthouse Reef Blue
Hole, Belize. van Hengstum et al. (2014) further assessed the suitability of blue holes for hurricane
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reconstructions and presented a sediment record of hurricane‐induced event deposits from a blue hole on
the Little Bahama Bank. Overall, deep coastal karst basins, like blue holes and sinkholes, provide several
advantages for cyclone research: (i) after deposition, the sediments remain protected from ongoing wave
action and coastal perturbations (e.g., other hurricanes) (Shinn et al., 1996); (ii) low benthic productivity,
or even anoxia, limits bioturbation (Gischler et al., 2008); (iii) adjacent reefs, beaches, and/or flats provide
abundant regional sediment supply (Gischler et al., 2008; Shinn et al., 1996); (iv) the basins provide accom-
modation space for sediments that is less dependent on sea level changes than other environments such as
coastal wetlands or shallow lagoons (Dill, 1977); and (v) many coastal karst basins are not subject to compli-
cating barrier beach dynamics (see Otvos, 2011).

Blue holes are water filled vertical openings that develop from the internal dissolution and cave development
of carbonate banks and islands and subsequent ceiling collapse (Gischler et al., 2008; Gischler et al., 2013;
Mylroie et al., 1995). Their high background sedimentation rates and wide distribution in hurricane prone
regions make blue holes ideal candidates for increasing the spatial coverage of hurricane reconstructions.
Background sedimentation in blue holes is typically clay‐ to silt‐sized carbonate particles produced locally
through inorganic precipitation in carbonate lagoons and peritidal flats (Milliman et al., 1993; Shinn
et al., 1969). Coarse‐grained gravel to sand layers in blue holes interbedded with allochthonous fine‐grained
carbonate clay and silt have been interpreted as high‐energy deposits related to proximal hurricane passage
(Denommee et al., 2014; Gischler et al., 2008; van Hengstum et al., 2014).

Similar to back‐barrier environments, during a storm, currents and waves transport coarse‐grained sediment
from the surrounding reef flat or carbonate bank into the blue hole (Figure 1) (Gischler et al., 2008). Unlike
back‐barrier environments, the transported sediment can be sourced from all sides of the blue hole as well as
from a collapse of the sediment slope on the rim of the hole (Brown et al., 2014). Since the blue hole is fully
submerged, the transported sediment does not need to overtop a coastal barrier to leave a deposit. Instead,
bottom currents need to be strong enough to suspend and transport larger grains over the hole. Once these
grains are deposited in the hole, they cannot be reworked due to the ample accommodation space and large

Figure 1. A conceptual model of the environment around the South Andros blue holes and the likely processes that create
coarse‐grained event beds at the bottom of the blue holes during storm events.
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water depths in many blue holes. In addition, the rate of sediment accumulation in blue holes is often much
higher than back‐barrier lagoons, because blue holes receive more fine‐grained sediment under normal
wave and tide conditions (Milliman et al., 1993). Additionally, it is unlikely that the sedimentary records
contained in blue holes have been impacted by sea level driven shoreward barrier migration which has ser-
iously affected the sensitivity of many back‐barrier sites to storm overwash during the Holocene (Wallace
et al., 2014).

Event beds identified in the modern facies of sediment cores from blue holes can be attributed to storms
documented in the NOAA best track dataset (coast.noaa.gov/hurricanes, 2017) that passed close to the
site of the core. For example, van Hengstum et al. (2014) found two coarse‐grained event deposits in
the instrumental period from Thatchpoint Bluehole on Abaco Island, The Bahamas. These event beds
dated within uncertainties to Hurricane Floyd in 1999 and Hurricane Jeanne in 2004 that passed directly
over Abaco.

In this study, we present three temporally overlapping high‐resolution records of the frequency of event beds
in blue holes from South Andros Island in The Bahamas. The longer reconstruction (AM4), spans the last
1500 years and is corroborated by results from shorter records (AM5 and AM2) from two nearby blue holes.
The two most recently deposited event beds temporally correlate to the two most intense direct hurricane
landfalls on South Andros (Unnamed 1919 and 1945 category 3 storms). The AM4 sediment record is one
of the longest continuous cores collected from a blue hole to date (18 m) and is one of the best resolved
records (in temporal resolution and length) of Atlantic paleohurricane activity. It is also well situated to
assess the regional coherency of long‐term hurricane activity from the Caribbean and U.S. coastline. We
evaluate the temporal variability of hurricane activity on South Andros and the geographic patterns of hur-
ricane activity along the U.S. East Coast, Gulf Coast, and the Caribbean over the past 1500 years by compar-
ing this record to other reconstructions.

2. Study Sites and Methods
2.1. Study Sites

Andros Island is a carbonate island located on the Great Bahama Bank in the northeastern Caribbean
(Figure 2). It is separated from the North American mainland by the Florida Strait to the northwest. This
strait carries the Florida Current, the beginning of the Gulf Stream, the warmwestern boundary current that
runs along the U.S. eastern coastline toward Newfoundland. The Great Bahama Bank is made up of horizon-
tally bedded limestones of a shallow water marine origin (Mullins & Lynts, 1977; Spencer, 1967). The bank-
top Holocene parasequence consists of carbonate sand, clay, and silt and living reefs with shallow marine,
coral, and eolian limestone exposed in some sections. Andros Island is the largest of the Bahama islands
and has at least 200 blue holes (Juberthie & Iliffe, 1994). It is made up of three main land areas, North
Andros, Mangrove Cay, and South Andros, which are separated by tidal channels (Figure 2). The eastern
margin of Andros is at a higher elevation and composed of sub‐aerially exposed Pleistocene eolianite
(Carew et al., 1998), while the western margin is dominated by tidal carbonate flats and algal marshes that
are dissected by tidal channels (Black, 1933; Maloof & Grotzinger, 2012; Shinn et al., 1969). Radiocarbon dat-
ing of facies identified in cores suggests that the modern geomorphic setting of the marsh and tidal flats was
established by 2000 years ago (Maloof & Grotzinger, 2012). The focus of our study is on cores taken from blue
holes within the channels of the carbonate tidal flats on South Andros (Figure 2).

We collected cores (AM4 – N 23.78°, W 77.72°; AM2 – N 23.79°; W 77.65°; AM5 – N 23.77°, W 77.71°) from
three different blue holes on the southwestern margin of South Andros Island in November 2014 (Figure 2).
All three blue holes lie in tidal channels (<4 m in depth) within carbonate flats. Both red and black man-
groves species grow on the tidal flats and algal marshes surrounding the blue holes. The sediments of the
flats surrounding the blue holes are composed of unconsolidated carbonate mud that is mostly inorganically
precipitated aragonite, with sand (>63 μm) to gravel (~25 mm) sized particles largely consisting of shell frag-
ments (see Black, 1933; Milliman et al., 1993; Shinn et al., 1969). The most common fauna are gastropods,
pelecypods, and foraminifera (Shinn et al., 1969).

The AM5, AM2, and AM4 blue holes are 150 m, 95 m, and 80 m in diameter, respectively, with maximum
depths of 17 m, 18 m, and 95 m, respectively (Figure 2). Conductivity, temperature and depth (CTD)
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profiles for each of these circular basins indicates a halocline, below which the water in the blue hole is
thermally and salinity stratified, and dissolved oxygen profiles show that the bottom conditions in each
blue hole are dysoxic to anoxic (Figure S1).

Andros Island is positioned along the paths of many observed hurricanes that formed in the North Atlantic
Ocean and Caribbean Sea. Since 1851 CE, 13 tropical storms and 7 hurricanes (category 1‐5 on the Saffir‐
Simpson Scale) passed within 50 km of South Andros Island according to the NOAA best track dataset
(coast.noaa.gov/hurricanes, 2017).

2.2. Field Methods

To assess the suitability of each field site as a coring location, we used an Edgetech 3100 Chirp sub‐bottom
sonar system tomap sub‐bottom stratigraphy, sweeping a bandwidth range from 4‐24 kHz (Figure S2). These
data, in combination with CTD profiles (Figure S1), allowed us to identify blue hole locations with a sizeable
sediment package and where underwater caves connecting to the open ocean are unlikely.

Coring was carried out using a Rossfelder P‐3 underwater vibracorer from a portable raft. We collected
continuous vibracores from the blue holes: AM4 (~18 m in length), AM2 (~7 m) and AM5 (~8m). In the case
of the longer AM4 core, we failed to recover the sediment‐water interface due to degassing of the sediment
upon recovery and therefore, collected a short surface core from the same location using a clear
polycarbonate tube with a core catcher to ensure that the sediment water interface was intact. The top
108 cm of the AM4 record is drawn from the replicate core where we carefully curated the core top. A com-
parison of the coarse fraction data from the longer drive and the replicate core indicate the point of overlap
between the two sediment records (Figure S3).

Figure 2. (A)Map of Andros Island, The Bahamas. (B) Blue hole locations on South Andros Island. The environment is
characterized by algal marsh (brown) and carbonate tidal flats (light green) divided by tidal channels (teal) surrounded by
ocean (blue). The bathymetry of each blue hole, (C) AM4 (N 23.78°, W 77.72°), (D) AM5 (N 23.77°, W 77.71°), and (E)
AM2 (N 23.79°, W 77.65°), is shown. Note that the color bar range for panel C is different from D and E.
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2.3. Sediment Analysis and Age Control

Following recovery, cores were sectioned and transported to the laboratory where they were split and
described. In order to determine the percentage of coarse material, each core was sampled contiguously at
1‐cm resolution. Samples of approximately 2 cm3 were dried at 100 °C for 8 hours and then weighed to deter-
mine their dry mass. Each sample was wet sieved at 63 μm to retain the sand size, and greater, fraction and
then dried to determine its ‘coarse fraction’ by dry weight (Figure 3).

Age constraints for the cores were derived from radiocarbon dating of terrestrial plant macrofossils.
Mangrove leaves and plant matter preserved within the cores were dated at the National Ocean Science
Accelerator Mass Spectrometer (NOSAMS) facility at Woods Hole Oceanographic Institution (WHOI).
AM5, AM2, and AM4 have 15 dates over 780 cm, 17 dates over 720 cm, and 28 dates over 1761 cm, respec-
tively (Table S1 and S2). The radiocarbon results were calibrated with IntCal13 (Reimer et al., 2013). Age
models were developed using the Bayesian accumulation histories for deposits (BACON v 2.2) software
(Blaauw & Christen, 2011). For the top of each core, age control was established using post‐bomb radiocar-
bon dates with fraction modern values (F14C) exceeding 1.000, meaning these samples were alive post‐1950

Figure 3. Percent sand fraction (>63 μm) vs. depth in core (black) from AM2 (A), AM5 (B), and AM4 (C)with a 10‐point running mean filter (green) that excludes
coarse fraction values above 10%. The red dashed line is the event cutoff threshold added to the filter. Events in each panel are denoted with a blue star. Location
of 14C dates are plotted as red triangles above the coarse fraction data. (D) Image from the sixth section of the AM4 sediment core from 622–640 cm in depth
with two coarse‐grained layers from 622–623 cm and 629–636 cm. (E) Image from the eleventh section of the AM4 sediment core from 1099–1123 cm in depth with
a coarse‐grained layer from 1113–1118 cm.
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AD. These samples were calibrated with CALIbomb using the compiled
Northern Hemisphere Zone 2 dataset (Hua et al., 2013).

Four radiocarbon samples were excluded from the age chronology of AM5
and two samples from AM2 as they lay outside the age depth
ordering implied by the remainder of the dating evidence (Table S2 and
Figure 4). In AM4, all 28 ages are in chrono‐stratigraphic order. In the
top of the record, there is a high density of dated samples with multiple
possible calibrated age ranges, which results in abrupt changes in sedi-
mentation rate in the Bayesian age‐model analysis that are not correlated
with event bed deposition. Therefore, we excluded four samples from the
top 250 cm of the AM4 age model (Figure 4A). Removing these dates
results in a near linear slope of the age model that matches the other
1700 cm of core and suggests a nearly constant sedimentation rate. The
four samples omitted from the BACON age‐model calculation contain
calibrated ages ranges that date to within the 95% uncertainty bounds of
the AM4 age model (Figure 4A).

2.4. Event threshold, Attribution and Frequency

We identified event beds in the cores based on visual inspection and using
the coarse fraction data. The visible event beds were cross checked against
the coarse fraction peaks identified as storms. Event beds in the South
Andros sediment cores vary in appearance. Most event beds contain
abrupt lower contacts, are light grey colored (Munsell color 2.5Y 6‐1), con-
tain visibly coarser grains, contain no sign of laminations, and range from
one to fifteen centimeters in thickness. In a few cases, however, a coarse‐
grained event bed can only be distinguished visually by higher concentra-
tions of mangrove leaf fragments. Event beds thicker than ten centimeters
were reduced down to one centimeter in thickness for the age model as
the event beds represent nearly instantaneous deposition.

In addition, we established an event bed cutoff in the coarse fraction data
for each sediment core following the procedures of Donnelly et al. (2015).
First, the coarse anomaly for each sediment core was calculated by sub-
tracting a 10‐point moving average from the coarse fraction data
(Figure 3). This filter limits the influence of decadal variations in local
background sedimentary processes while preserving coarse fraction peaks
that are likely associated with short‐lived storm events. We excluded
coarse fraction peaks over 10% from this filter to prevent higher magni-
tude coarse fraction peaks from exerting a large influence on the filter
and causing the exclusion of neighboring smaller peaks.

We define events as coarse anomaly peaks that exceed one sigma (68%) of
the cumulative distribution of the coarse fraction data in the observational
interval. The observational interval extends back to 1851 CE, the start of
the best track dataset. The coarse fraction thresholds for AM4, AM2,
and AM5 are 5.87%, 2.77%, and 4.94%, respectively (Figure 5).

Having established an event bed threshold and identified all the events
in the records, we calculated an event frequency per century using the
approach of Lane et al. (2011). This involved counting the number of

events in a 100‐year sliding window. This time window was chosen to allow for centennial scale compar-
isons in the record and to facilitate comparison with other records using century scale windowing
(Figure 5). Event frequency plots using the 95% confidence bounds for the age of each event are included
in the supplemental material (Figure S4). Results for 50‐year sliding windows are also presented to allow
for study of the multi‐decadal variations in the record (Figure 6). To assess the sensitivity of the sites to

Figure 4. Age model (red dashed) derived from radiocarbon dates in
Table S1 for AM4 (A), AM5 (B) and AM2 (C). 95% confidence bounds are
shaded in grey around the age model. Dates and age uncertainties used for
the models are shown in pink. Post‐bomb radiocarbon dates and a tie point
setting the surface of each core to modern are also shown (pink horizontal
bars). Rejected dates and age uncertainties are shown in blue. These figures
were generated using BACON v2.2 age modeling software (Blaauw &
Christen, 2011).
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hurricane induced deposition, we compared event deposits in the top sections of the core to observational
storm data.

2.5. Calculating Expected Event Frequency

The number of storms hitting an island may vary as a result of changes in hurricane climate or random
chance. Therefore, to determine the significance of changes in event frequency on South Andros, we calcu-
lated the cumulative Poisson probability (P) of the event frequency equaling or exceeding some value (k):

P x; λð Þ ¼ 1− ∑
k

k¼0

λke−λ

k!

We calculated two estimates for the expected frequency (λ) for South Andros sites: 1) a site‐specific estimate
calculated using the frequency of category 3 or above hurricanes that passed within 50 km of the AM4 blue
hole in the best track dataset (1851–2014), and 2) a regional estimate calculated using the methods described
in the supplemental material. For the site‐specific estimate, two storms passed within a 50‐km radius at cate-
gory 3 and above strength (coast.noaa.gov/hurricanes, 2017), resulting in an expected frequency of 1.23
events/century. For discussion of the site radius and storm intensity cutoff choices for the site‐specific
expected frequency calculation, see Section 4.1. The regional estimate results in an expected frequency of
2.12 events/century.

We determined active periods in the core using confidence intervals encompassing the expected random varia-
bility of hurricane strikes. Assuming event occurrence follows a Poisson process with a mean rate of 1.23
events/century for the site‐specific estimate and 2.12 events/century for the regional estimate, we computed
solutions for the 95th and 5th percentile (Ulm, 1990). For our AM4‐specific estimate, these values are 3.86

Figure 5. (A) Coarse anomaly plot (blue) for AM2 as a function of time derived from 15 radiocarbon dates. The dashed
black line is the event bed threshold of 2.77%. (B) Coarse anomaly plot (blue) for AM5 as a function of time derived
from 11 radiocarbon dates. The dashed black line is the event bed threshold of 4.94%. (C) Coarse anomaly plot (blue) for
AM4 as a function of time derived from 17 radiocarbon dates. The dashed black line is the event bed threshold of 5.87%.
Events in all panels are denoted as black stars. The 100‐year moving window event frequency per century for each
core is plotted in red. Grey error bars indicate 95% confidence bounds for the ages of each event.
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and 0.22 events/century, respectively, and for our regional estimate, they are 5.16 and 0.65 events/century,
respectively (Figure 6 and Table S3). Over the observational period, fewer storms on average have passed by
South Andros than other regions in the Caribbean included in our regional estimate (coast.noaa.gov/
hurricanes, 2017). Thus, our regional estimate, which applies to the entire northern Caribbean,
overestimates the random variability in storm tracks on South Andros where there have been fewer storms
on average. Therefore, we define active periods on South Andros Island using the site‐specific estimates but
still show the regional estimate cutoffs in Figure 6. 'Active periods' were characterized as time intervals when
the 100‐year window event frequency exceeded each site's specific threshold.

To define significant quiet intervals, we calculated the probability of having each time gap between event
beds in the record. The probability of having no events (PT) for r number of years between each event in
the record is:

PT ¼ 1−1
�
T

� �r

The recurrence interval (T) was set at 81.5 year/event based on the two intense hurricanes that passed the
AM4 blue hole over the length of best track dataset (163 years). Time gaps between events in the record
where the probability of having no events over this length of time (PT) was below 50% are characterized
as quiet intervals. We also calculated the same probability using a recurrence interval spanning over all
events in the record (29 year/event) for comparison (Figure 6).

Figure 6. Event frequency per century for AM4 (black) with a 100‐year sliding window (A) and a 50‐year sliding window
(B). The probabilities of having no events over the time span between each event in the record (C). The probabilities were
calculated based on a recurrence interval of 81.5 over the observational interval (black) and 29 over the whole record
(blue). Active and quiet intervals identified on South Andros are shaded in orange and blue, respectively. The dashed red
lines are the site‐specific and regional cutoffs for active and quiet intervals (3.86 and 0.22 events/century and 5.16 and 0.65
events/century respectively). The timing of each event identified in AM4 is denoted by the black stars above each panel.
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3. Results
3.1. Event Bed Description

On visual inspection, sediment cores from all three blue holes have similar lithofacies: light grey (Munsell
color 2.5Y 6‐1) colored sediment with tan (Munsell color 2.5Y 7‐4) and white (Munsell color 2.5Y 8‐1) lami-
nations. The sediment is predominantly fine‐grained carbonate with occasional very‐fine gravel (2‐4 mm) to
medium sand (0.25‐0.5 mm) layers (Figure 3D and 3E). There is no evidence of bioturbation.

Both the AM2 and AM4 sediment cores exhibit a reduced rate of sediment accumulation moving up‐core
(past to present). AM2 starts with a sedimentation rate of 1.0 cm/yr for first 530 cm of the core then decreases
to 0.7 cm/yr for the top 185 cm (Figure 4C). AM4 starts with a sedimentation rate of 1.4 cm/yr for the bottom
approximately 1100 cm of the core and decreases to ~ 0.9 cm/yr for top 600 cm of the core (Figure 4A). The
AM5 record, on the other hand, maintains a nearly uniform sedimentation rate of 1.0 cm/yr over the entire
771 cm length of the core (Figure 4B). All three records are near annually‐resolved such that on average a
one cm sample represents close to one year's worth of sedimentation.

The coarse fraction of event beds in the South Andros cores ranges from 6 to 40% sand sized (>63 μm) or
larger particles. Many event beds contain white shell fragments (~2 mm) and concentrated amounts of man-
grove leaf fragments. Some event beds are topped with higher concentration of the mangrove leaves while
other event beds have leaf fragments scattered throughout the layer. Since the late 5th century CE, AM4
has recorded 51 events (Figure 5C). While AM5 extends back only to about 1190 CE, it captures 34 events
(Figure 5B). The AM2 record captured fewer events than AM5 with only 29 events observed since about
1175 CE (Figure 5A). Both AM4 and AM5 document only two coarse‐grained event deposits that date
post‐1851 CE (Figure 5). The resultant average event frequencies for the time period of overlap (1190 CE–
present) in AM4, AM5, and AM2 are 2.98, 4.49, and 3.72 events/century, respectively.

3.2. Changing Event Frequency

Over the past 1500 years, all three records show evidence of active and quiescent periods of event frequency
spanning a century or more. Looking at the 100‐year window event frequency, AM4 exhibits four active
intervals from approximately 640 to 815 CE, 920 to 1035 CE, 1145 to 1205 CE, and 1300 to 1450 CE
(Figure 6A). The time interval with the most activity was from 640 to 815 CE at 6.3 events/century, almost
double that of the average event frequency for the entire record. Using the site‐specific expected frequency
(λ), the probability of exceeding 5 events/century is 0.17%. Compared to the modern event frequency on
South Andros, these active intervals exceed what would be expected based on the random nature of hurri-
cane occurrence (>3.86 events/century‐ the 90% confidence interval). The 50‐year window event frequency
emphasizes periods of extremely high activity, namely from 690 to 710 CE, 960 to 990 CE and 1280 to 1300
CE. During these periods, using the 50‐year moving window, the frequency of storm occurrence exceeds
nine events per century with a probability of 7.0x10‐5 %.

We define seven quiet intervals in the record in which the cores record zero event beds and the probability of
having zero events over each time interval is below 50%. These quiet intervals range from 535 to 600 CE, 890
to 955 CE, 1070 to 1130 CE, 1205 to 1270 CE, 1530 to 1680 CE, 1700 to 1760 and 1840 to 1930 CE (Figure 6C).
Of these intervals, the quietest periods occur later in the record. In particular, the probability of having 150
years of sustained inactivity from 1530 to 1680 CE is only 16% given the recurrence interval of hurricane
events throughout the record.

4. Discussion
4.1. Potential Influence of Changing Sea Level

Large sea‐level changes could greatly impact the susceptibility of the AM4, AM2, and AM5 blue holes to
hurricane‐induced event deposits by changing their depositional environment. The South Andros blue holes
most likely formed during sea level oscillations in the Quaternary (Mylroie et al., 1995; Peltier & Fairbanks,
2006). During the Holocene (12 kyr BP to present), the environmental conditions in these basins changed in
response to relative sea‐level rise. Sea‐level curves from the Caribbean (Fairbanks, 1989; Hubbard et al.,
2005; Khan et al., 2017; Milne & Peros, 2013; Toscano & Macintyre, 2003) suggest rapid sea‐level rise
(~5 mm/yr) up until 8 kyr BP, with slower rates between 8 kyr BP and 4 kyr BP, and leveling off to a stable
rise of ~0.4 mm/yr over the past 3000 years. With sea‐level rise, the blue holes on South Andros transitioned
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from sinkholes in a subaerial landscape to marine dominated conditions in tidal carbonate flats (Gischler
et al., 2013; Gregory et al., 2017; van Hengstum et al., 2016). None of the cores from South Andros blue holes
penetrated deep enough to recover the facies associated with terrestrial sinkhole environments (i.e., algal
sapropel, lacustrinemarl). In addition, all three cores do not showmeaningful changes in sedimentation rate
(Figure 4). This suggests that the tidal and wave environment in and around these blue holes has not chan-
ged significantly over the past 1500 years.

The depositional environment around South Andros has likely also remained stable over the past 1500 years.
The tide dominated coasts of Andros allow tidal flats to remain open to the sea and experience unrestricted
tidal flushing and freshwater flows (Maloof & Grotzinger, 2012). This provides the perfect environment for
expansive development and growth of mangroves (Mckee et al., 2007; Ramcharan &McAndrews, 2006). The
presence of mangrove leaves and plant matter throughout the length of our cores suggest that intertidal car-
bonate flats and algal marshes have consistently surrounded our blue holes over the past 1500 years. In addi-
tion, a recent study of a tidal carbonate flat in northwest Andros suggests that the tidal channels in this
environment predominantly remained stationary over the past 1200 years (Maloof & Grotzinger, 2012).
Taken together, the modest sea‐level change over the last 1500 years (~60 cm given the recent rise at 0.4
mm/yr), the stable sedimentation rates found in the cores, and the consistency of themacro flora throughout
the length of the cores suggest relative geomorphic stability on South Andros over the time period of study.

4.2. Modern Event Calibration

Event beds in the cores are likely a result of predominantly coarse‐grained sediment transport from the sur-
rounding tidal carbonate flats into the holes during high‐energy wave and storm surge events. In the shallow
coastal waters around South Andros, both waves and currents are important to sediment transport (Black,
1933; Bourrouilh‐Le Jan, 2007; Shinn et al., 1969). During minor storms and the waxing and waning stages
of more intense storms, elevated current velocities in tidal channels create strong bottom shear stress values
and bottom currents, which transport fine‐grained sediment. There is well documented evidence for off‐
bank export of fine sediments in The Bahamas (Boardman & Neumann, 1984; Gischler et al., 2008; Kier &
Pilkey, 1971; Pilskaln et al., 1989; Shinn et al., 1993; Wilber et al., 1990). This leads to winnowing of fines
in tidal channels, leaving behind a coarse‐grained sediment source that can be mobilized during
severe storms.

During a severe storm, (i.e., intense hurricane), high winds and waves at the site create currents and storm
surge (Figure 1), raising water levels and inundating the intertidal and supratidal zones (Black, 1933;
Bourrouilh‐Le Jan, 2007). Thus, during the height of intense hurricanes, sediment transport is likely no
longer restricted to tidal channels. The surface wave and current activity during these storms increases bot-
tom shear stress around the blue holes and transports coarse sediment into the blue hole after a critical bot-
tom shear stress threshold is crossed (Miller et al., 1977). The heavier grains settle to the bottom of the blue
hole first followed by lighter particles (Brown et al., 2014; Maiklem, 1968) and mangrove fragments.

At least fourteen hurricanes passed within 100 km of South Andros since 1851 CE (Figure 7), but many of
these were likely locally too weak to instigate event‐bed deposition in the blue holes or had offshore directed
maximum winds that can inhibit event‐bed deposition. While an array of storm characteristics combines to
influence local conditions, typically the proximal passage of intense storms is required to deposit event beds
(Brandon et al., 2013; Donnelly et al., 2015; Lin et al., 2014; Woodruff et al., 2008). In the case of hurricanes
leaving deposits in coastal sinkholes in Apalachee Bay, Florida, hydrodynamic modeling of a large suite of
downscaled hurricane simulations revealed that a wide range of different storm characteristics (e.g., inten-
sity, track, and size) could produce large enough storm surges to overtop the coastal barrier and leave a sedi-
ment record at the site. However, the vast majority of storms that actually left a deposit at the site were
nearby landfalls of category 3 or greater intensity (Lin et al., 2014). We expect similar local intensity thresh-
old type of behavior to be operating in blue hole settings.

In the case of AM4 and AM5, only two coarse‐grained event beds were deposited over the last 163 years. Our
Bayesian age model (at 2σ) from AM4 (Figure 4A) indicates that the upper most event bed (event bed 1: 44–
50 cm) dates between 1944 and 1973 CE (with a median age of 1958). According to the best track data, only
two hurricanes passed within 100 km of the site between 1944 and 1973, and both occurred in 1945. Both
storms made direct landfall on South Andros (Figure 7). The first struck South Andros from the southeast
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on September 15 as it transitioned from category 3 to category 4 intensity
with sustained winds of approximately 58 m/s en route to a landfall in
Miami, Florida six hours later. The second hurricane to strike South
Andros in 1945 occurred on October 12 as a category 1 storm with sus-
tained winds of ~41 m/s. This storm approached South Andros from the
southwest (Figure 7; coast.noaa.gov/hurricanes, 2017).

The two calibrated radiocarbon samples (Table S1 and Figure 3) from
above and below this event bed constrain the age of emplacement to
between 1936 and 1950 CE. The sample from one centimeter above the
first event bed yields three calibrated age ranges: 1648–1669 CE (prob.
0.52), 1781–1798 CE (prob. 0.45), and 1946–1950 CE (prob. 0.029). The
sample below the event bed has four calibrated age ranges: 1663–1682
CE (prob. 0.23), 1737–1757 CE (prob. 0.11), 1761–1804 CE (prob. 0.46),
and 1936–1950 CE (prob. 0.20). Only the youngest calibration for each
sample are both in stratigraphic order and intersect with the Bayesian
age model (Figure 4A). Thus, considering only the youngest age range
from the radiocarbon results for these two samples, event bed 1 was
deposited as early as 1936 CE and no later than 1950 CE. Other than the
two 1945 storms, there were no other storms passing close by South
Andros over this time span. We attribute event bed 1 to the more intense
September 15 landfall; however, we cannot rule out the less intense land-
fall 27 days later from also contributing to the deposit.

A small peak in coarse fraction between 62 and 64 cm in AM4 that does
not make our statistical detection threshold dates to between 1924 and
1956 CE (with a median age of 1943) in our age model. Four events
impacted South Andros in this interval. Since we have attributed the first
event layer to one of the 1945 storms, we are left with two other storms.
The first is a category 4 storm that passed approximately 70 km to the
northeast of the AM4 blue hole on September 17, 1926. The second storm
was the infamous Labor Day Hurricane of 1935, which made direct land-

fall at South Andros as a category 1 storm with sustained winds of 36 m/s (Figure 7). Assuming that this
small peak in coarse fraction is the result of one of these two hurricanes, the fact that a direct strike category
1 and/or a more distal passage of a category 4 hurricane were not able to leave a deposit that meets our detec-
tion threshold suggests that the majority of event beds that exceed our detection limit are deposited by direct
strikes of intense hurricanes.

This assessment is further supported by the fact that no event beds are present that date to the relatively close
passage (within 75 km) of two category 1 hurricanes in 2001 (Michelle) and 1979 (David) or the passage of
the 1908 (category 2), 1899 (category 3), and 1896 (category 2) hurricanes east of our study sites (Figure 7).
The lack of the event bed in AM4 from Hurricane Michelle in 2001 is supported by a study presenting obser-
vations from Andros Island post‐hurricane (Rankey et al., 2004). Rankey and others found minimal impact
on shorelines or tidal flats in the aftermath of Michelle, which suggests that it was too weak to create major
geomorphic changes on the island.

The second event bed in AM4 that exceeds our detection threshold (event bed 2: 72–75 cm) dates to between
1910 and 1946 CE (median age 1932) based on our age model. Five hurricanes are potential candidates for
this event bed: the two 1945 storms, the 1926 and 1935 hurricanes discussed above, and a category 3 hurri-
cane in 1919. This 1919 hurricane directly struck South Andros on September 8, 1919 with sustained winds
of ~53 m/s (Figure 7; coast.noaa.gov/hurricanes, 2017). Given the uncertainty of the current age model, we
are unable to eliminate the category 1 storm in 1935 or the category 4 1926 hurricane that passed 70 km to
the northeast as possibly depositing event bed 2. However, we provisionally attribute this event bed to the
direct landfall of the 1919 storm. This interpretation is supported by the fact that other hurricanes of similar
character to the 1935 and 1926 events (the 2001, 1979, 1899, and 1896 hurricanes mentioned above) failed to
leave a detectable event bed in AM4. Given our assessment of the historical storms that both left an event bed

Figure 7. Historical hurricane tracks (1850–present) passing within 100 km
of the AM4 blue hole on South Andros Island (N 23.78°, W 77.71°). In bold
are the two storms (1945 and 1919) that left a deposit in the South Andros
blue holes.
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and failed to leave a discernible deposit, we infer that the AM4 sedimentary archive is generally capturing
intense hurricanes (>category 3) passing within approximately 50 km of the site. However, we do acknowl-
edge that this is a rough estimate given the uncertainty associated with estimates of maximum wind speeds
for the best track dataset and the lack of reliable radius of maximum wind data for these earlier storms. In
addition, we also note that it is conceivable that certain combinations of storm characteristics (e.g., size,
translational velocity, intensity, track) could result in some lower intensity storms leaving a deposit at the
site (Lin et al., 2014). Future work on hydrodynamic modeling of hurricanes over carbonate tidal flats is
needed to better constrain what storm characteristics are important for leaving deposits in blue holes.

The AM5 core also contains two event beds that were deposited during the interval covered by the best track
data. The uppermost event bed dates to 1952 ± 10 CE and the second one dates to 1894 ± 30 CE. These event
beds are also consistent with deposition associated with the 1945 and 1919 category 3 hurricane strikes. The
AM2 reconstruction, in contrast, contained no event beds over the last 160 years of deposition and thus lacks
any modern analog. The AM2 blue hole is located about 7 km east of the AM4 and AM5 blue holes which
places it closer to the protective sub‐aerially exposed bedrock portion of the eastern margin of South
Andros (Figure 2). This location may have sheltered it from the most extreme hydrodynamic conditions
attendant with the 1945 and 1919 hurricanes.

4.3. South Andros Site Comparison

While all three blue holes on South Andros are located in the same depositional environment, they have
slightly different settings and are thus subject to somewhat different sediment sources and transport path-
ways. The AM2 blue hole is both farther inland and closer to the eastern side of the island compared to
the AM4 and AM5 blue holes. It is also located directly on a large tidal channel which does not directly con-
nect to the larger channel containing the AM4 and AM5 blue holes (Figure 2). It is possible that the AM2
blue hole's different, more inland, location within the carbonate tidal flat environment makes it susceptible
to a different population of landfalling storms (e.g., intensity, duration, track, size). This might explain why it
does not record the two most recent category 3 events passing over South Andros (1945 and 1919). In addi-
tion, this might also explain a gap in activity from 1302‐1415 CE observed only in AM2 (Figure 5). Overall,
AM2 still shows similar event frequency patterns (Figure 5) as AM4 and AM5. Like both AM5 and AM4,
AM2 shows heightened hurricane activity from 1575 to 1800 CE and 1400 to 1475 CE.

The AM5 record corroborates the results from AM4 (Figure 5). Located 1.5 km south‐southeast of the AM4
blue hole in the same tidal channel (Figure 2), AM5 also exhibits similar active and quiescent periods show-
ing high hurricane numbers from approximately 1600 to 1800 CE and 1300 to 1500 CE and low hurricane
frequency from 1500 to 1580 CE and 1820 CE to the present. Both records document a decrease in hurricane
activity in early 13th century. However, the overall frequency of event bed deposition at AM5 is higher than
at AM4, recording approximately one additional event per century throughout the entire record. This could
be a result of the AM5 blue hole's increased exposure to currents within the tidal flat system. The AM5 blue
hole is located in a channel between carbonate tidal flats (Figure 2), whereas the AM4 blue hole is more shel-
tered and located directly offshore a small supratidal algal marsh (~80 m away). Both the AM2 and AM5
sediment records confirm the overall temporal variability observed in AM4 within age uncertainties, thus
we use the longer and better dated AM4 reconstruction when discussing hurricane frequency changes on
South Andros Island.

4.4. Climatic Forcing of Hurricane Activity on South Andros Island

Our high‐resolution record from South Andros Island indicates dynamic patterns of intense hurricane activ-
ity over the past millennium. Much like other reconstructions of hurricane activity from the North Atlantic
including Blackwood Sinkhole (van Hengstum et al., 2016), Laguna Playa Grande in Puerto Rico (Donnelly
& Woodruff, 2007), and Salt Pond in Massachusetts (Donnelly et al., 2015), there are pronounced active and
quiet intervals of intense hurricane strikes on South Andros. Given that these active intervals lie outside our
90% confidence intervals encompassing the random variability of hurricane strikes (Section 2.5), these var-
iations in hurricane activity are likely due at least in part to the complex interactions of climate variables
over this time period. Our sedimentary archive sheds light on some climate mechanisms controlling hurri-
cane variability on longer time scales.
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A recently published lower resolution hurricane reconstruction from Blackwood Sinkhole on Abaco Island
in The Bahamas (van Hengstum et al., 2016) suggests that the Intertropical Convergence Zone (ITCZ) posi-
tion modulates paleohurricane activity in the Caribbean. A more northerly position of the ITCZ decreases
vertical wind shear in the Atlantic Main Development Region (MDR) favoring cyclogenesis and thus,
increasing the likelihood of intense hurricane landfalls (Kossin et al., 2010; Kossin & Vimont, 2007;
Schneider et al., 2014).

The Abaco Island record shows decreased hurricane activity from 1000 to 1500 CE, which was attributed to a
southward shift in the ITCZ. In contrast, the record from South Andros Island shows increased numbers of
intense hurricanes in The Bahamas over this time span (1145–1205 CE and 1300–1450 CE) (Figure 8). The
dramatically different resolutions, sensitivities, and timescales of the South Andros and Abaco records make
comparing their hurricane histories and potential climatic forcing difficult (Figure S5). For example, only
ten events are recorded at Blackwood over the last 1500 years while fifty‐one events are recorded at South
Andros. The Blackwood Sinkhole record is valuable for looking at the connections between the landfalls
of the highest intensity hurricanes and the ITCZ on multi‐centennial timescales. However, the lower resolu-
tion of the Blackwood record compared with our blue hole sites, prevents direct comparisons.

Figure 8. Comparison of hurricane proxy records from the Atlantic basin. (A) Coarse anomaly plot (blue) for AM4 as a
function of time. Events are denoted as dark blue stars. The 100‐year moving window event frequency per century is
plotted in dark blue. (B) Coarse anomaly plot (green) for Mullet Pond, FL (Lane et al., 2011) as a function of time. Events
are denoted as dark green stars. The 100‐year moving window event frequency per century is plotted in dark green. (C)
Annual stratospheric volcanic sulfate aerosol injection for the past 1500 years from ice core records (Gao et al., 2008). Blue
probability distributions depict the age uncertainty for the two hurricane events (light blue stars) on either side of the
70‐year gap in activity during the early 13th century. The timing of South Andros (dark blue stars) and Mullet Pond (dark
green stars) events are plotted above the data. (D) Ti record from the Cariaco Basin reflecting changes in terrestrial runoff
and the position of the ITCZ (Haug et al., 2001).

10.1029/2019PA003665Paleoceanography and Paleoclimatology

WALLACE ET AL. 1774



While caution should be exercised in using only a single reconstruction to infer climatically meaningful pat-
terns, here we explore the potential role of subtle multi‐decadal shifts in the ITCZ on Caribbean hurricane
activity by comparing the AM4 reconstruction with the similarly resolved Cariaco Basin Ti record (Haug
et al., 2001). The position of the ITCZ is generally thought to have shifted southward over most of the
Holocene (Schneider et al., 2014). Superimposed on this Holocene trend are more moderate but abrupt shifts
in the ITCZ position over the past 2000 years as indicated by the Cariaco Basin Ti record (Haug et al., 2001).
Many of these multi‐decadal to centennial scale shifts correspond to times of changes in hurricane activity
on South Andros. Throughout most of the record, increased hurricane activity on South Andros corresponds
to local maxima in Cariaco Basin Ti counts (Figure 8D) and thus, a more northerly position of the ITCZ. This
includes active intervals from 920 to 1035 CE, 1145 to 1205 CE, and 1300 to 1450 CE as well as increased
numbers of events from the mid‐16th century to the mid‐17th century. Similarly, the largest gap in hurricane
activity on South Andros (1530–1680 CE) occurred during the Little Ice Age when there were cooler SSTs in
the North Atlantic (Mann et al., 1999; Richey et al., 2009) and the ITCZ had moved southward (minimum in
Ti counts) (Figure 8D). However, this trend does not apply during the earliest active interval on South
Andros from 640 to 815 CE when the ITCZ is inferred to be in a southerly position (Cariaco Basin Ti counts
at a local minimum) (Figure 8D).

For most of the last 1500 years, we reconstruct multi‐decadal scale changes in intense hurricane activity on
South Andros occurring simultaneously with multi‐decadal changes in ITCZ position (Figure 8). In general,
when the position of the ITCZ is more northerly, we see increased storm activity in our cores from South
Andros Island. Only in the first 400 years of the record (640–815 CE) do we observe high hurricane activity
with little change in ITCZ position. More highly resolved tropical cyclone reconstructions are needed from
across the western North Atlantic (and globally) to better assess the connection between ITCZ position and
tropical cyclone variability on multi‐decadal time scales.

In the time span between the two most recent active intervals, South Andros experienced an unusual quiet
interval from 1204 to 1273 CE. This multi‐decadal scale gap in activity is most clearly shown in the 50‐year
window event frequency but is smoothed out in the 100‐year window frequency (Figure 6). Over this 69‐year
period, there were no hurricane strikes recorded in the sediment record (Figure 8). Based on the recurrence
interval of hurricanes over the past 163 years, there is a 43% likelihood of seeing a gap in storm activity of this
size. It is even less likely (10%) if we calculate our recurrence interval based on the entirety of the
record (Figure 6).

Age‐model uncertainties in the AM2 and AM5 records make it difficult to assess whether these cores show a
similar gap in activity over this same time period. While both records show less activity occurring over this
time span, they do not observe a complete lack of event beds like AM4. Both AM2 and AM5 contain two
event beds from 1204 to 1273 CE (Figure 5). However, both AM2 and AM5 also have much higher age uncer-
tainties than AM4 (Figure 4). The end of the AM5 core, encompassing this time interval, shows the largest
uncertainty in its age model containing four dates which were out of stratigraphic order and excluded from
the age model (Figure 4B). Given the dating uncertainty in these two nearby records, we will continue to
assess this gap in activity using the timing constrained by the AM4 age model.

Interestingly, over this same time period within the AM4 age‐model uncertainties, ice cores from Greenland
(Gao et al., 2008) and Antarctica (Sigl et al., 2014) record increased sulfate aerosol loading in the atmosphere
indicative of abundant volcanic eruptions (Figure 8C). Indeed, the strongest eruption on record in these
cores was the Samalas Volcano in Indonesia in 1257 (Gao et al., 2008). Cooling of the ocean surface
(Hansen et al., 2005) and subsurface (Church et al., 2005) associated with aerosols from volcanic activity
can cause short term reductions (1‐3 years) in tropical cyclone intensity (Evan, 2012; Korty et al., 2012),
but very little is known about longer timescale impacts. Surface ocean heat content plays an important role
in hurricane formation and growth. Typically, hurricanes require localized warm SST to provide energy to
the storm and only develop over ocean water with surface temperature exceeding 26°C (Emanuel, 2003;
Gray, 1998; Wallace et al., 2014). Perhaps the rapid introduction of aerosols to the atmosphere beginning
around the mid‐12th century and continuing across the span of this anomalous quiet period in hurricane
activity cooled the ocean surface in the MDR and/or locally in The Bahamas enough to reduce the number
of high intensity storms in the Atlantic that could leave a deposit at sites like the AM4 blue hole. Records
from Iceland (Sicre et al., 2008) and the Cariaco Basin (Haug et al., 2001) suggest that climate changes
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induced by these volcanic eruptions may have been strong enough to affect both high latitude and low lati-
tude climate. These proxies suggest both colder high latitude ocean surface temperature and a southward
shift in the ITCZ. Indeed, the Cariaco Basin Ti record shows an interval of reduced Ti counts from 1220 to
1277 (Figure 8D) suggesting a coeval oscillation of the ITCZ. Recent work reconstructing precipitation over
the past 300 years in Mesoamerica found further evidence of long‐lasting volcanic effects on tropical climate.
The authors observed multi‐decadal declines in precipitation coinciding with clusters of large volcanic erup-
tions in the 19th and 20th centuries (Winter et al., 2015).

If more frequent explosive volcanism during the 13th century contributed to a lull in Atlantic hurricane
activity, more broadly we might expect to see a lull in activity in other high‐resolution reconstructions.
The reconstruction from Salt Pond, MA (Donnelly et al., 2015) is generally inactive from the 12th through
the 14th century and thus does not provide evidence of a short term lull in activity in the 13th century.
Relatively high levels of hurricane activity are inferred from the Mullet Pond reconstruction (Lane et al.,
2011) during the mid‐12th to the late 13th centuries (Figure 8). Thus, while The Bahamas were seeing a
decrease in landfalling storms, regional climate in the Gulf of Mexico was promoting storm survival and
growth. Pausata and Camargo (2019) found that large volcanic eruptions can alter the spatial distribution
of tropical cyclones on short timescales (~4 years) rather than globally reduce them (Pausata & Camargo,
2019). Some areas experience more storms while others experience less depending on the location of the vol-
canic cooling and the subsequent volcanically induced displacement of the ITCZ. Perhaps a redistribution of
tropical cyclone activity during a particular combination of volcanic eruptions might cause this multi‐
decadal increase in tropical cyclone activity around the Gulf Coast while also concurrently reducing storm
activity in The Bahamas. To assess this hypothesis, we need more modeling work and proxies/multi‐proxy
approaches to investigating global tropical cyclone distributions on decadal timescales after multiple volca-
nic eruptions of various sizes and character.

In contrast, other intervals of more frequent explosive volcanism do not appear to correspond to a reduction
in event bed frequency at AM4. For example, increased volcanism observed in the 18th and early 19th cen-
turies (Gao et al., 2008) corresponds to an interval of increased hurricane activity on South Andros Island
(Figure 8). Recent modeling work suggests that the climate's response to volcanism is dependent on the
initial climate conditions (Zanchettin et al., 2019). Zanchettin et al. (2019) found indistinguishable tempera-
ture responses in climate simulations for different realistic combinations of volcanic forcing and initial cli-
mate states. Hence, one period of time in our record might see a rapid cooling of the environment and
subsequent decrease in hurricane activity (e.g., 13th century) while another time period (e.g., 18th century)
may not. Overall, the synchronous occurrence of the gap in hurricane activity on South Andros and
increased volcanic activity in ice core records during the 13th century suggests that volcanic activity may
have contributed to fewer hurricanes in The Bahamas. However, this same relationship does not necessarily
apply for every period of high volcanic activity or for all hurricane records in the Atlantic. If explosive vol-
canism plays a role in modulating hurricane activity, there may be significant spatial variations in those
impacts (Pausata & Camargo, 2019). We need more modeling studies that assess how different combinations
of large volcanic eruptions with different initial climate states affect large scale climate and the global distri-
bution of tropical cyclones.

The complete record of hurricane activity from South Andros shows greater centennial scale variability than
the Mann et al. (2009) basin‐wide hindcast of hurricane activity obtained using a statistical model (hence-
forth referred to as Mann09) (Figure S5). This model drives Atlantic hurricane activity based on proxy recon-
structions of the SSTs over the MDR, changes in El Niño Southern Oscillation (ENSO), and the North
Atlantic Oscillation (NAO). While both the AM4 and Mann09 records show a peak in activity during the
MedievalWarm Period (900–1100 CE) when SSTs were high in theMDR (Figure S5), there is very little other
centennial scale variability in the Mann09 record. In particular, the Mann09 hindcast does not show a quiet
period of hurricane activity in the mid‐13th century when we have suggested increased volcanic activity may
have reduced the number of storms in the MDR. A basin‐wide estimate like the Mann09 record would
smooth out any regional differences in paleohurricane activity. Our comparison of the Mann09 record with
our South Andros reconstruction suggests either that a modeled combination of SSTs, ENSO, and NAO can-
not capture all of the variability we observe at South Andros Island, or that regional variations in hurricane
tracks that show up in a singular record like South Andros cannot be inferred from a smoothed basin‐wide
estimate like the Mann09 record (Mann et al., 2009).
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On the whole, our reconstruction from South Andros suggests relatively few hurricanes over the last 200
years compared to the preceding millennia. Indeed, AM4 only captured two events in the modern era
(1850 to present). This relative quiescence is not typical of the record over the last 1500 years and suggests
that South Andros may be at higher risk of intense hurricane strikes than implied by the instrumental
record. This matches the nearby Blackwood Sinkhole record from Abaco Island (van Hengstum et al.,
2016) making it the second record from The Bahamas to show far fewer hurricanes over the
observational interval.

4.5. Comparison to Other High‐Resolution Hurricane Records

Examining reconstructions from throughout the Atlantic basin helps us to better constrain what inter‐
regional changes in hurricane activity in the Atlantic were like over the past 1500 years. Comparing AM4
to similarly resolved records from Mullet Pond on the Florida Gulf Coast (Lane et al., 2011) and Salt Pond
in Massachusetts (Donnelly et al., 2015), South Andros and Florida activity directly contrast with records
from the U.S. East Coast. To test whether transitions from active to inactive or inactive to active are synchro-
nous or time transgressive, we plot the age distributions for the beginnings and ends of some of the more
recent active intervals in the Salt Pond, Mullet Pond, and AM4 records (Figure 9). To create our age distribu-
tions, we sampled 1000 different age ensembles from our Bayesian age models for Salt Pond, Mullet Pond,
and AM4 outputs (Figure 4A and Figure S6). The age models for Salt Pond and Mullet Pond were recreated
using BACON software (Blaauw & Christen, 2011) and the 100‐year window event frequency in each record
was computed (Figure 9). In order to better constrain the age of the transition in hurricane activity at Mullet
Pond (Lane et al., 2011), three new radiocarbon dates were added to the previously published chronology
and are documented in the supplementary material (Figure S6b and Table S4). By comparing the 100‐year
event frequency in each of these locations, we capture the centennial scale variations in hurricane strikes
at each location and how they compare.

For the first 500 years of the reconstructions (~450–1000 CE), most active intervals in the Mullet Pond High
Threshold (HT) and South Andros Island records occur during the same time periods. In contrast, Mullet
Pond HT and South Andros activity is not synchronous with Salt Pond activity (Figure 9). Increased hurri-
cane activity at Mullet Pond and on South Andros tends to start just as hurricane activity on Salt Pond ends
and vice versa (i.e., Figure 9E). This is true even given the larger uncertainties associated with the Mullet
Pond age model (Figure S6b).

For the past millennium, a slightly different pattern emerges. Active intervals at Mullet Pond and South
Andros begin at approximately the same time (~1150 CE) within age uncertainties (Figure 9). The Mullet
Pond HT record remains active until 1320 CE. Even with 40 years of age uncertainty, this termination of
activity is well before Salt Pond's most recent active interval begins in 1420 CE (Figure 9F). Salt Pond
experiences increased activity from approximately 1420 to 1675 CE containing ten event beds, with five
of these events occurring from 1500 to 1600 CE, an interval that is relatively quiescent at Mullet Pond
and South Andros. While South Andros first transitions into higher levels of activity at approximately
the same time as Mullet Pond (Figure 9E), it remains active approximately a century after Mullet Pond
transitions to lower levels of activity (until ~1470 CE). Its termination is outside of the age distribution
of Mullet Pond's termination in activity and occurs after the start of the Salt Pond's active
interval (Figure 9E).

The hurricane patterns from the last millennium in Salt Pond and Mullet Pond are confirmed by a variety of
lower resolution hurricane proxy records along the U.S. East Coast and Gulf of Mexico. A nearby paleohur-
ricane record from Spring Creek Pond in Apalachee Bay, Florida (Brandon et al., 2013) and a record from a
coastal pond in Hancock County, Mississippi (Bregy et al., 2018) confirm the increased hurricane activity
from ~1150 to 1350 CE observed at Mullet Pond and South Andros. Both records also indicate quiescence
from 1350 CE to present. Along the U.S. East Coast, records from New England (Boldt et al., 2010;
Buynevich & Donnelly, 2006; Donnelly et al., 2001; van de Plassche et al., 2006) and the Southeast
(Mallinson et al., 2011) show increased storminess during the 15th and 16th centuries. A reconstruction from
Mattapoisett Marsh in Massachusetts is the most active from 1400 to 1675 CE with nine overwash deposits
identified (Boldt et al., 2010). Other marsh records from southeastern Massachusetts (Buynevich &
Donnelly, 2006), Rhode Island (Donnelly et al., 2001), and Connecticut (van de Plassche et al., 2006) show
signs of increased storminess during this period including overwash deposits and extensive erosion events.
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Moving south, a record of barrier island breaching from the Outer Banks in North Carolina documents
fifteen barrier‐beach breaches from 1400 to 1675 CE compared to the one to two breaches that occurred
in the preceding and following two centuries (Mallinson et al., 2011). Overall, this suggests that coherency
observed between our South Andros record and the Mullet Pond record and the disconnect observed
between South Andros and Salt Pond applies to the whole Gulf Coast and U.S. East Coast not just
western Florida and Massachusetts.

Figure 9. 100‐year moving window event frequency on (A) Lighthouse Reef Blue Hole, Belize (Denommee et al., 2014)
(purple), (B) on Mullet Pond, FL (Lane et al., 2011) (red) with 3 active intervals highlighted in red, (C) South Andros
Island (blue) with the 4 active intervals highlighted in blue, and (D) Salt Pond, MA (Donnelly et al., 2015) (green) with 3
active intervals highlighted in green. The timing of each event in the records is denoted by the black stars above each
panel. (E and F) 95% probability distributions for the transition from an active interval at Salt Pond (green) to active
intervals at South Andros (blue) and Mullet Pond (red) ca. 1120 CE and the termination of the last active interval in Salt
Pond (green), South Andros (blue), and Mullet Pond (red) ca. 1300–1650 CE. The age probability distributions are cal-
culated around the closest event in the record lying within the active interval. Symbols (pound sign for E, star for F)
indicate which events were used for the PDFs. Map in the top left corner shows the location of each of the sites.
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Increased hurricane activity observed during the past millennium at Lighthouse Reef Blue Hole in Belize
(Denommee et al., 2014) matches with the Mullet Pond HT reconstruction (Figure 9). Like Mullet Pond,
higher levels of activity in Belize end around 1380 CE before activity at Salt Pond increases. Assessing the
synchronicity of active intervals across these records suggests three stages of hurricane activity happening
over the past millennium: 1) From ~1150 to 1350 CE, there is more hurricane activity in the southern
Caribbean Sea and Gulf of Mexico with storms striking Belize and the Gulf Coast (near western Florida)
in combination with more storms in the southern Bahamas (near South Andros Island). 2) From ~1350 to
1470 CE, intense hurricane activity is reduced in the southern Caribbean and Gulf of Mexico. We continue
to see increased activity in the southern Bahamas and begin to observe increased storm activity along U.S.
East Coast. 3) From ~1470 to 1675 CE, intense storms are predominantly making landfall only along the
U.S. East Coast.

Two possible reasons arise for why we might observe this transition from activity in the Gulf of
Mexico/Caribbean Sea to activity solely along the U.S. East Coast: 1) the local environmental conditions
were unfavorable for intense hurricanes to maintain their strength until they reached either the U.S. East
Coast or Gulf of Mexico (Kossin, 2017) or 2) variability in storms tracks resulted in more storms veering into
one basin over the next (Daloz et al., 2015; Kossin et al., 2010).

Recent research has provided support for both hypotheses. Local environmental conditions can have a sig-
nificant impact on hurricane genesis and growth. Warmer local SSTs provide more energy for storms, and
vertical wind shear prevents hurricanes from reaching their maximum potential intensity (Emanuel,
2003). Indeed, Kossin (2017) investigated environmental conditions along the U.S. East Coast and in the
MDR over the last 50 years. He found that when conditions in the MDR were favorable for hurricane forma-
tion, vertical wind shear along the U.S. East Coast was anomalously strong and local SSTs were colder.
Essentially, in years when the basin‐wide activity was elevated, local environmental conditions along the
U.S. East Coast were unfavorable for hurricane growth and survival (Kossin, 2017). It is possible that from
1150 to 1400 CE, when activity was low at Salt Pond, such inhibiting conditions were in place along the
U.S. East Coast. Alternatively, regional climate can also promote more hurricanes resulting from tropical
transition. A subset of storms that impact the U.S. Northeast Coast develop from extratropical disturbances
that form in the subtropical western Atlantic in a process known as tropical transition (McTaggart‐Cowan
et al., 2007). Donnelly et al. (2015) suggested that increased high latitude cooling during the Little Ice Age
(1400–1600 CE) shifted the track of extratropical disturbances southward into the subtropical Atlantic facil-
itating more tropical transitioning hurricanes making landfall at Salt Pond.

Alternatively, many studies have investigated hurricane track variability over decadal timescales to centen-
nial timescales looking at how the position of the North Atlantic Subtropical High (NASH) and Hadley Cell
can change the paths of Atlantic hurricanes (Baldini et al., 2016; Elsner, 2003; Elsner & Kocher, 2000; Lucas
et al., 2013; Studholme & Gulev, 2018; van Hengstum et al., 2016; Wang et al., 2011; Xie et al., 2005). The
strength and position of subtropical ridges across the North Atlantic can modulate hurricane tracks.
When the NASH is displaced toward the northeast, there is an increased pressure gradient and strong
mid‐latitude westerlies that pull warm moist air and consequently, hurricane tracks around the western
edge of the high. This causes hurricanes to recurve away from the Gulf of Mexico and instead track towards
the U.S. East Coast (Elsner, 2003; McCloskey et al., 2013; Ortegren & Maxwell, 2014). The opposite is true
when the subtropical high is positioned more to the southwest. In this case, the subtropical high maintains
easterly steering currents, and more hurricanes are characterized as straight‐moving and intensify at low
latitudes moving through the Caribbean Sea into the Gulf of Mexico (Elsner, 2003; Elsner et al., 2000;
Kossin et al., 2010; McCloskey et al., 2013; Ortegren & Maxwell, 2014). The strength of the NASH also plays
an important role in determining hurricane track variability. When the NASH is weak and its western ridge
erodes, hurricane tracks are more likely to recurve northward moving through the eroded region (Kossin
et al., 2010).

At the same time, Hadley Cell position can also impact hurricane genesis and tracks. Recent studies have
noted a poleward migration of global tropical cyclone genesis and maximum intensity over the past 30 years
connected to poleward Hadley Cell expansion (Kossin et al., 2014; Sharmila & Walsh, 2018; Studholme &
Gulev, 2018). This recent Hadley Cell expansion shifts tropical‐cyclone‐favorable climate conditions pole-
ward in many major ocean basins, in particular by increasing (decreasing) vertical wind shear in the
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tropics (subtropics) (Kossin et al., 2014). However, this has not been true for the North Atlantic basin in the
last 30 years, in part because of the weak signal for recent Hadley Cell expansion in this basin (Sharmila &
Walsh, 2018; Studholme & Gulev, 2018). Despite the current uncertain connection between Hadley Cell
expansion and poleward shifting hurricane tracks in the North Atlantic, Baldini et al. (2016) suggests that
an expanded Hadley Cell contributed to a northward shifted NASH and thus northward recurving hurricane
tracks over the past 500 years using both a new stalagmite record from Belize and documentary records of
hurricanes in the Atlantic.

Thus, a second possibility is that from 1150 to 1650 CEwe see a gradual shift in hurricane tracks to the north-
east through a northward shift in the position of the NASH and/or a weakening of the western ridge of the
NASH with an expansion of the Hadley Cell. This would shift storms tracks from straight‐moving storms
impacting the western Caribbean and Gulf Coast to recurving storms that affect the U.S. East Coast.
South Andros Island serves as a transitional point for this shift in tracks staying active for most of the time
period when storms are hitting the Gulf Coast and remaining active as tracks shift northeastward out of the
Gulf of Mexico to up along the U.S. East Coast. More high‐resolution paleohurricane reconstructions from
throughout the Caribbean and Gulf of Mexico are necessary to determine whether this disconnect between
Gulf of Mexico/Bahamas records and U.S. East Coast records is a result of changes in local environmental
conditions (e.g., SSTs, thermocline depth), regional variability in hurricane tracks, or some combination
of both mechanisms.

5. Conclusions

This study presents a near annually resolved record of intense hurricane activity derived from three blue
holes positioned in the carbonate tidal flats on South Andros Island in The Bahamas. The reconstruction
is the longest high resolution Caribbean paleohurricane record spanning the past 1500 years. We found that
coarse‐grained sediment layers in the stratigraphy during the historic period corresponded to the passage of
intense hurricane events (category 3 or above) within 50 km of the site. Sediment records from all three blue
holes on the island showed similar patterns of hurricane deposition, despite their different geomorphologic
position and orientation.

This study exemplifies the importance of looking to long‐term proxy records to make hurricane risk assess-
ments for a particular area. It is clear from this work that historical records of hurricane activity underesti-
mate hurricane landfall recurrence rate at South Andros. In the last 70 years, there has not been a single
intense hurricane passing close enough to South Andros to leave an event deposit. There is a 10% probability
of having such a gap in activity given the recurrence interval of storms over the past 1500 years.

The frequency of intense hurricane landfalls on South Andros Island has varied dramatically over the past
1500 years. In particular, we document four multi‐decadal periods when hurricane activity on South
Andros has significantly exceeded historical levels (640–815 CE, 920–1035 CE, 1145–1205 CE, and 1300–
1450 CE). Three of these active intervals correspond to time periods when the ITCZ was farther northward
(Haug et al., 2001), which suggests that the ITCZ position plays a role in determining hurricane activity that
affects the island. However, the first active interval in the record corresponds to a neutral to southerly ITCZ
position, suggesting that other factors were at play during this period of activity. An anomalous quiet period
on South Andros in the early 13th century may point to volcanic activity contributing to changes in Atlantic
hurricane activity. However, the hurricane response to volcanos differs from region to region and may be
dependent on initial climate conditions.

The timing of active intervals over the past millennium (~1100–2015 CE) of the record suggests that hurri-
cane active (inactive) intervals at South Andros occur simultaneously with increased (decreased) landfalls in
a Gulf of Mexico record and a record from Belize. In contrast, records from the U.S. East Coast show
increased hurricane activity when South Andros is relatively quiet. We suggest a gradual shift in hurricane
tracks to the northeast over the past millennium. Straight‐moving storms hitting the western Caribbean and
Gulf Coast transform into recurving storms that affect the U.S. East Coast. This could be a result of decadal
variability in hurricane tracks related to variations in the mean position and strength of the North Atlantic
Subtropical High and/or changes in local environmental factors. More high‐resolution paleohurricane
reconstructions from throughout the Caribbean and Gulf of Mexico are necessary to better constrain how
storm activity shifted from lower latitudes to the U.S. East Coast.
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