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Tropical and extratropical cyclones have a profound impact on coastal morphology, ecosystems, and human
lives. Given the ongoing global warming and the rising coastal populations, it is an urgent task to evaluate their
impact on coastal regions ranging from low to high latitudes. Although the observation records show both
significant and insignificant changes in tropical cyclone activity over recent decades, detecting long-term trends
and attributing them to anthropogenic warming remains challenging due to the relatively short observation
records and substantial natural variability. Paleotempestology is an emerging research field to reveal past storm
activity prior to observation records based on geological, geomorphological, and biological records. This review
summarizes the current progress and challenges of paleotempestology and provides insight into the response of
storm activity to climate variability in the Holocene. Integrating interdisciplinary perspectives from geology,
paleoclimatology, and numerical climate modeling, this review underscores the non-stationarity of storm ac-
tivity, which is intricately related to climate variability through diverse mechanisms in each basin. Exploring the
links and discrepancies between paleotempestological, paleoclimate, and modeling studies improves our un-
derstanding of the relationship between climate environment and storm activity.

1. Introduction

Storm-induced wind, precipitation and, waves drastically change
coastal morphology through hydrodynamic and sedimentological pro-
cesses. Ecosystems are severely impacted by temporally or irreversible
environmental changes associated with seawater and sediment supply.
The compounded hazards posed by approaching or landfalling storms,
particularly tropical and extratropical cyclones, make it imperative to
evaluate their impact on coastal regions ranging from low to high lati-
tudes, given the rising coastal populations and vulnerability.

Tropical cyclones (TCs) are among the most severe geophysical
phenomena that pose a threat to human lives and property. TCs are
defined as warm-core, non-frontal, low-pressure systems of synoptic
scale that originate over tropical or subtropical waters (Hobgood, 2005).
The main source of energy for TCs is the latent heat of water vapor. The
release of thermal energy through the condensation of water leads to an
increase in wind speed and a decrease in air pressure, drawing in warm,
moist air. As such, TCs are considered mesoscale convective complexes
with self-sustaining heat engines. TCs are classified by their maximum
sustained wind speeds as follows: (1) tropical depression, with winds up
to 17 m/s, (2) tropical storm, with winds of 18-32 m/s (3) hurricane,

typhoon, tropical cyclone, and very severe cyclonic storm depending on
the basin with the winds of 33 m/s or greater. Climatologically, of about
85 tropical storms that occur annually on the Earth, 44 develop into
tropical cyclone/hurricane/typhoon (WMO, 2021a). TCs accounted for
one-third of the deaths and economic losses from weather, climate, and
water disasters in the past 50 years (WMO, 2021Db).

Atmospheric and oceanic environmental conditions are responsible
for the genesis and development of TCs. The following conditions are
necessary for the TC formation (Gray, 1968): (1) sufficient ocean ther-
mal energy (sea surface temperature, hereinafter referred to as SST,
>26 °C), (2) enhanced mid-troposphere (700 hPa) relatively humidity,
(3) conditional instability, (4) enhanced lower troposphere relative
vorticity, (5) weak vertical shear of the horizontal winds, and (6)
displacement by at least 5° latitude away from equator. In other words,
although ocean heat is important as an energy source for a TC, a
disturbance in the atmosphere is also needed. TC activity, including
formation location, frequency, intensity, size, life span, and tracks, is
affected by various time-scale internal climate variability from intra-
seasonal (e.g., Madden-Julian Oscillation) and interannual (e.g., El
Nino-Southern Oscillation, hereinafter referred to as ENSO), to inter-
decadal (e.g., Atlantic Multidecadal Variability and Pacific Decadal
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Variability). Still, the relationship between centennial- to millennial-
scale climate variability and TC activity is poorly understood due to
the lack of long-term record of TCs.

Concerning the possibility of an increase in TC-related hazards due to
anthropogenic global warming, TC-climatology is a major research topic
paramount importance to society. Observational records have indicated
a decrease in the annual counts of global TCs (Klotzbach et al., 2022), an
increase in the proportion of major TCs (Saffir-Simpson categories 3-5)
(Kossin et al., 2020) as well as poleward migration of latitude of
maximum TC intensity in the western North Pacific (Kossin et al., 2014)
within the satellite era—a short time span of the past 40 years. However,
assessing the role of anthropogenic warming from the observational
data alone in the presence of large natural variability is challenging and
has led to inconsistent conclusions on the detection and attribution of TC
trends (Emanuel, 2021; Knutson et al., 2019; Moon et al., 2019; Vecchi
et al.,, 2021). Observational records have the following fundamental
difficulties:

- Low-frequency but large-scale TC events (e.g., once in a century) are
less likely to occur in the observational record (~40 years).

- It is difficult to detect long-term variabilities in TC activity from
relatively short observational records.

- Our understanding of TC characteristics is likely to be biased by the
fact that satellite observations have only begun in the latter half of
the 20th century, when global warming is at an accelerated pace.

- There is spatio-temporal heterogeneity due to differences in obser-
vation methods and accuracy depending on the time and region.

As a result, observation records alone are insufficient to understand
the true characteristics of TCs. Historical records are useful for obtaining
information prior to the instrumental era, but they are relatively short
and lack universality.

Extratropical cyclones (e.g., winter storms) are low-pressure systems
characterized by the presence of cold and warm fronts. They are
particularly prevalent in the mid-latitudes, approximately between 30
and 60° latitudes, including regions such as the North Atlantic, North
Pacific, Southern Ocean, and Mediterranean Sea. Compared to TCs,
extratropical cyclones, especially those making landfall in Europe, are
more frequent (Dullaart et al., 2021). Intense winter storms can cause
impacts including flooding, infrastructure damage, and geomorpholog-
ical alterations, attributable to their winds and precipitation patterns
(Bentley et al., 2019; Castelle et al., 2018; Eisenstein et al., 2022). Ac-
cording to Banerjee et al. (2023), the annual average insured loss
attributed to winter storms during the period 2013-2022 amounted to
2.68 billion USD. While our review primarily focuses on TCs, we also
address extratropical cyclones as a secondary consideration, particularly
concerning regions like Europe where the influence of extratropical
cyclones is substantial.

Paleotempestology is the study of past storm activity prior to
observational records based on geological and geomorphological re-
cords. While sedimentological research on tempestites has long been
conducted, the conceptualization of paleotempestology as a discipline
integrating paleoclimatological aspects was advanced by Dr. Kerry
Emanuel in 1996 (Liu, 2004). The key objectives of paleotempestology
are to:

- Reconstruct the local history including frequency and magnitude of
storm events

- Understand climatology of tropical and extratropical cyclones on
centennial- to millennial-scale

- Detect changes in storm activity before and after anthropogenic
climate change (around the 19th century)

- Impose physical constraints on numerical climate models.

Given the high level of social and scientific interest in storms, the
knowledge of paleotempestology should now be made available to a
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wide variety of people, including geoscientists, socioeconomic planners,
local governments, and policymakers. In order to incorporate the pale-
otempestological findings into hazard and climate risk assessments, such
as the assessment report of the Intergovernmental Panel on Climate
Change (IPCQ), it is crucial to identify which geological records can be
used as paleostorm proxies and what is currently understood. The recent
progress in paleotempestology has been remarkable, and the techniques
and knowledge related to each approach used in this field have been
developed independently. Therefore, understanding the knowledge of a
certain paleotempestological approach requires a high degree of pro-
fessionalism, which makes it difficult for researchers in other fields to
assess the findings, reliability, and challenges.

This paper aims to synthesize current knowledge and challenges of
paleostorm research, which is still in its infancy, based on different
disciplines such as geology, paleoclimatology, and numerical modeling.
The article is organized as follows (Fig. 1): In chapter 2, we compre-
hensively describe various characteristics of geological proxy-based
paleotempestological records, basic principles, current progress, and
issues in paleostorm reconstruction. Chapter 3 reviews paleoclimato-
logical and climatological findings that influence Holocene-scale storm
activity. Chapter 4 discusses long-term variability in basin-scale storm
activity and its mechanism. Chapter 5 reviews the paleoclimatological
studies using numerical models. Finally, chapter 6 compares paleo-
tempestological findings and modeling studies to interpret paleostorm
activity and evaluate models, and provides a future perspective of the
paleostorm study.

2. Paleostorm archives

In this chapter, we describe the geological and geomorphological
records used to reconstruct the paleostorm information (Fig. 2). Deposits
that are formed by hydrodynamic process, such as storm waves, storm
surges, floods, and wind related to storm events are collectively referred
to as storm deposits. Although there are number of proposed proxies,
here we introduce four types of major storm deposits in the following
sections: (1) overwash deposits, (2) deposits in coastal karst basin, (3)
coastal boulder deposits, and (4) beach ridges. In the final section, we
introduce (5) chemically and biologically formed laminae such as tree
rings, speleothems, and corals, which record storm-related high
precipitation.

Chapter 1
General Introduction

Chapter 2

Chapter 3

Paleotempestological Archives Paleoclimatology & Climatology

Chapter 4
Basin and Global-Scale
Paleotempestology

Chapter 5
Paleoclimate Modeling

Chapter 6

Synthesis of Paleostorm Studies

Fig. 1. Structure of the article.
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Fig. 2. Conceptual diagram of coastal environment with storm-associated phenomena.

2.1.1. Characteristics of overwash deposit

Overwash is overflowing water over onshore during storms and may
cause shoreface erosion and sediment transport. Overwash deposits are
sedimentary units deposited as a result of overwash event (Fig. 3a).
Briefly, the impacts of storm waves and surges on the coastal zone are
determined by extreme water level (combined effects of storm surge,
astronomical tide, wave setups and run-up) and beach morphology
(Masselink and van Heteren, 2014; Sallenger, 2000). In the Storm
Impact Scale model (SIS model) proposed by Sallenger (2000), overwash
is classified into the following two types: i) Overwash regime and ii)
inundation regime.

i) The overwash regime occurs when the average water level during a
storm (Riow) is below the crest or dune height (Dy;gn), but the swash
runup height (Rpigh) is above Dpigh (Rhigh > Dhigh > Riow). Wave
overtopping can cause foreshore sediments to be deposited over the
crest/dune. When many waves pass over the crest/dune, sediments
eroded from the surface of offshore/foreshore/dune/crest are
transported to the backshore and deposited. When the crest/dune is
uneven, the overwash funnels through a gap (known also as a throat)
and lower part of the foredune and then spreads laterally to the
backshore. The flow velocity of the overwash decreases due to the
action of friction and penetration. Consequently, suspended sedi-
ment deposits, forming a leaf-like or spray-like pattern called a
washover fan behind the barrier (May et al., 2017; Williams, 2015).

ii) The inundation regime occurs when Rjo, e€xceeds Dy;gh. This regime
is defined as a crest/dune completely and continuously submerged

by constantly flowing water. When the crest/dune height is constant,
sheets of water and sediment flow over the crest. Sediments are
deposited by the action of friction and penetration, forming sheet-
like sediments (Phantuwongraj et al., 2013). Inconsistent crest/
dune height or concentration of flow can cause localized overwash
and form washover fans similar to the overwash regime. Overwash
flow often forms channels and causes temporary breaches. Breaches
involve large topographical changes, sediment supply to the back
barrier, hydrological changes through the reconstruction of river
systems and channels, and the destruction of ecosystems. Temporary
breaches close once the water level returns, whereas full breaches
may remain open for extended periods.

These basic concepts have been supported by physical process, nu-
merical modeling, and field survey (Chaumillon et al., 2017; Donnelly
et al., 2006). See Chaumillon et al. (2017) for a review of recent ad-
vances in interdisciplinary approaches. Studies on modern overwash
events, utilizing observational and historical records, have revealed
diverse sedimentological features of overwash deposits. Sedimentary
patterns of these deposits are complicated due to hydrodynamic factors,
geographic factors related to storm and site location, and local
geomorphological factors. Overwash deposits consist of one or multiple
layers that arw (Nanayama et al., 2000; Soria
et al., 2017). Laminations and sharp basal contacts are commonly found
in overwash deposits (Brill et al., 2016; Hawkes and Horton, 2012). The
sedimentary facies of overwash deposits can be characterized as graded,
degraded, or both (Phantuwongraj et al., 2013; Sedgwick and Davis,
2003). Graded structures are interpreted to be formed by the turbulence
and suspension associated with the overwash flow (Brill et al., 2016).
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Fig. 3. Example photographs of proxies used for paleotempestology. (a) Overwash deposit at the barrier. (b) Blue hole. (c) Coastal boulder deposit. (d) Beach ridge.
(e) Tree rings. (f) stalagmite in the cave. (g) Coral (Right: positive print of X-ray. Left: Illuminated by UV light). Photo credit information: (a) Figure from Donnelly
et al. (2006). Reproduced and modified with permission from the Coastal Education and Research Foundation, Inc. (b) U.S. Geological Survey (USGS), Public domain,
via Wikimedia Commons. (c¢) This study. (d) Education Specialist, CC BY 2.0, via Wikimedia Commons. (e) James St. John, CC BY 2.0, via Wikimedia Commons. (f)
Figure from Baldini et al. (2015). Licensed by Elsevier. (g) Figure from Lough (2010). Licensed by John Wiley and Sons. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

The mechanism behind the formation of the reversed structure remains
unclear, but it has been suggested that it results from increase in flow
velocity (Spiske and Jaffe, 2009), dispersion pressure (Bagnold, 1954),
dynamic sieving effect (Knight et al., 1993), and settling of heavy
minerals after sedimentation (Leatherman and Williams, 1983).

These sedimentary structures are generally accompanied by inland
sorting. Typically, the average grain size of overwash deposit gradually
decreases in response to decreasing flow velocity (Woodruff et al.,
2008a). Macroscopically, overwash sheets over backbarrier plains often
show an inland thinning trend (Williams, 2012). However, those sys-
tematic features are not always observed (Castagno et al., 2021; Soria
et al., 2017).

2.1.2. Principles behind the use of overwash deposits as storm proxy

Through the overwash process, sediments are transported inland and
overwash deposits are formed on the backbarrier. Subsequently, normal
low-energy sediments (e.g., soil and peat) are deposited on the top of the
overwash deposit, and thus the overwash deposit layers are buried
within the strata. Therefore, information on storm events can be
reconstructed by identifying paleostorm deposits in the strata. Storm
deposits are identified based on grain size distribution, elemental
composition, mineral composition, microfossils (foraminifera, diatoms,
and dinoflagellates), organic content, and sedimentary structures.
Dating methods are used to construct chronostratigraphy and determine
the approximate age of storm events.

Reconstruction of paleostorm information such as storm frequency
and/or intensity has been conducted using overwash deposits in the
coastal regions of western North Atlantic (Boldt et al., 2010; Donnelly
et al., 2015; Hippensteel, 2011; Hippensteel and Garcia, 2014; Kiage

et al., 2011; Scileppi and Donnelly, 2007), Gulf of Mexico (Aharon and
Lambert, 2009; Bregy et al., 2018; Das et al., 2013; Ercolani et al., 2015;
Lambert et al., 2008; Lane et al., 2011; Liu and Fearn, 1993, 2000;
Rodysill et al., 2020), Caribbean Sea (Donnelly and Woodruff, 2007;
McCloskey and Keller, 2009; McCloskey and Liu, 2012, 2013; Peros
etal., 2015), North Europe (Orme et al., 2015; Sorrel et al., 2009, 2012),
Mediterranean Sea (Degeai et al., 2015; Dezileau et al., 2011, 2016;
Kohila et al., 2021; Raji et al., 2015; Sabatier et al., 2012), western North
Pacific (Kongsen et al., 2021a, 2021b; Williams et al., 2016; Woodruff
et al., 2009, 2015), Central Pacific (Toomey et al., 2013), eastern North
Pacific (Bianchette et al., 2022; Hemphill-Haley et al., 2019), and South
Indian Ocean (May et al., 2015a).

The intensity of a storm event determines the magnitude of storm
surge and waves it produces (Lin et al., 2010). Roughly speaking, the
extent and thickness of the resulting overwash deposit can be expected
to be correlated with the intensity of the storm, assuming that storm
track is direct to the study site and other parameters remaining constant.
A pioneering study by Liu and Fearn (1993) found that category 3
Hurricane Frederic (1979) did not supply overwash sediment across the
barrier, whereas category 4 or higher TCs did so at Lake Shelby, US. Liu
and Fearn (1993) inferred that only category 4-5 hurricanes were
capable of forming the sandy overwash layers on the floor of Lake
Shelby, given that the geomorphologic setting has not altered signifi-
cantly over the past 5000 years. Using a similar modern analogue
approach, Liu and Fearn (2000) reconstructed the history of hurricanes
above category 4 that struck Western Lake in the US over the past 3200
years. Boldt et al. (2010) reported a 2000-year record of overwash
events in the backbarrier saltmarsh of southeastern New England. They
found a good agreement between the timing of storms that caused storm
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surge comparable to barrier height and the ages of overwash deposits,
based on the historical tide gauge records and storm surge modeling.

Hippensteel and Martin (1999) and Collins et al. (1999) utilized
microfossil records to identify overwash deposits, which were not
detectable from lithology alone. Scott et al. (2003) reconstructed the
storm activity on the South Carolina coast dating back to 5700 years BP
based on the overwash layers characterized by the peak abundance of
calcareous offshore foraminifera.

Dezileau et al. (2011) identified records of storm overwash in sedi-
ments from a lagoon on the French Mediterranean coast, spanning a
period of 15,000 years, through the use of grain size distribution and
geochemical methods. Subsequently, Sabatier et al. (2012) conducted
additional grain and geochemical analyses, as well as faunal, mineral,
and dating, on the same site. This resulted in the identification of seven
distinct episodes of heightened storm activity over the last 7000 years
(Sabatier et al., 2012).

There are interesting coincidences between the historical and
geological records of storms in East Asia. Legend states that the Mongol
Empire, one of the world’s largest armadas of its time, twice attempted
to invade Japan in the 13th century, but both times, the Japanese de-
fenses were saved when the Mongol fleet was destroyed by storms
referred to as Kamikaze (meaning “divine winds” in Japanese; Uda,
2003). Woodruff et al. (2015, 2009) described overwash sediment re-
cords characterized by grain size peaks and heavy mineral enrichment
from sediment cores of two coastal lakes in southwestern Japan near the
location of the Mongol invasions. These sedimentary reconstruction of
the overwash events indicate that there were periods of greater flood
activity relative to modern times in this region, supporting the historical
lore.

2.1.3. Challenges

Overwash deposits are commonly used for paleostorm reconstruc-
tion, however, several issues must be considered. One issue is the se-
lection of coring locations. Overwash deposit can extend
heterogeneously across the backbarrier (Fig. 3a). In general, it is thickest
on the seaward side of the washover fan and thinnest on the inland edge
of the fan. Liu (2004) pointed out that the presence and thickness of the
overwash layer in cores taken from coastal lakes depends on the position
of the coring relative to the overwash fan. Therefore, it is important to
sample and correlate multiple cores to reconstruct the complete storm
history of the region.

Second, the geomorphological setting must be considered as changes
in barrier height can affect the sensitivity of the lake/marsh/pond in the
backbarrier to storms. Also, if the current freshwater lake was once a
saltwater lake or brackish lake, sedimentological features and paleon-
tological records formed by overwash may differ from the present. Thus,
it is recommended to reconstruct the paleoenvironment and ensure that
the geomorphological setting is preserved.

Third, the estimation of storm magnitude using overwash deposits is
limited. Several studies have attempted to estimate storm intensity or
overwash magnitude based on grain size distributions (Toomey et al.,
2013; Woodruff et al., 2008b). It is likely that, assuming other param-
eters such as storm tracks and sediment source conditions are the same,
larger storms would transport larger grained sediments to the back-
barrier. However, extreme water level rises associated with storms de-
pends not only on the storm intensity, but also on meteorological and
geomorphological factors, and the relative positions of the storm and the
site. Caution should be exercised when directly estimating event in-
tensity from sediment records. Numerical computation of storm surge
and sediment transport is useful to constrain the storm condition satis-
fying the distribution of overwash deposits (Brandon et al., 2014).

The identifiable temporal intervals of storm events differ from site to
site. If the interval between two or more storms is short, overwash layers
formed by both events may be difficult to distinguish unless enough fine-
grained sediments have been deposited inter-event. Especially in coastal
lowlands and marshes, the sedimentation rate is slow relative to storm
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event frequency and the upper part of deposit may be eroded by the
overwash process. Coastal lakes are suitable for identification of over-
wash layers because of their high sedimentation rate and relatively low
erosion.

Finally, the uncertainty in dating techniques makes it difficult to
estimate the absolute age of storm events. The high frequency of storm
events compared to tsunami events caused by earthquakes and land-
slides makes it more difficult to determine their ages. Therefore, it is
common to estimate the frequency of events over a period of centuries to
millennia.

2.2. Coastal karst basin

2.2.1. Characteristics of coastal karst basins

Coastal karsts are basin-like landforms formed by dissolution and
alteration on a Quaternary scale and buried below sea level in carbonate
landforms (Mylroie et al., 1995). They come in forms such as sinkholes,
blue holes, and submarine caves (Fig. 2). Among coastal karst basins,
blue holes located in shallow waters are, in particular, favored for
paleostorm reconstruction (Fig. 3b).

Blue holes are open, basin-like underground cavity filled with tidal-
influenced freshwater, seawater, or mixed water formed on a carbonate
platform (Mylroie et al., 1995; Fig. 3b). These holes open directly into
the present marine environment and contain ocean water, usually
accompanied by tidal currents. In contrast, inland sinkholes, separated
from oceanic conditions by the present topography, open to the ground
surface or to ponds and lakes and contain waters of varying chemical
composition from freshwaters to seawaters. The formation of blue holes
reflects the consequences of many sea level changes, as Quaternary sea
level oscillations cause the freshwater lens and its mixing zone passes up
and down many times through hole-bearing rocks (Mylroie et al., 1995).
Limestone platforms dissolve internally to form caves, and cave ceilings
eventually collapse (Mylroie et al., 1995). After formation, blue holes
that open to the outside become natural sediment traps, recording
paleoenvironmental proxies.

Blue holes are generally protected by walls made of limestone, and
are low-energy environments that are less affected by ocean currents,
waves, and bioerosion. Thus, during normal quiescence, fine particles
settle and deposit on the karst floor (Gischler et al., 2008). Fine-grained
sediments consist mainly of carbonate clastic produced in lagoons and
reefs. Fine-grained sediments often have laminar structures that are
thought to be formed by seasonal fluctuations in organic matter pro-
duction and may be regarded as varve (Denommee et al., 2015). Deep
enough holes are free from bioturbation due to the anoxic environment
at the bottom. Inland sinkholes tend to be composed of mud-silt,
dominated by organic sediments such as trees and leaves (van Heng-
stum et al., 2016).

Field surveys include coring, seismic surveys, bathymetric surveys,
temperature and salinity profile measurements. Cores are analyzed for
grain size, X-ray CT scan, trace element composition, organic matter
content, and isotope composition. Isotopic records from normal sedi-
ment provide paleoclimate proxies (Gischler et al., 2008), paleoenvir-
onmental reconstructions (van Hengstum et al, 2020), and
hydroclimatic reconstructions related to summer precipitation (Sullivan
et al., 2021).

2.2.2. Principles behind the use of coastal karst as storm proxy

Over the past two decades, an increasing number of studies have
used sediments within coastal karst basins to reconstruct storm history
(Bramante et al., 2020; Brandon et al., 2013; Brown et al., 2014;
Denommee et al., 2015; Gischler et al., 2008; Lane et al., 2011; Rodysill
et al., 2020; Schmitt et al., 2020; van Hengstum et al., 2016; Wallace
et al., 2019, 2021a, 2021b, 2021c; Winkler et al., 2020, 2022). When a
storm passes around a carbonate platform, a significant bottom shear
stress is generated by the storm waves, leading to the supply of sediment
to the blue hole, either through the transport of reef or lagoon sediment,
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or through the collapse of the hole’s rim. Storm waves form relatively
coarse-grained sedimentary layers, which can be distinguished from the
fine-grained sediments that accumulate during quiescent conditions.
Similarly, when a storm passes around an inland sinkhole, large sedi-
ments from the reef and coast may be supplied to the hole by over-
topping waves or falling into the hole from the surrounding area.

Sediments within coastal karst basins can also be used for chro-
nostratigraphy, similar to inland overwash deposits. Paleostorm fre-
quency is reconstructed by identifying event layers and creating
chronostratigraphy. The holes are topographically protected and the
water depth is deep, resulting in little physical and biological erosion.
Due to these factors, the sediments are highly preservable. Additionally,
it is possible to detect relatively weaker events than those captured by
inland overwash deposits because of the likelihood of sediment supply
by storms.

Gischler et al. (2008) collected sediment cores at the bottom of the
blue hole at Lighthouse Reef, Belize. The core consists of undisturbed
annually-laminated mud and silt layers and interrupted coarse-grained
storm event bed. Schmitt et al. (2020) also surveyed the lighthouse
Reef and reconstructed the annually-resolved record of TCs for 1885
years.

In Bahamas, lots of surveys for paleostorm reconstruction have been
conducted at blue holes of Abaco (van Hengstum et al., 2014; Winkler
et al., 2020), South Andros (Wallace et al., 2019; Winkler et al., 2020),
Cay Sal Bank (Winkler et al., 2022), Long Island (Wallace et al., 2021c),
and Middle Caicos (Wallace et al., 2021a). Wallace et al. (2019) inter-
preted that in the blue hole deposits near the inland, foliage originating
from mangrove forests is supplied into the blue hole during storms. A
compilation of Bahamas records suggested that TC activity in Bahamas
synchronously fluctuated on a centennial time scale (Winkler et al.,
2022).

Bramante et al. (2020) reconstructed a 3000-year record of cyclone
activity from blue hole sediments in Jaluit Atoll, Marshall Islands. Their
results indicate the variability of cyclogenesis in the low latitudes of the
North Pacific (Bramante et al., 2020).

2.2.3. Challenges

Grain size analysis serves as the primary method for identifying
storm beds in coastal karst basins. Determining the threshold of grain
size for identification of storm event deposit poses a challenge. In many
cases, both non-event and event deposits comprise carbonate clastic,
complicating identification. While differences in texture, colour, and the
presence or absence of lamina may exist, grain size is typically the most
commonly used method for certification. It is important to note that
normal low-energy sediment may be affected by reef productivity, sea
level, and climatic conditions, so it is crucial to select a site with high
degree of accuracy in certification.

Constraining the magnitude of past storm events that make each
event beds presents challenges. Blue holes, facing the open ocean,
readily admit storm waves entering. Generally, blue holes and sinkholes
exhibit a lower threshold for the magnitude of storm events forming
event beds compared to inland backbarrier settings (Denommee et al.,
2015; Schmitt et al., 2020). Consequently, determining the magnitude of
the events forming each event layer is more challenging.

2.3. Coastal boulder deposit

2.3.1. Characteristics of coastal boulder deposit

Coastal boulder deposits are coarse-grained clastics distributed
individually or in groups on coastal areas such as rocky coast, reef flat,
cliff top, sandy beach, and coastal terraces (Fig. 2, 3c). The dimensions
of boulders are measured from field survey and aerial photographs. In
general, boulders with a long axis length of 1 m or more are often
studied, although pebbles and cobbles with a diameter of several tens of
centimeters are also studied (Lau and Autret, 2020). This section mainly
refers to boulders of 1 m or more. Because coastal boulder deposits are
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formed by high-energy waves such as storm waves and tsunamis, these
deposits and their sedimentary features provide adequate evidence of
past extreme wave events (Cox et al., 2018; Goto et al., 2010a).

Coastal boulder deposits are typically produced when upper coastal
and submarine bedrocks or biochemical sedimentary rocks (e.g., coral)
are detached during high-energy wave events. Boulder fields formed on
reef flats and unobstructed flat platforms tend to be dispersive (Goto
etal., 2010b). Boulders on reef flats are found in tropical and subtropical
regions such as the western North Pacific, South Pacific, and the
Caribbean (Goto et al., 2009; Morton et al., 2006; Terry and Lau, 2018).
The energy of storm waves attenuates as they break on the reef, resulting
in boulders concentrated only with in the limited distance (~300 m),
and the boulders’ distribution exhibits an inland fining trend (Goto
et al., 2009; Lau et al., 2016). The long axes of boulders tend to be
oriented perpendicular to the flow direction (May et al., 2015b). Waves
amplified by refraction, reflection, and local topography cause high run-
up and carry boulders onto clifftops (Autret et al., 2016; Fichaut and
Suanez, 2011). Boulder ridges formed by overlapping boulders are
commonly found on rocky coasts (Etienne and Paris, 2010; Paris et al.,
2011). Boulder ridges are frequent on the storm-prone, open-sea coasts
of Western Europe (Autret et al., 2018; Cox et al., 2012), but they are
also observed on less energetic coasts around the Mediterranean Sea
(Causon Deguara and Gauci, 2017). The direction of imbrication typi-
cally indicates the flow direction (Cox et al., 2019; Erdmann et al.,
2018). The distribution of boulders is determined by wave climate,
geomorphological setting, and the availability as a sediment source,
including lithology and fragility of basement.

Coastal boulder deposits are valuable geological evidences of coastal
hazard events for the following reasons: (1) their preservation even in a
high-energy environment over time, (2) their mass which requires large
wave forces to move them, and (3) the relative simplicity of describing
their transportation compared to that of sandy or muddy sediments.

2.3.2. Principle behind the use of coastal boulder deposit as storm proxy

Coastal boulder deposits serve as a record of the magnitude and
timing of past storm events. Physical equations for boulder trans-
portation are utilized to estimate the magnitude of wave conditions,
such as flow speed, wave height, wave period and wave force. Nott
(1997, 2003) proposed a hydrodynamic model for estimating the wave
height required for the initial movement of boulders, demonstrating the
feasibility of inferring hydrodynamic conditions from measurable data
of boulders. However, subsequent studies have identified limitations in
these models, such as assumptions of the unique value of Froude number
and equivalent treatment of onshore flow height and offshore wave
height in the equation (Cox et al., 2020; Watanabe et al., 2020). On the
other hand, Nandasena et al. (2011, 2013) proposed a model for esti-
mating the minimum flow velocity required for boulder transport via
sliding, rolling, and lifting under more reasonable assumptions. Through
comparisons of these inverse models and wave simulation results, not
only the onshore wave conditions but also the incident offshore wave
conditions can be estimated. Rovere et al. (2017) estimated incident
wave conditions for transportation of clifftop boulders in Elauthera,
Bahamas by comparing the estimated current velocity from the inverse
model with wave run-up calculation results. Watanabe et al. (2019)
developed a model accounting for vertical hydrodynamic forces and
demonstrated that the clifftop boulders in Hachijojima Island, Japan
were formed by storm waves rather than tsunamis.

Another approach is to compute the forward model for wave and
boulder movement simultaneously. This approach calculates how much
the boulders move under arbitrary conditions, making it possible to
constrain the incident wave conditions that explain the actual distri-
bution of boulders (Minamidate et al., 2020, 2022). In general, forward
boulder transport models (Imamura et al., 2008; Nandasena and Tanaka,
2013; Noji et al., 1993) solve motion equations based on Morison’s
equation (O’Brien and Morison, 1952). The movement of boulders is
determined by the action of fluid force, bottom friction force, gravity
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force, and lift force. Minamidate et al. (2020) performed numerical
simulations of storm surges, waves, and boulder transport under the
constraint of explaining the distribution of the boulders in Kudaka Is-
land, Japan, and determined the maximum intensity of typhoons and
associated storm waves that hit the island over the past 3500 years.

Boulder components and biological remains are dated to determine
when the boulder was dislodged from water onto land or when the wave
events were active (Cox et al., 2012; Hansom and Hall, 2009; Kench
et al., 2018; Lau et al., 2016; Tao et al., 2021; Terry et al., 2016b; Terry
and Etienne, 2014; Yu et al., 2004; Zhao et al., 2009; Zhou et al., 2021).
Coral boulders have a special advantage that they can be directly dated
by radiocarbon dating or uranium series dating. By measuring the ages
of coral boulders in Thailand, Terry et al. (2018) identified four sepa-
rated periods of high storm activity, 600-700 CE, 900-1000 CE,
1150-1250 CE, and 1400-1650 CE, and clarified that areas around
Bangkok Bay have potential typhoon risks.

2.3.3. Challenges

The research field of coastal boulder deposits is still developing and
met with several challenges. Firstly, it should be noted that the inverse
model using dimensions of boulders indicates the minimum flow ve-
locity required to transport boulders but not necessarily the actual flow
velocity. The dimensions and sizes of boulders depend not only on the
magnitude of the wave event, but also on the local topographic setting,
including the existence and orientation of faults, joints and cracks, and
reef microtopography. Basically, the inverse model yields a larger esti-
mated flow velocity for larger boulders. If topographical factors limit the
size of the supplied boulders, the resulting velocity will also be limited.
Conversely, if a given event were to supply the largest class of trans-
portable boulders, the lower bound on the estimated minimum flow
velocity would be maximized. Therefore, large or difficult-to-move
boulders are suitable for the inverse model. In contrast, using the
spatial distribution as a constraint in addition to the boulder dimension
compensates for these shortcomings, and allows us to estimate the wave
magnitude that forms the boulder distribution (Minamidate et al.,
2020).

Secondly, there is a concern that the spatial distribution of the
boulders may change due to subsequent events after the distribution has
been formed once. For example, in the Ryukyu Islands, Japan, a region
where TCs frequently pass through, storm-derived boulders are
distributed throughout the archipelago. However, on Ishigaki Island, the
large tsunami of 1771 swept away the boulders on the reef crest, thus it
can be interpreted that the boulders observed on the reef crest today
were supplied by the storm waves over the next 250 years (Goto et al.,
2010Db). It is necessary to consider the possibility that the boulders have
moved multiple times to estimate the wave and storm conditions that
carried them to their present locations.

Finally, there is the problem that age estimation is limited by mul-
tiple factors. The accuracy of dating is limited by post-depositional
preservation due to weathering and abrasion, growth rate of coral, dif-
ficulty in sampling the youngest parts, and the presence or absence of
marine organisms. In general, organic materials such as plant fragments
and pollen, which are generally used for sandy sediments, cannot be
used for boulders. For these reasons, it may be hard to estimate the age
with high precision and accuracy compared to sandy sediments based on
stratigraphy. In addition, when the number of boulders that are dated is
limited, there is a possibility that past events cannot be detected. A
statistically sufficient amount of age data would be necessary to detect
the age of the event and the period when the event was active.

2.4. Beach ridge

2.4.1. Characteristics of beach ridge

Beach ridges are prograding sedimentary systems consisting of
alternating ridges and flat planes parallel to the coastline (Fig. 3d). They
are primarily composed of sand, gravel, or a mixture of them. The
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formation mechanism of beach ridges is controlled by allogenic and/or
autogenic processes. Allogenic process includes changes in meteoro-
logical and oceanographic conditions such as storm activity (Tamura
et al., 2018), tectonic activity (Monecke et al., 2015), and eustatic- and
isostatic-induced sea level change (Brooke et al., 2019). Autogenic
process includes local change in sediment budget (Hein et al., 2016),
topography, and vegetation (Moore et al., 2016). The attribution of each
formative factor depends on local and/or regional regimes (Short, 2006;
Tamura, 2012).

The formation of beach ridges is a result of coastal plain pro-
gradation, although the specific mechanisms of formation are still being
debated. The formation of prograding beach ridge involves two phases:
the initial advance of the beach berm, followed by the growth of the
ridge both vertically and horizontally through sediment supply from
normal and storm waves (Tamura, 2012). New ridges form on the
seaward side of past ridges. Each ridge can be distinguished by its
sedimentary profile. Additionally, aeolian processes may also contribute
to the formation of the ridge top through processes such as ridge crest
concentration, erosion, and ridge growth around vegetation (Tamura,
2012; Tamura et al., 2018). Techniques such as Ground Penetrating
Rader (GPR), drilling, and Optically Stimulated Luminescence (OSL)
dating are commonly used to study the underground structures, age, and
sedimentary processes of beach ridges.

2.4.2. Principles behind the use of beach ridge as storm proxy

Beach ridges on wave-dominated or wave-influenced coasts may
potentially retain information on past storms, as storm waves play one of
the significant roles in the formation and erosion of beach ridges
(Bendixen et al., 2013; Clemmensen et al., 2009; Fairbridge and Hillaire-
Marcel, 1977; Forsyth et al., 2010, 2012; Goslin and Clemmensen, 2017;
Lindhorst and Schutter, 2014; Nott et al., 2009; Nott, 2011; Nott et al.,
2013; Nott and Hayne, 2001; Scheffers et al., 2012; Tamura et al., 2018,
2019).

Some researchers have reported beach ridges along the northeastern
and western coasts of Australia, interpreting them as being formed by
waves associated with TCs (Forsyth et al., 2010, 2012; Nott, 2011; Nott
et al., 2009; Nott and Forsyth, 2012; Nott and Hayne, 2001). Each ridge
forms 10 to 30 rows on the coastal plain. A marine inundation event
higher than the ridge height is required to add sediment along the ridge
elevation. Therefore, Nott and his coauthors propose that the final
sedimentary layer on top of each ridge records the maximum flooding
event that deposited the ridge. Nott et al. (2009) showed that 29 ridges
with heights of 3.5-5.5 m in Queensland, Australia were formed by
storms of category 4 or higher using storm surge simulation. This
method is based on the hypothesis that the magnitude of storm events
can be estimated from the height of each ridge, and the event interval
can be estimated from the age difference of the ridges.

Clemmensen et al. reconstructed the relative ridge height at the time
of its formation by subtracting sea level changes from the current ridge
profile (Clemmensen et al., 2012, 2016; Goslin and Clemmensen, 2017).
The beach ridges along the coast of Anholt, Denmark have been formed
in the last 7000 years, with one ridge forming in about 15 years
(Clemmensen et al., 2012). They mapped the downlap points corre-
sponding to the sea level at the time of ridge formation and estimated the
relative height of the ridge. They concluded that the storm intensity was
high during the period between 4000 and 3500 years ago when the
beach ridge developed significantly (Goslin and Clemmensen, 2017).

2.4.3. Challenges

Despite the significant interest in beach ridges as indicators of
paleostorm activity, a robust method for estimating paleostorm activity
from them has yet to be established. Tamura et al. (2018) reevaluated
the usefulness of ridges as paleostorm indicators, focusing on coarse-
grained beach ridges in Queensland, which had been previously used
to reconstruct paleostorm activity. The previously surveyed older inland
ridges do not exhibit separate sedimentary layers, but instead show
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massive structures (Forsyth et al., 2010; Tamura et al., 2018). Tamura
et al. (2018) suggested that the temporarily formed sedimentary struc-
ture may have been erased by bioturbation, thereby limiting our ability
to identify the number of cyclones that have formed a ridge. Addition-
ally, variation in the thickness of the storm deposit makes it more
difficult to estimate realistically the thickness of sediment layer deliv-
ered by a single event (Nott et al., 2013).

To model ridge construction over longer periods, it is important to
determine the amount of time required for a single ridge to form. In
general, storm waves cause substantial topographical changes through
erosion (Masselink and van Heteren, 2014). Most of the investigated
coarse-grained ridges contain truncation surfaces in trench profiles and
GPR phases (Bristow and Pucillo, 2006; Tamura et al., 2018). There are
also gaps of several hundred years between the ridges (Tamura et al.,
2018). It is unclear whether this reflects a period of non-ridge formation
or is caused by significant erosion. In the latter case, it is inappropriate
to assume the apparent mean interval of ridge formation.

The validity of using coarse-grained ridge elevation as an index of
storm surge run-up and storm magnitude has not yet been robustly
tested. Without an accurate reference sea-level curve, it is impossible to
quantify the run-up level above mean sea level. The presence of astro-
nomical tides with ranges of several meters and spatial variations in the
maximum surge rise level produced by a single cyclone introduce un-
certainty into estimates of past cyclone magnitude based on ridge ele-
vations (Tamura et al.,, 2018). Therefore, Tamura et al. (2018)
concluded that coarse-grained ridges do not provide a reliable record of
past storm inundation. On a gravel beach, aeolian ridge remobilization
is unlikely to have occurred, but erosion effects and difficulty in
recognizing separate storm layers remain significant issues.

It is important to determine whether a ridge was formed by a single
storm event or multiple storm events. Bendixen et al. (2013) found that
the formation of the beach ridges along the Baltic coast was only
observed in about 20% of all storms passing the study area, indicating
that not all extreme events form ridges. If a ridge is formed by a single
event, the chronological difference between ridges probably correspond
to the storm interval. However, if a ridge is formed by multiple events,
the age difference of inter-ridges does not indicate the storm interval and
the height of the ridge may characterize the event that formed the top
unit. When the speed of coastal progradation is high, forming the
topmost unit may represent the largest event in a period of time.
Therefore, the information gleaned from the ridge differs depending on
whether it was formed by one event or multiple events.

It should be noted that storms act not only as formation factors, but
also as erosion factors (Scheffers et al., 2012). Wave-built ridges are also
known to be later modified by aeolian forces and covered with aeolian
sand (Bendixen et al., 2013; Tamura, 2012). Additionally, modification
by vegetation and accumulation of sand due to increased ground density
cannot be ignored (Tamura et al., 2018). Clemmensen et al. (2016) have
suggested that well-preserved gravel beach ridges may provide a better
record. The beach ridges in Vesterlying beach, Denmark, which are
considered to be relatively well preserved. However, they are not
formed only by gravel, but are mixed sand and gravel ridges, with
vegetation growing on the surface, which make paleostorm recon-
struction difficult.

Lastly, it is unclear whether the height of a beach ridge can be
quantitatively regarded as the magnitude of a specific storm event. This
is because pre-event ridge height, beach width and slope can affect post-
event height (Stockdon et al., 2006). Even for events of the same
magnitude, the higher the original ridge, the higher the run-up height.
Furthermore, since the run-up distance varies depending on the slope
and width of the beach, it is expected that the narrower the beach, the
higher the run-up height. Therefore, the final ridge height that can be
observed today is the result of a combination of storm magnitude and
other factors.
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2.5. Chemically and biologically formed laminae as tree rings,
speleothem, and corals

2.5.1. Characteristics of chemically and biologically formed laminae

In this section, the use of tree rings, speleothem, and corals as layered
records of paleostorms is described. Tree rings (Bregy et al., 2018, 2022;
Collins-Key and Altman, 2021; Cook et al., 2013; Knapp et al., 2021;
Knapp and Hadley, 2012), stalagmites (Baldini et al., 2015; Denniston
et al., 2015; Frappier et al., 2007; Zhang et al., 2008), and corals (Chen
et al., 2018; Cobb et al., 2003; Greer and Swart, 2006; Kilbourne et al.,
2011; Nyberg et al., 2007) are well-established paleoclimatic and
paleoenvironmental proxies with high temporal resolution (annual to
intra-annual), and have also been used as paleostorm proxies.

The tree profiles in many temperate forests display alternating bright
(earlywood) and darker (latewood) bands that are continuous around
the tree (Bradley, 2014; Fig. 3e). A single set of earlywood and latewood
corresponds to one year of tree growth, and is called a tree ring. The
average width of tree rings is a function of several variables, including
tree species and age, storage in trees, soil nutrients, and climatic factors
such as solar radiation, precipitation, temperature, wind speed, and
humidity (Vaganov et al., 2011). Climatic information can be obtained
from annual changes in tree-ring width, tree-ring density, and isotope
ratios. In the tropics, most trees do not form annual rings because sea-
sonal temperature changes are small. However, in many tropical forests,
there are strong seasonal variations in rainfall and evaporation, which
affect annual variability in tree growth and oxygen isotope composition.
Therefore, it has been confirmed that annual growth can be identified
and measured even in the absence of tree rings (Poussait et al., 2006).

Stalagmites are one of the speleothems that rise from the floor of
limestone caves due to dripping water (Fig. 3f). The formation process of
stalagmites, along with other speleothems, is the reprecipitation of
limestone that constitutes caves (Fairchild et al., 2006; Fairchild and
Baker, 2012). The water in the stalagmite cave originates from precip-
itation in the limestone area. In caves, calcite is precipitated by CO4
outgassing and evaporation (Fairchild and Baker, 2012). Isotopic equi-
librium is maintained when sedimentation occurs by gentle degassing,
and isotopic values of groundwater are recorded (White, 2007). If rapid
outgassing and/or evaporation occurs, the precipitation reaction is too
rapid to maintain isotopic equilibrium (White, 2007). The growth rate of
stalagmites is controlled by the chemical conditions of water and the
drip rate. The partial pressure of carbon dioxide in the cave atmosphere
varies significantly seasonally, reflecting the chemical conditions of
dripping water and the precipitation rate. Changes in the seasonal
growth rate of stalagmites results in the formation of bands (Tan et al.,
2003). Annual bands can also be formed that reflect the organic acid
content of soil origin (Tan et al., 2003). Stalagmites can record climatic
information such as temperature and precipitation by capturing oxygen
isotope signals in seasonally deposited calcite layers (Fairchild and
Baker, 2012). In addition to isotopes, trace elements, optical charac-
teristics (luminescence), and layer thicknesses are also used (Fairchild
and Baker, 2012).

Corals, which form calcium carbonate skeletons, also used for pale-
oclimate reconstruction (Bradley, 2014; Fig. 3g). Reef-building massive
corals (Porites and Mondastaea) are commonly used in paleoclimate
studies (Gagan et al., 2000). Porites grow concentrically and spherically,
and annual rings are formed by seasonal changes in the skeletal density
of precipitates. The annual growth rate is about 1-2 cm, and colonies
reaching several meters may record environmental information for the
past several hundred years. Analysis with high temporal resolution is
possible because they precipitate a dense skeleton. Samples for analysis
are cut from coral slabs or cores at regular intervals along the growth
axis or specific skeleton. For example, sub-sampling a 1-cm-wide annual
ring with a resolution of 1 mm can provide a monthly environmental
record. The oxygen isotope ratio (5'%0,) in coral skeletons is determined
by the surrounding seawater temperature and the oxygen isotope ratio
(SISOW) of sea water at the time of skeleton precipitation (Grottoli and
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Eakin, 2007). 8!80,, is controlled by mixing, evaporation and precipi-
tation of seawater, so it roughly corresponds to salinity. Since isotopi-
cally lighter water tends to evaporate, increasing evaporation increase
5'80,,. On the other hand, since the oxygen isotope ratio of precipitation
is lighter than that of seawater, the decrease in salinity due to precipi-
tation works to reduce 6180W. Therefore, 8180C reflect seawater tem-
perature and salinity (precipitation and evaporation) (Grottoli and
Eakin, 2007). In addition, the growth rate, trace metal elements (Sr, Mg,
Ba) incorporated by substituting Ca in calcium carbonate, and optical
characteristics (luminescence) are also used as indicator of seawater
temperature, salinity, and flooding events (Bradley, 2014).

2.5.2. Principle behind the use of chemically and biologically formed
laminae as storm proxy

Rain fall during TCs is known to have significantly lower oxygen and
hydrogen isotope ratios than other weak rains due to strong isotope
fractionation (Lawrence and Gedzelman, 1996; Munksgaard et al., 2015;
Sanchez-Murillo et al., 2019). By detecting such changes in isotope
signals from tree rings, stalagmites, and corals, it may be possible to
identify past precipitation events associated with storms.

For isotope analysis of tree rings, the monocomponent alpha-
cellulose is extracted to avoid chemical heterogeneity problems (Brad-
ley, 2014). Oxygen isotope ratios of cellulose contained in the tree rings
reflect summer rainfall (directly, summer relative humidity, and rainfall
isotope ratio). Miller et al. (2006) provided a 220-year oxygen isotope
record for alpha-cellulose in longleaf pine in the southeastern United
States, whose variability coincided with the passage of historical TCs in
the 19th and 20th centuries. Their results suggested that the oxygen
isotope record of tree rings can serve as proxies for TC frequencies over
centuries.

Some studies have indicated that the growth of trees is affected by
temporary changes in rainfall associated with TCs, and their accompa-
nying groundwater fluctuations, seawater inundation, and peak wind
speeds. Harley et al. (2011) constructed a dendrochronology between
1871 CE and 2009 CE using a total of 23 slash pine in South Florida, and
found that changes in growth rate correlated with events such as hur-
ricanes and wildfires. Trouet et al. (2016) combined a chronology of tree
growth suppression with a Caribbean shipwreck record. They hypothe-
sized that storm related seawater inundation inhibited tree growth, and
estimated that the frequency of TC passage decreased by 75% during the
Maunder Minimum in around the 17th century. In order to detect
changes in TCs from tree rings, comparison with other meteorological
factors that may affect tree growth is important. In the Oregon coast,
Knapp and Hadley (2012) showed that variations in tree growth over
350 years were weakly related to temperature, precipitation, and
drought, but strongly correlated to peak wind speed of storms. Knapp
et al. (2021) also reconstructed the variability of TC precipitation from
1750 to 2015 using longleaf pine in North Carolina. Collins-Key and
Altman (2021) examined whether tree ring width of longleaf pine from
Georgia, US shows past TC activity, and concluded that the signals of TC
activity could not be significantly detected from the original chronology
data of tree ring width because they were strongly influenced by other
climatic factors. They, however, suggested that the TC signal could be
detected by removing other external factors from the raw data.

Oxygen isotope ratios in stalagmites can serve as proxy for recording
short-term climatic events (meteorological events) if the water residence
time is sufficiently short. Consequently, it is possible to reconstruct past
precipitation events by sampling at a high enough resolution compared
to the growth rate of the stalagmite. For instance, Frappier et al. (2007)
presented a 23-year oxygen isotope record of stalagmites from caves in
Belize, showing negative 5'80 peaks corresponding to TC rainfall events.
Baldini et al. (2016) also used the Belize stalagmite and successfully
reconstructed 450 years of western Caribbean TC activity from oxygen
and carbon isotope record. Haig et al. (2014) proposed a TC activity
index based on stalagmite oxygen isotope ratios for Australia, suggesting
that the current storm activity on the mid-west and northeast coasts of
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Australia is unprecedently lower over the past 550 and 1500 years,
respectively. Medina-Elizalde et al. (2016a, 2016b) constructed an
about 1400-year oxygen isotope record from the Yucatan Peninsula
stalagmite in Mexico, and proposed a hypothesis that the frequency of
TCs influenced the collapse of the Classical Maya civilization.

Corals may also record isotope ratio changes associated with heavy
precipitation events and runoff events from continents. Runoff events
have been reported to be recorded as fluorescent bands in corals (Grove
et al., 2010; Isdale et al., 1998). These bands are produced by incorpo-
rating land-derived fulvic acid into coral structures. Nyberg et al. (2007)
used coral luminescence as an index of hurricane frequency over a 270-
year period, showing a steady decline in hurricane frequency in the
northern Caribbean from 1750 to 1995 CE. Lough (2007, 2011) also
used coral luminescence in northeastern Australia to reconstruct the
history of runoff events. Considering the runoff to the coastal area of the
Great Barrier Reef is mainly derived from summer rainfall due to TCs,
they calibrated the luminescent signals to TC-related rainfall from 1685
CE. Hetzinger et al. (2008) reconstructed about 80 years of SST and
precipitation variability from coral 520 records in the southeastern
Caribbean Sea, and showed that corals reflected the variability of
Atlantic decadal oscillations and TC activity.

2.5.3. Challenges

The three types of lamina records discussed in this section are
considered indirect indicators of storms, and there are several issues to
consider when using them as proxies for paleostorm events. Firstly, it is
important to verify that the obtained records, such as isotope records,
growth pattern, and runoff indices, are actually indicative of heavy
precipitation events. As with any paleoclimate reconstruction, it is
necessary to ensure that the climate index of interest can be distin-
guished from other sources of noise (Bradley, 2014). Lewis et al. (2011)
have noted the presence of undetected and false positives in tree rings.
Additionally, Yang et al. (2021) have stated that while precipitation
events certainly provide rainwater with low §'%0, the isotopic changes
in cave water are minimal and difficult to detect. Therefore, it is
essential to understand which proxies, species, and sites are available
and their respective sensitivities (Frappier, 2008; Lases-Hernandez
et al., 2020).

Secondly, even if proxies are indicators of precipitation, it is not al-
ways easy to determine whether they are specifically detecting TC or
other precipitation events such as summer or winter monsoons. Kil-
bourne et al. (2011) verified the sensitivity of 5'80 in coral skeletons in
Puerto Rico as a proxy for past TCs and found that TC-related precipi-
tation cannot be distinguished from other precipitation events. It may be
possible to consider that the variability in a proxy is mainly caused by TC
if the record is from where summer-time precipitation is predominantly
induced by TCs (Lough, 2007).

Thirdly, these proxies assume that the same climatic factors influ-
ence lamina formation in the same way over the past and present. The
fact that a proxy is consistent with the observed record is a necessary but
not sufficient for it to be used as a proxy for past storms. To make
paleostorm reconstruction more robust, it is important to compare and
verify records from multiple sources, not just from a single record (Black
et al., 2019).

2.6, _Common challenges of the origin of event deposits: Storm or
Tsunami?

Distinguishing whether wave-induced event deposits originate from
a storm or a tsunami is one of the largest challenges in storm deposit
identification. Both storm deposits and tsunami deposits contain marine
detritus transported by waves and currents, and often exhibit similar
sedimentary characteristics and patterns. Despite considerable research
aimed at characterizing both storm and tsunami deposits (Morton et al.,
2007; Nanayama et al., 2000; Switzer and Jones, 2008), there is no
universally applicable method to distinguish between them.
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Sedimentary patterns can serve as valuable indicators for identifying
storm deposits, considering geomorphological, climatological, and tec-
tonic settings, hydrodynamic processes, and local sedimentary envi-
ronments. Landward washover fans are typical features of storm
deposits, whereas they are rarely formed by tsunami (Morton et al.,
2007). Rip-up crusts are less frequently observed in storm deposits
compared to tsunami deposits, attributed to the weaker bottom shear
stress during onshore flow of storm surge (Kortekaas and Dawson,
2007).

Tsunami and storm waves have different characteristics, leading to
disparate patterns in boulder distributions. In general, tsunamis are
characterized by one or two waves with long wavelengths (long wave
period). Storm waves manifest as groups of hundreds of waves, each
possessing shorter wavelength (short wave period). Boulders originating
from the tsunami tend to exhibit long distribution distances, often
spanning on the order of 10° m (Goto et al., 2007, 2010b). These
tsunami boulders are typically sparse and lack pronounced sorting (Paris
et al., 2009). In contrast, boulders resulting from storm waves display
shorter distribution distances, typically on the order of 102 m, and
exhibit a landward fining trend due to the wave attenuation as they
interact with the reef (Goto et al., 2009; Lau et al., 2016).

Characteristics of sediment composition may be useful in identifying
the sediment sources. Storm deposits typically exhibit better sorting
compared to tsunami deposits, as storm waves generally scour only
limited coastal sources; however, tsunami deposits originate from
diverse material sources from the outer shelf to inland. Due to the long
wavelength of tsunamis, they have the potential to transport molluscs
from greater depths and distances. Nanayama et al. (2000) and Korte-
kaas and Dawson (2007) reported that tsunami deposits, such as those
from the 1993 Hokkaido-nansei-oki and the 1775 Lisbon events, con-
tained more abundant shells than storm deposits from the same sites.
Recently, sedimentary DNA analysis has also been attempted to differ-
entiate between tsunami and storm deposits (Yap et al., 2021).

Numerical simulations of storm surges, tsunamis, and associated
sediment transport are invaluable for understanding sedimentary
mechanisms and distinguishing between storm and tsunami deposits.
When simulating storm surge, various parameters such as storm in-
tensity, path, and size are considered (Minamidate et al., 2020; Wata-
nabe et al., 2018). For tsunami simulations, historical or hypothetical
tsunami sources can be assumed based on the local tectonic setting of
study area (Minamidate et al., 2022; Sugawara, 2021).

To assess tsunami potential, it is recommended to compare dates of
known tsunami events from convincing historical, archaeological, and
geological records around the study area (Goff et al., 2012). The higher
the risk of tsunami exposure, the more challenging it becomes to identify
storm deposits. In regions where the recurrence interval of tsunamis can
be interpreted as significantly longer compared to storms, attributing
tsunamis to the formation of event deposits becomes less likely
compared to storms. Nevertheless, considering the possibility of a
tsunami as an uncertainty is advisable.

3. Paleoclimatology and climatology

We review researches on climate variability and climatic events
during the Holocene that have influenced long-term storm activity in the
sections 3.1 and 3.2, respectively. The Holocene, the most recent
geological epoch, began 11,650 years BP and is divided into the early,
middle, and late Holocene, with lower limits of 11,650 years BP, 8186
years BP, and 4200 years BP, respectively Table 1. Sections 3.3 and 3.4
present findings on climate patterns and internal factors involved in
storm dynamics, respectively. Section 3.5 gives a brief review of
observed trends in storm activity under the current global warming.

3.1. Millennial and centennial scale climatic trends

Proxy-based paleoclimate reconstruction indicates that the global
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Table 1
Holocene division and major paleoclimatic features.

Division Lower General features of General feature of other
Limit temperature features

Early 11,650 Warming trend Melting ice sheets
Holocene years BP

Middle 8276 years  Sustained warm Increased vegetation
Holocene BP

Late 4200 years  Cool Increase in greenhouse
Holocene BP gasses

Industrial 1800 CE Rapidly warming Increase in anthropogenic
Era greenhouse gasses

annual mean temperature rose for several thousand years from the
beginning of the Holocene, and then declined after a peak around 6 ka
until around the 19th century (Kaufman et al., 2020a; Marcott et al.,
2013; Fig. 4a). Several global and regional temperature reconstructions
have been proposed, but there is little consensus on the most suitable
one (Kaufman et al., 2020a; Marcott et al., 2013). Kaufman et al.
(2020a) compared between five reconstruction methods and analyzed a
multimethod ensemble (Fig. 4a). On average, the warmest millennium
was centered at 6.5 ka, which was 0.6 °C warmer than in the 19th
century (Kaufman et al., 2020a). The warmest 200-year interval was
also centered around 6.5 ka, which was 0.7 °C warmer than in the 19th
century (Kaufman et al., 2020a). On the other hand, recent climate
model simulation did not show a cooling trend from 8 ka, instead, they
showed a slight uptrend to pre-industrial times (Osman et al., 2021).
Clarifying discrepancy between proxy-based reconstructions and
climate models have been considered as important future work (Erb
et al., 2022; Kaufman and Broadman, 2023; Osman et al., 2021).

The onset of the early Holocene (~11 ka) marks the end of Greenland
Stadial 1, also known as the Younger Dryas stage, and is followed by the
warming of climate. Climate change during this transition led to a
temperature increase of approximately 15 °C in central Greenland over a
period of 1500 years, with 5-10 °C of that increase occurring within
decades (Fig. 4b). Additionally, global SST also increased around 12 ka,
though the exact extent of variation is uncertain due to the seasonal bias
of the oceanic proxy records (Bereiter et al., 2018; Bova et al., 2021;
Kaufman et al., 2020a, 2020b).

The middle Holocene is characterized by a relatively warm period.
The sustained warm period of ~9.5 ka is called as the Holocene Thermal
Maximum (HTM). The HTM was concentrated in the northwestern part
of North America between 11 and 9 ka, whereas in the northeastern part
it occurred 4 k years later due to residual ice sheet and the asymmetry of
the atmosphere-ocean circulation (Kaufman et al., 2004). Renssen et al.
(2012) have shown that the warmest HTM conditions were found at high
latitudes in both hemispheres, with temperature reaching up to 5 °C
above pre-industrial levels, while the smallest signals were found in the
tropics (<0.5 °C). This latitudinal contrast in the HTM is mainly related
to orbital forcing (Renssen et al., 2012). Globally, a cooling trend began
with a peak at ~6.5 ka (Kaufman et al., 2020a; Fig. 4a) and is thought to
be caused by orbital factors (Wanner et al., 2015; Fig. 4c). The IPCC AR6
concluded with moderate confidence that the mean temperature peak
during the Holocene was 0.2-1.0 °C higher than in the late 1800s. Ma-
rine sediment-based surface temperature reconstructions also show a
warm climate during the middle Holocene and a cooling trend after
around 6 ka, similar to terrestrial sediment records (Kaufman et al.,
2020a, 2020b).

The late Holocene is a relatively stable and cold period in the Ho-
locene. Multiple compilations have shown a consistent global cooling
trends in the late Holocene (Kaufman et al., 2020b; Marcott et al., 2013;
Fig. 4a). Mean millennial-scale temperature declined by 0.08 °C/k year
from 6 ka until the 19th century (Kaufman et al., 2020a). Paleoclimatic
and paleoceanic changes in the Common Era over the past 2000 years
have been analyzed with particularly high resolution and exhaustive-
ness (McGregor et al., 2015; PAGES2k Consortium, 2013, 2017; Fig. 5).
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Fig. 5. Climate variability and external forcing in the Common Era. (a) Reconstructed global mean temperature anomaly (blue line) with 95% confidence level (blue
shade) and observed global mean temperature anomaly (black line) (Intergovernmental Panel on Climate Change (IPCC), 2021). (b) Greenland temperature
reconstruction (Kobashi et al., 2017). (c) El Nino proxy reconstruction. Red colour intensity (red) from Laguna Pallacacocha, Ecuador (Moy et al., 2002) and sand
content (magenta) of El Junco, Galdpagos (Conroy et al., 2008). (d) NAO reconstruction (Olsen et al., 2012; Trouet et al., 2009). (e) Record of the ITCZ position.
Titanium content (light green) of Cariaco Basin sediment (Haug et al., 2001) and reconstructed ITCZ shift index (purple) based on speleothem record from Klang
Cave, Thailand (Tan et al., 2019). (f) Volcanic forcing (Kobashi et al., 2017). (g) CO2, N2O, and CH,4 reconstruction from Antarctica ice core (Bereiter et al., 2015;
gpahni et al., 2005). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The PAGES2k Consortium has reconstructed temperature variations in
seven continents over the past 2000 years, with the most consistent
feature being a long-term cooling trend until the 19th century (PAGES2k
Consortium, 2013). McGregor et al. (2015) conducted a global synthesis
of the SST in the common era based on 57 individual reconstructions and
found a globally robust SST cooling to the 19th century.

After the industrial revolution (1850 CE-present), anthropogenically
induced global warming occurred against the background cooling trend
in the late Holocene (Mann et al., 2009b; Fig. 5a). IPCC AR6 concluded
that human impacts have caused warming of the climate at an unprec-
edented rate over the past 2000 years, and that global temperatures have
reached levels unprecedented in the last 100 k years (Fig. 5a). The global
mean temperature during the first 20 years of the 21st century was
~0.99 °C higher than that during 1850-1900 CE (Intergovernmental
Panel on Climate Change (IPCC), 2021). Moreover, for 80% of ensemble
members according to Kaufman et al. (2020a), temperatures in the most
recent decade were higher than in any 200-year interval in the last 12 k
years. Note that changes in older time intervals may have been
smoothed out compared to temperature changes in relatively short in-
tervals in the 20th century (Kaufman et al., 2020a). IPCC AR6 has
deemed the warming of oceans shallower than 700 m since 1970s CE to
be virtually certain, while the warming of oceans between 700 m and
2000 m is considered very likely, and the warming of the oceans deeper
than 2000 m is deemed likely (Intergovernmental Panel on Climate
Change (IPCC), 2021). SST compilation by McGregor et al. (2015) shows
a significant warming trend from 1801 to 2000 CE. IPCC AR6 also
indicated that the mean SST increased by 0.88 °C from the late nine-
teenth century (1850-1900 CE) to the last two decades (2011-2020).
The increase in CO, and CH4 since 1750 CE far exceed natural variability
over at least the last 800 k years, and the increase in N3O is similar to the
variation during this period (Intergovernmental Panel on Climate
Change (IPCC), 2021; Fig. 5g).

3.2. Climatic events

In this section, we describe warm and cold climatic events that
occurred in the Holocene in chronological order (Table 2). The most
prominent recurring events during the Holocene are Bond events. Bond
et al. (2001) identified periodic cold climatic events that existed
throughout the Holocene, based on the ice-rafted debris from marine
sediments in the North Atlantic, later called Bond events (Fig. 4d). Bond
events are thought to have been triggered by southward and eastward
advection of surface waters from the Nordic & Labrador Seas, resulting
in centennial-scale cooling reversals in the North Atlantic and Europe
(Bond et al., 2001). The nine bond events are numbered from 0 to 8 and
have peaks at around 0.4, 1.4, 2.8, 4.3, 5.9, 8.1, 9.4, 10.3, and 11.1 ka
(Wanner and Butikofer, 2008; Fig. 4d). These events occurred at in-
tervals of about 1-1.6 k year, but there is still no plausible explanation
for the mechanism of this cycle. Several processes are thought to be
involved in the formation of the cycle, including orbit-driven insolation,
changes in solar irradiance, large volcanic eruptions, the Atlantic
Meridional Oceanic Circulation (AMOC), and variations in the internal
climate system (Wanner et al., 2015). The 8.2 ka and 4.2 ka abrupt
global climate changes, which are also used to define the Holocene
subdivision, are introduced in Subsections 3.2.1 and 3.2.2, respectively.
The Little Ice Age (LIA) which corresponds to Bond event 0 that occurred
in the late Holocene is introduced in Subsection 3.2.4.
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Table 2
Climatic Events.

Start Period Feature = Main region
time
Bond Event 8 ~11.1 ~300 Cold North Atlantic
ka years
Bond Event 7 ~10.3 ~300 Cold (North Atlantic)
ka years
Bond Event 6 ~9.4 ka ~300 Cold (North Atlantic)
years
8.2 ka event ~8.2 ka ~160 Cold North Hemisphere,
(Bond Event 5) years South America
Bond Event 4 ~5.9 ka ~400 Cold North Atlantic
years
4.2 ka event ~4.2 ka ~300 Cold Global
(Bond Event 3) years
Bond Event 2 ~2.8 ka ~300 Cold (North Atlantic)
years
Roman Warm ~2.2ka ~600 Warm Europe, North Atlantic
Period years
Late Antique Little ~ ~1.4 ka ~300 Cold North Atlantic, Europe
Ice Age years
(Bond Event 1)
Medieval Climate ~1.0ka ~300 Warm Global
Anomaly years
Little Ice Age ~0.5 ka ~300 Cold Global, Especially North
(Bond Event 0) years hemisphere
Current Warm 1850 CE  ~170 Warm Global
Period years

3.2.1. 8.2 ka event

At the beginning of the middle Holocene (8.2 ka), Greenland expe-
rienced a rapid cooling, which lasted for about 160 years over the
northern hemisphere (Matero et al., 2017; Thomas et al., 2007). This 8.2
ka cold event is considered to be the most significant climatic event in
the Holocene, with estimated average annual temperature decreases in
Greenland by 6 + 2 °C (Thomas et al., 2007; Fig. 4b). Evidences of this
climate change have also been found in various regions such as Europe,
North America, South America, Africa, Central Asia, and East Asia (Alley
and Agflstsdéttir, 2005; Wang et al., 2005). The 8.2 ka event is believed
to have been caused by the weakening of the AMOC by the massive
outflow of freshwater from the glacial lake Agasiiz-Ojibway into the
North Atlantic Ocean, resulting from the melting of the Laurentide Ice
Sheet (Alley and Agflstsdéttir, 2005).

3.2.2. 4.2 ka event

At the beginning of the late Holocene (4.2 ka), a rapid drying and
cooling event is thought to have occurred across a wide area of the
Earth. Based on the 580 record obtained from the Mawmluh stalactites,
a sharp decrease in precipitation occurred with the weakening of the
Indian monsoon (Berkelhammer et al., 2013). At 4.2 ka, monsoon
weakening and accompanying drying occurred in India, Oman, the
Middle East, and East Africa (Dixit et al., 2014; Nakamura et al., 2016).
There is a decrease in surface water temperature in the western tropical
Pacific during this period (Stott et al., 2004).

The mechanism behind the 4.2 ka event remains unclear. Like the
8.2 ka event, previous studies have suggested that climate shifts in the
North Atlantic may have been the primary cause of this event (Mayewski
et al., 2004), but little evidence has been found for the 4.2 ka event in
northern high-latitude regions (Walker et al., 2012). Other proposed


AdG
Texte surligné 

AdG
Commentaire sur le texte 
cold
the warm peak is closer to 2.0 ka BP

AdG
Texte surligné 


K. Minamidate and K. Goto

causes include the southward movement of the ITCZ (Mayewski et al.,
2004), a decrease in surface water temperature in the North Atlantic
Ocean (Bond et al., 2001), and intensification of El Nino-type conditions
(Walker et al., 2012).

3.2.3. Medieval Climate Anomaly

The Medieval Climate Anomaly (MCA) is a period of warming that
occurred primarily in the North Atlantic Ocean, spanning the 9th to 13th
centuries (Mann et al., 2009b). However, its duration and scale are
spatio-temporally heterogeneous, and no globally consistent warm
period has been found (Mann et al., 2009b; Neukom et al., 2019;
PAGES2k Consortium, 2013). Continental-scale temperature re-
constructions of the Common Era have found that the period between
830 and 1100 CE featured warm periods in all four Northern Hemi-
sphere regions, such as Arctic, Europe, North America, and Asia
(PAGES2k Consortium, 2013). Whereas, in South America and Aus-
tralasia, a sustained warm period was observed later, from around 1160
to 1370 CE (PAGES2k Consortium, 2013).

3.2.4. Little Ice Age

The Little Ice Age (LIA) was a period with a cooler condition that
occurred around the 13th to 19th centuries, mainly in Europe, but it was
also observed outside of Europe (Mann et al., 2009b; Fig. 5a, b). Ac-
cording to a continental compilation by PAGES2k, the transition to
cooler climates occurred earlier in the Arctic, Europe, and Asia, and later
in North America and the Southern Hemisphere. This transition was
sustained in all regions except Antarctica by 1580 CE (PAGES2k Con-
sortium, 2013). These regional differences may be attributed to internal
climate variability, including major modes of atmospheric variability
(PAGES2k Consortium, 2013). Considered associated with Bond event O,
the LIA was probably the coldest period since the 8.2 ka event (Wanner
et al., 2015).

3.3. Climatic pattern

3.3.1. El Nino and Southern Oscillation

ENSO is a recurring climatic pattern associated with changes in at-
mospheric circulation and ocean temperature in the central to eastern
tropical Pacific Ocean. El Nino and La Nina are two phases of ENSO. El
Nino is characterized by weaker easterly winds, higher SST in the central
to eastern tropical Pacific, and an eastward shift of the active convection
area. By contrast, La Nina is characterized by stronger easterly winds,
higher SST in the western tropical Pacific, lower SST in the eastern Pa-
cific, and a westward retraction of the area of convection toward
Indonesia and the western Pacific. ENSO affects the climate of Asia,
North America, South America, Africa, Australia, Indonesia and other
regions either directly or through teleconnections.

ENSO is the climatic pattern has the most influence on regional TC
activity. From observation records and modeling, it is well known that
the location of TC generation shifts to the southeast (northwest) during
El Nino (La Nina) in the western North Pacific. Along with this south-
eastward shift, TCs tend to have longer lifespans (Wang and Chan, 2002)
and the number of strong TCs tends to increase during El Nino (Camargo
and Sobel, 2005). The shift of the occurrence position is considered to be
caused by the eastward expansion of the monsoon trough and westerly
winds (Wang and Chan, 2002), the decrease in wind shear near the In-
ternational Date Line (Wang and Chan, 2002), and the suppression of TC
genesis in the western North Pacific due to the decrease in relative hu-
midity near the continent (Camargo et al., 2007). The impact of ENSO on
TC activity in the western North Pacific is also seen in the shape of the
track, and during El Nino, TC tends to turn northeast and move further
north (Wang and Chan, 2002).

A clear relationship between TC activity in the eastern North Pacific
and ENSO has been found, with a westward shift of the occurrence po-
sition during El Nino (Camargo et al., 2007). In the central Pacific, TC
occurrence increases due to low vertical shear and large sublayer
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vorticity during El Nino although the average annual TC occurrence is
generally low (Camargo et al., 2007).

North Atlantic TC activity is strongly associated with ENSO. During
El Nino, hurricane activity in the Atlantic decreases, but increases dur-
ing La Nina. This negative correlation is evident across a wide range of
indices, including hurricane numbers, TC numbers, and Accumulated
Cyclone Energy (ACE). The effect of ENSO on the number of TC occur-
rences is due to the dynamic effect of decreasing vertical shear during El
Nino (Camargo et al., 2007). There are twice as many hurricanes during
La Nina as during El Nino. Furthermore, the number of landings in the
United States increases during La Nina (Larson et al., 2005).

In the North Indian Ocean, ENSO affects TC activity mainly during
the post-monsoon season (October-December). An increase in fre-
quency, intensity, and the rate of rapid intensification of TC is observed
especially in the Bay of Bengal during La Nina compared to during El
Nino (Bhardwaj et al., 2019; Felton et al., 2013).

In the western South Pacific, the location of TC generation shifts
eastward during El Nino, and TC may occur in French Polynesia, where
it is usually less affected by TCs (Camargo et al., 2007; Kuleshov et al.,
2008). Overall, the total number of TCs increase in the South Pacific
during El Nino (Basher and Zheng, 1995). On the other hand, during La
Nina, the number of TC landing in northeastern Australia increases
(Kuleshov et al., 2008).

Many geological proxies suggest that ENSO has millennial-scale
variability, although there are some discrepancies. Paleoclimate re-
cords in the tropical Pacific show a decrease in ENSO variability from
the early Holocene to the middle Holocene and an increase over the few
thousand years (Carré et al., 2014; Conroy et al., 2008). A 12,000-year
reconstruction of alluvial sediments from Laguna Pallcacocha, Ecuador,
showed an increasing ENSO frequency up to 1.2 ka, followed by a
decreasing trend (Moy et al., 2002; Fig. 5¢). Sediment records of Holo-
cene ENSO frequency reconstructed from Lake Eljunco, Galapagos sug-
gest an increase in frequency at 9 ka and 4.2 ka (Conroy et al., 2008;
Fig. 5¢). Carré et al. (2014) reconstructed ENSO variability over the past
10 k years in the eastern equatorial Pacific from Peruvian mollusk fossils
showing that the variability was close to the present level in the early
Holocene and decreased significantly at 4-5 ka. Some paleoclimate
proxies show La Nina-like consistency of cooling in the eastern equa-
torial Pacific (Mann et al., 2009b), dryness in the southwestern US (Cook
et al., 2014), and wetness in the western North Pacific (Steinman et al.,
2014) in the early past millennium (1000-1400 CE).

3.3.2. Arctic Oscillation and North Atlantic Oscillation

Arctic Oscillation (AO) is a climatic pattern characterized by coun-
terclockwise circulating winds in the Arctic around latitude 55°N, in
which the Arctic and mid-latitudes of Northern Hemisphere vary in
antiphase (Thompson and Wallace, 1998). The North Atlantic Oscilla-
tion (NAO) is a climatic pattern in which the intensity of both the Ice-
landic low and the Azores high in winter season (Hurrell et al., 2001).
AO and NAO are closely linked with a high correlation coefficient of
0.95 (Wanner et al., 2001).

NAO affects storm activity mainly in the North Atlantic. NAO shifts
the pressure pattern and the position of the jet stream, thus affecting the
North Atlantic storm track (Elsner, 2003). Boudreault et al. (2017) sta-
tistically investigated the effects of climatic factors on TC activity in the
North Atlantic and found a strong negative correlation between NAO
and the annual number of TCs and hurricanes in the entire North
Atlantic, and the number of TC landfalls in the United States. Frank and
Young (2007) found a positive correlation between TC in the Indian and
Atlantic Oceans that TC activity in the Indian Ocean decreases during
the positive phase of NAO.

NAO plays an important role in winter storm activity in Europe.
Positive NAO phases lead to more frequent and intense storms affecting
Europe during the winter season (Pinto et al., 2009). There is a positive
correlation of NAO indices with winter storms in northern Europe and
smaller or negative correlations in southern Europe (Hanna et al., 2008).
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The Alkenone-based Holocene-scale SST records show cooling in the
eastern North Atlantic and warming in the eastern Mediterranean,
northern Red Sea, and subtropical Atlantic from the early to late Holo-
cene, suggesting an AO/NAO-like weakening of the atmospheric circu-
lation in the northern hemisphere (Rimbu et al., 2003). Summer cooling
in the Northern Hemisphere from the mid-Holocene to the pre-industrial
period, combined with changes in global temperature gradients, could
probably explain a negative NAO index (Wanner et al., 2008). In the last
millennium, the LIA and MCA correspond to negative and positive AO/
NAO patterns, respectively (Mann et al., 2009b; Fig. 5d). This response
may be caused by the interaction of solar radiation with lower strato-
spheric and upper tropospheric atmospheric dynamics, resulting in
negative patterns during periods of low irradiance such as the LIA and
conversely positive patterns during the period of high irradiance such as
the MCA (Mann, 2021).

3.3.3. Atlantic Meridional Oscillation

Atlantic Meridional Oscillation (AMO), also known as Atlantic Me-
dieval Variability (AMYV), is a natural climate variability that is observed
in the multidecadal variability of SST in the tropical North Atlantic and
in the variability of the Atlantic thermohaline circulation (Delworth and
Mann, 2000). AMO has been investigated as a factor that explains the
multidecadal TC variability in the North Atlantic (Goldenberg et al.,
2001). Klotzbach and Gray (2008) found that the index which described
from the North Atlantic SST and sea level pressure anomalies is
consistent with the observed multidecadal variation in Atlantic TC
numbers and frequency of landfalls in the United States. Boudreault
et al. (2017) also confirmed that there is a positive correlation between
the number of TCs and hurricanes in the North Atlantic and the AMO
index.

3.4. Internal factor of climate system

Atmospheric and oceanic circulation systems vary in position and
intensity on the Holocene timescale. Here we briefly describe the
characteristics and known variations of the main constituents of the
climate system.

3.4.1. Atlantic Meridional Overturning Circulation

The Atlantic Meridional Overturning Circulation (AMOC) is a ther-
mohaline circulation characterized by the northward current of warm,
saline surface water and the southward current of cold, deep water in
Atlantic Ocean. AMOC is thought to have a significant influence on
climate and storm activity in the North Atlantic, Europe, and globally,
although the relationship between AMOC strength and storm activity is
not completely clear. Yan et al. (2017b) conclude that the decline of the
frequency of major Atlantic TCs from 2005 to 2015 is likely related to
increased vertical wind shear due to a weakening of AMOC. The
strengthening (weakening) of AMOC results in the weakening
(strengthening) of the winter storm track and Aleutian Low, which affect
European climate (Zhang et al., 2019).

Ayache et al. (2018) statistically analyzed the integration of 22 proxy
records over the Holocene covering the North Atlantic and reconstructed
the variation of AMOC. The results suggested that AMOC reached a
maximum at 6-7 ka and then weakened until ~2 ka (Ayache et al.,
2018). Rahmstorf et al. (2015) estimated AMOC variability over the past
millennium by integrating paleoclimate proxies. They found an anom-
alous decline in AMOC intensity over the last 100 years in the last 1000
years (Rahmstorf et al., 2015). Compilation of proxy records by Caesar
et al. (2021) also supports the unprecedented slowdown in AMOC over
the past century.

3.4.2. Intertropical Convergence Zone

The Intertropical Convergence Zone (ITCZ) is the area where the
northeast and southeast trade winds converge around the Earth near the
equator. The ITCZ is accountable for the ascending portion of the Hadley
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circulation, where energetic convective activity takes place. A signifi-
cant number of TCs in the tropical oceans are generated within the ITCZ
(Studholme et al., 2022). Idealized simulations have found a strong
relationship between the characteristics of ITCZ and the frequency of
TCs (Burnett et al., 2021; Merlis and Held, 2019). A statistical analysis
by Liao et al. (2023) showed that in the North Atlantic and western
North Pacific, the frequency of TC genesis is significantly correlated with
the position of the ITCZ, with more TC genesis occurring in years when
the ITCZ is further poleward.

Haug et al. (2001) showed a drying trend after 5400 years BP and a
decrease in precipitation during the period 3800-2800 years BP and the
LIA (Fig. 5e). They conclude that this change in precipitation is best
explained by changes in the mean latitude of the ITCZ in the Atlantic
(Haug et al., 2001). Fleitmann et al. (2007) provided records of pre-
cipitation variability along latitudinal transects from four-site stalagmite
records in Oman and Yemen. Their results indicate a rapid migration of
the summer ITCZ during the early Holocene and a gradual migration
southward during the middle to late Holocene (Fleitmann et al., 2007).

3.5. Observed trends in storm activity under the current global warming

As mentioned in the previous section, the magnitude of natural
variability across various temporal scales makes it difficult to detect
anthropogenic influences on storm activity. Identifying past trends in TC
metrics remains a challenge due to the heterogeneous nature of histor-
ical instrumental data, which are known as best-track data (Schreck
et al., 2014). Inhomogeneities in data quality and limited temporal
length are insufficient to provide robust trend detection statements,
especially in the presence of multi-decadal natural variability (Inter-
governmental Panel on Climate Change (IPCC), 2021).

While observational records do not exhibit a clear trend in global TC
frequency, they do reveal a significant decreasing trend in the western
North Pacific (Knutson et al., 2019). The sixth assessment report of IPCC
indicates low confidence in the existence of long-term (decades to cen-
turies) trends in the frequency of all categories of TCs (Intergovern-
mental Panel on Climate Change (IPCC), 2021). On the other hand, the
proportion of category 3-5 TCs among global TCs likely increased over
the past 40 years (Klotzbach et al., 2022; Kossin et al., 2020; Walsh et al.,
2016).

The poleward migration in the peak position of TCs has been
confirmed in both the Northern and Southern Hemispheres (Kossin
et al., 2014), which is particularly pronounced in the western North
Pacific (Daloz and Camargo, 2018; Lee et al., 2020). This poleward shift
of TCs in the western North Pacific offsets changes in overall TC intensity
(Kossin et al., 2020; Lee et al., 2012). The poleward shift of TCs is
interpreted to be associated with changes in the Hadley circulation
(Sharmila and Walsh, 2018; Studholme and Gulev, 2018). Over the past
40 years, the annual mean extent of the Hadley circulation has shifted
poleward by approximately 0.1-0.5° per decade (Grise and Davis, 2020;
Studholme and Gulev, 2018). While the trend in the Hadley circulation
strength since 1979 varies among reanalyses, there is a tendency for the
Hadley circulation to strengthen (D’Agostino and Lionello, 2017; Stud-
holme and Gulev, 2018).

The sixth assessment report of IPCC concluded that there is overall
low confidence in recent changes in the total number of extratropical
cyclones across both hemispheres, with medium confidence in a pole-
ward shift of extratropical cyclone tracks since the 1980s (Intergov-
ernmental Panel on Climate Change (IPCC), 2021).

4. Basin-scale Paleotempestology

This chapter discusses the topic of regional paleostorm variability,
and delves into paleotempestological studies that have reconstructed
local information such as frequency and intensity. The chapter specif-
ically discusses trends in the western North Atlantic, Europe, the western
North Pacific, and the western and central South Pacific, but does not



K. Minamidate and K. Goto

cover the Indian Ocean and Eastern Pacific due to a scarcity of available
case studies (Fig. 6).

4.1. Western North Atlantic

The western North Atlantic coast has been the most extensively
studied region for paleostorm reconstruction. Donnelly and Woodruff
(2007) reconstructed variability in storm frequency over the past 5000
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years from Puerto Rico overwash sediments, showing frequent periods
of 5400-3600 years BP and 2500-1000 years BP, as well as quiet periods
of 3600-2500 years BP and 1000-250 years BP. These quiet periods may
correspond to the active periods of El Nino events (Moy et al., 2002).
Additionally, Donnelly and Woodruff (2007) found a link between TC
activity in Puerto Rico and tropical African precipitation patterns, which
are associated to the strength of the West African monsoon (Nguetsop
et al., 2004). The West African monsoon forms African Easterly Waves,
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synoptic-scale disturbances that propagate westward from tropical Af-
rica to the North Atlantic Ocean (Burpee, 1972). These African Easterly
Waves contribute to the genesis of approximately 72% of TCs in the
North Atlantic (Russell et al., 2017). It is plausible that the West African
monsoon plays an important role in seeding cyclogenesis in the North
Atlantic over millennial timescales (Donnelly and Woodruff, 2007).
Mann et al. (2009a) compiled the overwash sediment record from
eight sites along the coasts of the western North Atlantic for the past
1500 years. They indicated that the annual number of cyclones peaked
at 900-1100 CE before decreasing from 1200 CE and suggested the
medieval peak of TC activity results from the reinforcing effects of La
Nina-like climate conditions and relative tropical Atlantic warmth based

Earth-Science Reviews 253 (2024) 104774

on a statistical climate model (Mann et al., 2009a). Mann et al. (2009a)
concluded that Atlantic TC activity was unusual in the decades leading
up to 2009 CE, but not unprecedented over the past 1500 years.
Wallace et al. (2021a, 2021c¢)) conducted a comprehensive analysis
of paleostorm records from Florida, Bahamas, and New England dating
back to 500 CE (Fig. 7). They found that during 600-800 CE, there were
fewer storms detected in New England, while frequent storms were
detected in Bahamas and Florida (Fig. 7). The MCA (950-1250 CE)
partially overlaps with active storm periods in all three regions (E.
Wallace et al., 2021a). The authors suggested that warmer SST in the
North Atlantic Main Development Region and La Nina-like conditions in
the eastern Pacific from 900 to 1000 CE may have facilitated the
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occurrence of hurricanes in the North Atlantic (Wallace et al., 2021a;
Fig. 5¢). During the period 1200-1400 CE, following peak of the MCA,
storms became less frequent in both the Bahamas and New England
(Wallace et al., 2021c; Fig. 7). In the same period, storms were frequent
in Florida up until 1300 CE. Conversely, during the LIA, frequent storms
were detected in Bahamas and New England, while Florida was rela-
tively quiet (E. Wallace et al., 2021a). Over the last 200 years, storm
activity has decreased significantly in the Bahamas compared to other
periods in the last 1000 years, but increased in Florida from 1780 CE and
in New England from 1900 CE (Wallace et al., 2021c; Fig. 7). Winkler
et al. (2022) also compiled blue hole deposits in five Bahamian sites
dating back to 1400 CE, and divided the storm active period of Bahamas
noted by Wallace et al. (2021c) into two periods: 1530-1625 CE and
1725-1830 CE. A recent compilation by Winkler et al. (2023) suggested
that despite a globally cooler climate, the Bahamian TC activity during
the LIA was enhanced by an increase of African Easterly Waves origi-
nating from a stronger West African Monsoon.

In summary, the western North Atlantic region has been the subject
of numerous paleostorm reconstructions, which have shown regional-
scale variations in storm patterns. A recent compilation of these re-
cords has indicated that storm frequencies are not uniform across
different regions, such as the north (New England), middle (Florida),
and south (Bahamas and Puerto Rico) of the western Atlantic coast. This
regional variation may be due to different climatic drivers such as ENSO
and West African monsoon. A notable commonality among these records
is that an increase in storm frequency was observed between 900 and
1100 CE across the broader western North Atlantic. This increase in
storm activity is thought to have been influenced by both La Nina-like
climate conditions and the MCA.
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4.2. Europe

In Europe, both TCs and winter storms produce strong winds and
waves. It is noted that paleostorm records reflect the impacts of both TCs
and winter storms. The difficulty of distinguishing between TCs and
winter storms based on sedimentary features alone hampers our un-
derstanding of the long-term variability of storm activity. However, in
terms of frequency, winter storms pass through Europe more frequently
than TCs (Dullaart et al., 2021). Most of TC-origin storms generally
transform into extratropical cyclones by the time they influence on
Europe (Baker et al., 2021). In Europe, extratropical cyclones may
contribute more to the formation of the paleostorm record than TCs.

Sorrel et al. (2012) compiled a collection of nine overwash records
from coastal environment in England, Scotland, Ireland, the
Netherlands, Denmark, and Sweden (Fig. 6). Their compilation shows
five periods of active storms in northern Europe over the past 6500
years, i.e., 5800-5500 years BP, 4500-3950 years BP, 3300-2400 years
BP, 1900-1050 years BP, and 600-250 years BP (Fig. 6). The last period
coincides with the LIA. Sorrel et al. (2012) suggested that this ~1500-
year cycle of storm activity corresponds to Bond events, primarily
characterized by cold European climatic conditions (Bond et al., 2001;
Fig. 4d). On the other hand, this variability does not match the peri-
odicity of the solar irradiance record (Steinhilber et al., 2009; Fig. 4e),
suggesting that solar radiation is not the primary external force driving
millennial-scale storm activity in northern Europe. For the compilation,
Sorrel et al. (2012, 2009) divided the estuary sediments into storm-
dominated and tidal-dominated sequences based on sedimentological
features. It is noted that the recognition of the storm sequences within an
estuary does not correspond to a specific storm event and thus includes
an element of uncertainty.

Sabatier et al. (2012) found frequent storms during the periods of
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6300-6100 years BP, 5650-5400 years BP, 4400-4050 years BP,
3650-3200 years BP, 2800-2600 years BP, 1950-1400 years BP, and
400-50 years BP (LIA) from a 7000-year storm record on the northwest
coast of the Mediterranean Sea (Fig. 8). This result aligns with the period
of active storms confirmed by Sorrel et al. (2012) in northern Europe.
Sorrel et al. (2012) posit that the periods of frequent storm activity in the
northern Europe may be explained by the condition such as positive
NAO phases. However, Sabatier et al. (2012) argued that the NAO alone
does not predominantly drive millennial-scale variability, as its positive
phase typically fails to explain concurrent activation of storms in both
northern Europe and the Mediterranean.

Generally, the positive NAO phase involves more frequent and
intense winter storms affecting the North Atlantic and Europe (Pinto
et al., 2009). Conversely, during positive NAO phases, the formation of
TCs in the North Atlantic and their landfall in North America tends to
decrease (Boudreault et al., 2017). It is plausible that conditions
resembling positive NAO during the LIA might have activated winter
storms in Europe while suppressing TCs in the North Atlantic, as
described in the section 4.1.

Coastal barrier dynamics are influenced by complex physical pro-
cesses such as dune breaches, recovery, and sediment supply, which
exhibit spatio-temporal effects. However, coastal boulder deposits on
rocky coasts remain unaffected by these processes, making them valu-
able indicators of long-term storm activity. Many coastal boulder de-
posits have been reported in European coastal regions (Autret et al.,
2018; Cox et al., 2012; Hansom and Hall, 2009). Boulder ridges in the
Aran Islands and Ireland have been observed to change significantly in
distribution during periods unaffected by tsunamis, but were affected by
storms. This is evidenced by photographs, comparisons with old maps
from 1839 CE, and dating (Cox et al., 2012). Local eyewitness accounts
also confirm that the 1991 CE storm displaced 78 tons of clifftop boul-
ders located at an elevation of 11 m and a distance of 145 m from the
cliff edge (Cox et al., 2012). These boulder ridges are believed to have
been formed by the cumulative impact of waves during the Holocene,
providing evidence of past high-energy wave events. Hansom and Hall
(2009) conducted radiocarbon and OSL dating on sediments within and
beneath the boulder ridges in the Shetland Islands, Scotland, identifying
the periods of exceptionally high storm activity in 400-550 CE,
700-1050 CE, 1300-1900 CE, and since 1950 CE.

Sedimentary records suggest a possible cycle of storm intensification
in northern Europe and the northwestern Mediterranean with a peri-
odicity of approximately 1500 years. Yet, the specific climatic pattern
responsible for enhancing regional storm activity remains unclear. The
NAO, a climate pattern often associated with storm activity in Europe, is
a candidate factor governing this variability of storm activity (Sorrel
et al.,, 2012). However, the NAO alone may not fully explain the
observed storm patterns in both regions, as the impact of positive NAO
phases on storm activity is limited to the northern sector, while the
southern sector remains largely unaffected. Importantly, the recent re-
constructions suggest that the NAO was neutral or negative during the
LIA (Ortega et al., 2015; Trouet et al., 2012). Therefore, it is necessary to
consider other mechanisms which activate storminess during the LIA.

The winter season of 2013/2014 CE, marked by exceptional winter
storms and waves, recorded the highest mean winter wave energy in at
least the last 67 years along the broad Atlantic coast of Europe
(55°N-38°N) (Masselink et al., 2016; Matthews et al., 2014). This winter
was not captured by NAO or other climate indices. Recently, the Western
Europe Pressure Anomaly (WEPA) has been proposed as a climate index
that most effectively explains the winter wave height variation based on
66 years of weather and wave hindcasts (Castelle et al., 2017). The
positive phase of WEPA reflects the strengthening and southward shift of
the pressure gradient between Ireland (Icelandic low) and the Canary
Islands (Azores high), resulting in extreme waves over Western Europe
south of 52°N (Castelle et al., 2017, 2018). Castelle et al. (2017)
demonstrated that WEPA was the climate index that best explained the
extreme winter of 2013/2014 CE, which caused widespread coastal
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erosion and inundation.

The extreme winter of 2013/2014 CE, marked by storms and asso-
ciated waves affecting Western and Southern Europe (e.g., France,
Spain, and Portugal) to Northern Europe (e.g., Ireland, UK, and Nor-
way), could potentially account for the elevated storm activity recorded
in sedimentary records across Europe. Autret et al. (2018) investigated
morphological changes in coastal boulder deposits in western Brittany,
France during 2013-2017 CE and found that most of the morphological
changes were caused by extreme water level events at the decennial
level. Furthermore, a 70-year hindcast of maximum winter water levels
revealed that extreme events that caused changes in boulder distribution
were more correlated with the WEPA index (r = 0.46) than the NAO
index (r = 0.1) (Autret et al., 2018). Although the WEPA reconstructions
on centennial to millennial scales have not yet been performed, climatic
conditions similar to positive WEPA phases may explain millennial-scale
regional storm activation in the northeastern Atlantic including both the
northern Europe and the Mediterranean.

The combined effects of several atmospheric and oceanic patterns
may be driving storm activity in Europe. To clarify the relationship
between the atmosphere-ocean variability associated with Bond events
and storm activity, it is necessary to deepen our understanding the link
between paleoclimatology, paleoceanography, and past storm records.

In summary, sedimentary records from both northern Europe and the
northwest Mediterranean suggest that storm activity in Europe exhibits
a cyclical variation of approximately 1500 years, consistent with Bond
events. Generally, the climate pattern most commonly associated with
storm activity in Europe is the NAO; however, it may be difficult to
explain the high storm activity in both northern Europe and Mediter-
ranean solely through the positive NAO-like condition. Climate patterns
similar to the positive WEPA phase, with the strengthening and south-
ward shift of the Icelandic and Azores highs, may better explain the
widespread storm and wave activity over Europe. However, the gener-
ation mechanism of Bond events, as well as the associated atmospheric
and oceanic changes, remain not fully understood. To clarify the vari-
ability of long-term storm activity in Europe and its underlying con-
trolling factors, further collection of past storm records, particularly in
southwestern Europe and the Mediterranean, is necessary.

4.3. Western North Pacific

Woodruff et al. (2009) reconstructed the past 6400 years of TC his-
tory from two lake sediments in southwestern Japan. They found that
TCs are active at 4800-4300 years BP, 3600-2500 years BP, and
1000-300 years BP, and these periods were consistent with the period
that frequent El Nino events occurred (Moy et al., 2002; Fig. 5¢). In the
subsequent study, Woodruff et al. (2015) reconstructed overwash re-
cords for the past 2000 years from lake sediments from southwestern
Japan. While the sites of Woodruff et al. (2009) were north-facing, the
site in Woodruff et al. (2015) was south-facing and exposed to more
common typhoon paths in the western North Pacific. Woodruff et al.
(2015) found that there was a period of high TC activity in the
11th-13th centuries, followed by a gradual decline in activity. These
two records of southwestern Japan show the inverse-correlation with
historical TC landfall records in southern China (Liu et al., 2001),
implying that the sediment records representing changes in TC track
rather than overall TC activity.

Variations in the grain size of marine sediment cores from the
Zhejiang-Fujian mud belt located offshore east of China have been
regarded as proxies for past storm activity (Yang et al., 2022; Zhou et al.,
2019). By comparing the TC observation records from 1984 CE to 2018
CE with the sand (>64 pm) content in the core, Yang et al. (2022) found
a high positive correlation (R = 0.72) between the annual TC maximum
wind speed and the sand content. According to a series of studies, high
TC activity in the Zhejiang-Fujian mud belt was assumed to have
occurred during 0-480 CE, 790-1230 CE, and 1940-2018 CE (Yang
et al., 2022; Zhou et al., 2019).
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On the Gulf of Thailand coast, Williams et al. (2016) conducted an
analysis of overwash deposits spanning the past 8000 years, suggesting
that inundation events occurred with a frequency two to five times
higher during the 7800-3900 years BP period compared to the subse-
quent period of 3900 years BP to present. The study posits that the
increased frequency of overwash events in the middle Holocene may be
attributed to several factors, including changes in site sensitivity
resulting from sea-level rise (Williams et al., 2016). Conversely, the late
Holocene saw arelative rarity of overwash events in the Gulf of Thailand
during the periods of 3600-2500 years BP and 1000-300 years BP, as
opposed to the trends observed in southwest Japan record (Williams
et al.,, 2016; Woodruff et al., 2009). This opposite trend between
southwest Japan and Gulf of Thailand supports that patterns in the
overwash records represent changes in TC tracks (Williams et al., 2016).

Numerous coastal boulder deposits have been reported on the coral
reefs in the western North Pacific, which are evidence of high-energy
wave events. Boulders are highly conserved even in tropical and sub-
tropical regions with few overwash records. In the Ryukyu Islands,
Japan, a significant number of reef boulders and coral blocks originating
from storm waves are distributed on coral reefs (Goto et al., 2009, 2011;
Fig. 3c). Minamidate et al. (2020) conducted numerical computations of
typhoons, storm waves, surge, and boulder movement under the
constraint of the distribution of boulders on Kudaka Island, Japan, and
estimated the maximum intensity of typhoons over the past 3500 years.
The estimated maximum intensity of typhoons and storm waves excee-
ded those observed in the Ryukyu Islands over the past 70 years (Min-
amidate et al, 2020). On the other hand, this intensity is
meteorologically reasonable and comparable to Super Typhoon Nancy
(1961) and Super Typhoon Haiyan (2013).

In the South China Sea, Tao et al. (2021) conducted the U—Th dating
on coral blocks carried by storms on the reef flat of Xisha Island and
Huangyan Island. The results of their 16-point U—Th dating revealed
that the boulder age frequency was low during the warm period (the
MCA) and high during the cold period (the LIA) in the South China Sea
(Tao et al., 2021). Additionally, relatively small (<1.5 t) carbonate
boulders have also been reported on the islands of the Gulf of Thailand
(Terry et al., 2016a, 2016b, 2018). These boulders are thought to have
been transported by wave events with onshore velocity of at least 5 m/s.
The ages of these boulders are concentrated in the periods 600-700 CE,
900-1000 CE, 1150-1250 CE, and 1400-1650 CE, with the last period
being the longest and comprising over half of the boulders (Terry et al.,
2018). Since 1650 CE to the present, a long quiet period of storm activity
has been inferred in the Gulf of Thailand (Terry et al., 2018).

Yu et al. (2009) reconstructed the frequency of extreme wave events
for the past 4000 years using coarse fraction from the lagoonal deposit at
Yongshu Reef in the South China Sea. The coarse fraction record in-
dicates more frequent storm events during the LIA than that during the
MCA although the proxy record relates to not only storm events but also
the sedimentation rate on the reef and the reef morphology (Yu et al.,
2009).

Bramante et al. (2020) provided a 3000-year record of the occur-
rence of TCs, identified as a coarse-grained event layers in a blue hole of
the Marshall Islands. The estimated TC frequency was 1 event per cen-
tury on average for the entire period, but reached a maximum of 3.75
events per century during the period of 1300-1700 CE. This peak co-
incides with the LIA and the southward migration of the ITCZ (Bramante
et al., 2020; Fig. 5e).

The paleostorm records in this review show that storm activity is
elevated in the northern part of western North Pacific (southwest Japan
and the East China Sea) during the warm period such as the MCA, while
it is active in the southern part (South China Sea and the tropical central
Pacific) during the cold period such as the LIA. A recent compilation by
Han et al. (2023), independent of the compilation in this paper, also
showed an increase in TC activity in mid-latitudes during the MCA and
an increase in TC activity in low latitudes during the LIA. Han et al.
(2023) hypothesized that there is a transition boundary of asynchronous
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storm activity between 24.74°-25.87°N.

Why is TC activity increased in the north (south) during warm (cold)
periods? This is possibly explained by a latitudinal shift in the location of
favorable climatic conditions for TC formation and development, with
ocean temperature changes. Bramante et al. (2020) noted correlations
between tropical central North Pacific TC activity and the ITCZ proxy
variability, and suggested that low-latitude TC activity may have
increased due to the southward migration of the ITCZ during the LIA.
Over the past few decades, when anthropogenic warming progressed, a
poleward shift in the location of TC genesis was observed in the western
North Pacific (Studholme and Gulev, 2018; Studholme et al., 2022). Asa
notable example, the number of TC landing in Thailand has decreased
significantly since the 1960s (Lee et al., 2020). The position where TC
reaches its peak has also moved poleward (Kossin et al., 2014, 2016).
Modeling and theoretical studies suggest that the observed changes are
caused by shifts in the location of climatic conditions favorable to TC
formation and development (e.g., vertical wind shear and potential in-
tensity) (Kossin et al., 2014, 2016; Sharmila and Walsh, 2018). There-
fore, in the western North Pacific, during the transition from the MCA to
the LIA, it is possible that zones with a favorable large-scale environ-
ment for TC activity moved southward due to the southward migration
of the ITCZ, resulting in high TC activity observed at relatively low
latitudes.

ENSO is widely acknowledged as the most dominant internal oscil-
lation in the western North Pacific. During El Nino, the location of TC
genesis shifts southeast, individual TC’s lifetime increases, and the
number of strong TCs increases (see details in the section 3.3.1). Addi-
tionally, TCs tend to move north and turn east in El Nino years, whereas
they are more likely to move west and make landfall in southern China
in La Nina years. Frequent ENSO events or El Nino like condition in the
MCA may have caused an increase in the number of TCs heading toward
southwest Japan (Woodruff et al., 2009, 2015). However, the ENSO
variation alone cannot fully explain the overall TC activity in the
western North Pacific, especially the multi-centennial scale variability in
low latitudes. The enhanced magnitude of ENSO activity or El Nino-like
condition during the RWP cannot explain the increase and decrease of
TC frequency near Yongshu Reef (Yu et al., 2009) and southwest Japan
(Woodruffetal., 2009, 2015), respectively. Besides, the weakened ENSO
activity or La Nina-like condition during the LIA, which may lead fewer
TCs in the South China Sea, conflicts with high TC activity in Yongshu
Reef in this period (Yu et al., 2009). Thus, the long-term variation of
ENSO seems to be less dominant on paleo-TC activity in the western
North Pacific than SST in this ocean and the global and associated
changes in atmospheric circulation. ENSO plays a subdominant role in
TC activity through its influence on SST and atmospheric circulation
over a wide area in the western North Pacific.

In summary, no consistent millennial-scale variability was found
across all regions in the western North Pacific. Rather, anti-phase vari-
ability in centennial-scale TC activity was observed in the southern and
northern parts of western North Pacific (Fig. 9): TC activity was high in
the northern part (southern part) during the periods when the Northern
Hemisphere was relatively warm (cold). It is hypothesized that this
north-south shift in the TC activity is caused by a latitudinal shift of the
environment favorable to TC generation and development accompa-
nying changes in ocean temperature (Fig. 6¢, 9). Therefore, SST vari-
ability can be the most important factor driving storm activity in the
western North Pacific. Overwash events increased in southwestern
Japan under the El Nino-dominant condition of the MCA, suggesting
that the ENSO variability over the Holocene is also important for storm
activity in the western North Pacific. Further collection of records in
eachregion (e.g., East Asia and South East Asia) is needed to detect more
robust trends in regional variation.

4.4. Western South Pacific

In the South Pacific, storm records are not as abundant as in other
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a Medieval Climate Anomaly (1050-1250 CE)
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Fig. 9. Hypothetical diagram of variation of storm activity in the last millennium. (a) Storm activity during the Medieval Climate Anomaly in 1050-1250 CE, (b) the
Little Ice Age in 1400-1700 CE, and (c) the Current Warm Period in 2000-2022 CE. Red and Blue storm icons show high and low storm activity compared to the
mean condition in the last millennium, respectively. Red and blue shades show relatively warm and cool condition compared to the condition in last millennium,
respectively. Temperature variation is based on PAGES2k Consortium (2017, 2013). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

basins. Denniston et al. (2015) reported that stalagmite records from
northern Australia showed isotopic peaks corresponding to extreme
precipitation events in 50-400 CE, 850-1450 CE, and 20th century, and
decreasing in 500-850 CE and 1460-1650 CE. They posited that the
variability of these extreme precipitation events is driven by ENSO
variability (Denniston et al., 2015).

Flood deposit records associated with heavy precipitation in North
Island, New Zealand show periods of sustained high storm frequency
with 10 events per century at 4900-4600 years BP and 2100-1800 years
BP. Fitzsimons and Howarth (2022) reported that from a 10 k-year
lakebed flood sediment record from South Island, New Zealand, the
frequency of precipitation events was low between 10,000-8000 years
BP, moderate between 8000 and 5500 years BP, and high between 5500
and 4000 years BP. In the late Holocene, event frequency was low be-
tween 4000 and 700 years BP, but has been increasing from 700 years
BP to the present (Fitzsimons and Howarth, 2022).

Terry and Lau (2018) conducted surveys of boulders launched during
recent TC and previous events at Taveuni Island, Fiji. In 2016, Category
5 cyclone Winston made landfall on Fiji, breaking the reef edge and
launching a carbonate boulder onto the reef flat (Terry and Lau, 2018).
U—Th dating and hydrodynamic calculations indicate that past wave
events in the last 400 years also provided boulders with wave forces
comparable to that of Winston (Terry and Etienne, 2014; Terry and Lau,
2018). Thus, Winston was the largest storm on observation record to
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land on Fiji following an unusual track, but possibly not unprecedented
on the centennial-scale.

The central South Pacific, including French Polynesia, is less
frequently affected by TCs than the islands of the western South Pacific,
although evidences of past storm events have been reported. Lau et al.
(2016) described the distribution of 286 boulders in French Polynesia
and performed U—Th dating of corals in boulders. The concentration of
ages coincides with the period around 1300 CE and the period when the
SST was high on the Great Barrier Reef, but it does not coincide with the
period of about 280 years 1436-1718 CE, which overlaps with the LIA
(Lau et al., 2016). Two large boulders (77 t and 68 t) may have been
transported to the reef flat by a powerful cyclone in 1867, based on the
dating results with historical records (Lau et al., 2016). There are no
boulders dated after 1900 CE, suggesting that no wave events of similar
magnitude have been experienced in the past 100 years (Lau et al.,
2016).

Toomey et al. (2013) provided a record of storms over the last 5000
years from coarse-grained event deposits within the back-reef lagoon
deposits surrounding Taha’a, French Polynesia. The Taha’a record
indicated the presence of a higher coarse-grained overwash flux at
2900-500 years BP and an earlier active period at 5000-3800 years BP
compared to the present (Toomey et al., 2013). The authors found that
there is a pattern of inter-basin storm activity that is in phase with the
high storm activity in Bahamas and anti-phase with low storm activity in
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southwestern Japan during 2900-500 years BP (Toomey et al., 2013).

In summary, in the western South Pacific, although individual
paleotempestological records show variability on centennial to millen-
nial scales, there is no consistent trend across the entire basin. Factors
that make detection difficult are that the absolute number of storm re-
cords is small, that proxies related to precipitation and floods can in
principle detect precipitation events other than storms, and that storms
are less frequently than other basins. Although inconclusive, there is
some evidence to suggest that storms have been inactive in the central
South Pacific over the past century or more. Therefore, it is possible that
the region may experience increased storm activity by natural
centennial-scale variability in the future.

4.5. Summary

Paleotempestological studies have revealed variations in the vari-
ability of past TC activity in the western North Atlantic, Europe, western
North Pacific, and western South Pacific. In the western North Atlantic,
while variations were observed in the northern (New England), central
(Florida), and southern (Bahamas) regions, La Nina-like climate patterns
and the relatively warmer conditions are thought to be the factors that
stimulated TC activity. In Europe, there is evidence of widely synchro-
nized and active storm activity, with a period of 1500 years associated
with the Bond events. In the western North Pacific, the temperature
variability in the basin and the global and the shift of associated atmo-
spheric circulation are the dominant drivers of TC activity although the
ENSO plays a subdominant role on the change in TC track. No consistent
trend has been identified in the western South Pacific yet. These inter-
basin differences are attributed to variations in the primary factors
controlling fluctuation in storm activity in each basin (Table 3). Bond
events have a significant impact on the climate of the North Atlantic
Ocean by influencing thermohaline circulation and Arctic climate, but
they are relatively less pronounced in distant regions such as East Asia
and the Southern Hemisphere due to teleconnection relationships. This
suggests that the climate patterns with direct relationships are stronger
than those with teleconnection relationships. Nonetheless, the impor-
tance of the ENSO in many basins underscores the considerable impact
of it on global climate and TC activity, which is consistent with obser-
vational records and modeling results.

It is still unclear that whether globally consistent variations in storm
activity exist. Limitations in detection are due to the lack of absolute
number, spatial heterogeneity, and proxy type bias of paleotempesto-
logical records. Considering the chaotic behavior of TCs, the absolute
number of paleotempestological records is still insufficient to capture
their variability. In order to detect robust regional, global trends, and
inter-basin differences, it is essential to densify paleotempestological
records in all regions, analyze trends in subregions within the basin, and
correlate findings with time-series records of paleoclimate proxies.
Especially, more investigation is necessary in the Indian Ocean, Central
Pacific, East to Southeast Asia, and eastern North Pacific, where there
are still few records. Finally, storm activity is characterized by many
factors such as intensity, size, path, and speed. Different paleo-
tempestological records can capture different characteristics of their
activity. Therefore, diversifying the type of paleotempestological re-
cords is useful for understanding the multifaceted characteristics of

Table 3
Possible dominant drivers of paleostorm activity.

Region Dominant climatic factor

Western North Atlantic
Europe
Western North Pacific

ENSO, SST
Bond events, NAO, WEPA
SST, ENSO, ITCZ

Eastern North Pacific Unknown
Western South Pacific Unknown
Indian Ocean Unknown
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storms.

It is hypothesized that the variation pattern of storm activity may
vary by region due to differences in the impact and timing of climate
events. For instance, the effects of the LIA are remarkable in the northern
hemisphere at high latitudes and in the North Atlantic Ocean, but not in
the southern hemisphere. Also, the coldest period of the LIA may have
occurred in the 15th century in the central-eastern Pacific and in the
17th century in northwestern Europe and southeastern North America
(Neukom et al., 2019). Differences in the impact and timing of climate
events are thought to produce differences in the variability of storm
activities.

5. Paleoclimate modeling for tropical cyclone activity

Over the past decade, modeling has been conducted to understand
TC activity under the paleoclimate condition. Many of them are
contributed by the effort of the Paleoclimate Modeling Intercomparison
Project (PMIP), whose goals are to identify common responses of at-
mospheric general circulation models to imposed paleoclimate condi-
tions, to compare model results with paleoclimate data, and to provide
results for the analysis and interpretation of paleoclimate data. PMIP
pays particular attention to paleoclimate condition and associated im-
pacts (e.g., changes in TC activity) during the Last Glacial Maximum
(~21 ka) and Mid-Holocene (~6 ka). In this chapter, we focus on the
results of the Holocene, when there are many paleotempestological re-
cords, and summarize previous studies in paleoclimate simulation
(Table 4).

Climate indices have been proposed to better describe favorable
conditions for TC genesis and development, helping us to understand the
distribution of TC activity in representative climate conditions. Potential
Intensity (PI) is the theoretical maximum intensity of TC that can be
thermodynamically developed in a certain environmental field (Ema-
nuel, 1986, 1988). Genesis Potential Index (GPI) is an index of the
susceptibility of TC generation in a certain environmental field, which
consists of vorticity in the lower layer, vertical wind shear (Camargo
et al., 2007). Positive GPI has a positive effect on the generation of TC.
Korty et al. (2012) experimented changes in thermodynamic factors
important to TC generation over the middle Holocene and pre-industrial
millennia, using the PMIP Phase 2 climate model. Their results showed
that the thermodynamic factors are stable in both periods, but the
orbital variability and volcanic activity have detectable effects. Korty
et al. (2012) found that changes in mid-Holocene solar radiation altered
the seasonal cycle of potential intensity in the northern hemisphere,
leaving the southern hemisphere, where solar radiation was weaker than
today, slightly more favorable for TC development than pre-industrial
conditions.

Table 4
Publication of paleoclimate modeling.

Paper Period Study area Method Ensemble

Korty et al. 850-1850 CE Global Climatic Yes
(2012) Mid-Holocene index

(6 ka)

Koh and Pre-Industrial Global Climatic Yes
Brierley Mid-Holocene index
(2015)

Yan et al. Last 2 k years Global Climatic No
(2015) index

Yan et al. Last 1 k years Western North  Climatic Yes
(2017a) Pacific index

Kozar et al. 850-1999 CE North Atlantic Downscaling No
(2013)

Pausata et al. Pre-Industrial Global Downscaling No
(2017) Mid-Holocene Climatic

index

Dandoy et al. Pre-Industrial North Atlantic ~ Downscaling No

(2021) Mid-Holocene Climatic
index
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Koh and Brierley (2015) used the five climate models of PMIP Phase due to the effects of seasonal variations in solar radiation. On the other
3 to calculate the factors involved in TC generation. They found that hand, enhanced seasonality in the middle Holocene could drive local-
changes in GPI during the middle Holocene were asymmetric with ized changes in TC genesis potential by influencing the strength of
respect to the equator, i.e., decreasing in the northern hemisphere and monsoon and the displacement of the ITCZ. (Koh and Brierley, 2015).
increasing in the southern hemisphere (Koh and Brierley, 2015). This is Yan et al. (2015) investigated the response of many factors (PI, SST,
GPI (x10),
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Fig. 10. Differences in the large-scale climatic environments between the Medieval Climate Anomaly and the Little Ice Age, simulated by a global climate model (Yan
et al., 2015). Panels show (a) Genesis Potential Index, (b) potential intensity, (c) wind shear, (d) moisture entropy parameter, and (e) absolute vorticity. Dotted areas
are significant at 95% confidence level from a two-tailed Student’s t-test. This figure is from Yan et al. (2015). © American Meteorological Society. Used
with permission.
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vertical wind shear, mid-level relative humidity, vorticity, and GPI) to
external forcing over a relatively long period of the past 2000 years
(Fig. 10). These factors generally showed no long-term trends over the
past 2000 years (Yan et al., 2015). Basin-specific GPIs have changed
relatively recently: favorable conditions for TC genesis in the western
North Pacific from 1600 CE to the present, decreases in the western
South Pacific from the late 1800s to the present, increases in the North
Indian Ocean after 1900 CE, and in the South Indian Ocean after 1800
CE (Yan et al., 2015). In the North Atlantic, the GPI gradually increased
over the past 2000 years, with favorable conditions for TC activity
during 1250-1350 CE and 1850-2000 CE (Yan et al., 2015). These re-
sults suggest that the environment affecting TC activity has changed
markedly in the last few hundred years compared to the past 2000 years.

With particular attention to the past 1000 years, Yan et al. (2017a)
investigated the consensus among 11 models by comparing results of
indices related to TC generation in the western North Pacific. Multi-
model ensemble averages showed that many indices (potential in-
tensity, relative humidity in the middle layer) increased during the MCA
and decreased during the LIA (Yan et al., 2017a). Consequently, GPI was
favorably (adversely) conditioned at MCA (LIA), especially in the
northern part of the western North Pacific (Yan et al., 2017a).

Statistical and mechanical downscale models allow analysis of track
data to calculate developmental and migration processes. Kozar et al.
(2013) simulated the generation, development and migration of TCs in
the North Atlantic over the past 1000 years for the first time, using
statistical and dynamical downscaling techniques developed by Ema-
nuel et al. (2006). As a result, it was found that the number of TC oc-
currences in the whole basin on a multidecadal scale correlates well with
the number of landfalling hurricanes. This supports the ability to assess
long-term changes in TC-climatology using paleotempestological
records.

Pausata et al. (2017) computed global TC activity in the Mid-
Holocene (~6 ka) using the high-resolution Earth System model and
dynamical downscaling techniques. They found that, under the middle
Holocene condition, TC numbers were predicted to remain almost un-
changed or slightly decrease in the entire Northern Hemisphere, and to
increase in the Southern Hemisphere due to the changes in the orbital
forcing, which is similar to previous studies using the index (Koh and
Brierley, 2015; Korty et al., 2012). On a regional scale, they projected an
increase in TC in South Asia and a widespread decrease in TC in the
western Pacific Ocean, an increase in the Caribbean and coastal waters,
and a decrease in the tropical North Atlantic Ocean relative to the pre-
industrial condition (Pausata et al., 2017). Additionally, Pausata et al.
(2017) found that vegetation developing in the Sahara and reduced dust
emissions during the middle Holocene, enhanced the changes in TC
activity seen by orbital forcing alone. In particular, the strengthening of
the West African monsoon associated with greening of the Sahara
affected the entire tropics and possibly caused an increase in TC activity
in both hemispheres during the middle Holocene (Pausata et al., 2017).

With regards to atmospheric dynamics such as the African Easterly
Waves, Dandoy et al. (2021) have conducted dynamical downscale
modeling to reveal TC behavior in the North Atlantic during the middle
Holocene. Their results showed that the main development region of TCs
shifted northward, the TC turning point shifted eastward north of 20°N,
and the TC landfalls decreased in the north of Florida during the middle
Holocene, compared to the pre-industrial climate (Dandoy et al., 2021).
Sahara greening and reduction of dust would have likely strengthened
these patterns (Dandoy et al., 2021). Overall, Dandoy et al. (2021)
predicted an increased proportion of more intense hurricanes and longer
life spans in the mid-Holocene compared to pre-industrial times.

Early research that investigated changes in the indices related to TC
activity did not simulate storms directly due to lack of access to the
outputs required for downscaling (Koh and Brierley, 2015; Korty et al.,
2012). These studies are based on the assumption that the GPI, which
captures the effects of factors on TC generation in modern climates, also
works in various climatic conditions. The agreement between the GPI
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distribution and the track density distribution based on the downscale
model confirms this assumption and supports the validity of the GPI
even in the paleoclimate.

In summary, paleoclimate modeling over the past decade has
revealed the following:

+ There was little change in total absolute numbers of global TCs
throughout the Holocene. Especially in the middle Holocene,
when the climate was extreme, the simulation based on the PMIP
protocol shows a maximum change of ~10%.

* Under the middle Holocene climatic conditions, both climate
index (e.g., GPI and PI) and downscale models predicted little
change in the number of TC occurrences in the Northern Hemi-
sphere and an increase in the Southern Hemisphere.

+ In the Middle Holocene, there were locally predicted increase in
TC in South Asia and widespread decrease in the open western
Pacific Ocean, increase in the Caribbean coasts, and decrease in
the open tropical North Atlantic Ocean.

+ Over the past 2000 years, the annual variability of simulated
potential intensity of TCs in each basin is small, generally 3-10
m/s.

+ Compared to LIA, MCA had higher GPI in the Northeast Pacific,
South Indian Ocean, and northern Northwest Pacific, while both
GPI and potential intensity were relatively lower in the North
Atlantic.

+ Changes between hemispheres and basins are relatively consis-
tent between models.

6. Synthesis of paleostorm studies and future goals

Comparison between paleoclimate modeling results and paleo-
tempestological studies is useful not only for the evaluation of models by
the paleotempestological evidences but also the interpretation of
paleostorm variability. Paleotempestological evidence and modeling
results in the western North Pacific show interesting agreement.
Modeling for the last millennium indicate that the favorable index TC
generation in the western North Pacific increased during the MCA and
decreased during the LIA (Yan et al., 2017; Fig. 10). This result is
consistent with the overwash record in the southwest Japan (Woodruff
et al., 2009) and the historical record in the Philippines (Garcia-Herrera
et al., 2007). Marine sediment records off the east coast of China also
suggest that TC activity was higher in the MCA than in the LIA (Yang
et al., 2022; Zhou et al., 2019). Therefore, the modeling result supports
the hypothesis that the warm period such as the MCA caused more
favorable conditions for TC generation and development in the western
North Pacific compared to the cold period such as the LIA (Fig. 9).

Interestingly, when Kozar et al. (2013) compared landfall fre-
quencies of hurricanes inferred from sediment records at eight sites in
North America with landfall frequencies at the same eight sites based on
a downscale modeling, both time-series changes were did not match.
The simulation result of the GPI is also inconsistent with the variations
seen on the paleotempestological records in the North Atlantic (Yan
etal., 2015; Fig. 10). This discrepancy is due to both the limited number
of paleotempestological records and climate model flaws as mentioned
in the previous chapters. The former effect is relatively small due to the
relatively high density of records collected along the North Atlantic
coast (Oliva et al., 2017). On the other hand, the model has a limitation
that they do not take into account internal climate variability such as
ENSO, which is known to have a large impact on TC activity in the North
Atlantic.

Paleotempestological records indicate periods of high and quiet pe-
riods of storm activity on a centennial time scale, suggesting a rela-
tionship between storm activity and climate variability such as ENSO
and NAO (Chapter 4). Numerous paleoclimate records have confirmed
that the positions and intensities of paleoclimate modes (e.g., ENSO and
NAO) and internal factors (e.g., AMOC and ITCZ) fluctuated on various
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time scales (Chapter 3; Figs. 4, 5).

The impact of single-phase dominance of long-term climate modes
on TC activity is complex. This is because longer (centennial) periods
dominated by a single phase of climate mode (e.g., El Nino event in
ENSO) may change the thermodynamic environment in a different way
than high-frequency (seasonal to decadal) transients (Korty et al., 2012).
For example, the El Nino event is partly responsible for suppressing
Atlantic TC activity due to the rapid warming of the atmosphere and
lagging surface temperature there (Tang and Neelin, 2004), but as the
Atlantic SST equilibrates with warmer atmospheric conditions, perma-
nent El Nino conditions can have the opposite effect (Korty et al., 2012).
To verify whether and how TC activity is driven by internal climate
variability, as suggested by paleotempestological records, model ex-
periments considering patterns of internal climate change should be
conducted.

Despite the importance of climate modeling, the environmental
conditions used in experiments are limited. Previous studies have
mainly focused on the LGM and the middle Holocene (~6 ka). Orbital
factors, aerosols, and vegetation differ between the MCA, which is a
relatively recent warming period, and the Holocene Thermal Maximum,
which is older but comparable to the present warming. Therefore, by
conducting experiments targeting various periods, it is possible to
evaluate the sensitivity of forcing to changes in TC activity. Model ex-
periments during past cold events (e.g., Bond events) will also be useful
in interpreting weakening effects of thermohaline circulation due to
global warming, as predicted by many simulations.
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