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ARTICLE INFO ABSTRACT

Handling editor: P Rioual Response of tropical cyclone (TC) frequency to future climate change has important implications for society but

remains poorly understood due to a lack of long-term reliable observational records. Here, we use high-resolution

Keywords: organic geochemical proxies (OGPs) with robust chronological control from two coastal lakes, >150 km apart, to
Geochemlcal proxies reconstruct past TC activities in the northeastern Gulf of Mexico (GOM). Results show multi-decadal-to-
Il;lulmc;i_nest centennial-scale fluctuations in TC frequency over the last 5500 years. We found that TC frequency either
aleoclimate

exceeded or was comparable to modern observations during a prolonged interval (~1500-720 cal yr BP) that
encompasses the Medieval Warm Period. We also found a nearly 90% reduction in TC activity, relative to
modern, during an exceptionally quiescent period (650-280 cal yr BP) that overlaps the Little Ice Age. Warmer
temperatures in the North Atlantic did not always support increased TC frequency in this region. We show, for
the first time, that increased TC activities in the northeastern GOM track increased solar irradiance. High TC
frequency is also coupled to periods of increased sea surface temperatures in the northern GOM, enhanced El
Nino-Southern Oscillation, and positive phases of the Atlantic Multi-Decadal Oscillation. Our results highlight
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the importance of natural variability in climate and solar activity in modulating TC frequency.

1. Introduction

Landfalling tropical cyclones represent the costliest natural catas-
trophes in the US (NCEI, 2021). Although future trends in tropical
cyclone (TC) activity are uncertain (Knutson et al., 2020), there appears
to be a causal relationship between increasing sea surface temperature
(SST) and increasing TC intensity and/or frequency in the North Atlantic
Basin (Elsner et al., 2008; Goldenberg et al., 2001; Kossin et al., 2020).
As oceans warm, they provide more heat energy to be converted to
tropical cyclone wind and thus may result in more favorable conditions
for developing stronger storms (Elsner et al., 2008). It has been sug-
gested that Atlantic TC activity is thus likely modulated by the Atlantic
Multidecadal Oscillation (AMO), an oscillatory climate mode occurring
in North Atlantic sea surface temperature (SST) that varies on time
scales of 30-80 years (Delworth and Mann, 2000), with warm AMO
phases favoring more TCs (Goldenberg et al., 2001). Instrumental re-
cords also suggest that El Nino/Southern Oscillation (ENSO), the

dominant coupled atmosphere-ocean mode of interannual climate
variability, is a key factor in driving TC activity. In general, the Atlantic
Basin has fewer TCs during El Nino years than in La Nina years due to
stronger vertical wind shear and an overall greater atmospheric stability
in El Nino years with some exceptions (Gray, 1984; Kim et al., 2009;
Wang and Lee, 2010). Additionally, the location and strength of the
Bermuda High, as indicated by the magnitude and sign of the North
Atlantic Oscillation (NAO), has been linked to the local frequency of
hurricanes along the US coast and across the western Caribbean (Jagger
et al., 2002). However, the feedback between AMO, ENSO, NAO and TC
activity modulation, especially on longer-time scales, is not well un-
derstood (Schmitt et al., 2020). Modeling studies have yielded incon-
sistent results in projecting future TC activity (Knutson et al., 2020).
Understanding precise connections between TC frequency and climate is
challenging due to limitations in the length, quantity, and quality of
observational records (Knutson et al., 2020).

Although there has been a growing number of proxy records of paleo-
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hurricane activities from the western Atlantic region, relationships be-
tween the temporal and/or spatial variabilities in hurricane frequency
and potential drivers remain ambiguous (e.g., Brandon et al., 2013;
Bregy et al., 2018; Denommee et al., 2014; Donnelly et al., 2015; Don-
nelly and Woodruff, 2007; Ercolani et al., 2015; Lane et al., 2011;
McCloskey and Liu, 2012; McCloskey and Liu, 2013; Muller et al., 2017;
Muller et al., 2022; Rodysill et al., 2020; Schmitt et al., 2020; Sullivan
et al., 2022; Wallace et al., 2021b). Furthermore, almost all existing
paleo-hurricane records are based on documenting and dating sand
overwash event beds (i.e., coarse-grained deposits) in sediment cores
from coastal environments. Although the storm strength required for
overwash and deposition varies among sites, studies of modern events
and hydrodynamic modeling show that intense hurricanes (Category 2
or higher) passing nearby (within <100 km) are more likely to leave
overwash event beds among deposits of fine mud and/or peat (Lin et al.,
2014; Wallace et al., 2021b). Thus, these grain-size-based records,
although valuable, greatly underestimate paleo-hurricane frequency
(Das et al., 2013; Jahan et al., 2021; Lambert et al., 2008). This makes it
difficult to detect significant changes in TC frequency affecting a site
because lower magnitude hurricanes are not counted. Moreover, a
recent study suggests that variation patterns of paleo-hurricane activity
in single sediment records from a specific locality may reflect random-
ness (i.e., weather variability) rather than climate change (Wallace
et al, 2021a). This highlights the importance of developing
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high-resolution records with good chronological control from more lo-
calities across a region. In addition, development of proxies that can
capture lower magnitude hurricanes impacting a site will help to un-
derstand the possible links between the long-term spatiotemporal vari-
ability of TC activity and climatic forcing as well as improving climate
model projections of TC activity for the future.

Here, we present a 5500-year-long, high resolution, multi-proxy TC
record with robust chronology for the northeastern Gulf of Mexico
(GOM) region. Our reconstruction is based on identifying and counting
TC-induced flooding events using multiple organic geochemical proxies
(OGPs) preserved in sediment cores from two coastal lakes ~170 km
apart, Mullet Pond and Eastern Lake, in north and northwest Florida.
Using two lakes should eliminate, or at least reduce, the potential
sampling bias of individual sediment records (Wallace et al., 2021a). We
then compare the TC record with published paleoclimate records,
long-term solar variability, and other relatively high-resolution paleo--
hurricane reconstructions from the western North Atlantic region. This
allows us to examine the temporal and spatial patterns of hurricane
activity and to test hypotheses regarding various potential drivers of
North Atlantic TC variability.

2. Study area

Two coastal lakes Mullet Pond and Eastern Lake in the northeastern
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Fig. 1. Location Maps. Panels A and B show the locations of the two study sites and previously published paleo-hurricane records in the western Atlantic region
discussed in the text: (a) Mullet Pond, FL (Lane et al., 2011) (this study); (b) Eastern Lake, FL (Das et al., 2013) (this study); (c) Shotgun Pond, FL (Rodysill et al.,
2020); (d) Spring Creek pond, FL (Brandon et al., 2013); (e) Basin Bayou, FL (Rodysill et al., 2020); (f) Salt Pond, MA (Donnelly et al., 2015); (g) Lighthouse Reef,
Belize (Schmitt et al., 2020); (h) Hopkins Swamp and Commerce Bight Lagoon, Belize (McCloskey and Liu, 2013); (i) Falso Bluff Marsh, Nicaragua (McCloskey and
Liu, 2012); (j) Laguna Playa Grande, Vieques, Puerto Rico (Donnelly and Woodruff, 2007); (k) Blue Holes, The Bahamas (Wallace et al., 2021b), and (1) Cenote Muyil,
northeast Yucatan (Sullivan et al., 2022). Panel (C) shows an aerial view of Mullet Pond with core locations (02 = MP052416-02B, 01 = MP120916-01B, 03 =
MP120916-03A). Panel (D) shows an aerial view of Eastern Lake with core location. Base images were from Google Earth (Google Earth Pro 7.June 3, 9345, https
://earth.google.com).
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Gulf of Mexico region (GOM) were selected for this study (Fig. 1). Both
lakes have been used in previous paleo-storm studies (Das et al., 2013;
Jahan et al., 2021; Lane et al., 2011).

Mullet Pond (29°55.520'N, 84°20.275'W) is located in the Bald Point
State Park along north Florida’s Gulf Coast (Fig. 1). The area is underlain
by hundreds of meters of limestone that is overlain by a layer of sand and
clays (Puri and Vernon, 1964; Sinclair and Stewart, 1985). Dissolution of
the underlying limestone by slightly acidic rainwater has produced
many sinkholes and other karst features in the area (Sinclair and
Stewart, 1985). Mullet Pond is a sinkhole lake formed when an under-
ground cavity in limestone collapsed ~7000-8000 years ago (Lane
et al., 2011). The lake is ~350 m west of the Apalachee Bay and sepa-
rated from the ocean by a 3-4 m high beach dune ridge located
approximately 200 m east of the lake (Fig. 1B and C). The land west of
the dune ridge is relatively flat, with an elevation of 2-3 m relative to the
North American Vertical Datum of 1988 (NAVDS88). A tidal creek runs
through a small salt marsh to the north of the lake and intermittently
connects the lake to the open coast during high storm surges (Fig. 1C).
The lake is about 2-3 m deep and is nearly circular, with a diameter of
~200 m. The surface salinity measured over a 3-year period (from May
2016 to November 2019) varied from 0.3 to 16.9 psu, with an average
value of 9 + 4 psu (Jahan et al., 2021).

Eastern Lake (30°18'41.857" N, 86°5'35.647" W) is located in Walton
County on the northwest Gulf Coast of Florida (Fig. 1B). The lake oc-
cupies 2.8 ha and has an average water depth of ~3 m (Lakewatch,
2008). The underlying geology in this area consists of up to 33 m of
undifferentiated quartz sand and clayey sand overlying the
Miocene-Pliocene Intracoastal Formation, which consists of phosphatic,
quartz sand and sandy carbonate (Schmidt, 1984). The area has
well-developed coastal sand dunes that rise as much as 9 m in height,
separating the lake from the Gulf of Mexico (Das et al., 2013). The
average surface salinity of the lake water was 10.6 psu and the average
pH was 7.5 for the period of 2001-2008 (Lakewatch, 2008). The lake has
an outlet slough that temporarily connects it to the Gulf of Mexico
during high water events (Fig. 1D).

3. Methods
3.1. Collection and description of sediment cores

We collected five sediment cores in 2016 near the center of Mullet
Pond (Fig. 1C). These cores were collected using a hand-held piston
corer in clear polycarbonate barrels (with an inside diameter of 68 mm),
except for core MP120916-03A which is a 228 cm long vibracore and
was collected in 3-inch diameter aluminum tubing. Coring tubes were
held vertical to maintain sediment integrity while coring the sample
from the lake bottom and afterward were sealed at both ends of the tubes
to preserve core top structure. The clear core tubes of the short cores
allow verification of core top integrity. The cores were transported to the
Florida Geological Survey, where each core was split lengthwise into
two halves. One half of each core was archived for future research and
the other core halves were subjected to initial core analysis, including
high-resolution imaging and lithologic descriptions. Based on these
initial analyses, we selected three cores including MP052416-02B
(100.5 cm long), MP120916-01B (64.25 cm long), and MP120916-
03A (228 cm long) for detailed sampling for geochemical work.

The short cores are comprised of dark, organic-rich fine-grained
sediment with no visible overwash sand layers (Suppl. Fig. 1). The upper
70 cm of the long core (MP120916-03A) contains similar dark, fine-
grained sediment; the depth interval from ~70 cm to ~120 cm con-
sists of dark, fine-grained material interbedded with sand lamina that
varied in thickness. From ~120 cm to ~130 cm depth, the sediments are
composed of dark, fine-grained material mixed with sand; and below
~130 cm, the core consists of light brown, organic-poor, medium to
coarse grained quartz sand (Suppl. Fig. 1). The thick sand deposit below
~130 cm at the bottom of the long core is too thick (>1 m) to be an
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overwash deposit. The lithologic change from quartz sand to organic-
rich sediment in the lower part of the long core most likely reflects a
change in the local environment resulting from a collapse of an under-
ground cavity and sandy overburden to form a lake.

3.2. Sampling and analyses of sediments

To optimize the ability to identify paleostorm horizons, each of the
selected core halves was sliced into subsamples at closely spaced sam-
pling intervals of ~0.25 cm. For the vibracore (MP120916-03A), only
the lower (>38 cm), undisturbed section of the core was subsampled. A
total of 402, 257, and 326 sediment samples were obtained from cores
MP052416-02B, MP120916-01B, and MP120916-03A, respectively.
These sediment samples were freeze-dried and then carefully inspected
to pick out plant fragments for radiocarbon (}*C) dating before being
ground and homogenized into a fine powder. Sediment samples from the
upper 30 cm of core MP120916-01B were processed for 21°Pb dating to
refine the ages of the most recent storm layers at this site. The 2°Pb
methods, modeling and results are described in detail elsewhere (Bur-
nett et al., 2023; Jahan et al., 2021).

Because the sediment samples did not contain any detectable amount
of carbonate, they were directly weighed (~5 mg) and wrapped into tin
cups for stable isotope analysis using a Carlo Erba Elemental Analyzer
(EA) connected to a Finnigan MAT Delta Plus XP stable isotope ratio
mass spectrometer at Florida State University. The isotope results are
reported using standard delta (§) notation in per mil as 513C values with
reference to the international VPDB standard and §°N values with
reference to AIR. The analytical precisions based on repeated analyses of
laboratory standards (YWOMST-1, YWOMST-2, YWOMST-3, YWOMST-
4, YWOMST-5 and Urea-2) were +0.1%o (15) for §'3C and 8'°N, and
+0.2 (10) for C/N atomic ratios, respectively. Replicated analyses of our
sediment samples, which have much lower N contents than the stan-
dards, suggest a lower precision of 0.4 (1c) for C/N.

We also re-examined an archived half core EL052209-03 (Suppl.
Fig. 1) previously analyzed for OGPs from Eastern Lake and reported in
Das et al. (2013) to pick out plant fragments for 1*C dating and sampled
the upper 20 cm for 2'°Pb dating to improve the chronology of the OGP
record.

Plant fragments (all terrestrial except one sample that may be
aquatic) from sediment cores from both lakes were sent to the Keck
Carbon Cycle AMS Facility at the University of California in Irvine for
14C dating. Most of the *C data have been reported elsewhere (Jahan
et al., 2021; Wang et al., 2019) but were re-calibrated using InterCal20
(Reimer et al., 2020) in this study (Suppl Table 1).

The Eastern Lake core (EL 052209-03) previously analyzed for OGPs
(Das et al., 2013) was sub-sampled for this study at 1 cm intervals for
219ph dating. The moisture content of the sediment was determined
previously by weighing, drying and a second weighing of the dry sedi-
ment. Bulk densities for each interval were calculated from the
measured moisture content and an assumed average grain density of 2.5
g/cm>. The activities of 2!°Pb and 2?°Ra were measured by direct
gamma counting (46.5 keV for 21°Pb and 295 keV for ?2°Ra) on 20
samples from the upper 20 cm of the core (Suppl Table 2). The “excess”
210p}, activity is the activity above that supported by the long-lived
parent 22°Ra present in the sediment. All excess 2'°Pb activities were
decay corrected back to the date of sediment collection after subtracting
the estimated supported 2'°Pb level. The supported level was estimated
by averaging the measured activities of 22°Ra in the core. The Constant
Rate of Supply (CRS) model (Appleby and Oldfield, 1978, 1992; Burnett
et al., 2023) was used to calculate the ages of the sediment layers. We
also used the Constant Flux, Constant Sedimentation (CF:CS) model
(Appleby and Oldfield, 1978, 1992; Burnett et al., 2023) to estimate the
average sediment accumulation rate (SAR), assuming a constant 210pp,
flux and a constant sedimentation rate.
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3.3. Establishing core chronologies

Twenty-three 14C dates were obtained from the three cores from
Mullet Pond and ten additional dates from the Eastern Lake core (Suppl.
Table 1). The C ages of plant fragments generally increase with depth
in each of the cores, with a few age reversals occurring near the top and
at ~21 cm in core MP120916-01B, ~104 cm in MP120916-03A, and
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~82 cm in EL052209-03 (Suppl. Table 1). Because radiocarbon age
reversals in coastal lake sediment cores are most likely caused by
deposition of pre-aged organic material eroded from land by large storm
events (Wang et al., 2019), these few reversed ages were not used as
control points in the age-depth models for the cores.

The *C dates on plant fragments from various depths in the cores
were used as control points to develop age-depth models with 95%
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Fig. 2. Age model outputs from the Bacon model (Blaauw and Christen, 2011) for Mullet Pond sediment cores. Age models are constrained by *C ages of plant
fragments found at various depths in the cores (A, C, D) and 210pp, CRS ages from Jahan et al. (2021) (B) that provide a refined chronology for recent sediments. The
weighted mean age-depth profile is indicated by a solid red line, calibrated **C age probabilities are shown in blue, and the black dotted lines bracketing the
age-depth shaded curves indicate the 95% confidence interval. Error bars in (B) represent 2 standard deviations (26) from the mean.
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confidence intervals for the cores using Bayesian statistical approaches
in the R package Bacon v3.2.0 model (Blaauw and Christen, 2011). The
Bacon model outputs with uncertainty envelope are shown in Figs. 2 and
3. A thick (~3 cm) sand layer in EL052209-03 was assumed to have been
deposited instantaneously in the downcore age-model (Fig. 3). The
age-depth models for the cores were refined with 2!°Pb dating for the
shallower depths (Figs. 2 and 3).

The three cores from Mullet Pond span different lengths of time and
display similar geochemical patterns during time intervals when they
overlap (Fig. 4). They were combined to develop a composite, long-term
record, with the overlapping time intervals represented by core samples
having the highest possible time-resolution (Suppl. Tables 3 and 4). The
composite record covers the last 5700 years, with a mean sedimentation
rate of 1.4 mm/yr (ranging from 0.1 to 9.5 mm/yr). The resulting res-
olution for the composite record ranges from 0.3 to 17.4 years per
sample, with a median of 3.3 years per sample (Suppl. Table 3). The
Eastern Lake core spans the last 2700 years, with a mean sedimentation
rate of 0.5 mm/year (ranging from 0.1 to 1.6 mm/yr). The time reso-
lution for the Eastern Lake record varies from 1.9 to 44.6 years per
sample, with a median of 6.1 years per sample (Suppl. Table 5).

3.4. Detecting TCs in sediment cores using multiple OGPs

Earlier studies have shown that OGPs (SIBC, 515N and C/N) are a
more sensitive indicator of past storm events than traditional proxies
used in paleotempestology as using multiple OGPs can detect seawater
flooding events that may or may not deposit overwash sand in the lake
(Das et al., 2013; Lambert et al., 2008). This is because organic matter
(OM) of marine origin generally has higher §'3C and 5!°N values but
lower C/N ratios than those derived from terrestrial C3 plants (Meyers,
1997). Furthermore, the seawater in the GOM has much higher con-
centrations of inorganic nutrients than coastal lake waters (Das et al.,
2013; Lambert et al., 2008). An influx of marine nutrients due to
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seawater inundation can lead to a rapid eutrophication spike in the
coastal lake after a storm. As a result, OM formed and deposited on the
lake bottom under seawater “flooded” state would be more enriched in
13¢ and '°N than OM formed under the normal lake conditions (Lambert
et al., 2008). A landfalling TC may cause seawater inundation of coastal
lakes in the affected area if storm surges are high enough to breach or
overtop the barrier dunes; it may also cause freshwater flooding due to
associated heavy rainfall. In a recent study (Jahan et al., 2021), we
further tested the validity of the multi-OGPs method for detecting TCs
with modern time series data from two coastal lakes (including Mullet
Pond) in north and northwest Florida as well as recent sediment core
data from Mullet Pond. Our 3-year geochemical time series data show
that the geochemical properties of these lakes varied seasonally,
reflecting variations in lake biological and environmental conditions,
but produced unique variation patterns in response to flooding events
caused by large storms. This underscores the importance of using mul-
tiple geochemical proxies because the interpretation of any single
geochemical proxy alone can be ambiguous. During the period when we
collected modern data (2016-2019 CE), several major storms passed
within 150 km of one or both lakes and caused influxes of either
seawater and/or freshwater into the lakes, resulting in measurable
changes in the §'3C, !°N and C/N values of particulate organic matter
(POM), along with changes in the salinity, 580 and 8D of the lake water.
Large storm events that cause seawater flooding (SW) tend to increase
both the §'3C and 5'°N values, with either a decrease or no change in the
C/N ratios of the POM (Fig. 5). These observations support the previ-
ously proposed conceptual model for using multiple OGPs to identify SW
events (Lambert et al., 2008). Our modern data also show that fresh-
water flooding (FW) decreases the 55N and increases the C/N values of
POM but could also result in decreases in both 5'°N and §'3C values,
with little or no change in the C/N ratio (Fig. 5). Large storms that
passed >150 km away from the study lakes had little or no effect on the
physical and geochemical properties of these lakes. Our modern time
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the Bacon model (Blaauw and Christen, 2011), with the solid red line indicating the weighted mean age-depth relationships. The calibrated 1#C age probabilities are
shown in blue, and the black dotted lines bracketing the age-depth shaded curves indicate the 95% confidence interval. (B) Activities of 22°Ra and excess 2'°Pb in the
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Rate of Supply (CRS) model, along with the average sediment accumulation rate (SAR) calculated using the Constant Flux and Constant Sedimentation (CF:CS)
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The previous age model was based on very limited 1*C dates from the 85-94 cm depth interval in the core, assuming a constant sedimentation rate throughout the
entire core (Das et al., 2013). The new age model is constrained by 9 *C ages of plant fragments found at various depths in the core (A) and the 2!°Pb CRS ages that
provide a refined chronology for recent sediments (D). Error bars represent 2 standard deviations (20) from the mean.
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Fig. 5. Conceptual diagram of OGP interpretations (adapted from Fig. 7 in
Jahan et al., 2021). The model shows that seawater flooding can result in two
possible variation patterns of OGPs while freshwater flooding may lead to four
possible OGP variation patterns as indicated by the numbers (1-2; 1-4). These
multi-OGP variation patterns are used here as fingerprints to identify
TC-induced SW and FW events in the sediment record.

series data demonstrate that it is feasible to detect both SW and FW
events caused by large storms by examining variation patterns of mul-
tiple OGPs (Fig. 5). To further test the OGP method, we reconstructed a
165-year-long storm record based on variation patterns of 5'°N, C/N and
813C preserved in the upper part of a sediment core (MP120916-01B)
from Mullet Pond and compared the reconstruction with the docu-
mented storms that passed through the study lake area. The recon-
struction reveals 30 flooding events, including 15 SW and 15 FW
incidents, over the last 165 years (1850-2016 CE). Among these 30
flooding events, 28 were matched within dating uncertainties to historic
hurricanes that are known to have passed within 150 km of the study site
and the remaining 2 FW events detected in the OGP record correspond to
tropical storms passing within 25 km of the lake (see details in Jahan
et al.,, 2021). This provides confidence that these conceptual and

observed variation patterns of multiple OGPs shown in Fig. 5 can serve
as reliable fingerprints to identify TCs in sediment cores from Mullet
Pond and other coastal lakes of similar environments (i.e., vegetated
watersheds dominated by C3 plants).

Here we use this multi-OGPs approach (Fig. 5) to identify SW and FW
events over a much longer sediment record from Mullet Pond to extend
the TC record farther back in time. The geochemical data including 53C
and 5'°N and G/N for the lake sediment were de-trended to remove any
long-term trend using a first-order difference method by subtracting the
next value from the current value to facilitate the identification of storm
signals (Suppl Table 4). To facilitate comparisons between storm fre-
quency during the instrumental record (1850-2016 CE) and event fre-
quency in the paleorecords, we used a sliding window of 164 =+ 4 years
to calculate moving averages of TC frequency (events/century) by
dividing the number of flooding events within the window by the width
of the window and then multiplying by 100 (Suppl Table 4). We
calculated average storm frequencies using both SW event counts and
total (SW and FW) event counts. The resulting reconstruction of TC
frequency extends back to ~5500 cal yr BP (Fig. 6A). Using the same
approach and the new chronology (Fig. 3), we re-analyzed the OGP
record previously published for Eastern Lake in northwest Florida (Das
et al., 2013), ~170 km west of Mullet Pond, and calculated the SW and
FW event frequencies (Fig. 6B; Suppl Table 5).

3.5. Statistical correlation analysis

To quantify the relationship between the TC frequency record from
Mullet Pond and the total solar irradiance (TSI) record, we first con-
verted the temporally non-uniform TC record to even intervals of 5 years
(to be consistent with the sampling resolution of the TSI) using cubic
spline interpolation (Fig. 7A). The resulting evenly distributed time se-
ries is less biased when analyzing statistical relationships. The interpo-
lated data in this case show little or no difference from the original data.

Statistical parameters are typically calculated wusing non-
decomposed data (e.g., the gray curves in the top panels of Fig. 7).
However, this traditional approach often fails to reveal statistical re-
lationships in cases when robust relationships only exist on certain
timescales. Thus, we decomposed the interpolated TC data and TSI data
into oscillatory components of varying amplitude and frequency (Fig. 7)
using what is known as the “ensemble empirical mode decomposition”
(EEMD) method (Wu and Huang, 2009). This allows us to analyze
possible relationships that may exist between statistically dominant
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Fig. 6. Reconstructed TC frequencies in the northeastern GOM region and comparison to dominant indices of climate variability and solar output. (A) Reconstructed
TC frequencies based on SW events (red) and combined SW and FW events (blue) detected in the sediment OGP record from Mullet Pond (FL) (this study). Horizontal
red and blue dashed lines indicate the long-term average TC frequencies based on SW events (4 storms/century) and combined SW and FW events (10 storms/
century), respectively. (B) Reconstructed TC frequencies based on SW events (red) and combined SW and FW events (blue) detected in the sediment OGP record from
Eastern Lake (FL) (this study). Fewer storms were resolved from Eastern Lake, compared to Mullet Pond, due to the lower age resolution because of the combination
of its slower sedimentation rate and sampling precision. (C) SST anomaly reconstruction (purple) and instrumental record (black) for the MDR for Atlantic TC (Mann
et al., 2009a). (D) Proxy reconstruction of AMO, based on an annually laminated sedimentary titanium record from South Sawtooth Lake, Canada (Lapointe et al.,
2020), with the red curve representing a 50-year running average. (E) SST record from Garrison Basin, northern Gulf of Mexico, derived from paired Mg/Ca-5'%0
measurements of foraminifers from sediment cores (Thirumalai et al., 2018), with the black curve representing 50(+8)-year running averages. (F) The 880 record
from the GRIP2 ice core, with the red curve representing a 50-year running average (Stuiver et al., 1995). (G) The 8'®0 record from the Agassiz ice core, with the red
curve representing 60-year running averages (Vinther et al., 2009). (H) SST anomalies in the Nino-3.4 region estimated from a network of proxies in locations
sensitive to ENSO (Emile-Geay et al., 2013). (I) Reconstruction of ENSO variability based on light-colored, clastic laminae in a sediment core from Lake Laguna
Pallcacocha, Ecuador (Moy et al., 2002). (J) Reconstruction of total solar irradiance (TSI) variability based on measurements of cosmogenic isotopes (*°Be in ice cores
and 'C in tree rings), with “diff. TSI” standing for the difference of TSI from the PMOD composite during the solar cycle minimum of the year 1986 CE, with the black

curve representing a 50-year running average (Steinhilber et al., 2012).

components of the two datasets (Bretherton et al., 1999; Huang and Wu, from Fig. 7A that the 6th component nicely explains the two peaks in the
2008; Wu and Huang, 2004) (Fig. 8). If the original time series consists TC data between 1500 and 500 cal yr BP. Thus, we focus our analysis on
of white noise (i.e., representing a random process with no discernible the 6th component of both datasets (Fig. 8).

pattern or predictable structure), the EEMD results will be made up of
sequential components of about double the period but half the energy
(Wu and Huang, 2004; Huang and Wu, 2008). We see in Fig. 7 that the
energy of sequential components is not reducing, implying that later
EEMD components contain non-random information. Also, it can be seen
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Fig. 7. EEMD analysis results showing the first 6 oscillatory components (C;— Cg) of the Mullet Pond event frequency data (A) and TSI data (B). The top panel in (A)
shows the interpolated version of the original event frequency data from Mullet Pond (gray) and the remainder of the data after removing the C;- Cg (red). The top
panel in (B) shows the TSI data (gray) from Steinhilber et al. (2012) and the remainder of the data after removing the C;— Cg (red). The Cg has a quasi-periodicity of
~400 years and is a statistically dominant component of both the TC frequency (based on Mullet Pond) and TSI records. The Cg record also explains the two peaks of

the TC record between 1500 and 500 cal yr BP.
4. Results and discussion
4.1. Temporal TC trends and relation to solar and climatic indices

Our new high-resolution, OGP-based paleo-storm record shows sig-
nificant multi-decadal and centennial scale TC variability over the last
5% millennia (Fig. 6A). It also reveals two active periods of TC strikes,
from ~1410 to ~820 cal yr BP and from ~60 cal yr BP to the present,
with both SW and FW event frequencies exceeding their long-term av-
erages (shown as yellow bands in Fig. 6A). The pre-historic active period
appears to correspond to a high solar-activity phase that is only briefly
interrupted by the solar quiet phase during the Oort Minimum (Stein-
hilber et al., 2012) (Fig. 6A-J). This prolonged active period includes
two hyperactive intervals (with TC frequency >40% above the
long-term average) centered at ~1200 cal yr BP and ~900 cal yr BP, the
younger phase falling within the Medieval Warm Period (MWP,
1000-700 cal yr BP) (Mann et al., 2009b). The storm activity of these
hyperactive intervals either exceeded or was comparable to that seen
today (Fig. 6A). A similar pattern is also observed in the OGP record
from Eastern Lake (Fig. 6B). These two prehistoric hyperactive intervals
roughly coincide with the two active ENSO intervals observed in a
sedimentation-based proxy record from southern Ecuador (Moy et al.,
2002) (Fig. 6 A-B, I). It is important to note that available ENSO re-
constructions yield inconsistent results and most of them do not extend
beyond the last millennium (Emile-Geay et al., 2013; Schneider et al.,
2018). Of the few longer ENSO records, the reconstruction based on
light-colored laminations in the sediments of Lake Pallcacocha in
Ecuador (shown in Fig. 6]I) is the most widely cited paleo-ENSO record
although its reliability as a conclusive paleo-ENSO record has been
questioned (Schneider et al., 2018).

These active periods can also be matched (within dating un-
certainties) to intervals of elevated SSTs in the North Atlantic including
the TC main development region (MDR) and in the GOM (Lapointe et al.,
2020; Mann et al., 2009a; Thirumalai et al., 2018) as well as generally
higher §!%0 values in the GRIP2 and Agassiz ice cores (Stuiver et al.,
1995; Vinther et al., 2009) (Fig. 6A-G). Although it is not clear what role

the AMO plays in modulating GOM TCs, the latter suggests a possible
link to warm AMO phases as the ice core §!80 record co-varies with the
AMO index over the instrumental record, with increasing SST leading to
higher 580 values, and thus may serve as a proxy for North Atlantic SST
variability (Knudsen et al., 2010).

In addition to the active periods noted above, the OGP record reveals
several other intervals of elevated storm activity alternating with rela-
tively quiet periods (Fig. 6A). In total, 11 periods of relatively high TC
frequency (>4 events per century) are recognized in the OGP record
(shown in blue bands in Fig. 6A), lasting from <80 years to >700 years.
These intervals of increased storm activity can all be matched, within
dating uncertainties (Fig. 2), to elevated SSTs, higher 5'80 values in the
ice cores, increased ENSO activity and higher solar irradiance (Fig. 6).
The OGP record also reveals an exceptionally quiescent period from
~650 to ~280 cal yr BP (with <3 events/100 years) that overlaps the
Little Ice Age (LIA, 550-250 cal yr BP) (Mann et al., 2009b). This
quiescent period detected in our OGP record corresponds to generally
lower SSTs, fewer ENSO events, lower 5'80 values in the ice cores, and
lower solar irradiance (Fig. 6).

Statistical correlation analyses show remarkable coherence between
solar irradiance and our OGP record of TC activity (Figs. 7 and 8). Both
TSI and OGP TC records have a statistically dominant EEMD component
with a periodicity of ~400 years (i.e., the Cg panel of Fig. 7). The same
periodicity is also one of the prominent spectral peaks in the maximum
entropy power spectrum of the tree-ring calibrated C record - a proxy
record for solar activity (USGS, 2000). The maximum correlation be-
tween the TSI and GOM TC records for the last 2000 years occurs at a lag
time of about 135 years (Fig. 8), which is within the dating uncertainties
of the Mullet Pond record (Fig. 2). This maximum correlation coefficient
value is 0.76, indicating that the correlation between the two datasets is
statistically robust at about the 98% confidence level.

4.2. Comparison with grain-size-based paleo-hurricane records

Our OGP-based TC reconstruction not only reveals more storms than
grain-size-based reconstructions from the same lake and from other
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Fig. 8. Comparison of the 6th EEMD components (Cg) of the TC record from
Mullet Pond (blue) and the TSI (orange) record. The red curve is the Cg of the
TSI record shifted in timing from the original Cg curve (orange) by 135 years
and aligns well with the Cg of Mullet Pond data, especially for the most recent
2000 years. The maximum lag correlation between the two datasets for the last
2000 years occurs at a lag time of about 135 years which is within the dating
uncertainties of the Mullet Pond record. The maximum correlation coefficient
value at 0.76 indicates that the correlation between the two datasets is statis-
tically robust at about 98% confidence level. Note that the amplitude of the Cg
of TSI is multiplied by 10 so that the two records have relatively
close amplitudes.

lakes in the same region (Figs. 9 and 10) but also spans a much longer
period, with finer time-resolution, than most paleo-hurricane proxy re-
cords (Fig. 10). Because '*C dating of bulk sediment organic carbon
generally yields unreliable ages (Wang et al., 2019), paleo-hurricane
records with very low resolution or based on '“C ages of bulk sedi-
ment organic carbon are not included for comparison, with the lone
exception of the Lighthouse (Belize) paleo-record which has annual
resolution and an age-depth model based on a combination of varve
counting and **C dating of bulk sediment organic matter (Schmitt et al.,
2020).

According to the NOAA best track data set (www.NOAA.gov), 35
hurricanes (including 23 Category 1, 8 Category 2, and 4 Category 3
storms) passed within 150 km of Mullet Pond from 1850 to 2016 CE.
Among these 35 hurricanes, 19 can be matched with 15 SW events and
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the other 16 to 13 FW events identified in the OGP record (Fig. 9A). In
comparison, the post-1850 CE grain-size anomaly record from the same
lake detected only 7 overwash events that could be matched to 8 historic
hurricanes (Fig. 9B and C) (Lane et al., 2011). Most of these events
detected in the grain-size records matched SW events in the OGP record,
except for the 2005 CE hurricane Dennis and 1985 CE hurricanes Ele-
na/Kate that were matched within dating uncertainty to FW events
identified in the OGP record (Fig. 9). This suggests that the influx of
terrestrial OM into the lake, triggered by flooding in the lake’s water-
shed from the very heavy rainfalls associated with hurricanes Dennis
and Kate/Elena, may have overwhelmed the surge-driven marine OM
input into the lake. The maximum surge heights of these storms esti-
mated using the SLOSH (Sea, Lake and Overland Surges from Hurri-
canes) model were at least 1 m (above NAVD88) (Lane et al., 2011).
Hydrodynamic modeling studies in the area show that 1.3-3 m storm
surges could cause seawater inundation of Mullet Pond through a small
tidal inlet ~0.5 km north of the lake but only storm surges exceeding 3
m, most likely driven by intense hurricanes (>Cat. 2) passing nearby,
have the potential to breach the dune barriers (~4 m above NAVD88) in
front of Mullet Pond to cause overwash deposition in the lake (Lin et al.,
2014). Based on hydrodynamic modeling results, Lin et al. (2014) noted
that “none of the historical surges dating back to the early nineteenth century
likely exceeded the height of the modern barrier at Bald Point” where Mullet
Pond is located. This is consistent with the lack of visible sand layers in
the younger portion of our sediment cores (Suppl. Fig. 1). Lin et al.
(2014) interpreted the few event beds identified in the grain-size
anomaly record from Mullet Pond during the recent historical interval
(Fig. 9B and C) as the result of localized overwash and sediment trans-
port “likely facilitated by perpendicular cuts in the crest of the barrier for
driveways of the homes located on the barrier”. As shown in Fig. 9, both the
OGPs and grain-size records from Mullet Pond are unable to resolve
events that occurred closely in time. Although both types of proxies
underestimate the number of TCs passing through the area, this shows
that OGPs are a much more sensitive recorder of storm events than the
grain-size proxy. OGPs detected ~83% of the documented hurricanes in
the post-1850 CE era, while the grain-size record detected only ~20% of
these documented storms (Fig. 9). Our OGP record from Mullet Pond
suggests that the TC frequency during the post-1850 CE era is 6.3
events/century based on SW events and 13.8 events/century when both
SW and FW events were considered, much higher than the estimates
based on grain-size analysis of sediment cores from the same lake
(Table 1). These numbers are also much higher than the estimates based
on grain-size analyses from other lakes in the same region (Fig. 10C-F)
but closer to those derived from the NOAA best track data (Table 1).
There are some similarities and differences in the long-term temporal
TC pattern among the reconstructions (Fig. 10). The double-peaks seen
by OGPs in both the Mullet Pond and Eastern Lake cores (Fig. 10A and B)
also appear in the grain-size-based reconstruction from Mullet Pond
(Fig. 10C), Shotgun Pond (Fig. 10D), Bahamas (Fig. 10G), and Salt Pond
(Fig. 10H). While some time shifting is necessary for these peaks to be
truly coincident, the similarity in the trends of these peaks from different
areas is striking. Eastern Lake shows a higher frequency of TCs than
Mullet Pond in the interval ~2200-1800 cal yr BP, perhaps because of its
more exposed position along an open shoreline. The prolonged period
~1500-720 cal yr BP of increased TC activity identified in our OGP re-
cord roughly corresponds to a period of increased overwash events in
the grain-size-based reconstructions from the same region (Fig. 10C-F)
as well as other western Atlantic localities (Fig. 10G-J). The double
peaks of this extended active period in our OGP records can be matched,
within <250 years, to the twin peaks in the grain-size-based re-
constructions of intense hurricane landfalls from the western Atlantic
region (Fig. 10 A-D, G-H). The record from Shotgun Pond located ~2 km
west of Mullet Pond matches particularly well (Fig. 10D). Some of the
mentioned apparent differences may be due to regional effects. The
higher TC frequency in the OGP record is likely due to the OGPs
capturing lower intensity storms not detected by grain-size analysis. Our
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Fig. 9. Comparison of the OGP and grain-size based TC reconstructions from Mullet Pond for the post-1850 CE era. Panel A (adapted from Fig. 8 in Jahan et al., 2021) shows the de-trended OGP profiles, with red and
blue lines marking SW and FW events, respectively, which were identified using multiple OGPs and the criteria shown in Fig. 5. Panels B and C (adapted from Fig. 5 in Lane et al., 2011) show the positive coarse grain
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Fig. 10. Comparison of reconstructed TC frequencies based on multi-OGPs in sediment cores from Mullet Pond (A) (this study) and Eastern Lake (B) (this study) with
grain-size-based reconstructions of intense-hurricane-induced overwash event frequencies from: (C) Mullet Pond (Lane et al., 2011), (D) Shotgun Pond (~2 km west
of Mullet Pond) (Rodysill et al., 2020); (E) Spring Creek Pond (~20 km north of Mullet Pond) (Brandon et al., 2013); (F) Basin Bayou (~200 km west of Mullet Pond,
~23 km northwest of Eastern Lake) (Rodysill et al., 2020); (G) the Bahamas (Wallace et al., 2021b); (H) Salt Pond in Falmouth, MA (Donnelly et al., 2015); (I) Laguna
Playa Grande (LPG), Vieques, Puerto Rico (Donnelly and Woodruff, 2007); (J) Coarse sediment (>63 mm) content, a proxy for TC event bed, for two cores C1 and C2
from Cenote Muyil in the northeast Yucatan (Sullivan et al., 2022). (K) Blue Hole on Lighthouse Reef, Belize (Schmitt et al., 2020); (L) the Hopkins Swamp and
Commerce Bight Lagoon (HPN-CB), Belize (McCloskey and Liu, 2013); and (M) the Falso Bluff Marsh (FBM), Nicaragua (McCloskey and Liu, 2012). Also shown in (N)
are smoothed modern annual Atlantic TC counts (red) and statistical model estimates of basin-wide TC counts from 1450 to 100 cal yr BP(black) (Mann et al., 2009a).
Blue-shaded columns mark the intervals with increased storm activity identified in the OGP record from Mullet Pond.

Table 1
Comparison of average TC frequency derived from OGPs in sediment cores from Mullet Pond with those derived from grain-size analysis from the same lake (Lane et al.,
2011) and the documented hurricanes from the NOAA database (https://coast.noaa.gov/hurricanes/).

OGP record Grain-size record NOAA best track record of TCs (>Cat. 1)°
Time period
SW events per (SW + FW) events per HT events per LT events per TCs per century (100 TCs per century (150
century”® century” century” century” km) km)
Post-1850 CE 6.3 13.8 0.6 3.8 12.1 21.1
4500 Cal yr BP - 4.6 10.7 2.4 3.9
present
5500 Cal yr BP — 4.4 10.1
present

# SW and FW denote seawater and freshwater flooding events, respectively.
Y HT and LT denote High-Threshold (>Cat. 3) and Low-Threshold (>Cat. 1) events, respectively, as defined in Lane et al. (2011).
¢ Documented storms passing within 100 km and 150 km of the study lake from 1850 to 2016CE.
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reconstructions, however, differ substantially from the versions from
Belize and Nicaragua in both the timing and lengths of the active and
quiet periods (Fig. 10A-K-M). For the past 1600 years, the OGP records
appear to show an opposite pattern to those observed in Belize and
Nicaragua except for the modern era in which both the Lighthouse Reef
record from Belize (Fig. 10K) and our OGP records see higher TC fre-
quency. These differences are likely due to regional differences in TC
activity but may also reflect chronological uncertainties of the individ-
ual paleo-records.

In the present-day climate, the Bermuda High (BH), the “south pole”
of the NAO, exerts a steering control on TC tracks (Elsner et al., 2000;
McCloskey et al., 2013). Given the steering effect of the BH, it has been
hypothesized that the NAO is a major driver of TC activity over
millennial timescales by affecting storm locations, such that a southward
shift in the long-term position of the BH during cooler periods would
drive storms southward, resulting in relatively more TC landfalls in the
Caribbean region and relatively fewer landfalls at higher latitudes
(Elsner et al., 2000; McCloskey et al., 2013). However, additional
(non-paleo) studies (Kossin et al., 2010; Kozar et al., 2012) exploring the
NAO and the BH have not found a consistent relationship between these
features and the frequency of TCs impacting the western Car-
ibbean/GOM, suggesting an interaction between the effects on hurri-
cane steering and the effects on hurricane frequency. Furthermore, the
increased hurricane landfalls during the LIA in the Bahamas and New
England as suggested by grain-size records (Fig. 10G and H) and the
inconsistent paleo-hurricane reconstructions from the Caribbean
(Fig. 10I-M) underscore the complexity of unraveling the BH-NAO
steering mechanism.

Our OGP-based storm record has a higher density of age control
points than most earlier paleo-hurricane records. For example, the time
interval from ~2000 cal yr BP to the present in our OGP record from
Mullet Pond is constrained by 15 *C dates on plant fragments and
refined with 21°Pb dating of sediments in the uppermost 30 cm of the
core at 0.25 cm intervals (Fig. 2). In comparison, the same period in the
grain-size paleo-hurricane record from the same lake (Lane et al., 2011)
(Fig. 10G) was constrained by only 7 1*C dates, along with fewer 2!°Pb
measurements for the upper 40 cm of their core at intervals ranging from
1 to 5 cm. The composite paleo-hurricane record from the HPN-CB site
in Belize (Fig. 10L) had only 9 14¢ dates (for 8 sediment cores) over the
last 5500 years (McCloskey and Liu, 2012) without any supporting 2:°Pb
dates. Besides the analytical errors associated with radiometric dates,
inadequate age control points contribute additional uncertainties to
age-depth models of sediment cores because sedimentation rates vary
spatially and temporally even within the same lake (Wang et al., 2019).
Fewer age control points would naturally result in larger errors in an
age-depth model. It is thus important to keep in mind that uncertainties
in the age models of individual paleo-records are larger than the un-
certainties associated with individual **C ages that were used as controls
in the age models of individual paleo-records (Fig. 10). Although
regional differences in TC frequency pattern likely exist, the discrep-
ancies among paleo-records (Fig. 10), at least in part, reflect the un-
certainties in the age models used in the different studies as well as
differences in the sampling resolution between different paleo-hurricane
studies.

Our high-resolution OGP-based TC records from the northeastern
GOM region display features similar to a 1500-year reconstruction of
basin-wide Atlantic TC activity using a statistical model driven by proxy-
based large-scale climate reconstructions (Mann et 2009a)
(Fig. 10N). These records all show enhanced storm activities during the
MWP and recent times as well as greatly reduced activities during the
LIA (Fig. 10 A-B, N). The high TC activity during the MWP was thought
to result from the reinforcing effects of La Nina-like climatic conditions
and relative Atlantic warmth (Mann et al., 2009a). However, a
paleo-temperature reconstruction from the eastern equatorial Pacific
indicates that the MWP was a warm period in that region, contradicting
the paradigm of a persistent La Nina state during the MWP (Rustic et al.,

al.,
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2015).
4.3. Potential drivers of long-term TC variability

Sea level in the northern Gulf of Mexico has been rising slowly over
the last several millennia, resulting in a gradual landward migration of
the shoreline (Milliken et al., 2008). This would increase the sensitivity
of the study site to storm-surge-driven seawater inundation over time.
However, it is difficult to assess the degree to which this change in site
sensitivity to storm surge might have contributed to the increased SW
event frequencies in recent times and during the prolonged prehistoric
active period (~1500-720 cal yr BP) (Fig. 6A). The observed relation-
ships between TC frequency and paleoclimate indicators and long-term
solar variability (Figs. 6-8) underscore the importance of large-scale
climatic and solar patterns in modulating TC strikes in the north-
eastern GOM region during the late Holocene.

Given the well-documented relationships between TCs and ENSO in
the modern climate (Gray, 1984), it has been hypothesized that the
frequency of intense hurricanes over the last millennia was modulated
by atmospheric dynamics associated with variations in ENSO and the
strength of the West African Monsoon (Donnelly and Woodruff, 2007).
However, others argue there is no clear association between enhanced
ENSO activity and TC activity that is consistent with modern relation-
ships (Muller et al., 2017). Hurricanes impacting our study area over at
least the last 150 years are mostly associated with strong ENSO (Suppl
Fig. 2), suggesting that local storm activity is closely linked to variations
in large-scale processes affecting the atmosphere-ocean system. In
addition, SST variations in the tropical Atlantic related to the AMO are
thought to drive TC activity, with more hurricanes forming during warm
phases than cold phases of the AMO (Goldenberg et al., 2001). Com-
parison of our TC reconstruction with paleo-climate records confirms
that warm SSTs in the tropical North Atlantic are a key ingredient for
fueling TC activity in the Atlantic region (Fig. 6A-D, F-G). However,
SSTs in the northern GOM, along with ENSO, appear to exert additional
controls on storm activities in the northeastern GOM (Fig. 6A-E, H-I)
since periods with SSTs as high as modern in the North Atlantic did not
always support increased TC frequency in the GOM region (Fig. 6A-D,
F-G). SST in the northern GOM is influenced by the Loop Current that
brings warm waters from the Caribbean Sea into the GOM (Thirumalai
et al., 2018). Loop Current transport is linked to seasonal migration of
the Intertropical Convergence Zone (ITCZ) with the average position of
the ITCZ varying in response to solar variability on centennial and
millennial timescales (Nurnberg et al., 2008). Higher solar output would
thus result in a more northerly position of the ITCZ, which would lead to
a strengthened Loop Current and a warmer SST in the northern GOM
(Thirumalai et al., 2018). Eleven periods of elevated TC activity over
various time scales, with accompanying enhanced solar irradiance, are
recognized in our OGP record (blue zones in Figs. 6 and 10). This sta-
tistically robust coherence of enhanced TC activity with higher solar
irradiance (Figs. 7 and 8) supports the concept that solar activity may be
an important driver of climate variability and TC activity through its
influence on atmospheric circulation, ocean currents and SSTs (Ineson
et al., 2011; Trouet et al., 2016; USGS, 2000).

Solar variability plays a complex role in modulating TC activity.
Increased solar irradiance contributes to warming the oceans, resulting
in larger areas with favorable SSTs for TC development. However,
increased solar irradiance also warms the upper atmosphere, reducing
the vertical temperature gradient in the troposphere. This not only
weakens the vertical motion inside a developing TC (Hodges et al.,
2014), but also causes shifts in atmospheric circulation (Haigh, 1996;
Ineson et al., 2011). Although the responses of ENSO and other climate
factors to solar forcing remain poorly understood, our findings suggest
that a combination of high solar irradiance, enhanced ENSO activity,
warm GOM SSTs, and positive AMO phases create favorable conditions
for TC formation on multi-decadal and longer time scales in the north-
eastern GOM (Fig. 6).
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5. Summary and conclusions

We summarize below our main conclusions together with the most
relevant supporting information.

e Our multi-OGP-based high-resolution paleo-storm record indicates
that the northeastern GOM region has experienced various TC ac-
tivity regimes during the late Holocene. Over the last 5500 years, we
recognize 11 relatively active periods (>4 events/century), lasting
from <80 years to >700 years. See data presented in Fig. 6A/B with
highlighted intervals of relatively high TC frequency.

A prolonged active period ~1500-720 cal yr BP comprises two hy-
peractive intervals centered at ~1200 cal yr BP and ~900 cal yr BP,
with TC activity either exceeding or comparable to that seen today.
One of these prehistoric hyperactive intervals coincides with the
MWP. See data presented in Fig. 6A/B that clearly shows a prolonged
active period that contains two hyperactive intervals, with the
younger phase falling within the MWP.

Our record also reveals a nearly 90% reduction in TC frequency
relative to modern occurrences during a particularly quiet period
from 650 to 280 cal yr BP that broadly corresponds to the LIA (see
Fig. 6A/B and Suppl. Table 4).

Our results suggest that warm SST in the tropical North Atlantic is a
necessary but not sufficient condition for fueling TC activity in the
northeastern GOM (see Fig. 6 that compares our TC reconstruction
with published paleoclimate proxy records and long-term solar
variability).

High solar irradiance and warm GOM SSTs, coupled with increased
ENSO activity and positive AMO, appear to create favorable condi-
tions for enhanced TC activity on multi-decadal and centennial
timescales in the northeastern GOM during the late Holocene. This is
supported by the data (Fig. 6A-J) showing increased storm activity
can all be matched, within dating uncertainties, to elevated SSTs (in
both the North Atlantic and northern GOM), generally higher 5'80
values in ice cores (a proxy for AMO), increased ENSO activity, and
higher solar irradiance. In addition, our EEMD and statistical cor-
relation analysis (Figs. 7 and 8) show a very robust coherence be-
tween solar irradiance and our TC paleo-record.

Based on these findings, we suggest that improved future TC pro-
jections will depend upon a more advanced understanding of the com-
plex responses of large-scale atmospheric/oceanic factors to radiative
forcing. Our study also highlights the need to improve sampling,
detection and dating resolution to elucidate the long-term spatiotem-
poral variation patterns of TC activity and their links to regional and
global scale climate forcing.
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