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Abstract Research on meteorological tsunamis or meteotsunamis—long ocean waves in the tsunami
frequency band generated by propagating atmospheric disturbances which resonantly enhance ocean waves—
has grown significantly in recent decades. This expansion is due to progress in (a) ocean and atmospheric
measurements, including advanced instrumentation with higher precision and smaller sampling time steps, as
well as installation of meteotsunami tracking measurement networks, (b) ocean and atmospheric data products,
including those related to the upper atmosphere and ionosphere, and (c) supercomputing capabilities and
sophisticated atmosphere‐ocean models that successfully simulate both atmospheric planetary processes and
mesoscale systems capable of generating meteotsunamis, as well as sea level response to these. Meteotsunamis
can induce multi‐meter sea level oscillations in harbors and low‐lying areas, leading to severe flooding,
infrastructure damage, injuries, and sometimes fatalities. Traditionally, meteotsunami research focused on
individual event analyses using available sea level and lower‐layer atmospheric observations. Recently, efforts
have shifted toward global hazard mapping, the development of forecast and early‐warning systems, and toward
quantifying projected meteotsunamis intensity and frequency, using climate models. The January 2022 eruption
of the Hunga Tonga‐Hunga Ha'apai volcano, which generated acoustic‐gravity waves that circled the globe, has
spurred research of planetary meteotsunami waves and their potential to pose coastal hazards worldwide.
Additionally, meteotsunamis radiate acoustic‐gravity waves vertically, creating ionospheric oscillations
detectable through electron content variations. This review will cover the mentioned developments and
conclude with a discussion of research gaps and potential directions for further studies.

Plain Language Summary Sea level extremes are an emerging topic in the era of climate change, as
most coastal damage and impacts occur during such events. One of the underrated phenomena contributing to
these extremes are meteorological tsunamis or meteotsunamis—long ocean waves in the tsunami frequency
band resonantly generated by traveling air pressure/wind disturbances—which are known to substantially
impact certain coastlines and locations, causing deaths, injuries, and damage to coastal infrastructure, ships and
yachts, buildings, and households, as well as affecting navigational safety. Until about a decade ago, research on
meteotsunamis was mostly localized, focusing on specific meteotsunami hotspots. However, in recent years,
research has become more global. This was made possible by the development of high‐precision oceanic and
atmospheric instruments that collect data at minute or higher resolutions, as well as ultra‐high‐resolution
atmosphere‐ocean models capable of reproducing meteotsunamis, supported by high‐performance computing
facilities. This review summarizes all aspects of meteotsunamis, from available data, products, and tools that
can be used for research, to an in‐depth exploration of the science behind the phenomenon, and its impact on
coastal regions. It also discusses the development of forecasting and early‐warning systems. Finally, the review
provides recommendations for future research directions on this hazardous phenomenon.

1. Introduction
Although not unified under a single name or with a comprehensive understanding of the physical processes
underlying the phenomenon, meteorological tsunamis, or meteotsunamis, have been known since ancient times.
For instance, when the Arabs landed in the 9th century in what is now Mazara del Vallo, located on the south-
western coast of Sicily (Italy), they encountered extraordinary propagating bores in the estuary of the local river.
These waves endangered their fleet. This phenomenon, recurrent with varying intensity, led to the river being
named Mazaro, meaning “possessed” (Šepić, Vilibić, et al., 2018).
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Another legend from the small village of Vrboska (Hvar, Croatia) describes how a meteotsunami unified two
communities located on opposite shores of a long inlet that were in religious conflict (Šepić & Orlić, 2025b). On
the Good Friday of 1614, during a procession held because of bloody tears observed on a crucifix, a violent
meteotsunami, locally called “šćiga,” struck. It prevented the procession from crossing the bridge over the inlet,
forcing participants to traverse all inlet communities. The villagers interpreted this as a divine sign to end their
confrontations and unify.

Many similar ancient accounts likely describe violent, destructive ocean waves of non‐seismic origin (see more in
Section 5.1). These waves are not triggered by earthquakes, aerial or submarine landslides, asteroid impacts, or
volcanic caldera collapses but rather by atmospheric processes, and were recognized to correlate with rapid
changes in air pressure or wind in the early 20th century (Caloi, 1938; Fonteserè, 1934; Honda et al., 1908;
Nomitsu, 1935). Locally, meteotsunamis can reach heights of several meters—much higher than local tides or
storm surges at some locations—causing significant impacts on coastal infrastructure and populations, particu-
larly in microtidal regions like the Mediterranean Sea, the Great Lakes, the Japan Sea, and the Baltic Sea
(Monserrat et al., 2006; Rabinovich, 2020; Vilibić et al., 2021).

The phenomenon has earned distinct local names worldwide, including “rissaga” or “ressaca” in the Balearic
Islands and southeastern Spain (Monserrat, Ramis, & Thorpe, 1991; Ramis & Jansà, 1983; Tintoré et al., 1988),
“šćiga” or “štiga” in the Adriatic (Hodžić, 1979/1980; Orlić, 1980, 2015), “abiki” in southwestern Japan (Aka-
matsu, 1982; Hibiya & Kajiura, 1982; Honda et al., 1908), “marrubbio” or “marrobbio” in Sicily (Candela
et al., 1999; Colucci & Michelato, 1976), “milghuba” in Malta (Airy, 1878; Drago, 2009), and “Seebär” in the
Baltic Sea (Defant, 1961; Metzner et al., 2000; Piotrowski et al., 2017; Renqvist, 1926). Other locations, such as
the Great Lakes, the Persian Gulf, and the northern Algerian coast, have also experienced deadly meteotsunamis
(Heidarzadeh et al., 2020; Okal, 2021a; Vilibić et al., 2016).

Advancements in technology—particularly in cost‐effective, accurate sea level monitoring—have greatly
improved the development and management of sensors capable of detecting minute‐scale oscillations. Addi-
tionally, rapid and reliable real‐time transmission of measured data (NOAA, 2025; Pérez Gómez et al., 2022;
VLIZ/IOC, 2025) has facilitated better quantification of meteotsunami events, including assessment of hazards by
moderate and weaker minute‐scale sea level occurrences, referred to as nonseismic sea level oscillations at
tsunami timescales (NSLOTTs; Vilibić & Šepić, 2017; Williams, Schultz, et al., 2021; Zemunik, Denamiel,
Šepić, & Vilibić, 2022). Though these oscillations often appear as a part of the background signal, they can
significantly increase coastal sea level hazards (Ruić et al., 2023).

An additional challenge is defining meteotsunamis amidst the background of all high‐frequency sea level os-
cillations with atmospheric sources, that is, NSLOTTs. For other types of tsunamis, even centimeter‐high waves
are classified as tsunamis if their source is verified. Applying the same definition to meteotsunamis would imply
their constant presence, as infragravity or other minute‐frequency waves of various heights are continuously
generated and radiated through the oceans (Bertin et al., 2018; Rawat et al., 2014). At the moment, there is no
unified criterion for the definition of a meteotsunami within the scientific community. Early meteotsunami studies
were based on the meteotsunami impact on the coast (e.g., flooding, damage, drowning, strong currents). Newer
studies aim to set a quantitative threshold for meteotsunami definition: Orlić (2015) and Šepić and Orlić (2025a)
defined meteotsunamis as long ocean waves exceeding 1 m in height—the height was selected with a presumption
that it will normally lead to flooding of the Adriatic Sea coastaline. Other studies which are based on instrumental
data adopted various thresholds, e.g., of sea level or energy exceeding 3 to 6 standard deviations (e.g., Dusek
et al., 2019; M. S. Kim et al., 2019), or a fixed threshold for specific stations (e.g., Bechle et al., 2016; Pattiaratchi
& Wijeratne, 2014; Rabinovich & Monserrat, 1996, 1998; Šepić et al., 2012). Most recent studies combine these
criteria with additional necessary conditions, such as meeting the above criteria at least at two nearby tide gauges
(Dusek et al., 2019; M. S. Kim et al., 2021) or ability to associate the meteotsunami occurrence with a convective
system (e.g., Williams, Schultz, et al., 2021) or to a specific signal detectable in atmospheric time series (e.g., in
air pressure, wind or convective potential energy; Dusek et al., 2019; Pellikka et al., 2020). Furthermore, some
meteotsunami studies restrict the sea level analysis to periods shorter than: (a) 2 hr (e.g., Zemunik, Denamiel,
Šepić, & Vilibić, 2022; Zemunik, Denamiel, Williams, & Vilibić, 2022); (b) 3 hr (Rabinovich & Mon-
serrat, 1996); (c) 6 hr (Šepić, Vilibić, Lafon, et al., 2015); and (d) even 10 hr (Ferrarin et al., 2023). With this in
mind, we propose to use the term meteotsunami to refer either to devastating and damaging NSLOTT events or—
in the case of no damage—to the most extreme of NSLOTT events. Most extreme NSLOTT events can be defined
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as those events during which wave heights surpass a certain high percenti-
le―to be defined by the community―but higher than 99.99 percentile.
for example, Ruić et al. (2023) show that high‐frequency sea level oscillations
measured at 18 Adriatic Sea tide gauge stations, surpass 99.993 percentile
2.5–4.5 times per year per stations. Thus, we conclude that meteotsunamis
represent the most extreme of NSLOTTs, lying in the tail of distribution of
heights of NSLOTTs.

Meteotsunamis, jointly with tsunamis, seiches and infragravity waves,
occupy a frequency range devoid of regular oceanic sea level energy
(Figure 1a). This is a range for which a renowned oceanographer W. H. Munk
observed: “The most conspicuous thing about long waves in the open ocean is
their absence” (Munk, 1962; Rabinovich, 2020). However, like other tsunami
types (Monecke et al., 2008; Satake & Atwater, 2007), meteotsunamis can be
highly destructive, even though catastrophic meteotsunamis occur only once
every several decades or centuries at any particular location (Jansà &
Ramis, 2021). While the wave amplitude and inundation levels, even of the
strongest meteotsunamis, are, in general, significantly lower than those of the
moderate to strong seismic tsunamis, meteotsunamis still pose significant
threats to numerous coastal communities.

Despite the progress in meteotsunami research, integrating minute‐scale sea
level hazards into global sea level studies remains incomplete, primarily due
to low coverage and quality of available minute sea level measurements.
Further, current numerical models struggle to replicate atmospheric and
oceanic processes at kilometer and sub‐kilometer scales (Lam et al., 2023).
By contrast, reproduction of sea level phenomena like storm surges (Bernier
et al., 2024; Muis et al., 2020; Pringle et al., 2021) and hurricanes (Bloe-
mendaal et al., 2020; Needham et al., 2015) are well‐established. NSLOTTs
(including meteotsunamis), however, can contribute to sea level extremes by
more than 40% in some basins, such as the Mediterranean and the Caribbean
(Vilibić & Šepić, 2017). Excluding NSLOTTs from coastal hazard assess-
ments can result with underestimation of future sea level threats, as their
impact is, at endangered regions, comparable to projected sea level increases
due to climate change., thus underscoring the need to include NSLOTTs in
coastal risk assessments.

This review will discuss two additional topics, not previously covered in
meteotsunami review papers: (a) planetary‐scale meteotsunami waves caused
by violent volcanic explosions, such as the Hunga Tonga‐Hunga Ha'apai

eruption in January 2022 (Matoza et al., 2022); (b) effects of meteotsunamis on the ionosphere, which is realized
through the propagation of acoustic‐gravity atmospheric waves generated by meteotsunamis.

The structure of this review is as follows. Section 2 introduces the similarities and differences between
meteotsunamis and other types of tsunamis. Section 3 presents the observing systems and preferred standards for
measuring meteotsunamis and tsunamigenic atmospheric processes. Section 4 explores the physics underlying the
transfer of energy from the atmosphere to the sea, focusing on resonance mechanisms such as Proudman and
Greenspan resonances. It also discusses how coastal topography and harbor resonance amplify these waves near
the coastline. Section 5 includes a global survey of meteotsunamis, their contributions to sea level extremes
during extreme coastal hazard events, and a review of regional and local meteotsunami catalogs and climatologies
based on observations and instrumental data. Section 6 reviews the atmospheric processes responsible for gen-
eration of tsunamigenic atmospheric disturbances. Section 7 examines the connection between meteotsunamis,
NSLOTTs and broader synoptic patterns in some basins. It presents research linking specific synoptic patterns to
meteotsunamis, which may aid forecasting efforts. Section 8 discusses present day meteotsunami forecasting and
early warning systems capabilities. It also assesses their associated coastal risks, and explores potential impacts of
future climate change on meteotsunami hazards. Section 9 introduces meteotsunamis caused by globally

Figure 1. (a) Spectrum of surface gravity waves in the ocean (after
Rabinovich, 2020); (b) Comparison of the most common ranges (i.e., not
counting specific extreme events/locations) of different components of
coastal sea levels oscillations: long‐term changes (change of mean sea level
over a century), seasonal oscillations, tides, storm surges, nonseismic sea
level oscillations at tsunami timescales (including meteotsunamis), other
types of tsunamis and wind waves (significant wave height).
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propagating air pressure disturbances triggered by explosive volcanic eruptions. Section 10 discusses the effects
of meteotsunami waves on the ionosphere, including the generation and amplified propagation of acoustic‐gravity
waves detectable by modern global navigation satellite systems. The review concludes with a tentative (but not
exhaustive) list of research gaps in meteotsunami science in Section 11. These gaps may provide valuable
guidance for future research aimed at quantifying various aspects and consequences of this rare yet powerful
phenomenon.

2. Tsunamis Versus Meteotsunamis
The distinctions between meteotsunamis and other tsunami types (e.g., seismic, landslide, volcanic, asteroid
impact) are well‐documented (Monserrat et al., 2006). The primary difference lies in the generating force of the
ocean waves. Seismic tsunamis are caused by impulsive events, that is, by the sudden uplifting or downlifting of a
large oceanic mass during earthquakes (lasting seconds to minutes). These events release free long ocean gravity
waves in directions which are influenced by fault characteristics and bathymetry (Allan et al., 2012; Cheung
et al., 2013). The similar holds for tsunamis generated by asteroid impact and sudden (short lasting) submarine
volcanic eruptions. On the other hand, tsunamis generated by submarine and subaerial landslides, might also have
a component of continuous forcing of sea level due to a large volume sliding down the slope (Benjamin, 2015;
Fine et al., 2003). Meteotsunamis are generated by continuous forcing, that is, by propagating atmospheric
disturbances, with forcing that lasts from tens of minutes to hours. Meteotsunami amplification depends on the
intensity, size, and shape of the atmospheric disturbance, as well as the ocean bathymetry. When the speeds of the
atmospheric disturbance and long ocean waves align, Proudman resonance amplifies the long ocean waves
(discussed further in Section 4.1). If conditions are suboptimal, that is, if speeds do not match, meteotsunami
waves form as wave packages comprising both forced and free waves, with free waves radiating due to velocity
differences (Grue et al., 2022; Tonegawa & Fukao, 2022; Wijeratne & Pattiaratchi, 2024).

Upon reaching coastlines or encountering topographical obstacles, meteotsunamis and other tsunami types
behave identically. They refract around islands, reflect off shores, concentrate energy at steep shelf breaks, focus
energy over submarine canyons and ridges, and amplify due to coastal shoaling and harbor resonance (Kowalik
et al., 2008; Okal, 2021b; Orlić et al., 2010; Pasquet & Vilibić, 2013; Rabinovich et al., 2021; Z. Y. Ren
et al., 2023; Šepić, Rabinovich, & Sytov, 2018; Vennell, 2010; Xiong et al., 2017). A summary illustrating the
similarities and differences between meteotsunamis and other types of tsunamis is provided in Table 1.

Another difference between meteotsunamis and other types of tsunamis is in the fact that the former represent
only the extreme tail—the strongest events—of all NSLOTTs observed at a given location (as discussed in
Section 1). In contrast, seismic, landslide, or volcanic tsunamis have no height‐surpassing threshold in their
definitions—even a centimeter‐scale sea level oscillation caused by the respective tsunamigenic force is defined
as a tsunami. This definition, however, cannot be applied to meteotsunamis, because background sea level os-
cillations at tsunami timescales occur quasi‐continuously due to persistent atmospheric processes that generate
weak long ocean waves. Notably, significant lowering of the threshold for defining meteotsunamis would in-
crease the number of recorded events at a single station to hundreds per year, rendering research impractical.
Nevertheless, even sub‐threshold NSLOTTs generally share the same generation mechanisms as documented for
meteotsunamis (see more in Section 4.3).

The classification of meteotsunamis as a type of tsunami has been a subject of a long‐standing debate. Conse-
quently, meteotsunamis have not yet been officially recognized as a tsunami hazard and are not included in global
hazard or risk assessments or early warning system implementation plans (e.g., Amato, 2014; Wächter
et al., 2012). Despite this, the term “meteotsunami” was introduced nearly a century ago by Nomitsu (1935) and
later gained prominence through Defant's (1961) classical textbook and subsequent studies (e.g., Bryant, 2001;
Rabinovich & Monserrat, 1996, 1998). From a coastal observer's perspective, all types of tsunamis, including
meteotsunami can be regarded as “waves in a harbor,” which corresponds to the direct translation of the original
Japanese term for tsunami.

The lack of recognition of meteotsunamis within the tsunami research community may arise from the traditional
focus of this community on seismic, geological, risk management, and social science disciplines, rather than on
atmospheric sciences. As a result, meteotsunamis have often been overlooked or misclassified in historical
tsunami catalogs, frequently labeled as “unknown” events or mistakenly attributed to meteorological phenomena
such as storm surges (e.g., Lander et al., 1993; Maramai et al., 2014; Soloviev et al., 2000; Tinti et al., 2004). Early
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warning tsunami systems predominantly target seismic tsunamis, which are indeed the most devastating (Bernard
& Titov, 2015). Nevertheless, the percentage of meteotsunamis recorded in catalogs has increased. e.g.,
Gusiakov (2021) reports 4.1%meteotsunamis for all tsunami events in the 4000‐year long period till the end of the
20th century, while this number increases to 5.8% for events occurring in the 21st century only. Instructively, the
increase is a result of better detection of meteotsunamis in the instrumental era (e.g., Gusiakov, 2019, 2021). This
figure could be even higher, as existing tsunami catalogs are not optimized to archive meteotsunamis, and the
definition of a meteotsunami is still not unified (Gusiakov, 2021).

Recent efforts to integrate meteotsunamis into the tsunami research community have gained momentum, driven
by the involvement of atmospheric scientists and global meteorological and oceanographic organizations, such as
International Association of Meteorology and Atmospheric Sciences (IAMAS) and Intergovernmental Ocean-
ographic Commission (IOC). These organizations have started working on developing standard procedures for
meteotsunami detection and early warning (Angove et al., 2021; Necmioglu et al., 2023; UNESCO/IOC, 2025).

Importantly, meteotsunamis also cannot be classified as storm surges (although they were occasionally mistaken
for these, particularly in older storm surge catalogs, e.g., Needham & Keim, 2012). Storm surges represent non‐
oscillatory forced responses of sea level to atmospheric or other (like hydrological) forcings (Pugh & Wood-
worth, 2014; Resio &Westerink, 2008; von Storch &Woth, 2008). By contrast, meteotsunamis exhibit wave‐like
behavior (encompassing both forced and free waves) and share key physical characteristics with tsunamis, such as
reflection, refraction, shoaling, and run‐up (Monserrat et al., 2006). The generation mechanisms of storm surges
and meteotsunamis also differ fundamentally: storm surges are produced by large‐scale atmospheric pressure
anomalies and wind stress acting on the ocean surface, driving quasi‐static ocean adjustments through the inverse
barometric effect and frictional forces at the sea surface. Meteotsunamis, in contrast, are dynamically generated
through resonant energy transfer from atmospheric disturbances to the ocean, where static responses are multi-
plied. Temporal and spatial scales of storm surges and meteotsunamis are likewise distinct. Storm surges typically
span periods from several hours to a few days and involve quasi‐monotonic rises or falls in sea level over
hundreds to thousands of kilometers (Pugh & Woodworth, 2014). Meteotsunamis, on the other hand, are char-
acterized by oscillatory sea‐level and current patterns, have shorter periods—from a fewminutes to a few hours—
and wavelengths ranging from a few kilometers to several tens of kilometers.

Table 1
Similarities and Differences Between Tsunamis and Meteotsunamis

Tsunamis Meteotsunamis

Similarities Long ocean waves

Time scales: from a few minutes to a few hours

Spatial scales: from a few hundred of meters to hundreds of kilometers

Similar spectral characteristics

Destructive effects on the coast, including occurrence of strong currents

Resonance effects (for landslide tsunamis only)

Coastal amplification

Differences Source at or near the sea bottom through seafloor or mass displacement
(aside for tsunamis generated by asteroid impact and aerial landslides)

Source at the sea surface through air pressure or wind forcing

Impulse‐type generation (aside for landslide tsunamis) and gravitational
restoration as forcing

Continuous generation through resonances acting on the sea surface

Energy spreading by free waves Energy spreading by forced and free waves

Wave height to several tens of meters Wave heights to several meters

Destructiveness: potential high loss of human lives, destruction of whole
coastal cities and shorelines

Destructiveness: potential loss of a few human lives or injuries, limited
destruction and flooding of coastal regions

Spatial coverage: from local to global Spatial coverage: from local to regional (except for planetary meteotsunami
waves)

Predictivity: not possible for the source region, quite hard for near‐field
regions while fairly accurate for far‐field regions

Predictivity: less accurate everywhere, due to continuous ocean forcing by
the atmosphere which is rapidly changing in four‐dimensional time‐space
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3. Observing Meteotsunamis
3.1. Sea Level Records Versus Meteotsunami Prerequisites

Reliable records of meteotsunamis are essential for several purposes: (a) understanding the atmospheric and
oceanic interactions that drive meteotsunamis, thereby enhancing comprehension of coastal dynamics, (b)
assessing hazards and managing risks to mitigate impacts and build resilience, and (c) developing early warning
systems to prevent potential human and material losses. Traditional tide gauges primarily recorded continuous sea
level variations using daily or weekly charts (UNESCO/IOC, 1985), after which the charts were digitized and
hourly data obtained. Some older sea level measurements were based on recording high and low waters only. The
sea level data were often further processed with a particular aim. For instance, the Permanent Service for Mean
Sea Level (PSMSL, https://psmsl.org, Woodworth & Player, 2003) collects monthly time series in order to track
and quantify changes in mean sea level (e.g., Church & White, 2006). Other active data sets, such as those from
the University of Hawaii Sea Level Center (UHSCL, https://uhslc.soest.hawaii.edu) and the Global Extreme Sea
Level Analysis (GESLA, https://www.gesla.org, Haigh et al., 2023), were created to collect hourly or higher
resolution (if available) sea level records, to allow for research on extreme sea levels, such as storm surges (e.g.,
Marcos et al., 2015). Before the 2004 Sumatra‐Andaman tsunami (Fujii & Satake, 2007), measurements of sea
levels with minute‐scale or higher resolution were unavailable globally—although some tide gauge networks
were recording with such resolution (e.g., the Croatian tide gauge network, Vilibić, Domijan, & Čupić, 2005;
Vilibić, Orlić, et al., 2005). Similarly, meteotsunami studies have long required high‐resolution measurements of
atmospheric variables (e.g., air pressure and wind), which were historically standardized at hourly or 10‐min
intervals by national meteorological agencies—which are resolutions insufficient for quantifying meteotsu-
nami sources. Therefore, the historical meteotsunamis were studied through digitizing both sea level and air
pressure/wind records at a minute resolution (e.g., Hibiya & Kajiura, 1982; Orlić, 1980; Šepić, Vilibić, &
Belušić, 2009; Šepić et al., 2012), by deploying process‐oriented field experiments (e.g., LAST‐97 experiment on
the Balearic Islands, Monserrat et al., 1998), or by collecting eyewitnesses' reports (e.g., Vučetić et al., 2009).

High‐quality sea level records for studying meteotsunamis and other high‐frequency ocean and atmospheric
phenomena have only emerged in recent decades, supported by advances in instrumentation, computational re-
sources, data transmission, and storage technologies. Modern systems, such as pressure and radar sensors (for sea
level measurements), now offer high temporal resolutions, operate reliably under various environmental con-
ditions, and are more cost‐effective and easier to maintain. However, accurate meteotsunami measurements
depend on several factors. First, given the short periods of meteotsunamis (from a couple to tens of minutes), sea
levels should be recorded with at least a minute time step to avoid undersampling and to capture waves in their full
height (Vilibić & Šepić, 2017; Vilibić et al., 2016). Second, the data should ideally be of high quality to minimize
errors, reduce quality‐control efforts, and ensure precision (UNESCO/IOC, 2020; Zemunik et al., 2021a). Finally,
spatially dense local networks of stations, like the Balearic VENOM network, are needed to provide adequate
spatial coverage and facilitate tracking of meteotsunami propagation and amplification (e.g., Frank‐Comas
et al., 2021; Ramos‐Alcántara et al., 2025). Using multiple instrument types for cross‐validation also enhances
data robustness and helps identify potential errors.

3.2. Databases and Repositories Available for Meteotsunami Research

Global and regional sea level monitoring networks support meteotsunami detection and research. The IOC Sea
Level Station Monitoring Facility (SLSMF, https://www.ioc‐sealevelmonitoring.org, VLIZ/IOC, 2025) in-
tegrates minute‐resolution data from numerous tide gauge networks worldwide. The data are raw and not quality‐
controlled (as evident from Figure 2), however they are extremely useful for operational purposes, that is, for real
time tsunami forecasts and warnings, as these data allow for a fast assessment of propagating tsunamis. Research‐
quality data products likeMinute Sea Level Analysis (MISELA, Zemunik et al., 2021b) can be derived from these
raw data sets following extensive quality screening (Zemunik et al., 2021a). The National Oceanic and Atmo-
spheric Administration (NOAA) operates an extensive network of tide and water‐level stations across the United
States and its territories, providing minute‐resolution data (NOAA, 2025). Additionally, the NOAA's Deep‐ocean
Assessment and Reporting of Tsunamis (DART) system, though primarily designed for tsunami detection, can
also provide data relevant to meteotsunamis (Titov &Moore, 2021). The Joint Research Center (JRC; JRC, 2025)
has played a key role in European tsunami warning system by integrating regional and global tide gauge data,
maintaining historical event databases, and developing modeling tools for hazard maps and risk assessments.
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JRC's Inexpensive Device for Sea Level Measurements (IDSL) network, with sub‐minute sampling resolution,
has significant potential for studying meteotsunami processes. Along the east Japanese coast, high‐resolution S‐
net bottom array, consisting of 150 seafloor observatories equipped with ocean bottom pressure sensors and
seismometers (Mulia & Satake, 2020), is also able to successfully capture meteotsunami waves (Kubota
et al., 2021). Another sea bottom cable observatory, the Canadian NEPTUNE network, has the same potential for
capturing meteotsunamis (Barnes et al., 2011; Rabinovich et al., 2023). Additionally, numerous national agencies
now measure sea level with a minute resolution, and might have quality checked sea level data within their re-
positories (see, e.g., Pérez Gómez et al., 2022, for description of the Mediterranean and the Black Seas sea level
networks).

3.3. Ancillary Observations for Meteotsunami Research

Atmospheric observations are also vital for a comprehensive understanding of meteotsunamis (Anderson
et al., 2015; Vilibić et al., 2004). Minute‐scale air pressure data from microbarographs are crucial for detecting
rapid pressure changes and characterizing the timing, magnitude, spatial variability, and speed of meteotsuna-
migenic disturbances. While three microbarographs may suffice for basic detection (Monserrat & Thorpe, 1992;
Šepić & Vilibić, 2011; Zemunik, Bonanno, et al., 2021), dense regional networks of tens of stations is a must to
provide detailed spatial and temporal coverage, aiding accurate reproduction of meteotsunami events (Rabinovich
et al., 2021; Villalonga et al., 2024). Similar considerations apply to wind speed and direction measurements,
particularly in shallow basins where wind effects may equal or surpass those of air pressure (e.g., Chesapeake
Bay, Šepić & Rabinovich, 2014; the Great Lakes, Bechle & Wu, 2014). In addition to traditional in situ mea-
surements of air pressure and wind, modern weather radars, alone or in conjunction with in situ measurements and
numerical models, can track atmospheric systems like squall lines and thunderstorms linked to meteotsunamis
(Anderson et al., 2015; Kazeminezhad et al., 2021; Sibley et al., 2021; Titov & Moore, 2021; Wertman
et al., 2014). Satellite observations, such as cloud‐top temperature and speed analysis, can also be used to quantify
speeds of meteotsunamigenic systems and their potential to generate meteotsunamis (Belušić & Strelec
Mahović, 2009; Vilibić et al., 2010). High‐frequency radar measurements of surface ocean currents and waves
can further elucidate meteotsunami propagation and amplification in coastal areas (Domps et al., 2022;
Dzvonkovskaya et al., 2019; Lipa et al., 2014). Finally, novel monitoring techniques, such as underfloor

Figure 2. Examples of raw minute sea level series as received by the Intergovernmental Oceanographic Commission Sea
Level Station Monitoring Facility, with different problems in recording (data spikes, reference level shifts, instrument drifts,
data gaps, other instrument malfunctions).
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muography, which measures density‐dependent high‐energy muons interacting with fluids, also offer unique
possibilities for meteotsunami quantification (Tanaka et al., 2022).

4. Generation of Meteotsunamis
Meteotsunamis are generated through multiple resonant processes upon which their strength depends. These
processes include: (a) existence of an intense, high‐frequency atmospheric disturbance (an air pressure or wind
disturbance) which travels over the ocean and has a period of change ranging from minutes to a few hours, (b)
resonant energy transfer between the atmosphere and ocean, which can amplify the initial inverse barometer
effect and wind forcing ocean response by an order of magnitude, (c) amplification of meteotsunami waves as
they approach shallower continental shelf regions due to shoaling, and (d) further amplification within harbors or
bays due to harbor resonance. Similar generation processes generally explain weak NSLOTTs as well, although
with each or most of processes having weaker intensity. This section will provide details on the most important
aspects of meteotsunami generation.

4.1. Atmosphere‐Ocean Resonances

In the study of meteotsunamis, understanding the transfer of energy from atmospheric forcing to the ocean is
essential to explain how seemingly moderate atmospheric disturbances can produce large, destructive ocean
waves. Resonance mechanisms—specific conditions under which the characteristics of the atmospheric distur-
bances aligns with those of ocean waves or basin oscillations—are central to this amplification. Through the
process of resonant energy transfer, amplitudes of long ocean waves increase significantly, making resonance a
key driver in the formation of meteotsunamis.

Atmospheric pressure oscillations that generate meteotsunamis, even in extreme cases, initially trigger only minor
changes in sea level, typically a few cm. However, substantial sea level oscillations develop through different
types of resonance along the path of the traveling atmospheric disturbance.

4.1.1. The Proudman Resonance

The concept of Proudman resonance, a process that was introduced by British oceanographer Joseph Proudman in
his seminal study in 1929 (Proudman, 1929) (and termed Proudman resonance by Orlić, 1980), provides a
theoretical foundation for understanding the amplification of barotropic waves in response to moving atmospheric
pressure disturbances. Under typical conditions, atmospheric disturbances passing over the ocean induce small
sea level changes, primarily governed by the inverse barometric effect. However, Proudman's theory explains that
a resonant energy transfer occurs when the speed of the atmospheric disturbance aligns with the speed of long
waves in the ocean—a condition quantified by Froude number. The Froude number is given by:

Fr =
U
c
, (1)

where U represents the speed of the moving atmospheric pressure disturbance and c =
̅̅̅̅̅
gh

√
is the speed of long

ocean waves (g is the gravity, h is the depth of the ocean).

The height of the generated waves can be approximated using the following expression (Proudman, 1929):

ζ̃ =
Δζc2

c2 − U2
=

Δζ
1 − Fr2

, (2)

where Δζ = − ΔPa
ρg represents the sea level change due to the inverse barometric effect (corresponding to∼1 cm of

sea level change per 1 hPa of air pressure change), ΔPa is the change in atmospheric pressure, and ρ is the density
of seawater. Thus, the height of resulting ocean waves is highly dependent on the Froude number. In theory, if
Froude number Fr ≈ 1 (i.e., U ≈ c), following Equation 2, the waves could become infinitely amplified over flat
boundless ocean. Naturally, this does not occur due to nonlinear effects which become important for large wave
heights, bottom friction and limited widths of shelf breaks over which Proudman resonance occurs. When
Fr << 1 (i.e., U << c), the atmospheric disturbance moves slower than long waves, and the wave height
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approximates the effect of the inverse barometric effect, as seen in deeper water conditions. In contrast, when
Fr >> 1 (i.e., U >> c), the atmospheric disturbance moves faster than long waves, which reduces the time
available for energy transfer to the ocean. As a result, no significant waves are generated because the pressure
disturbance travels too quickly to generate an intense oceanic response (Monserrat et al., 2006; Pattiaratchi &
Wijeratne, 2015; Proudman, 1929), while weak ocean waves are freely radiated from the moving air pressure
disturbance.

Numerous studies have demonstrated the occurrence of Proudman resonance in observations and through
analytical approximations and numerical modeling. This resonance was suggested as a dominant mechanism in
many meteotsunami events worldwide, including regions such as the Adriatic Sea (Orlić, 1980; Šepić, Vilibić, &
Belušić, 2009), the Western Mediterranean (Garcies et al., 1996; Ličer et al., 2017), the Great Lakes (Bechle
et al., 2015), east Asia (Hibiya &Kajiura, 1982; Kwon et al., 2021), northern Europe (Pellikka et al., 2014; Tappin
et al., 2013), and many others. In order to investigate optimal conditions under which Proudman resonance
occurs, many studies have utilized modeling experiments to understand the impact of bathymetry, characteristics
of atmospheric forcing, interactions with tides, etc. (Bubalo et al., 2018; Y. X. Chen & Niu, 2018; Kakinuma &
Kosugi, 2024; Niu & Chen, 2020; Vilibić, 2008; Williams, Horsburgh, et al., 2021).

To quantify the spatial extent of the region where resonant conditions remain near critical, as defined by the
Froude number, the fractional Proudman length (Pl) has been introduced (Cheng et al., 2022; Ličer et al., 2017;
Pellikka et al., 2022; Šepić, Međugorac, et al., 2016). Pl is defined as:

Pl =
LFr crit

Ltot
, (3)

where LFr crit is the distance over which Froude number (Fr) falls close to 1 (e.g., within range of 0.95< Fr< 1.05
or 0.9< Fr< 1.1, depending on the study, meaning the disturbance speed closely matches the wave speed dictated
by the bathymetry) and Ltot is the total distance traveled by the disturbance (Šepić, Međugorac, et al., 2016). Thus,
Proudman length represents the percentage of the atmospheric disturbance trajectory over which Proudman
resonance conditions are met, indicating the part of the trajectory that promotes strong wave growth. Interestingly,
the correlation between Proudman length and strength of a meteotsunami might not be high, for two reasons: (a)
there are many other processes in complex bathymetries that shape the meteotsunami height, like reflection,
refraction and tunneling of the oceanwave energy over ridges and canyons (Seelam et al., 2016; Šepić, Rabinovich,
& Sytov, 2018; Thiebaut & Vennell, 2011; Titov et al., 2005; Vennell, 2010; Yoon, 2002), and (b) the intensity of
the meteotsunami waves rapidly weakens when moving from fully resonant conditions (Fr = 1), so that large
waves resonantly generated in one part of the ocean may dissipate as free waves in other parts where resonance
conditions are not fully met (Šepić, Vilibić, & Fine, 2015; Vilibić, 2008). This might be relevant particularly in
macro‐tidal regions, where the tidal elevationmay substantially lower the resonance conditions (up to 25%) during
the long‐lasting meteotsunami generations and fully resonant conditions cannot be achieved during a single
meteotsunami event. However, in such locations, super‐resonant conditions may occur during the falling tide and
counter‐currents, resulting in even larger meteotsunami amplification (up to 6 %) than for the full Proudman
resonance conditions (Fr < 1, Williams, Horsburgh, et al., 2021).

The transition of forced waves to free waves usually occurs when the speed of atmospheric disturbance and the
speed of long ocean waves differs (U ≠ c). This speed mismatch may occur due to fluctuations of speed and
intensity of the atmospheric disturbance over time, and due to changes in bathymetry that result with changes of
speed of long ocean waves, thus disrupting resonance conditions. The transition of waves on the step was
described by C. J. R. Garrett (1970), while Vennell (2007) explored the transition over the ridge. Specifically, if
c < U, the forced wave arrives to the coast before the free wave and vice versa (Grue et al., 2022; Orlić
et al., 2010). Here, it is also worth mentioning that meteotsunamis waves hitting a sharp shelf break—like the
tsunami waves (Heron & Dzvonkovskaya, 2015)—reflect much of their energy back in the form of free waves
that can hit shorelines hours after the generation of the offshore generated forced ocean waves through the
Proudman resonance (Pasquet & Vilibić, 2013; Šepić, Rabinovich, & Sytov, 2018; Wertman et al., 2014).
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4.1.2. The Greenspan Resonance

While Proudman resonance is the most well‐known mechanism involved in the amplification of meteotsunami
waves, other resonance phenomena, such as Greenspan resonance, also play an important role in certain coastal
environments. Greenspan resonance (Greenspan, 1956) describes a specific type of wave amplification phe-
nomenon occurring in the coastal zone. This resonance occurs when the speed of a moving atmospheric pressure
disturbance along the coast aligns with the propagation speed of edge waves (Niu, 2020, 2021; Seo & Liu, 2014).
Edge waves are a type of gravity waves that are generated through reflection and refraction of energy within the
continental shelf and that propagate parallel to the shore, with their amplitude decaying offshore (Munk
et al., 1956; Ursell, 1952). The dispersion relation for edge waves is given as:

σ2 = gk sin[(2n + 1)β], (4)

where σ is the wave frequency, k is the alongshore wavenumber, n is the edge wave mode and β is the beach slope
angle.

The phase speed of the edge waves can then be expressed as:

c =
g
σ
tan[(2n + 1)β]. (5)

Matching of the speed of one of the edge wave modes with the speed of atmospheric disturbance along the coast
facilitates a resonant energy transfer, causing amplifications of the edge wave amplitude.

Several studies demonstrated that the Greenspan resonance was responsible for the meteotsunami waves
development, although the community is still in favor of quoting the Proudman resonance, even if the resonance is
occurring over complex and sloping topographies over which the Proudman resonance almost cannot exist. This
refers, for example, to the Yellow Sea (J. Kim et al., 2022) where the speed of the meteotsunami wave mismatch
the estimates by the Proudman theory. In the middle Adriatic, a complex bathymetry off islands have slopes that
may serve as a resonator for traveling disturbances, in particular if traveling quasi‐parallel with the slope (Šepić,
Međugorac, et al., 2016). Some studies acknowledged the interplay of both Proudman and Greenspan resonance,
for example, in the Great Lakes, where different parts of lake are prone to different types of resonance (Bechle &
Wu, 2014; Bechle et al., 2015), southern Australia (Wijeratne & Pattiaratchi, 2024) of Gulf of Bothnia in the
Baltic Sea (Pellikka et al., 2022). Propagation of hurricanes can also result with meteotsunami waves, in particular
if speed of hurricane parallel to the coastline matches speed of the edge waves on a shelf (J. Kim & Omira, 2024;
Yankovsky, 2008, 2009). The interplay between the Proudman and the Greenspan resonance and their contri-
bution to meteotsunamis is an open research question, in particular in determination of the distance from the
coastline where the different resonances start to dominate.

4.2. Coastal and Harbor Resonances

Atmosphere‐ocean resonances can amplify waves advancing from the open ocean or alongshore regions.
However, even under ideal resonance conditions, the generated waves rarely reach amplitudes high enough to
cause hazardous oscillations. The exceptions occur at straight coastlines with very wide shelves (e.g., longer than
100 km) over which resonant processes may result with destructive meteotsunami waves (e.g., the 1992 Daytona
Beach meteotsunami, Churchill et al., 1995, the 2017 Dayyer meteotsunami, Heidarzadeh et al., 2020, etc.). The
destructive potential of incoming meteotsunami waves can increase substantially if the waves interact with coastal
features, such as bays, harbors, or other semi‐enclosed basins, where additional amplification mechanisms, like
harbor resonance, can occur.

The phenomenon of wave amplification in bays and harbors can be explained through several stages that consider
changes in wave height due to specific factors such as decreasing water depth, narrowing bay geometry, and
internal reflections and harbor resonance within the bay. Orlić et al. (2010) demonstrated that such amplification
occurs in three steps. The increase of wave height due to effects of shoaling and narrowing of the harbor can be
expressed by the Green's Law (Lamb, 1932):
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ζh́ = F2ζm, F2 = (
bm
bh
)

1/2

(
hm
hh
)

1/4

, (6)

where b is the width and h is the depth of the basin, and subscriptsm and h denote the mouth and head of the basin,
respectively. This equation shows that wave heights increase as the basin narrows (bm > bh) and becomes shal-
lower (hm > hh).

Further, waves are reflected at the head of the basin, leading to the amplification approximated by Lamb (1932):

ζh̋ = F3ζh́, (7)

where F3 = 2 is the factor of wave height increase due to its reflection.

Finally, the waves that are reflected at the head return to the bay mouth, where they can be superimposed to the
incoming long ocean waves. If the period of the incoming waves aligns with the period of the eigen modes of a
bay, harbor resonance takes place. The last stage of wave amplification is given by Orlić et al. (2010):

ζʹ́
h́ = F4ζh̋, F4 =

1 − exp[ − 2(1 − R)T0
te]

1 − R
, (8)

where T0 is the period of the fundamental eigen mode, te is the time since the bay began oscillating and R is the
reflection coefficient at the bay mouth. Here, R = 0 represents full energy dissipation, while R = 1 means no
energy loss.

The amplification of long waves entering a harbor from the open sea due to harbor resonance can also be
approximated by:

H2( f ) =
1

[1 − ( f /f0)
2
]
2
+ Q− 2( f /f0)

2
, (9)

where f represents the frequency of the incoming long wave, f0 is the natural (resonant) frequency of the harbor,
and Q is the quality factor, which quantifies the energy damping within the system (Monserrat et al., 2006)
(similar to R in Equation 8). When the two frequencies match ( f = f0), the amplification achieves value
H2( f ) = Q2. At frequencies much lower than the resonant frequency ( f → 0), the amplification factor ap-
proaches unity, indicating minimal amplification. Conversely, at frequencies much higher than resonant fre-
quency ( f → ∞), the amplification factor tends to zero, showing negligible influence of the waves on the harbor
oscillations.

Narrow, elongated inlets such as fjords or harbors with constricted entrance are prone to resonant oscillations due
to high Q‐factor. This phenomenon is described by Miles and Munk (1961) and known as the “harbor paradox.”
The paradox explains how narrowing a harbor entrance, which is intended to protect it from external disturbances
like wind waves and swell, can instead intensify internal oscillations due to resonance. Nevertheless, despite a
high Q‐factor which is essential for harbor oscillations, exceptionally strong oscillations can only occur when the
two frequencies ( f and f0) align, that is when “internal resonance” between the incoming ocean waves and the
harbor eigen modes occurs (Rabinovich, 1993). The characteristics of the excited harbor oscillations depends on
the shape of the basin. Wilson (1972) provided a comprehensive summary of eigen modes for basins with
different geometric shapes, which often serve as approximations for the typically irregular configurations of
natural features such as lakes, bays, inlets, and harbors (Figure 3).

Indeed, there aremany harbors, bays and inletswhich possess a high amplification factor and—when an open ocean
wave advances toward them—amplification at their ends may increase the initial height of the disturbance for
several times. For example, modeling study of the 15 June 2006 meteotsunami in Ciutadella (Spain) indicate a
quadrupling of wave height due to shoaling in front of the inlet and further tripling of wave height due to processes
inside the harbor, in total increasing the ocean waves generated by the Proudman resonance for an order of
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magnitude (Vilibić et al., 2008). Similar ratios for the shoaling and harbor resonance have been estimated for the
Nagasaki meteotsunami of 31 March 1979 (Hibiya & Kajiura, 1982; Monserrat et al., 2006). Although the highest
wave amplitudes are reached for offshoremeteotsunamiwaves advancing quasi‐perpendicularly to a bay or harbor,
edgewaves advancing along the coastlinemay also excite strong eigen oscillations in bayswhen there is amatching
of frequencies between the advancing edgewave and the harbor eigen periods (Sun&Niu, 2021). At end, it isworth
mentioning that the same principle as for harbor resonance are valid on larger scales, for example, for tidal
resonance, in which period of tides are close to the period of eigen oscillations of a basin. The examples are, among
others, the Bay of Fundy (C. Garrett, 1972), the Ungava Bay (Arbic et al., 2007), the Adriatic Sea (Medvedev
et al., 2020), the Gulf of Gabes (Sammari et al., 2006), in which either diurnal or semidiurnal components are
amplified for an order of magnitude, like meteotsunamis in harbors with high amplification factors.

4.3. Impact of Changing Atmospheric Disturbances and Bathymetry on Meteotsunamis

Once generated in the open ocean through the Proudman resonance, meteotsunami waves do not necessarily reach
high or destructive amplitudes upon arriving at the coastline. This might occur due to the following reasons: (a)
changing resonant conditions over long shelves, which are highly sensitive to small variations in ocean depth. In

Figure 3. Modes of free oscillations in semi‐closed basins of simple geometric shape (after Rabinovich, 2009, modified from
Wilson, 1972).
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such cases, resonant conditions may not be sustained over an offshore segment, causing the waves to dissipate as
free waves; (b) changes in intensity and speed of the atmospheric disturbance. A lack of continuous forcing can
significantly weaken meteotsunami waves generated at more distant locations (e.g., hundreds of kilometers
away); (c) sharp bathymetric features near the coastline, which can reflect, refract, or dissipate incoming waves,
or alternatively, channel their energy toward specific coastal segments.

To evaluate spatial forcing over the shelf surrounding the Balearic Islands, Ličer et al. (2017) conducted
sensitivity studies and concluded that the Proudman resonance over the shelf between Menorca and Mallorca
(approximately 40 km long), located offshore of the meteotsunami hotspot Ciutadella, acts as a key build‐up basin
for destructive meteotsunamis there. In contrast, the longer (ca. 80 km) but more distant Mallorcan shelf regions
do not substantially contribute to the intensity of meteotsunamis at Ciutadella. Šepić, Vilibić, and Fine (2015)
performed sensitivity studies for the northern Adriatic meteotsunamis by varying the speed and propagation
direction of the atmospheric disturbance. They found that the largest contributions to meteotsunami height come
from amplifications within the last 30 km of the shelf near a hotspot. Conversely, “early” generation of intense
meteotsunami waves farther offshore (e.g., along the western Adriatic shelf, 60–70 km from the hotspot) results in
wave heights more than twice as small compared to those produced under local resonant conditions.

Furthermore, a linear change in the amplitude of a traveling air‐pressure disturbance (from zero to a constant
value) produces a quadratic change in meteotsunami wave amplitude over a flat sea, yielding wave heights up to
two times smaller at a coastline than those generated by disturbances of the constant intensity over the same area
(Williams, Horsburgh, et al., 2021). Therefore, weaker meteotsunamis may occur in association with rapidly
intensifying meteotsunamigenic systems, such as mesoscale convective cells, which evolve over just a few tens of
kilometers while advancing toward the coast, compared to the fully developed convective systems that travel over
the same ocean path.

Finally, as with tsunamis (Iglesias et al., 2014), the energy of meteotsunami waves can be redistributed and
funneled by underwater channels or ridges toward particular coastal segments. This was demonstrated through
numerical modeling for the 2014 Odessa meteotsunami. Šepić, Rabinovich, and Sytov (2018) showed that the
meteotsunami wave could have been generated approximately 200 km offshore, first reflected from the shelf
break toward the coast and then channeled toward specific sections of the coast by an underwater ridge.

In conclusion, all of these effects jointly modulate the intensity of meteotsunamis along coastlines. However, their
compound impacts in the real ocean are still not fully understood (see Section 11.3.3).

5. Mapping of Meteotsunamis and High‐Frequency Sea Levels
5.1. Meteotsunamis: Local Phenomenon Occurring Worldwide

At their strongest, meteotsunamis are extreme and dangerous waves that cause destruction (Monserrat et al., 2006;
Pattiaratchi &Wijeratne, 2015; Rabinovich, 2020; Vilibić et al., 2016), either by themselves or by contributing to
an ongoing storm surge and to storm surge‐related infragravity waves, swells and wind waves (e.g., Medvedev
et al., 2022). The strongest meteotsunamis lead to high run‐ups and inundation, as well as to destructive currents
(e.g., Jansá et al., 2007; Linares et al., 2019; Sallenger et al., 1995; Vilibić et al., 2004; Vučetić et al., 2009; Yoo
et al., 2010).

The first records describing probable meteotsunamis come from a legend related to the Muslim conquest of Sicily
in the 9th century (Šepić, Vilibić, et al., 2018), an event in Ciutadella from the 15th century (Balearic Islands)
related to sinking of two ships and a drowning of a man due to strong currents (Jansà & Ramis, 2021—citing the
Juries of the Island of Menorca, 1465), and a religious festivity legend from the early 17th century in connection
with the flooding of Vrboska village (island of Hvar, Adriatic Sea) (Šepić & Orlić, 2025b). These earliest records
are followed by the 18th and 19th century newspaper reports of sudden and dangerous long ocean waves which
were later (mostly in the 21st century) identified as likely meteotsunamis. Haslett and Bryant (2009), Thompson
et al. (2020), and Lewis et al. (2023) list probable and confirmed 18th–21st century UKmeteotsunamis, beginning
with the event of November 1, 1755, followed by a further 9 events in the 18th century and 26 in the 19th century.
Further east, Brüggermann (1779) reports on the Baltic Sea event on the Rega in 1757, which according to a
description was also a possible meteotsunami. Given the abundance of meteotsunamis recorded along the coasts
of Japan, Korea and China, it is safe to assume that historical reports of sudden long ocean waves exist for these
locations as well—but we are not currently aware of these reports. The extreme meteotsunamis of the 20th and
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21st centuries have been increasingly well documented thanks to significant advances in measurement techniques
and networks, as well as much better dissemination of information.

Although meteotsunamis occur on all coasts of the world (Figure 4), their strength is highly spatially‐dependant
with some regions clearly standing out. These regions are: the Great Lakes (e.g., Bechle et al., 2016; Donn &
Ewing, 1956; W. M. Ewing et al., 1954), the east coast of the USA and Canada (Bailey et al., 2014; Churchill
et al., 1995; Mercer et al., 2002; Sallenger et al., 1995; Wertman et al., 2014; Whitmore & Knight, 2014; Šepić &
Rabinovich, 2014), the Gulf of Mexico (Alfonso‐Sosa, 2016; Olabarrieta et al., 2017; Paxton, 2016; Paxton &
Sobien, 1998), the Brazilian coast (Rabinovich, 2020), the Argentinian coast (Dragani et al., 2002), the United
Kingdom (Haslett & Bryant, 2009; Lewis et al., 2023; Thompson et al., 2020), the Mediterranean Sea with the
Balearic Islands (Jansà, 1986; Jansà & Ramis, 2021; Jansà et al., 2007) and the Adriatic Sea (Orlić, 2015; Šepić &
Orlić, 2025a; Vilibić & Šepić, 2009) as well as two close but distinct hotspots, the Yellow Sea and the East China
Sea (Cho et al., 2013; B.‐J. Choi et al., 2014; Hibiya & Kajiura, 1982; M.‐S. Kim et al., 2017, 2021; Tanaka, 2010;
X.Wang et al., 1987; Yoo et al., 2010). The estimated and measured heights (where available) of the strongest and
most destructive meteotsunamis in each of the region are listed in Table 2. Depending on the atmospheric forcing
and the bathymetry off a meteotsunami hotspot, meteotsunamis can manifest as a single wave (mostly occurring

Figure 4. The world map with proven occurrences of meteotsunamis (modified from Rabinovich, 2020). Size of the star is
proportional to the intensity of the event.

Reviews of Geophysics 10.1029/2024RG000867

VILIBIĆ ET AL. 14 of 64

 19449208, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024R

G
000867 by IN

ST
IT

U
T

E
 FO

R
 A

D
R

IA
T

IC
 C

R
O

PS A
N

D
 K

A
R

ST
 R

E
C

L
A

M
A

T
IO

N
, W

iley O
nline L

ibrary on [15/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Ta
bl
e
2

Li
st
of
Se
le
ct
ed
M
aj
or
M
et
eo
ts
un
am
iH
ot
‐S
po
ts
W
ith
th
e
M
os
tD
es
tr
uc
tiv
e
M
et
eo
ts
un
am
iE
ve
nt
s,
In
cl
ud
in
g
th
e
O
cc
ur
re
nc
e
D
at
e
an
d
M
ax
im
um

W
av
e
H
ei
gh
t(
W
itn
es
se
d—
In
Bl
ac
k,
or
M
ea
su
re
d—

In
Re
d)
an
d
Th
ei
r
Im
pa
ct

R
eg
io
n

Lo
ca
tio
n

D
at
e
of
th
e
ev
en
t

O
bs
er
ve
d
m
ax
.

w
av
e
he
ig
ht
(m
)

R
ef
er
en
ce
s

Im
pa
ct

M
ed
ite
rr
an
ea
n
Se
a

V
el
a
Lu
ka

21
Ju
ne
19
78

6–
8

O
rli
ć
(1
98
0)
,V
uč
et
ić
an
d

B
ar
čo
t(
20
08
),
V
uč
et
ić

et
al
.(
20
09
),
O
rli
ć

et
al
.(
20
10
)

O
ne
hu
nd
re
d
ei
gh
ty
‐e
ig
ht
in
un
da
te
d
ho
us
eh
ol
ds
,d
am
ag
ed

fu
rn
itu
re
,e
le
ct
ric
al
ap
pl
ia
nc
es
,i
ns
ta
lla
tio
ns
,a
nd
fo
od

su
pp
lie
s;
de
st
ro
ye
d
sh
op
s,
m
ar
ke
ts
,c
ar
s
pa
rk
ed
al
on
g

th
es
ea
si
de
,a
nd
bo
at
sw
hi
ch
w
er
em

oo
re
d
in
th
eh
ar
bo
r;

7
m
ill
io
n
U
S$

da
m
ag
e
(a
tt
ha
tt
im
e)

C
iu
ta
de
lla

15
Ju
ne
20
06

4–
5

Ja
ns
à
et
al
.(
20
07
),
V
ili
bi
ć

et
al
.(
20
08
)

M
or
e
th
an
40
bo
at
s
su
nk
or
da
m
ag
ed
;e
co
no
m
ic
lo
ss
of
a

fe
w
te
ns
of
m
ill
io
ns
of
eu
ro
s
(a
tt
ha
tt
im
e)

M
os
ta
ga
ne
m

3
A
ug
us
t2
00
7

7–
10

O
ka
l(
20
21
a)

Se
ve
re
da
m
ag
e
al
on
g
th
e
co
as
t;
12
pe
op
le
ki
lle
d;
Th
e

at
m
os
ph
er
ic
so
ur
ce
of
th
e
ev
en
ti
si
nd
ic
at
ed
by
se
is
m
ic

ob
se
rv
at
io
ns

B
la
ck
Se
a

O
de
ss
a

27
Ju
ne
20
14

2
Še
pi
ć,
R
ab
in
ov
ic
h,
an
d

Sy
to
v
(2
01
8)

Tw
el
ve
pe
op
le
in
ju
re
d,
of
w
hi
ch
tw
o
ad
ul
ts
an
d
fo
ur

ch
ild
re
n
ta
ke
n
to
a
ho
sp
ita
l

Ea
st
C
hi
na
Se
a

N
ag
as
ak
i

31
M
ar
ch
19
79

4
H
ib
iy
a
an
d
K
aj
iu
ra
(1
98
2)

Si
gn
ifi
ca
nt
da
m
ag
e;
th
re
e
pe
op
le
ki
lle
d

Y
el
lo
w
Se
a

B
or
ye
on
g

4
M
ay
20
08

1.
3

Y
oo
et
al
.(
20
10
)

Th
irt
y‐
si
x
pe
op
le
w
as
he
d
in
to
th
e
se
a;
9
ki
lle
d
an
d
15

su
ff
er
ed
se
rio
us
in
ju
rie
s

Pa
ci
fic

O
ce
an

So
ut
he
rn
Ja
pa
n

4
Se
pt
em
be
r2
00
9

2.
6

H
ei
da
rz
ad
eh
an
d

R
ab
in
ov
ic
h
(2
02
1)

D
am
ag
e
of
co
as
ta
li
nf
ra
st
ru
ct
ur
e;
St
ro
ng
co
as
ta
lc
ur
re
nt
s;

de
at
hs
du
e
to
Ty
ph
oo
n
Je
bi
im
pa
ct

Th
e
G
re
at
La
ke
s

C
hi
ca
go

26
Ju
ne
19
54

3
W
.M

.E
w
in
g
et
al
.(
19
54
),

B
ec
hl
e
an
d
W
u
(2
01
4)

D
am
ag
es
an
d
flo
od
in
g
of
co
as
ta
ls
tru
ct
ur
es
;e
ig
ht
pe
op
le

ki
lle
d

So
ut
he
rn
sh
or
es
of
M
ic
hi
ga
n

4
Ju
ly
20
03

0.
3

B
ec
hl
e
an
d
W
u
(2
01
4)

D
am
ag
e
on
co
as
ta
ls
tru
ct
ur
es
;s
tro
ng
rip

cu
rr
en
ts
;s
ev
en

pe
op
le
ki
lle
d

U
S
Ea
st
C
oa
st

D
ay
to
na
B
ea
ch

3
Ju
ly
19
92

3
Sa
lla
ng
er
et
al
.(
19
95
),

C
hu
rc
hi
ll
et
al
.(
19
95
)

Se
ve
nt
y‐
fiv
e
m
in
or
in
ju
rie
s;
da
m
ag
e
to
se
ve
ra
lt
en
s
of

ve
hi
cl
es

M
A
an
d
N
J
co
as
ts

13
Ju
ne
20
13

2
W
er
tm
an
et
al
.(
20
14
),
B
ai
le
y

et
al
.(
20
14
)

Se
ve
ra
ld
iv
er
s
dr
ag
ge
d
by
th
e
w
av
es
;s
ev
er
al
pe
op
le

kn
oc
ke
d
in
to
th
e
w
at
er

W
es
tA
us
tra
lia

Fr
em
an
tle

17
A
ug
us
t2
01
4

0.
5

Pa
tti
ar
at
ch
ia
nd

W
ije
ra
tn
e
(2
01
5)

St
ro
ng
cu
rr
en
ts
rip
pe
d
ca
rc
ar
rie
ra
nd
ca
rg
o
sh
ip
sf
ro
m
th
e

w
ha
rf
,c
ol
lid
in
g
an
d
ba
dl
y
da
m
ag
in
g
ra
ilw
ay
br
id
ge
on

a
m
aj
or
ro
ut
e
th
at
w
as
th
en
cl
os
ed
fo
r2

w
ee
ks

So
ut
he
as
tA
fr
ic
a

D
w
ar
sk
er
sb
os

27
A
ug
us
t1
96
9

2.
9

O
ka
le
ta
l.
(2
01
4)

D
am
ag
e
to
so
m
e
w
at
er
fr
on
th
ou
se
s;
se
ve
ra
ll
ig
ht
bo
at
sa
nd

po
ul
tri
es
w
er
e
lo
st

Pe
rs
ia
n
G
ul
f

D
ay
ye
r

19
M
ar
ch
20
17

2.
4

Sa
la
re
e
et
al
.(
20
18
),

H
ei
da
rz
al
eh
et
al
.(
20
20
),

K
az
em
in
ez
ha
d

et
al
.(
20
21
)

D
am
ag
e
to
ca
.3
00
fis
hi
ng
an
d
re
cr
ea
tio
na
lb
oa
ts
an
d
85

co
as
ta
lh
ou
se
ho
ld
s;
fiv
e
pe
op
le
ki
lle
d
an
d
22
in
ju
re
d

B
ra
zi
l

Pâ
nt
an
o
do
Su
l

19
N
ov
em
be
r

20
09

3
C
an
de
lla
an
d
de

A
ra
uj
o
(2
02
1)

C
on
si
de
ra
bl
e
da
m
ag
e
of
ca
rs
,f
is
hi
ng
bo
at
s,
re
st
au
ra
nt
s,

an
d
va
rio
us
be
ac
h
in
fr
as
tru
ct
ur
e;
on
ef
is
he
rm
an
sl
ig
ht
ly

in
ju
re
d

Reviews of Geophysics 10.1029/2024RG000867

VILIBIĆ ET AL. 15 of 64

 19449208, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024R

G
000867 by IN

ST
IT

U
T

E
 FO

R
 A

D
R

IA
T

IC
 C

R
O

PS A
N

D
 K

A
R

ST
 R

E
C

L
A

M
A

T
IO

N
, W

iley O
nline L

ibrary on [15/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



at an open coast), a train of waves (mostly occurring in a harbor or a bay) and can be superimposed on other
processes driving extreme sea levels, like storm surges. Examples of such events are provided in Figures 5 and 6.

In other regions, meteotsunamis can make an important contribution to the overall sea level variability (e.g.,
Vilibić & Šepić, 2017, for global records; de Jong & Battjes, 2004; de Jong et al., 2003, 2021, for Rotterdam,
Netherlands; Pattiaratchi & Wijeratne, 2014, 2015 for Australia), but appear to reach smaller, mostly non‐
damaging wave heights (although related currents can still be exceptionally strong and cause damage, e.g.,
Pattiaratchi & Wijeratne, 2015). The Baltic Sea, for one, attracts our attention, as historical reports indicate
occurrence of destructive meteotsunamis, whereas no recent destructive events have been reported (Pellikka
et al., 2014, 2022). For example, Brüggeman (1779) (cited here through Piotrowski et al., 2017), when writing
about the 1757 Rega River flooding reports “… in calm and bright weather, the Baltic coast near Trzebiatów on
Rega River suddenly was rolling so much that a ship, moored in the harbor, was snatched away by high waves and
shifted far onto the land. After that (rolling) was repeated three times, the sea became calm again. Local people
call this phenomenon the Seebär…”.

In addition, there are also areas for which we are only aware of the very strong and destructive events, for
example, the Dayyer event (Iran) in 2017, in which 5 people were killed and 22 more injured (Heidarzadeh
et al., 2020; Kazeminezhad et al., 2021; Salaree et al., 2018), theMostaganam event (Algeria) of 2007, where long
ocean waves, suspected to be a meteotsunami, killed 12 people (Okal, 2021a), and the Dwarskersbos event (South
Africa) of 1969, when the coastal run‐up reached 2.9 m (Okal et al., 2014). More details on some of these events
are provided in Sections 8.1.1 and 8.1.2. It is possible that these were unique events, but it is also possible that
other events have occurred in these regions but are unknown to us due to lack of measurements and a lower
availability of information from these countries.

In general, stronger meteotsunamis (higher waves/stronger currents) occur:

1. in the mid‐latitudes,
2. along coastal stretches in front of which there is a shelf of considerable width/length, and
3. in bays and harbors with high amplification factors (Rabinovich, 2009).

Figure 5. High‐pass air pressure and sea level series measured during meteotsunamis that manifested as follows: (a, b) a
single wave meteotsunami—Panama City (Florida) event of 28 March 2014; (c, d) a train of meteotsunami waves—Stari
Grad (Croatia) event of 30 June 2017. The Stari Grad and Vrboska stations are within 8 km of each other. The Panama City
series were measured with a 6‐min time step, and the Croatia series with a 1‐min time step. All series were high‐pass filtered
with a 3‐hr Kaiser‐Bessel window.
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And weaker meteotsunamis occur:

1. in the low latitudes,
2. along coastal stretches in front of which there is no or only a very narrow shelf, and
3. in bays and harbors with low amplification factors, and along the open coast.

The higher frequency of strong meteotsunamis in the mid‐latitudes is related to the higher frequency of tsuna-
migenic atmospheric disturbances in these latitudes compared to the lower latitudes. The greater frequency relates
to both good weather meteotsunamis associated with atmospheric gravity waves (AGWs) and remote convective
processes, and to bad weather meteotsunamis associated with thunderstorms, squall lines, cold fronts, extra-
tropical and tropical cyclones, with the latter two not occurring at the lowest latitudes due to absent or weak
Coriolis force (Stull, 2017). In their global studies of NSLOTTs, Vilibić and Šepić (2017) and Zemunik,
Denamiel, Williams, and Vilibić (2022) show that variance of high‐frequency sea level oscillations is correlated
with the mean speed of wind at 500 hPa level, with the strongest mid and upper tropospheric winds blowing over
the mid‐latitudes. Nevertheless, one should bear in mind that low‐income countries with less developed mea-
surement networks are located in the low latitudes—and part of the absence of events could be due to a sparser
measurement network (Vilibić & Šepić, 2017; Zemunik, Denamiel, Šepić, & Vilibić, 2022) and less availability
of information.

The presence of wide shelves facilitates the generation of strong meteotsunamis through resonant processes (e.g.,
Proudman resonance; more details on generation of meteotsunamis are given in Section 4). The advantage of a
wide shelf, when it comes to meteotsunami generation, can be easily deduced from the comparison between the
east and west coasts of North America. Although meteotsunamis have been observed on both coasts (e.g., on the
east coast: Bailey et al., 2014; Churchill et al., 1995; Mercer et al., 2002; Sallenger et al., 1995; Šepić &

Figure 6. Atlantic City time series representing a triple jeopardy event consisting of a storm surge, a meteotsunami, and the
Hunga Tonga‐Hunga Ha'apai (HTHH) planetary tsunami waves (see more in Section 9): (a) original air pressure; (b) residual
sea level; (c) high‐pass (HP) air pressure; (d) high‐pass sea level. Times corresponding to the HTHHwaves arriving from the
“pole” (N1, N2) and “antipole” (A1, A2) are indicated in (c), and (d). A meteotsunamigenic disturbance (MT) is marked in
(c). HTHH tsunami and local meteotsunami are marked in (d). All series were measured with a 1‐min time step. The series
shown in (c) and (d) were high‐pass filtered with a 3‐hr Kaiser‐Bessel window. A wider analysis of the event can be found in
Rabinovich et al. (2025).
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Rabinovich, 2014; Wertman et al., 2014; Whitmore & Knight, 2014; and on the west coast: Rabinovich
et al., 2021, 2023; Thomson et al., 2007), significantly stronger events have been observed on the east coast in
front of which there is a wide shelf than on the west coast in front of which there is a much narrower shelf. In other
regions where meteotsunamis are a common phenomenon, the most vulnerable coastal sections are also next to
shelves of considerable width (Figure 4).

Atmospheric disturbances (see examples in Figures 5 and 6) generate long ocean waves as they propagate over the
shelves (see Section 4). If the speed of an atmospheric disturbance coincides with the speed of long ocean waves, a
forced long ocean wave with continuously increasing height is generated. This ocean wave propagates together
with an atmospheric disturbance, which is in turn mainly advected by the mid and upper troposphere winds
(Šepić, Vilibić, Rabinovich, & Monserrat, 2015). It could therefore be assumed that meteotsunamis will be most
frequent and strongest on the coasts toward which the winds of the middle and upper troposphere are blowing. In
mid‐latitudes, the jet stream is mostly westerly (although with variations from southwesterly to northwesterly, end
even southerly to northerly), suggesting that strong meteotsunamis should propagate from these directions toward
the “opposite” coasts. This assumption is confirmed for numerous regions. For example, in the Mediterranean
Sea, most destructive meteotsunamis are observed on the southward to westward looking coasts when strong mid‐
tropospheric southwesterly winds are blowing (Pupić Vurilj et al., 2023; Vilibić et al., 2021). In the Sea of Japan
and the East China Sea, the strongest events are also recorded on the coasts of Japan (Hibiya & Kajiura, 1982;
Tanaka, 2010) and Korea (M.‐S. Kim et al., 2017, 2021) toward which jet streams (strong mid‐ and upper
tropospheric winds) are directed. However, there are exceptions to the rule. Destructive meteotsunamis have been
observed along the east coast of the USA (Rabinovich, 2020), although upper tropospheric winds direct atmo-
spheric disturbances offshore. It was shown however that the US East Coast meteotsunamis usually propagate
together with atmospheric disturbance offshore—but then, upon reaching the shelf break, ocean waves reflect
westward from the shelf edge toward the east coast of the USA (Bailey et al., 2014; Pasquet & Vilibić, 2013),
while the atmospheric disturbances continue propagating eastward.

Finally, the earliest studied meteotsunamis were exceptionally strong manifestations of seiches, occurring at the
so‐called “meteotsunami hotspots”, that is, harbors and bays with high amplification factor (W. M. Ewing
et al., 1954; Hibiya & Kajiura, 1982; Jansà, 1986; Orlić, 1980; Rabinovich, 2009). The advantage of such micro‐
locations for generation of strong meteotsunamis can best be inferred from climatological studies on meteotsu-
namis conducted by analyzing decadal 6‐min (for US), 15 min (for UK) or 1‐min sea level time series. Such
studies are provided by Bechle et al. (2016) for the US Great Lakes coast, Dusek et al. (2019) for the US East
Coast, Williams, Schultz, et al. (2021) for Northwest Europe, Pellikka et al. (2020, 2022) for the Baltic Sea, Lewis
et al. (2023) for the United Kingdom and Ruić et al. (2023) for the Adriatic Sea. These studies all show a very
strong dependence of the median and maximum meteotsunami heights on the exact location of the tide gauge
station, with Ruić et al. (2023) concluding that the strongest high‐frequency sea level oscillations occur at tide
gauges located in narrow bays or channels, while the weakest occur along the open coast or at the entrance to wide
bays. Incoming long ocean waves can trigger seiches of bays and channels, with a possible strong amplification
occurring when frequency of incoming long ocean waves matches frequency of seiches (Raichlen, 1966; see also
Section 4.2 of this paper for more details).

Nonetheless, exceptional events have also been reported at the open coasts. Rabinovich (2020), in his review of
meteorological tsunamis which have occurred since the 1992 Daytona event, lists 49 strongest events, of which a
little more than one third (i.e., 18 events) have occurred along an open coast/beach (e.g., Alfonso‐Sosa, 2016;
Anderson et al., 2015; Churchill et al., 1995; Olabarrieta et al., 2017; Paxton, 2016; Paxton & Sobien, 1998; Šepić,
Rabinovich, & Sytov, 2018; Whitmore & Knight, 2014). In contrast to harbor/bay meteotsunamis, which usually
have the shape of a seiche, open coast meteotsunamis usually have the shape of a large solitary wave (see ex-
amples of both types in Figure 5), which often hits the coast unexpectedly (Rabinovich, 2020). Generation of such
a solitary wave (soliton) has been explained by the specific interplay of meteotsunami forcing (i.e., resonant
processes over the shelf) and nearshore bathymetry (Sheremet et al., 2016).

5.2. Individual Versus Combined Contribution of Meteotsunamis to Extreme Sea Levels

Rabinovich (2020) classifies the strongest known meteotsunamis since 1992 as “good weather” or “bad weather”
events based on a qualitative assessment of the general weather situation. Here, good weather means fair surface
weather with no or weak winds, no rain and thunderstorms, and bad weather means the presence of tropical or
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extratropical cyclones or storms, squall lines, severe thunderstorms and strong surface winds. Therefore, for good
weather meteotsunamis the wind contribution to the resonant transfer of energy toward the ocean is absent or quite
marginal to the contribution of the respective air pressure disturbance, while both wind and air pressure forcing
may be relevant during bad weather meteotsunamis (see more in Section 5.3). The ratio of contributions is also
dependent on the ocean depth, as wind become generally more important in very shallow basins (Šepić, Vilibić, &
Fine, 2015; Šepić & Rabinovich, 2014; Shi et al., 2019). This classification can be roughly translated into a
classification based on the background sea level, where good weather usually corresponds to an average back-
ground sea level and bad weather usually (but not exclusively) indicates an elevated background sea level due to
an ongoing storm surge. Of the 49 meteotsunami events listed in Rabinovich (2020), about a quarter (12 events),
are identified as bad weather events.

The oldest accounts of strong meteotsunamis refer to good weather events, which were mostly characterized by a
sudden onset of sea level oscillations along with an apparent absence of significant atmospheric forcing (herein,
significant atmospheric forcing would imply a large “cyclonic” pressure drops or strong winds, thunderstorms,
etc.). Such was the 27 June 1954 Lake Michigan event that claimed lives of 5 people (W. M. Ewing et al., 1954),
the 21 June 1984 Ciutadella rissaga with a height of ∼3 m (Jansà, 1986), the Great Vela Luka flood of 21 June
1978 with seiches of at 6–8 m height (Orlić et al., 2010; Vučetić et al., 2009), and the Nagasaki abiki of 31 March
1979 (Hibiya & Kajiura, 1982) with ∼4 m high waves that caused drowning of 3 people. Subsequent research
revealed that good weather events mostly occur in the warmer season and are usually associated with: (a) AGWs
maintained through wave‐duct (e.g., Monserrat & Thorpe, 1992; Šepić, Vilibić, & Belušić, 2009), wave CISK
(convective instability of the second kind; e.g., Belušić et al., 2007) or both (e.g., Tanaka, 2010), (b) pressure
jumps associated with thunderstorms (e.g., Jansá et al., 2007) which do not necessarily pass directly over the
affected areas so that the weather appears “fair” to an observer.

The bad weather events have been less studied, at least until recently, because the effects of meteotsunamis in
these situations are often superimposed to other processes, that is, storm surges, infragravity waves, swells and
wind waves (see an example in Figure 6). For this reason, only the very strong and/or destructive bad weather
meteotsunamis were investigated. These include meteotsunamis that occur due to pronounced atmospheric
pressure changes and strong winds in: (a) extratropical cyclones (e.g., Carvajal et al., 2017; Linares et al., 2016;
Mercer et al., 2002); (b) tropical cyclones (e.g., Anarde et al., 2021; Ding et al., 2011; Dolgikh et al., 2023; Ke &
Yankovsky, 2011; Lin & Wu, 2021; Ma et al., 2015; Mecking et al., 2009; Shi et al., 2020); (c) mesoscale
convective systems (Kazeminezhad et al., 2021; Sibley et al., 2021); (d) squall lines (e.g., Bechle et al., 2016;
M.‐S. Kim & Woo, 2021); (e) derechos (e.g., Bailey et al., 2014; Šepić & Rabinovich, 2014; Wertman
et al., 2014); and (f) cold fronts (e.g., de Jong & Battjes, 2004; de Jong et al., 2003; Perez et al., 2022).

Research of the joint effects of storm surges, infragravity waves, seiches and meteotsunamis on total sea level
extremes has only recently been initiated. For example, Rabinovich et al. (2023), in their study on the effects of
extratropical cyclone Songda on the coasts of British Columbia and Washington, show that extreme sea levels
were reached through a combined effect of a storm surge, meteotsunamis and infragravity waves. The importance
of high‐frequency sea level oscillations (such as meteotsunamis) for the total sea level height reached during
storm surges has been emphasized by other authors as well, for example, Suursaar et al. (2006) for Storm Gudrun
in the Baltic Sea, Pérez Gómez et al. (2021) for storm Gloria in the western Mediterranean, Heidarzadeh and
Rabinovich (2021) for Typhoons Lionrock and Jebi on the coasts of Japan, Medvedev et al. (2022) for Typhoon
Maysak in Korea and the Sea of and Ferrarin et al. (2023) for a flooding of Venice on 12 November 2019. etc. An
interesting event occurred between 16 and 18 January along the mid‐US East Coast (Figure 6), during which three
processes—planetary meteotsunami waves coming from the Hunga Tunga‐Hunga Ha'apai eruption, meteotsu-
namis caused by propagating air pressure disturbances and storms surges—occurred almost simultaneously
(Rabinovich et al., 2025). In addition to analysis of individual events, Ruić et al. (2023) conducted the first
statistical analysis of the contribution of high‐frequency sea level oscillations to total residual sea level maxima of
the Adriatic Sea, reaching conclusions that high‐frequency sea level oscillations (such as meteotsunamis) can
dominate positive sea level extremes, or, even when not dominating them, significantly contribute to total sea
level height. Additionally, Shi et al. (2020) have done a similar research by assessing contribution of meteot-
sunamis to total sea levels during the North Atlantic tropical hurricanes.
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5.3. Air Pressure Versus Wind Disturbances Generating Meteotsunamis

In general, generation of meteotsunamis by traveling air pressure disturbances has been considered as the
dominant in comparison to generation by the wind disturbances (Monserrat et al., 2006; Pattiaratchi & Wijer-
atne, 2015). This particularly holds for relatively deeper parts of coastal regions, as the wind‐induced sea level
changes (e.g., for storm surges) are inversely proportional to the ocean depth (e.g., for the frictionless one‐
dimensional problem):

∂ζ
∂x
=

τx
ρ g H

, (10)

where ζ is sea level displacement along x, τx is the wind stress, ρ and H are ocean density and depth, while g is the
gravity. Convincingly, the shallower is the ocean or a water body, the larger is the sea level response to the wind
forcing. This equation holds for slow ocean processes like storm surges, but also—similarly to the air pressure
forcing (Equation 2)—is valid for dynamically amplified sea level response to traveling wind disturbances.

Indeed, analyses of observations and numerical simulations have shown that wind can be important in very
shallow coastal regions and even in inland water bodies. For example, Shi et al. (2019) numerically reproduced
winter meteotsunamis (here equivalent to bad weather meteotsunamis) along the wide shelf of the northern Gulf
of Mexico, demonstrating the dominance of wind forcing at depths shallower than 15 m. Similarly, Šepić, Vilibić,
and Fine (2015) reached the same conclusion in sensitivity modeling studies of meteotsunamis in the northern
Adriatic Sea, where winds can make a substantial contribution only in very shallow coastal regions. In deeper
coastal areas (e.g., 30–80 m), wind may still play a significant but not dominant role compared to air pressure
forcing (Vilibić, Domijan, & Čupić, 2005; Vilibić, Orlić, et al., 2005). In such cases, wind contributes primarily at
longer periods (e.g., generating seiches with periods greater than 1 hr, while having only a minor effect on sea‐
level oscillations with periods from a few minutes to a few tens of minutes), and only under very strong winds
(>20 m/s), typically accompanying bad weather meteotsunamis.

In North America, derechos—severe convective storms that can travel eastward for more than a thousand ki-
lometers and produce gale‐force winds (>20 m/s) together with intense air pressure oscillations (exceeding
several hectopascals)—can generate meteotsunamis through both air pressure and wind forcing (Guastini &
Bosart, 2016; Šepić & Rabinovich, 2014). The generation mechanism is dominated by wind forcing in very
shallow regions, such as Chesapeake Bay with an average depth of 6.4 m, while in deeper regions, such as Lake
Erie or along the US East Coast, air pressure forcing dominates or acts exclusively. Finally, strong seiches in very
shallow coastal water bodies (e.g., lagoons or marine lakes shallower than 5 m) are almost exclusively generated
by winds (Niedda & Greppi, 2007; Vilibić et al., 2025), consistent with the absence of good weather meteot-
sunamis in such basins.

5.4. Global Studies

Researchers have conducted systematic global investigations of meteotsunamis and other atmospherically
induced high‐frequency sea level oscillations, both from an observational perspective and based on the global
instrumental data sets. The seminal paper by Monserrat et al. (2006) that strongly advertised the term meteot-
sunami to the tsunami and geosciences community also listed the number of meteotsunami events, in particular
referring to the most damaging ones that occurred over global coastlines. Pattiaratchi and Wijeratne (2015) listed
35 meteotsunami hotspots and the documented wave heights of meteotsunami, pointing out that meteotsunamis
are an underrated phenomenon in studies of extreme sea levels and providing some examples for the Australian
coastline. Vilibić et al. (2016) provided spatial plots of worldwide meteotsunamis, with more detailed view on the
Mediterranean Sea, aiming to list some of major research gaps in the global research of meteotsunamis.
Gusiakov (2019) examined all tsunamis occurring between 1900 and 2019 and estimated the type and various
parameters of the largest tsunami occurring each year, showing that meteotsunamis were the strongest tsunamis
observed globally during 9 years (7.5% of all examined years). The average maximum wave run‐up for these
events was 4 m, much less than for seismic (9.2 m), landslide (65.4 m) and volcanic (30.4 m) tsunamis. Finally,
Rabinovich (2020) described in detail 49 meteotsunami events, indicating the type (more in Section 5.2) and
intensity of events, and documenting also the impact and the damage that resulted from these meteotsunami
events.
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With the development of global sea level products at a minute timescale (more in Section 3.2), global studies
based on worldwide sea level observations were initiated. The first such study, conducted by Vilibić and
Šepić (2017), introduced the term “NSLOTT,” which has since been adopted by other researchers (Williams,
Schultz, et al., 2021; Zemunik, Denamiel, Šepić, & Vilibić, 2022; Zemunik, Denamiel, Williams, & Vili-
bić, 2022) and is referring to all high frequency (period from 2 min to a few hours) sea level oscillations observed
at tide gauges induced by processes in the atmosphere. Their findings revealed that while the contribution of
NSLOTT variance to the overall sea level variance is in general relatively small, the maximum NSLOTT range
can contribute more than 40% of the overall maximum sea level range in low‐tidal areas (Figure 7). Moreover, a
distinct zonal pattern of NSLOTTs was identified, with variance doubling from the tropics and subtropics to the
mid‐latitudes at particular location. This pattern suggests a link between mid‐tropospheric jet, tsunamigenic
AGWs and long ocean waves, as will be explained in more detail in Section 7.1.

Zemunik, Denamiel, Šepić, and Vilibić (2022) advanced this research by constructing a global climatology of
NSLOTTs over a predefined sub‐region, estimating their average variance to very low values, from 0.24 cm2 in
the Baltic Sea to 6.57 cm2 along the Pacific coast. However, the amplification of oscillations during the strongest
NSLOTT events compared to background oscillations were estimated up to 100, in particular over some regions,
where the amplification is attributed to both local bathymetries and intensity and frequency of atmospheric
processes in a region. Additionally, they found that NSLOTTs are typically not isolated phenomena. During
extreme events, about a quarter of the strongest occurrences are synchronized across stations within a radius of
several hundred kilometers from a central “beacon” station.

5.5. Regional and Local Meteotsunami Climatologies and Catalogs

In regions or meteotsunami hotspots with a long history of meteotsunami observations or sufficient minute‐
resolution sea level data to establish climatologies, local (station‐wise) and regional (e.g., country‐ or basin‐
wide) meteotsunami catalogs and climatologies have been developed. Two prominent Mediterranean meteot-
sunami hotspots exemplify this: the Adriatic Sea (Croatian coast) and Ciutadella (Menorca, Spain). Orlić (2015)
documented meteotsunami events starting with Vela Luka meteotsunami of 1931, with the earliest occurrences
based mostly on written accounts from local enthusiasts (Tabain & Tabain, 1994). The catalog was later trans-
ferred online and expanded with additional 15 events (totaling 36 events at the moment), all with heights above
1 m, and all described in detail (Šepić & Orlić, 2025a). The online version of the Adriatic Sea meteotsunami
catalog also details the synoptic patterns associated with meteotsunami events.

Figure 7. Ratio between nonseismic sea level oscillations at tsunami timescales (NSLOTTs) and total sea level variances (upper left) and their maximum ranges (lower
left), as well as NSLOTT absolute variance (upper right) and maximum ranges (lower right), all averaged over coherent areas (after Vilibić & Šepić, 2017).
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For Ciutadella, no dedicated meteotsunami catalog has been published, but data from the region has been
extensively used in various studies, particularly those focused on forecasting. The Spanish Meteorological
Service (AEMET) classifies observed events as moderate (amplitude of 20–70 cm), high (amplitude of 70–
100 cm), very high (amplitude of 100–200 cm) or extreme (amplitude > 200 cm), based on observed or eye-
witnessed wave amplitude in Ciutadella Harbor (Jansà & Ramis, 2021). Studies by Romero et al. (2019) and Vich
and Romero (2021) used data on 126 recorded rissaga events to assess a meteotsunami forecasting system, while
Šepić, Vilibić, and Monserrat (2009) used 32 rissaga events, with data on events extracted either from previous
research studies or from available sea level measurements, to quantify the simultaneity between the Balearic and
the Adriatic meteotsunamis.

In the UK, records of historical meteotsunami events date back to the 18th century. Initial studies focused on
“summer‐type” meteotsunamis (Haslett et al., 2009; more on classification in Section 7.2). The studies were later
expanded to include events as far back as the 18th century (Thompson et al., 2020) and recent occurrences from
the instrumental era (Lewis et al., 2023), as well as “winter‐type” events. UK meteotsunamis are most frequent
along the southwestern and southern coasts, near locations where Joseph Proudman developed his resonance
transfer theory (Proudman, 1929). The UK authors use several criteria for definition of a meteotsunami event: (a)
wave height >20 cm with 2–120 min period oscillations registered at two or more tide gauge stations, (b) at-
mospheric criteria requiring either convective mesoscale weather system or wind/air pressure jump higher than a
given threshold, and (c) geological criteria, which discriminates atmospheric from non‐atmospheric tsunamis.
Notably, winter‐type meteotsunamis are stronger along northern UK coastlines, whereas summer‐type events are
less common in these regions (Figure 8; Lewis et al., 2023). Historical records indicate more summer events,
whereas the instrumental era reveals a predominance of winter events. This discrepancy suggests winter
meteotsunamis were less noticeable historically due to their overlap with storm surges and waves, whereas
summer meteotsunamis during calm weather posed a higher risk to communities.

The longest meteotsunami climatology has been documented for the Finnish coast, where Pellikka et al. (2020)
examined sea level charts back to 1922 and recent 15‐min and 1‐min instrumental records measured during the
summer period (May‐October). They used different criteria for detecting meteotsunamis at charts and within
instrumental records, assessing the period of oscillations (below 2 hr) and putting variable threshold between

Figure 8. Seasonal and locational distribution of maximum wave heights from 1750 to 2022. Numbers of events at specific
locations are represented by dot size as shown in the key (after Lewis et al., 2023).

Reviews of Geophysics 10.1029/2024RG000867

VILIBIĆ ET AL. 22 of 64

 19449208, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024R

G
000867 by IN

ST
IT

U
T

E
 FO

R
 A

D
R

IA
T

IC
 C

R
O

PS A
N

D
 K

A
R

ST
 R

E
C

L
A

M
A

T
IO

N
, W

iley O
nline L

ibrary on [15/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



stations, due to their different bathymetry characteristics. In total, 121 meteotsunami events were extracted and
analyzed, conjoined with a rapid change in air pressure occurring shortly before or simultaneously with the sea
level oscillations in 70% of all events. Also, the authors found that meteotsunamis are strongly connected with
lightning over the region, pointing to the existence of strong convective systems during most of summer events.

Examination of sea level charts was also a basis for constructing the pointwise meteotsunami climatology for the
northern Adriatic. Šepić et al. (2012) used a single station (Rovinj) placed at the open coast. For that reason (open
coast), the threshold of wave height for a meteotsunami was set low, 0.25 m, yielding to 16 meteotsunami events
over the 1955–2010 period (with the highest one reaching 0.60 m). Convective systems were present above the
area during at least five strongest events (satellite images were not available for all events), and most of the events
were conjoined with typical synoptic condition for the summer‐type meteotsunamis (see more in Section 7.2).

Observational studies based on tide gauge measurements in Northwest Europe (Williams, Schultz, et al., 2021)
show a higher occurrence of meteotsunamis in winter, with more than double the frequency compared to other
seasons. However, a low threshold (meteotsunami event was defined as a NSLOTT surpassing 0.25 m that was
conjoined with precipitation over a 6‐hr interval) for defining meteotsunamis resulted in the inclusion of weak
events, yielding to 349 detected events across 90 tide gauge stations during an 8‐year period. Similarly, Dusek
et al. (2019)—defining meteotsunamis as wave height surpassing 0.20 m for at least two tide gauges in a region—
reported seasonal differences along the US East Coast, with maximummeteotsunamis occurring in summer along
the southern, and in winter along the northern sections of the coast. Similarly, a low threshold for a meteotsunami
yielded to approximately 25 meteotsunami events per year along the US East Coast. The Great Lakes climatology
(Bechle et al., 2016) shows that most meteotsunamis occur between April and July, coinciding with the peak of
derechos in the early warm season (Guastini & Bosart, 2016). Bechle et al. (2016) defined meteotsunamis as
NSLOTTs with wave height above 0.3 m conjoined with air pressure rates of change or wind speed at neighboring
meteorological station(s) surpassing 0.75 hPa/min or 10 m/s, respectively. Such a definition led to approximately
106 meteotsunami events per year.

Here, it should be emphasized that tide gauge sampling intervals are strongly influencing the detection of
meteotsunami events, as, for example, the US East Coast and the Great Lakes climatologies were obtained from
sea level data having resolution of 6 min, while UK climatology is based on 15‐min sea level series.

In Southeast Asia, recent studies (Lin et al., 2024a) indicate that meteotsunamis, defined by a fixed wave height
threshold of 30 cm over 1‐min sea level measurements, occur nearly weekly. Winter meteotsunamis are linked to
clustered storms, while late summer‐autumn typhoon‐induced meteotsunamis, though less frequent (ca. 20%), are
significantly stronger. In estuarine systems like the Tamsui and Keelung Rivers near Taipei, meteotsunamis can
propagate far inland, with higher‐frequency signals (of ca. 20 min period) attenuated but lower‐frequency
components (of ca. 50 min period) persisting (Lin et al., 2024b). An older climatology (1957–1858, 1961–
1981) for the Longkou Harbor (X. Wang et al., 1987), located in the northeast China, and facing the west,
documented 137 meteotsunami events defined as events during which long waves had periods shorter than
155 min and heights above 40 cm (the authors called them “seiches”), exhibiting strong interannual variability but
occurring mostly during summertime and peaking in July. Interestingly, on the opposite coastline of the Yellow
Sea, that is, at approximately same latitude along the western coastline of South Korea, the 10‐year climatology
(2010–2019) indicates a shift in season with maximum meteotsunami occurrences in March‐June period (M. S.
Kim et al., 2021) and peak in April.

For the western Australian coast, Pattiaratchi and Wijeratne (2014) defined meteotsunamis as events during
which wave heights of long ocean waves surpassed 0.4 m. Australian meteotsunamis were found to coincide with
thunderstorms in summer and low‐pressure systems in winter. Notably, Fremantle's record‐breaking sea level (for
entire 115 years of tide gauge operations) was attributed to the significant contribution of a meteotsunami (total
sea level of 2.12 m; 0.61 m due to meteotsunami).

To conclude, various studies based on instrumental data and meteotsunami catalogs have proposed different
definitions of meteotsunamis, as emphasized in Section 1. Several issues hinder the unification of such a defi-
nition, the most important being a subjective assessment of meteotsunamis and their definitions, as well as the
discrepancy between events identified from eyewitness reports and those derived from instrumental records.
Moreover, each of the latter categories carries its own inconsistencies. For example, historical meteotsunami
catalogs based on eyewitness reports are influenced by coastal resilience—meteotsunami impacts in macrotidal
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regions such as the UK coast are generally much lower than in microtidal
regions (see Section 8.1). In addition, such reports are often developed
locally, as in Vela Luka (Orlić, 2015) or Ciutadella (Romero et al., 2019),
implying that local bathymetric features and the subjective perspectives of
researchers and communities play an important role in establishing thresholds
for meteotsunami events (e.g., 1 m in Vela Luka, or 20 cm in Ciutadella). By
contrast, developing an objective definition is more straightforward from
instrumental records, where fixed or statistically defined thresholds can be
applied (e.g., percentiles, such as the 99.993 percentile used by Ruić
et al., 2023). For this reason, a single uniform definition of meteotsunamis
cannot be established. Instead, we suggest defining meteotsunamis as the
most extreme minute‐scale oscillations in a given area, particularly those that
are devastating or damaging.

6. Atmospheric Sources of Meteotsunamis
At the beginning of the 20th century Honda et al. (1908), Proudman (1929),
Fonteserè (1934), Nomitsu (1935), Caloi (1938) and others have noticed a
coincidence between rapid changes in atmospheric pressure and the occur-
rence of strong harbor or bay seiches. These coincidences, that is, simultaneous
appearances of atmospheric and ocean fluctuations, were explained theoreti-
cally by Proudman (1929) and Greenspan (1956), as different types of
atmosphere‐ocean resonances. Their findings were later supported by
numerous individual studies and numerical modeling experiments, of which
some are described in other chapters of this paper. The importance of wind
disturbances in the generation of long ocean waves has also been noted and
studied (Platzman, 1958, 1965). In this chapter, we discuss the nature of tsu-
namigenic atmospheric pressure and wind disturbances, including the sche-
matization of various types of tsunamigenic atmospheric systems (Figure 9).

6.1. Atmospheric Gravity Waves

AGWs (also known as internal gravity waves) are ubiquitous in the atmo-
sphere: they are found at all its levels—from the planetary boundary layer to
the ionosphere, have a wide range of wavelengths (10–1,000 km) and periods
(10–200 min), and propagate both horizontally and vertically at speeds of
∼1–∼50 m/s (Nappo, 2002; Plougonven & Zhang, 2014). The restoring force
for AGWs is buoyancy. When a parcel of air which is immersed in a stable
atmosphere is lifted to a higher level, it cools adiabatically and becomes denser
than the surrounding fluid and thus begins to sink to its initial position.
However, due to inertia, it overshoots its original position. While it sinks, the

parcel heats adiabatically, ending at a level where it has a lower density than its environment—positive buoyancy
then causes the parcel to start rising again. These oscillations represent AGWs, the frequency of which is known as
the Brunt–Väisälä frequency (N) and is given by:

N =
̅̅̅̅̅̅̅̅̅̅
g
θ
∂θ
∂z

√

(11)

where g is the gravity acceleration, θ is the potential temperature, and z is the vertical coordinate. If the AGWs
propagate diagonally, or if the process involves moist adiabatic lifting/sinking, the equation for the frequency of
the oscillations must be modified accordingly (Nappo, 2002).

For an initial displacement of a parcel to occur, and for an AGW to develop, a trigger is required. One of the most
common triggers of AGWs is terrain. A horizontal atmospheric flow encountering an orographic obstacle (e.g., a
ridge or a mountain) is likely to be displaced vertically, giving rise to one of two types of gravity waves generated

Figure 9. Different types of meteotsunamigenic atmospheric systems
(mesoscale convective system; atmospheric gravity wave; types are partially
described in Bechle et al., 2015). The arrows indicate moving rather than
stationary systems.
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by terrain: Lee waves ormountain waves, with the former propagating only horizontally and the latter propagating
both horizontally and vertically (Nappo, 2002). Dynamical instabilities in the middle and upper troposphere,
which occur due to strong vertical wind shear and low static stability, are another potential trigger of AGWs
(Gedzelman & Rilling, 1977; Keliher, 1975; Plougonven & Zhang, 2014). Other possible sources of AGWs
include geostrophic adjustments (Gossard & Hooke, 1975), nonlinear wave‐wave interaction (Fritts, 1982, 1984)
and convective processes in thunderstorms of various types (e.g., Belušić et al., 2007; Tanaka, 2010).

In order for AGWs to generate meteotsunamis, they must:

1. extend from their generation level to the surface/ocean, where they manifest as pronounced atmospheric
pressure and/or wind disturbances, and

2. propagate, without losing much of their energy, horizontally over the ocean long enough to generate a
meteotsunami.

In the absence of a mechanism for energy conservation or renewal, AGWs lose most of their energy through
vertical propagation before they propagate horizontally for even a single wavelength (Lindzen & Tung, 1976). A
common mechanism for energy conservation is wave trapping (resulting in ducted AGWs), and a common
mechanism for energy renewal is wave‐CISK (Lindzen & Tung, 1976). We will now describe both mechanisms
and list some of the meteotsunamis generated by such waves.

6.1.1. Ducted Atmospheric Gravity Waves

Ducted AGWs propagate horizontally through a stable atmospheric layer that serves as a duct (guide) and which is
capped by a dynamically unstable layer (Lindzen & Tung, 1976; Nappo, 2002). A dynamically unstable layer is
one in which there is either a strong vertical wind shear or static stability is very low (the Brunt–Väisälä frequency
is close to zero), or a combination of both. The dynamical stability of the layer is usually assessed using the
Richardson number Ri:

Ri =
N2

( ∂ u∂ z)
2
+ ( ∂ v∂ z)

2 (12)

where N is the Brunt–Väisälä frequency, u and v are the east‐west and north‐south components of the wind speed,
respectively, and z is the vertical coordinate. In saturated, or almost saturated air, Equation 12 should be modified.
If Ri < 0.25, a layer is dynamically unstable (e.g., Stull, 2017). When a vertically propagating wave is formed in a
duct layer, it can either be partially transmitted through a dynamically unstable layer and partially reflected or
completely reflected. The reflected component propagates to the surface, from where it is reflected upwards
again. The upward and downward waves can then interfere constructively, resulting in AGWs that propagate
horizontally through a duct layer for several wavelengths (Lindzen & Tung, 1976; Nappo, 2002). Whether the
wave is partially or fully reflected at a capping layer and whether the interference of upward and downward wave
will be positive or negative depends on the height of the reflecting layer and the vertical wavelength of the wave
(Nappo, 2002), as well as on the wind speed within the reflecting layer. In situations where the wind speed in the
dynamically unstable capping layer is equal to or very close to the phase speed of the AGWs in the duct layer, the
ducted AGW can persist for a long time without the need for an additional energy source (Lindzen & Tung, 1976),
thus having enough time to impact the ocean and generate meteotsunamis.

Jansà and Jansà (1980) (cited in Jansà & Ramis, 2021) suggested that the atmospheric pressure disturbances
responsible for the formation of the rissagas in the Balearic Islands are surface manifestations of AGWs, and
Monserrat and Thorpe (1992, 1996) deepened their findings by concluding that they are probably ducted AGWs.
The conclusions of Monserrat and Thorpe (1992, 1996) are supported by the fact that the observed waves were
relatively long‐lived and non‐dispersive (common characteristics of ducted AGWs), and that a typical vertical
profile of the atmosphere (determined by a radio‐sounding) at times of rissaga events was such that it favored the
trapping of AGWs. The profile comprises a stable layer near the ground capped by a dynamically unstable layer in
which wind speed is close to the determined phase speed of AGWs.

The concept of ducted AGWs as a source of meteotsunamis was later used to explain some other events, espe-
cially in the Mediterranean (e.g., the 2007 Ist meteotsunami, Šepić, Vilibić, & Belušić, 2009, several other events
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in the Adriatic Sea, Vilibić and Šepić (2009), and a chain of the Mediterranean meteotsunamis in June 2014,
Šepić, Vilibić, Rabinovich, & Monserrat, 2015). Ducted AGWs have also been proposed as a meteotsunami
source for events in other locations, for example, the 2008 Boothbay event (Vilibić, Horvath, et al., 2014) and the
East China Sea events (Tanaka, 2010), the latter jointly with wave‐CISK.

It should be reiterated that processes within dynamically unstable layers can also lead to the generation of AGWs
(Gedzelman & Rilling, 1977; Keliher, 1975; Plougonven & Zhang, 2014), that is, that a vertical atmospheric
profile that enables the trapping of AGWs also supports their generation.

6.1.2. Atmospheric Gravity Waves Propagating With Wave‐CISK

The term “conditional instability of the second type” (CISK) was first introduced by Charney and Eliasen (1964)
to explain how cyclones can form in a conditionally unstable tropical atmosphere through the interaction of
cumulus clouds and cyclonic motions: the clouds provide the latent heat for the cyclone, and the cyclonic motions
provide the moisture for the clouds. Later, Lindzen (1974) developed a similar concept of cooperation between
AGWs and convective motions (within cumulus clouds) and called it “wave‐CISK”: the process explains how
convergence and upward motion in an AGW force moist convection and how the released heat provides energy
for the wave. An overview of the various aspects of wave‐CISK research is given by Houze (2004).

The wave‐CISK mechanism was used by Belušić et al. (2007) to explain a tsunamigenic atmospheric pressure
disturbance that produced extraordinary and destructive Adriatic meteotsunamis on 27 June 2003 (for a
description of the event, see Vilibić et al., 2004). Belušić et al. (2007) have shown through data analysis (including
radio‐sounding, satellite imagery and air pressure measurements) and high‐resolution numerical modeling (with a
resolution of ∼4 km) that the AGW propagating along the long axis of the Adriatic Sea was “locked” to a
thunderstorm cloud by a wave‐CISK mechanism. This allowed both the cloud and the AGW to cross ∼500–
600 km of the Adriatic long axis within 9 hr without losing much of their strength. Belušić and Strelec
Mahović (2009) later showed that convective clouds were present over the area during three other strong
meteotsunamis in the Adriatic and that the atmospheric pressure disturbance observed at the surface were likely
related to these clouds, but they did not hypothesize on the nature of the relation.

Wave‐CISK was also recognized as a likely mechanism for energy renewal by Horvath et al. (2018), who
investigated the atmospheric forcing of the 25 June 2014 meteotsunami in the Adriatic Sea, and by Tanaka (2012),
who investigated the 15 July 2009 meteotsunami in the Tsushima Strait (Japan). Tanaka (2010) investigated a
destructive 25 February 2009 meteotsunami in the East China Sea and found that both the wave duct and wave‐
CISK were important in maintaining the AGW during this event.

6.2. Thunderstorm Clouds, Mesoscale Convective Systems, Squall Lines, Derechos

In addition to AGWs, numerous meteotsunamis were explained by convective processes in thunderclouds,
mesoscale convective systems, derechos and squall lines. Bechle et al. (2015), for example, analyzed radar
reflectivity imagery and assigned the Great Lakes meteotsunamis to one of eight categories: “convective cluster,
convective complex, linear convection, bow convection (including derechos), extratropical cyclone, frontal (i.e.,
fronts associated with distant extratropical cyclones) and possible AGWs,” with the majority of events (78%)
associated with convective storms and only a very small fraction (<5%) associated with possible AGWs.
Although convective storms can coexist with AGWs (and positively interfere with them through e.g., the wave‐
CISK mechanism), it is not necessary to invoke an AGW to explain a pressure jump within a thunderstorm cloud
or a system.

The processes within a convective system (from the simplest single cell to mesoscale convective systems, squall
lines and derechos to supercells) are such that they lead to low surface pressure under the convective updrafts and
high surface pressure under the convective downdrafts—with the strong downdrafts also causing the wind gust
fronts. During severe convection, surface pressure differences can become substantial, reaching several hPa
within a few minutes. For example, the devastating Ciutadella meteotsunami of 15 June 2006 was associated with
a convective pressure jump of 5 hPa within 10 min (Jansà et al., 2007; Vilibić et al., 2008). When convective
storms propagate over an area that supplies them with moisture and heat (i.e., over a warm and moist air mass or
over a warm ocean), they can persist long enough to impact the ocean and generate meteotsunamis through
resonance processes.
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Amesoscale convective system is a multicellular thunderstorm system that is usually organized in a narrow line of
thunderstorms with heavy precipitation (Stull, 2017). Mesoscale convective systems are much more complex than
individual thunderstorms, with a cumulonimbus cloud system extending over 100 km or more in at least one
direction, and with a developed mesoscale circulation (Houze, 2004). These systems result in pronounced surface
pressure gradients with a high‐pressure perturbation positioned at the leading edge of a convective region
(Houze, 2004). Such pressure perturbations can cause a meteotsunami, and mesoscale convective systems were
indeed identified as meteotsunami sources, for example, of the 28–29 May 2017 meteotsunami along the English
Channel and North Sea coast (Sibley et al., 2021) and the 19 March 2017 meteotsunami in the Persian Gulf
(Kazeminezhad et al., 2021), among others.

Squall lines and derechos are special types of mesoscale convective systems. Within squall lines, many adjacent
thunderstorms are combined into a long, narrow line that can be hundreds (to thousands) of kilometers long but is
usually very narrow (15–400 km wide) and can last from several hours to several days (Stull, 2017). Derechos are
basically squall lines which are bent into a shape called a bow echo. For a bow echo to be called a derecho, it must
have winds that cause damage over a distance of at least 400 km, last for at least 3 hr and have wind speeds of over
26 m/s and gusts of over 33 m/s (Stull, 2017). Squall lines and derechos have been associated with many
meteotsunamis, including the 1929 event in the UK (Douglas, 1929), other historic events in the UK (Haslett
et al., 2009), events in the Great Lakes (Bechle et al., 2015, 2016), along the US East Coast (Bailey et al., 2014;
Sallenger et al., 1995; Šepić & Rabinovich, 2014) and along the Yellow Sea (J. Kim & Woo, 2021).

Generation of meteotsunamis by convective cells along the cold front were studied by Bechle et al. (2015, 2016)
for the Great Lakes, de Jong et al. (2003) for the southern North Sea (Port of Rotterdam), and by Perez et al. (2022)
for the Rio de la Plata estuary.

6.3. Tropical Storms and Tropical Cyclones Rainbands

Tsunamigenic atmospheric pressure and wind disturbances can also occur within tropical cyclones, both due to
the development of AGWs (Nolan & Zhang, 2017) and to convective processes in tropical cyclone eyewall and
rainbands (bands of thunderstorms organized into spirals) (Shi et al., 2020).

Impact of tropical storms on onset of long ocean waves was documented by Mercer et al. (2002) for Tropical
Storm Jose (1999) and Tropical Storm Helene (2000) over the Grand Banks, and later modeled by Mecking
et al. (2009) for Tropical Storm Helene (2000). The occurrence of meteotsunamis during individual tropical
cyclones (typhoons, hurricanes) has also been demonstrated. For example, Dusek et al. (2019) and Anarde
et al. (2021) documented the impact of Hurricanes Irma and Harvey, respectively, on the Gulf of Mexico and
Atlantic Coast of the USA. Heidarzadeh and Rabinovich (2021) studied extreme sea levels related to impact of
Typhoons Lionrock and Jebi on the coasts of Japan, while Medvedev et al. (2022) examined the impact of
Typhoon Maysak in Korea and the Sea of Japan. A more detailed, statistical study relating tropical cyclones to
meteotsunamis was done by Shi et al. (2020). The authors have analyzed atmospheric and sea level data related to
97 tropical cyclones which propagated along the continental shelf of the Gulf of Mexico, Eastern United States,
and Puerto Rico in the hurricane seasons of 1998–2018. In 49 (52%) of situations, meteotsunamis with elevation
above 0.2 m were measured by at least one tide gauge, and in 8 situations meteotsunamis had heights above 0.4 m,
with the maximum of 0.78 m measured at Freshwater Canal Locks (Louisiana) during Hurricane Harvey in 2017.
The research demonstrated that tropical cyclones can trigger both single meteotsunami waves, and trains of
meteotsunami waves, and that these waves can contribute significantly to total flooding height. A peculiar event
was studied by Rabinovich et al. (2023): Typhoon Songda, after traveling along the coast of Japan, turned
eastwards, transitioned into an extratropical cyclone, and jointly with two local northern Pacific extratropical
cyclones formed surges and meteotsunamis along the Canada and US West Coasts. The listed research confirms
that meteotsunamis and other long ocean waves should be considered when estimating danger from tropical and
extratropical cyclones.

7. Synoptic Background of Meteotsunamis
7.1. Synoptic Patterns Observed During Meteotsunamis in Mid‐Latitudes

Intense mesoscale atmospheric processes often emerge under specific large‐scale synoptic conditions (de la
Cámara & Lott, 2015; Plougonven & Zhang, 2014). For instance, strong temperature gradients in the atmosphere
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can create frontal systems, which act as sources of AGWs. Similarly, convective systems which can also cause
meteotsunamis develop in unstable atmospheric environments where warm, moist air interacts with cooler, drier
air, resulting in intense upward and downward motions and related pressure jumps, and sometimes also AGWs
(see Section 6.2).

The connection between synoptic‐scale atmospheric conditions and meteotsunamis was first identified in the
Balearic Islands. An early description of the atmospheric origin of the rissaga (the local term for a meteotsunami
in the Balearic Islands) in Ciutadella was provided by Jansà and Jansà (1980) (cited through Jansà &
Ramis, 2021), whereas the link to large‐scale meteorological patterns was not established following the 1981
rissaga event. A detailed analysis of this event hypothesized, for the first time, the relationship between rissagas,
pressure jumps, gravity waves, and specific synoptic patterns, including a recognition of well‐defined vertical
structure of temperature and wind fields (Jansà, 1986; Ramis & Jansà, 1983). Subsequent studies confirmed the
typical synoptic conditions associated with rissagas (Garcies et al., 1996; Jansà et al., 2007; Monserrat, Ibberson,
& Thorpe, 1991; Tintoré et al., 1988). Typical conditions include (a) inflow of warm and dry Saharan air at low
levels (∼850 hPa), (b) strong southwesterly winds exceeding 20 m/s at mid‐tropospheric levels (400–700 hPa)
with embedded dynamic instabilities, and (c) weak to moderate low‐pressure systems near the surface.

Simultaneously, research on the origins of the “šćiga” (local term for meteotsunamis in the Croatian islands)
events was conducted. Early study by Hodžić (1979/1980) suggested meteorological origin of the event, linking it
to a specific synoptic situation. An attempt to connect Adriatic Sea NSLOTTs to specific synoptic patterns was
undertaken by Šepić et al. (2008), who showed that strong sea level oscillations in Bakar were associated with
southwesterly mid‐tropospheric flow. Later case studies (e.g., Belušić & StrelecMahović, 2009; Ruić et al., 2024;
Šepić, Vilibić, & Belušić, 2009; Šepić et al., 2012) reinforced these findings, highlighting recurring synoptic
conditions across the Adriatic, much alike to the ones found over the Balearic Islands.

Research of individual events extended across the Mediterranean, revealing shared synoptic features during
numerous meteotsunamis. Šepić, Vilibić, et al. (2018) and Zemunik, Bonanno, et al. (2021) studied “marrobbio”
events along Sicily's southwestern coast, using reanalysis and radio‐sounding data to connect these phenomena to
characteristic synoptic conditions. A 2014 event in Odessa, analyzed using satellite imagery, revealed convective
clouds and typical synoptic patterns, both indicative of AGWs (Šepić, Rabinovich, & Sytov, 2018). This event
was part of a series of destructive meteotsunamis spanning thousands of kilometers across the Mediterranean and
Black Sea, where a synoptic pattern favorable to meteotsunami generation was tracked propagating eastward over
several days (Šepić, Vilibić, Rabinovich, &Monserrat, 2015), coincident with meteotsunami occurrences over the
area.

Systematic studies of the Mediterranean region were also done, including research on the co‐occurrence of
meteotsunamis in the Balearic and Adriatic seas under specific synoptic conditions. These studies confirmed the
importance of upper‐level instabilities in meteotsunami formation (Šepić, Vilibić, & Monserrat, 2009). Addi-
tionally, an analysis of averaged synoptic conditions during selected events from the 2010s across four Medi-
terranean areas revealed similar patterns in all Mediterranean regions (Šepić, Vilibić, Lafon, et al., 2015).

Research subsequently expanded globally. A seminal study by Vilibić and Šepić (2017) identified a significant (at
p < 0.01) zonal correlation between NSLOTT range and mid‐troposphere winds. Zemunik, Denamiel, Williams,
and Vilibić (2022) further examined correlations between NSLOTTs and relevant synoptic variables, highlighting
mid‐troposphere wind speed and relative humidity as key factors for occurrence of NSLOTT events. Extreme
events consistently featured strong and dynamically unstable mid‐troposphere jet streams, low‐troposphere
thermal fronts, and nearby surface cyclones. Notably, differences between hemispheres emerged, with more
pronounced thermal fronts and deeper cyclones associated to NSLOTT events in the Southern Hemisphere
(Figure 10).

7.2. Summer‐Type Versus Winter‐Type Meteotsunamis

Distinct seasonal patterns emerge when comparing summer‐ and winter‐type meteotsunamis, particularly in their
driving mechanisms, associated atmospheric conditions, and geographic distributions. These differences arise
from variations in the synoptic and mesoscale atmospheric processes that dominate during different times of the
year, though these processes are not entirely exclusive to any particular season.
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Summer‐type meteotsunamis are typically associated with rapid air pressure jumps triggered by intense meso-
scale phenomena such as convective storms or frontal systems. These events often occur under specific synoptic‐
scale conditions, such as a mid‐troposphere jet overtopping an inflow of dry low‐troposphere air masses. This
pattern is commonly observed over the Mediterranean region during the warm months, creating favorable con-
ditions for meteotsunami formation. Consequently, meteotsunamis in the Mediterranean are most frequent in
summer, reflecting the seasonal patterns conducive to their development (Monserrat et al., 2006; Vilibić
et al., 2021).

Winter‐type meteotsunamis, on the other hand, are commonly associated with cyclonic systems or strong cold
fronts. Originating from extratropical cyclones and deep lows, winter meteotsunamis are typically linked to air
pressure oscillations of lower intensity rather than the abrupt jumps recorded during summer events (Pellikka
et al., 2022). Further, strong surface winds frequently accompany winter events. Still, the winter‐type

Figure 10. Wind speed and direction at 550‐hPa level, temperature at 850‐hPa level and mean sea level pressure averaged
over all extreme nonseismic sea level oscillations at tsunami timescales (NSLOTT) events for the stations (centered in the
middle of a domain) for which correlation between 550‐hPa wind speed and NSLOTT range was higher than 0.4 on the
(a) Northern, and (b) Southern Hemisphere (after Zemunik, Denamiel, Williams, & Vilibić, 2022).
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meteotsunamismay bemore destructive, as they are normally appearing jointly with a storm surge, thus potentially
reaching quite extreme total sea levels (for example, Heidarzadeh & Rabinovich, 2021; Medvedev et al., 2022).

The wave ducting mechanism plays a dominant role in summer‐type meteotsunamis by preserving the energy of
air pressure disturbances (see Section 6.1), which facilitates resonant amplification. Additionally, surface winds
during summer events are generally weak, minimizing disruption to the resonant processes. In the Mediterranean,
associated atmospheric disturbances often approach from the southwest (Jansà & Ramis, 2021; Šepić, Vilibić, &
Monserrat, 2009). In other regions, summer‐type meteotsunamis may be associated with different synoptic
patterns. For example, meteotsunamis associated with derecho events along the northeastern U.S. coast involve
intense air pressure jumps accompanied by gale‐force wind gusts. However, these events are also linked to strong
mid‐tropospheric jets (Fery & Faranda, 2024; Guastini & Bosart, 2016; Johns & Hirt, 1987).

The Adriatic Sea is another location where both summer and winter‐type meteotsunamis occur (Šepić &
Orlić, 2025a). Applying clustering methods to approximately 20 years of minute‐resolution sea level data further
highlights this distinction: winter‐type meteotsunami patterns in the Adriatic Sea are characterized by pronounced
mean sea level pressure gradients, favoring wind‐induced storm surges, colder low‐troposphere conditions, and
the presence of a jet stream at the 500 hPa level, whereas summer‐type patterns are associated to a weak mean sea
level pressure fields, warmer low troposphere conditions, but also the presence of a jet stream at the 500 hPa level
(Ruić et al., 2024).

Moving poleward, summer‐type meteotsunamis become less frequent, while winter‐type meteotsunamis become
more prevalent. In Finland, Pellikka et al. (2022) presented a comprehensive 10‐year analysis of meteotsunamis in
the Baltic Sea, showing that winter‐type events dominate, with some winter‐type events occurring as late as May
and June. Summer‐type meteotsunamis in the Baltic resemble those in the Mediterranean, with the key difference
being that the mid‐tropospheric jet in the Baltic is southerly instead of south‐westerly, as observed in the
Mediterranean (Figure 11).

In general, winter‐type meteotsunamis are stronger and more frequent in Northwest Europe than summer‐type
ones, as quantified by Williams, Schultz, et al. (2021). This study found that approximately half of these
events are driven by quasi‐linear systems embedded in cold fronts propagating eastward. In contrast, only about
20% of meteotsunamis in this region are driven by northeastward flows, following a synoptic setup similar to
summer‐type meteotsunamis.

8. Mitigating, Forecasting and Projecting Meteotsunami Hazards and Risks
8.1. Meteotsunami Risks

As highlighted in the introduction, meteotsunamis possess a significant level of destructiveness that can cause
substantial damage and even loss of life, particularly in microtidal or non‐tidal regions unaccustomed to large sea
level oscillations (Rabinovich, 2020). It should be said that meteotsunamis occur with comparable strength in
both microtidal and macrotidal regions (as it can be seen from listed events in Section 5 and presented theory in
Section 4). These events have been recorded on every continent (see Section 5.1), impacting coastal households
and facilities, infrastructure, road and rail transportation, navigation safety, ship moorings, aquaculture farms, and
the safety of tourists and swimmers, among other. This section provides an overview of the most critical risks
associated with meteotsunamis, including examples of notable events and human reactions linked to these
phenomena.

8.1.1. Loss of Human Lives and Injuries

The height of meteotsunami waves can reach substantial levels in certain locations, posing significant risks by
dragging people—such as local fishermen, tourists, coastal walkers, swimmers, and beachgoers—into the sea or
lake. A list of the most destructive meteotsunamis is given in Section 5.1 in Table 2. Herein, we describe in
slightly more detail the deadliest of these events. In the morning of 26 June 1954, the water level of Lake
Michigan rose by about 2–3 m within minutes along the fishing piers in Chicago, submerging the lakefront and
tragically killing eight people (Bechle & Wu, 2014; W. M. Ewing et al., 1954).

A more intense meteotsunami (with a crest‐to‐trough height of approximately 6–8 m and a period of 15–20 min)
struck Vela Luka, Croatia, on the morning of 21 June 1978. Fortunately, no lives were lost during this event. This
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outcome was likely due to the local population's awareness of such oscillations, albeit typically of much weaker
intensity, and the quick actions of an electrical company employee who immediately shut down the network upon
detecting the first meteotsunami waves. This precaution likely saved many lives later, as the sea reached nearly
the first floors of coastal homes in the inner part of the bay (Vučetić & Barčot, 2008; Vučetić et al., 2009).

Two other deadly meteotsunami events are also noteworthy: (a) The Mostaganem (Algeria) flood on 3 August
2007, where 12 people were killed by a sudden wave that struck beaches along a 40 km stretch of coastline, with
an estimated maximum run‐up of 7–10 m (Okal, 2021a), and (b) The Dayyer meteotsunami on 19 March 2017,
which was measured with a height of approximately 2.5 m during high tide, affecting a 100 km stretch of the
Iranian coastline between the cities of Dayyer and Asaluyeh. This event injured or killed 27 people (Heidarzadeh
et al., 2020; Kazeminezhad et al., 2021; Salaree et al., 2018). No warning has been issued for any of listed events.

Instructively, even localized and moderate meteotsunami events can cause deaths and injuries in highly populated
and macrotidal regions if no warning is in progress. At noon on 4 May 2008, there were many people fishing near
the breakwater of the coastal city of Boryeong, western coast of South Korea, when a sudden 1.3‐m high
meteotsunami wave approached at the top of the tide and washed 36 people into the sea (Yoo et al., 2010), of
which 9 were killed by the wave while 15 suffered serious injuries. The timing of the event was crucial, as a much
stronger meteotsunami—with maximum measured wave height of up to 3 m—occurred along the western South

Figure 11. An illustration of: (top) dominant surface and (bottom) low and mid‐tropospheric atmospheric conditions and
weather systems observed during extreme meteotsunamis in the northern Baltic Sea during (a) mesoscale convective system
(MCS)‐driven summer‐type events and (b) winter‐type events associated with cold fronts. Red (blue) shaded areas in bottom
plots indicate advection of warm (cold) air at the 850 hPa level; black lines (geopotential) and black arrows (wind) mark the
position and direction of the 500 hPa jet stream. Filled arrows mark the general direction of movement of MCSs (white
arrow), extratropical cyclones (white), and warm (red) and cold (blue) air advection, with average speed of movement given
for MCSs and extratropical cyclones (after Pellikka et al., 2022).
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Korea coast a year before, 31 March 2007, but between midnight and dawn, causing only damage and no human
casualties (M. S. Kim et al., 2019).

Currents induced by meteotsunamis can also cause fatalities. For example, the “abiki” (a local term for
meteotsunamis in southeastern Japan) of 31March 1979, caused the drowning of three people when their boat was
damaged by meteotsunami‐induced currents (Hibiya & Kajiura, 1982). Meteotsunamis can also generate rip
currents in coastal regions. On 4 July 2003, and 18–21 July 2019, a sunny and calm day along the southern shores
of Michigan, storm‐generated meteotsunami waves traveled along the coastline as edge waves for a few hours,
causing rip currents that drowned seven swimmers who were in the lake at the time (Linares et al., 2019; Y. L. Liu
& Wu, 2022). Similar events have occurred in other locations during the summer, where there is sometimes a
delay of several hours between the storm generating a meteotsunami and the waves reaching the coast. For
example, during the Odessa meteotsunami on 27 June 2014, 12 people were injured on local beaches possibly due
to a topographically modulated (by an underwater canyon) tsunami wave generated along the shelf break located
hundreds of kilometers away (Šepić, Rabinovich, & Sytov, 2018). Further, along the US East Coast, a meteot-
sunami generated by a derecho on 13 June 2013, arrived 2–3 hr after the storm passed over the area, dragging the
swimmers into the sea, with similar events occurring on multiple occasions due to reflection of the offshore
propagating meteotsunami waves at the shelf edge and their subsequent “return” to the coast (Pasquet & Vili-
bić, 2013; Vennell, 2007, 2010; Wertman et al., 2014).

8.1.2. Coastal Flooding, Damage and Impact to Coastal Structures

In microtidal regions, such as the Mediterranean Sea, coastal flooding during meteotsunami events can be highly
destructive, as the waves may be an order of magnitude larger than the tides (Monserrat et al., 2006; Vilibić
et al., 2021). Because waterfronts in these regions are not designed to withstand such large sea level oscillations,
the resulting damage from multi‐meter sea level changes can be extensive. For instance, the estimated damage
caused by the Vela Luka 1978 flood was approximately 7 million US dollars at the time (equaling ca. 35 million
US dollars nowadays), equivalent to a quarter of the annual income of the entire island of Korčula (Orlić, 2015;
Vučetić & Barčot, 2008; Vučetić et al., 2009). The sea inundated 188 households, not only those located on the
waterfront, damaging furniture, electrical appliances, installations, and food supplies, including olive oil and wine
(Figure 12). Additionally, the flood destroyed shops and markets, cars parked along the seaside, and boats moored
in the harbor, which struck the seabed during the ebb of the meteotsunami. Indeed, this event was an extraordinary
event, as the inhabitants of Vela Luka normally place a half‐meter‐high temporal protection at the house entrances
to prevent flooding of the ground levels. However, the maximum sea level during the 1978 event was up to six
times as high as the protections.

In contrast, meteotsunami floods in another Mediterranean hotspot, Ciutadella on the Balearic Islands—locally
known as “rissaga”—typically do not cause significant damage to waterfront homes, as most of the town is
situated on elevated ground several meters above sea level. However, the inlet serves as a mooring site for many
boats and luxury yachts, which can be destroyed during meteotsunamis. for example, a number of luxury yachts
broke their moorings and were swept into each other and into the coast during the meteotsunami of 15 June 2006.
This event resulted in damages exceeding 10 million euros at that time (Jansà et al., 2007).

Along flat, sandy beaches, meteotsunami‐induced coastal flooding can cause widespread panic, particularly
during summer when good weather meteotsunamis occur, and beaches are crowded with people. Such incidents
have been reported worldwide, including locations in Brazil, the Great Lakes, the US East Coast, the Dutch and
the Italian coast (Candella & de Araujo, 2021; Memmola et al., 2024; Sibley et al., 2021). For example, squall
lines traveling offshore generated 3‐m‐high waves on the flat, sandy beaches of Daytona Beach, Florida, on 3 July
1992. These waves struck during calm, clear weather, injuring about 75 people and severely damaging vehicles
parked along the beach as well as beach infrastructure (Churchill et al., 1995; Sallenger et al., 1995). No warning
was been issued at that time.

A particularly strong meteotsunami event is remembered by older residents of the village of Dwarskersbos on the
western shores of South Africa. On the night of 27 August 1969, a 2.9‐m‐high meteotsunami wave (the height is
obtained through interviews with older residents in 2010) flooded the waterfront of the village. Since the event
occurred during nighttime, the wave's approach went unnoticed, and the flooding was only realized when
seawater entered homes. The meteotsunami caused structural damage to some waterfront houses, and several light
boats and poultry were lost (Okal et al., 2014).
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In harbors, strong meteotsunamis can disrupt vessel maneuvering, with cargo ships potentially striking the
seafloor due to a sudden drop of sea level. This can occur even when infragravity or meteotsunami waves
originate from distant sources and generate only moderate sea level oscillations of a few tens of centimeters
(Goring, 2009). Meteotsunami‐induced currents, however, can be even more hazardous. On 17 August 2014,
strong currents at Fremantle docks ripped a wharf free, where two cargo ships were moored. These ships collided
with and severely damaged a nearby railway bridge—a critical connection in the Perth area—which was sub-
sequently closed for 2 weeks (Pattiaratchi &Wijeratne, 2015), causing the multi‐million cost due to rebuilding the
line and redirecting the passenger and cargo traffics to longer routes. Along with storm surges, meteotsunamis can
be responsible for closing of port harbors, particularly those with narrow entrances, like the harbor of Klaipeda,
Lithuania (Nesteckytė et al., 2024), or the Port of Rotterdam (de Jong & Battjes, 2004; de Jong et al., 2003).

Figure 12. Photos of the Vela Luka meteotsunami and the damage: meteotsunami ebb with the emptied harbor (top left),
retreat of sea from the flooded households (middle left), an “exhibition” of damaged household furniture and electrical
appliances (bottom left), official list of damage in households (top right) and sign marking the maximum height of the
meteotsunami wave at the school building (bottom right). Reproduced from Vučetić and Barčot (2008), with permission of
the Dubrovnik State Archive (credit for left column photos: Vladimir Stanišić, archive number HR‐DADU‐SCKL‐692).
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Strong meteotsunami currents can also cause damage in areas with constricted or complex bathymetry. For
instance, in Mali Ston Bay, Croatia, known for its shellfish aquaculture farms, meteotsunami‐induced currents on
27 July 2003, exceeded 150 cm/s (Vilibić et al., 2004)—an order of magnitude stronger than the average currents.
These currents swept awaymoorings weighting over a thousand kilograms and associated shellfish‐growing lines,
resulting in damages exceeding a million euros. Following this event, aquaculture farms in that area have been
relocated to more enclosed areas, where the currents are less intense.

8.1.3. Hazard and Risk Assessment Studies

Unlike tsunami studies, where probabilistic tsunami hazard and risk assessments have been developed over the
past decades and implemented across many tsunami‐prone coastlines (Behrens et al., 2021; Geist & Par-
sons, 2006; Grezio et al., 2017), the estimation of meteotsunami hazards and risks remains largely unexplored.
Probabilistic approaches could estimate the probability of exceeding specific wave heights, maximum inundation
levels, or associated risks. However, a significant constraint on such analyses is the lack of long‐term data.
Minute‐resolution sea level data spans only a few decades at most, whereas the most hazardous meteotsunamis
occur on centennial or longer time scales (e.g., the Vela Luka meteotsunami of 1978; Orlić, 2015). Additionally,
height of meteotsunamis is strongly micro‐location dependent, and many meteotsunami prone areas have very
short measurements of sea level (e.g., for Vela Luka (Croatia) only 4 years of sea level 1‐min sea level mea-
surements are available) or no measurements at all.

The first study to conceptualize a methodology for probabilistic meteotsunami hazard estimation and test it was
conducted by Geist et al. (2014) for the US East Coast. This study derived a probability density function using
historical microbarograph records of atmospheric disturbances andMonte Carlo models to establish its continuous
analytic distribution. Numerical modeling was then applied to compute maximummeteotsunami wave amplitudes
near the coast. However, the probabilistic function was based on a limited data set of air pressure measurements
spanning only 14 years. Repeating such a study in the future, as longerminute‐resolution air pressure series become
available, could yield more reliable and robust probabilistic threshold‐exceeding estimates.

Another probabilistic approach has been attempted in meteotsunami forecasting systems (Denamiel, Šepić, Huan,
et al., 2019). In this case, probability density functions for air pressure parameters were not derived from sparse
measurements but instead a constant probability distribution within a prescribed range of variables was assumed.
Further details on this warning system, including the variables and methodology used, are provided in Section 8.2.

An innovative approach was developed by Lewis et al. (2024), who constructed a meteotsunami intensity index
incorporating both physical (hazard) variables (e.g., maximum wave height, currents, tidal stage at the time of the
event) and “receptor” variables (e.g., shoreline geomorphology, slope and elevation, impacted assets, fatalities or
injuries, and peak activity levels along the shore during the event). This index effectively reproducedmeteotsunami
risks along UK coastlines. However, as with probabilistic approaches, the greatest challenge lies in the lack of
comprehensive data on used variables (maximum wave height, currents, maximum inland intrusion of seawater,
additional or compound hazards, air pressure change, tidal regime, time of arrival of maximum wave at the
shoreline, shoreline geomorphology, shoreline gradient, shoreline elevation, asset impact, fatality and/or injury).

Finally, a mitigation of meteotsunami hazards and risks has been explored by assessing the effects of coastal
constructions to the coastal amplification of meteotsunami waves. A change in the harbor or bay bathymetry may
strongly affect the wave height at the top (Denamiel et al., 2018), even in unexpected ways—e.g., dredging of a
shallow harbor tops in the Vela Luka Bay may increase wave heights there for 20%–30%, as shown by numerical
modeling. Similarly, prolonging the protecting pier of Vilanova harbor, Spain, resulted in additional amplification
of the incoming meteotsunami waves (Monserrat et al., 2024). Still, some interventions in a harbor may dissipate
the energy and lower oscillations, like installation of a number of radial piers (Rabinovich, 1993), construction of
long shore‐parallel, multichannel or offshore breakwaters (G. Y. Chen et al., 2004; Keuthen & Kraft, 2016; Maa
et al., 2011) or other structures capable to reflect the incoming waves (Bayindir & Farazande, 2021; Gao
et al., 2021).

8.2. Meteotsunami Forecasting and Early Warning Systems

Typically, coastal hazard early warning systems, such as those for tsunamis, are designed and implemented in
response to major events. For example, the Pacific Tsunami Warning System was developed following the
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devastating Pacific tsunamis of 1946 and 1960, caused by the Aleutian and Chilean earthquakes, which impacted
many Pacific coastlines (Igarashi et al., 2011). Similarly, the Indian Ocean Tsunami Warning System was
established after the 2004 Indian Ocean Boxing Day tsunami (Suppasri et al., 2015). At the national level, Japan
has developed tsunami warning systems in response to the frequent occurrence of tsunamis reaching several tens
of meters, which strike the country every few decades (Mulia & Satake, 2020).

The same principle applies to meteotsunamis. The first meteotsunami early warning system was created for the
Balearic Islands, where 3‐5‐m “rissagas” (the local term for meteotsunamis) occur approximately every few
decades, as in 1984 and 2006. Analyses of moderate events (several meters in wave height) from the 1970s and
early 1980s revealed commonalities in specific synoptic patterns during these events (Jansà & Ramis, 2021;
Ramis & Jansà, 1983). These patterns included (taken from Jansà & Ramis, 2021): (a) weakly cyclonic pattern at
low levels (below 850 hPa), (b) a strong baroclinicity across theWesternMediterranean, southwesterly winds and
advection of the warm air mass over and to the east of the Balearic Islands at around 850 hPa, (c) strong
southwesterly flow at the eastern flank of a 500 hPa trough that is centered over the Iberian Peninsula, and (d) a jet
stream close to the Mediterranean peninsular coasts with winds over the Balearics reaching 35–37 m/s at 300 hPa.

Consequently, the Spanish State Meteorological Agency (AEMET) established the rissaga warning system in
1985. This system involves a forecaster subjectively assessing synoptic products several days in advance and
issuing qualitative rissaga warnings at various levels (e.g., no rissaga, potential weak rissaga, potentially moderate
rissaga, or potentially strong/exceptional rissaga) (Jansà & Ramis, 2021). Since recently, the assessment of
tsunamigenic conditions includes an assessment of the available high‐resolution ocean models either those within
the Balearic Rissaga Forecasting System (BRIFS, Mourre et al., 2021, https://www.socib.es/en/what‐we‐do/
ocean‐forecasting/brifs) or those based on the Triangle‐based Regional Atmospheric Model TRAM
(Romero, 2024, https://meteo.uib.es/tram). Periodic assessments of the system revealed a tendency to slightly
overestimate weak events and moderately underestimate strong and exceptional events (Jansà & Ramis, 2021).

The synoptic patterns have also been quantitatively linked to rissagas through the development of a synoptic
meteotsunami index (Šepić, Vilibić, & Monserrat, 2016). However, the link between the strongest rissagas and
the index is not significant, limiting the capacity of the index to reliably forecast the strongest meteotsunami
events. This is attributed to the critical role of mesoscale convective system positioning and time‐space fluctu-
ations (Villalonga et al., 2024), forecast of which remains challenging for operational weather prediction models
(Plougonven & Zhang, 2014; Squitieri et al., 2023). Similar findings have been reported for the Adriatic Sea
meteotsunamis, utilizing advanced k‐medoid clustering methodologies (Ruić et al., 2024).

Alternative approaches have been developed to improve rissaga forecasting while reducing computational de-
mands for real‐time predictions. For instance, extracting key atmospheric processes that generate meteotsunamis
(Romero et al., 2019) and employing neural networks to select warning levels based on vertical profiles of
temperature, wind, and humidity from nearby stations (Vich & Romero, 2021). This neural network approach
successfully forecasted 55%–75% of rissagas, though it produced an average false alarm rate of 30%, reaching
over 50% for the strongest events. Still, such algorithms are quite fast—about an order of magnitude faster than
full atmosphere‐ocean numerical models. Notably, BRIFS (Renault et al., 2011) and TRAM operational model
(Romero et al., 2019) integrate tide gauge and microbarograph measurements with the Weather and Research
Forecasting (WRF) weather prediction model (Skaramock et al., 2005) at 4 to 2 km, respectively. The WRF
output is then used to force the Regional Ocean Modeling System (ROMS, Shchepetkin & McWilliams, 2005,
2009) at 1 km or less. However, BRIFS and TRAM also tend to underestimate rissagas, presumably due to
insufficient resolution (Jansà & Ramis, 2021; Mourre et al., 2021), which fails to capture atmospheric energy
transfer at scales smaller than seven model resolution (Skamarock, 2004), despite the 2‐min resolution of at-
mospheric model fields used to force the ocean model (Mourre et al., 2021). An ensemble of 22 BRIFS simu-
lations in operational mode, with varying cumulus, microphysics, planetary boundary layer, and longwave/
shortwave radiation schemes within the WRF model, was applied to 10 very high or extreme rissaga events
(Mourre et al., 2021). Although the ensembles qualitatively reproduced the meteotsunami events, they did not
reveal consistent parameterization preferences for achieving realistic magnitudes, which varied between different
rissaga cases. Finally, at the Balearic Islands, pairing two observing sites—the recipient (where rissaga occurs,
e.g., Ciutadella at Menorca Island) and another in which similar sea level signal has been recorded but being an
hour in advance (e.g., a station at Mallorca Island)—was the basis for assessing if sea level measurements in
advance of the meteotsunami hotspot may be used for forecast (Marcos et al., 2009). Still, this idea has not been
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developed further, possibly because later studies showed that the majority of energy transfer from the atmosphere
to the sea occurs on the shelf region between the islands of Mallorca and Menorca (Ličer et al., 2017) where there
are no continuous sea level measurements.

Another advanced deterministic atmosphere‐ocean model, the Adriatic Sea and Coast (AdriSC, Denamiel, Šepić,
Ivanković, & Vilibić, 2019), was developed to reproduce and forecast Adriatic meteotsunamis. The AdriSC suite
includes a high‐resolution WRF model (Skaramrock et al., 2005) (3 km) coupled with ROMS (Shchepetkin &
McWilliams, 2005, 2009) (1 km) and an unstructured Advanced Circulation model (ADCIRC, Luettich
et al., 1991) for fine‐scale resolution (up to 10 m) in complex coastal bathymetries where meteotsunamis normally
occur. Despite its improvements, atmospheric model performance remains a limiting factor, with potential tra-
jectory shifts of meteotsunamigenic disturbances by tens of kilometers or more and underestimated intensity of
these disturbances. This results in underprediction of meteotsunami wave heights at vulnerable locations. Still, the
capacity for operational forecasting of meteotsunami events is promising, even when multi‐meteotsunami events
comprising a series of atmospheric disturbances occur (Tojčić et al., 2021).

Due to the limited capacity of deterministic models to accurately forecast the intensity of meteotsunamis at their
hotspots, a stochastic surrogate approach has been developed for the middle Adriatic Sea and tested for several
Adriatic events (Denamiel, Šepić, Huan, et al., 2019). This system uses deterministic AdriSC forecasts of air
pressure rates over the Adriatic. When a substantial percentage of threshold‐exceeding air pressure rate values are
detected, the system triggers an “event” mode in which six meteotsunami parameters are estimated from the
model: the geographical location of disturbance initiation, propagation speed, direction of propagation, ampli-
tude, period, and width of the disturbance. These parameters are then stochastically distributed over an interval
using a probability density function optimized by generalized polynomial chaos expansion (Denamiel et al., 2020;
Xiu & Karniadakis, 2002), with solutions compared against the best‐describing pre‐simulations weighted by a
function. The surrogate stochastic system indicated that propagation speed for the Adriatic meteotsunamis is the
most critical parameter, while the width of the disturbance is the least critical. Finally, evaluation of the stochastic
surrogate operational system for the same Adriatic events as reproduced by the deterministic AdriSC forecast
(Denamiel, Šepić, Ivanković, & Vilibić, 2019) resulted in a conservative assessment of meteotsunami occurrence
but overestimated the probability of occurrence at some locations in the middle Adriatic.

The feasibility of combining operational atmospheric modeling and microbarograph observations in a meteot-
sunami early warning system has been tested along the Korean coastlines, which are also at risk from meteot-
sunamis of significant height (M. S. Kim et al., 2021). Along the 500 km of the Korean coastline, a network of 89
microbarographs has been employed for real‐time estimation of the speed, propagation direction, and intensity of
meteotsunamigenic disturbances (M. S. Kim et al., 2022). However, this number of microbarographs still results
in spatially undersampled meteotsunami parameters, necessitating a network with a resolution of several kilo-
meters (Monserrat & Thorpe, 1992; Rabinovich et al., 2021). For this reason, the operational atmospheric model
of the Korean Meteorological Agency was also analyzed for its capacity to forecast air pressure jumps. The
system was tested on a single meteotsunami event, where it was found that the model, on average, underestimated
the pressure jumps, at various stations, by approximately 40% and exhibited a time mismatch of up to 1 hr,
although it did reproduce the propagation of the pressure jump during the selected event.

Evidently, strategies for detecting and forecasting meteotsunamis encounter challenges at all stages due to the
complexity and sensitivity of both the atmospheric processes that generate meteotsunamis and the energy transfer
to the ocean. These challenges were already listed by Vilibić et al. (2016): (a) identifying tsunamigenic atmo-
spheric synoptic conditions; (b) real‐time detection of tsunamigenic atmospheric disturbances using a micro-
barograph network; (c) measurement and tracking of high‐frequency sea level oscillations with high‐resolution
digital tide gauges and bottom pressure recorders; and (d) numerical simulation of meteotsunamis based on
coupled atmosphere‐ocean numerical models (Figure 13).

Although meteotsunami forecasting has improved over the last decade, development of an efficient, timely, and
reliable meteotsunami warning system remains one of the key goals of the meteotsunami community. Achieving
this may require more extensive weather and ocean observations, as well as a multi‐level approach (Vilibić
et al., 2016). Potential additional tools include, but are not limited to, operational weather radars capable of
capturing tsunamigenic disturbances, which may correlate with radar reflectivity (Anderson et al., 2015; Kaze-
minezhad et al., 2021; Wertman et al., 2014; Williams, Schultz, et al., 2021), or satellite products that reliably
estimate the speed of disturbances (Belušić & Strelec Mahović, 2009; Feng et al., 2021; Vilibić et al., 2010).

Reviews of Geophysics 10.1029/2024RG000867

VILIBIĆ ET AL. 36 of 64

 19449208, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024R

G
000867 by IN

ST
IT

U
T

E
 FO

R
 A

D
R

IA
T

IC
 C

R
O

PS A
N

D
 K

A
R

ST
 R

E
C

L
A

M
A

T
IO

N
, W

iley O
nline L

ibrary on [15/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8.3. Climate Change and Meteotsunamis

In the era of anthropogenic climate change—where one of the most prominent consequences is sea level rise
combined with prolonged and more violent sea level extremes—hazards and risks in coastal regions are expo-
nentially increasing (Hague et al., 2023). Despite this, the global assessment of meteotsunamis and high‐
frequency sea level oscillations has been largely neglected and primarily focused on specific locations (Pat-
tiaratchi & Wijeratne, 2015). Projecting the intensity and frequency of meteotsunamis in future climates remains
an open question, primarily because coupled atmosphere‐ocean climate models are not yet capable of reproducing
the generation of tsunamigenic atmospheric disturbances and their energy transfer to the sea. While atmospheric
climate models and projections with kilometer‐scale resolutions have only been tested in recent years (Ban
et al., 2021; Fosser et al., 2024; Lagergren et al., 2024; Pichelli et al., 2021; Schär et al., 2020), to our knowledge
no such models are currently coupled with the ocean models at kilometer‐scale resolutions.

Figure 13. The proposed architecture of a meteotsunami warning system (after Vilibić et al., 2016).
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Despite this significant limitation, two studies have provided insights into future meteotsunami climates at
specific hotspots, circumventing the limitations of full climate models. By using the connection between specific
synoptic patterns and meteotsunamis, quantified for Ciutadella (Menorca, Spain) meteotsunami hotspot by Šepić,
Vilibić, and Monserrat (2016), Vilibić et al. (2018) validated patterns generated by climate models against those
of evaluation runs and existing reanalyzes (ERA‐Interim at that time, Dee et al., 2011). Fine‐tuning of the
weighting coefficients during the index's construction yielded a good match between indexes derived from
climate models and reanalysis synoptic patterns, enabling its extension to climate projections under scenarios
RCP2.6, RCP4.5, and RCP8.5 (MED‐11_CNRM‐CM5 regional climate model, Panthou et al., 2016). More
recently, Zemunik Selak et al. (2025) demonstrated that this connectivity is largely independent of whether ERA‐
Interim or the newer ERA5 reanalysis (Hersbach et al., 2020) is used, indicating that climate models—that are
also capable to reproduce synoptic patterns—may be used for quantifying the meteotsunami climatology in the
future climates, at least at some locations.

Unfortunately, the atmospheric climate model used by Vilibić et al. (2018) was the only one at the time archiving
the nine synoptic variables required for the index construction at a reasonable time‐space resolution, making
uncertainty quantification of meteotsunami projections unfeasible. Nonetheless, the analysis revealed no sig-
nificant change in meteotsunami frequency under scenario RCP2.6 and RCP4.5, while a 20% and 35% increase in
days with meteotsunamis was detected for scenarios RCP8.5 during the mid‐ (2041–2070) and late‐ (2071–2100)
21st century. This increase was particularly pronounced in the spring‐summer season when meteotsunamis are
strongest in the Mediterranean (Vilibić et al., 2021). The rise in meteotsunami‐prone days may result from a
greater meandering of the jet stream at lower latitudes projected under scenario RCP8.5 (D. D. Ren &
Leslie, 2024), which could lead to more southwesterly flows and meteotsunami‐favorable conditions.

A different approach was adopted by Denamiel et al. (2022), who used the pseudo‐global warming (PGW)
methodology to simulate six Adriatic meteotsunami events under future climate conditions (2070–2100, scenario
RCP8.5). This methodology involves repeating present‐climate numerical simulations (conducted using the
AdriSC atmosphere‐ocean modeling suite, see Section 8.2) but forcing them with future climate boundary and
initial conditions, which are derived from regional climate models like LMDZ4‐NEMOMED8 (Beuvier
et al., 2010). PGW essentially shifts the mean climate state while preserving system variability (Schär
et al., 1996). Given the short duration of meteotsunami events (hours to a day), PGW simulations required
minimal computational resources for the six investigated events.

The study suggested that small shifts in atmospheric patterns under future climates—specifically, changes in
southwesterly to westerly flows in the mid‐troposphere associated with meteotsunamis—could amplify the in-
tensity of meteotsunamis in the middle Adriatic by approximately 30% or maintain their current intensity in the
northern Adriatic. However, the study's reliance on only six events limits the reliability and robustness of its
conclusions.

To address these limitations, a generalized approach has been developed for projecting meteotsunamis in future
climates (Figure 14; Denamiel, Belušić, et al., 2023). This method involves performing a large number of short‐
term, high‐resolution simulations of meteotsunami events selected via a synoptic meteotsunami index (see
Section 7.1). This approach can generate robust statistics and provide uncertainty quantification while main-
taining computational demands at reasonable levels. Conceptually, this methodology offers a promising solution
for quantifying future meteotsunamis, as it has already been considered for projecting convective events (Hansen
et al., 2024). However, it relies heavily on establishing reliable proxy relationships between synoptic patterns and
meteotsunamis or high‐frequency sea level oscillations, which have only been validated at a few locations
(Zemunik, Denamiel, Williams, & Vilibić, 2022; Zemunik Selak et al., 2025). This remains one of the key
challenges for eventual climate projections of meteotsunamis.

9. Planetary Meteotsunami Waves Driven by Explosive Volcanic Eruptions
One of the most commonly cited differences between seismic and meteorological tsunamis is that the former often
spread across the ocean, and occasionally even around the globe, whereas the latter are usually local or, at most,
regional phenomena (Monserrat et al., 2006; Rabinovich, 2020). This difference arises from their generation
mechanisms and the amount of energy transferred to the tsunami waves (see Section 2 for more details). However,
extremely strong explosive volcanic eruptions can trigger fast‐moving atmospheric waves characterized by
tsunamigenic rates of air pressure change. These waves can circumnavigate the Earth multiple times, generating
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long ocean waves as they propagate. These are known as Lamb waves (Lamb, 1911), and they represent the
eigenmode of atmospheric oscillations, confined by the Earth's surface. Lamb waves transport acoustic‐gravity
and gravity wave energy over vast distances, interacting weakly with topography. Their speed is slightly
modulated by air temperature but is approximately equivalent to the speed of sound in an isothermal atmosphere
at rest (about 312 m/s, Press & Harkrider, 1966; Kanamori et al., 1994). The Lamb waves are globally associated
with intense air pressure jumps, which can reach several hPa over minutes but are limited by the energy of the
explosion at the source.

Figure 14. A workflow for robust estimations of meteotsunami hazard and its uncertainty: (1) establishing a reliable
connection between meteotsunamis and synoptic patterns, (2) multi‐nested model downscaling of extracted meteotsunami
events, and (3) estimation of meteotsunami hazard and its uncertainty at a location (after Denamiel, Belušić, et al., 2023).
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Since the speed of Lamb waves is nearly always higher than the speed of tsunami waves in the ocean (for Lamb
waves moving at 312 m/s, the ocean depth would need to be 9,900 m to reach full Proudman resonance;
Proudman, 1929), long ocean waves are generated by traveling air pressure disturbances in conditions where the
Froude number exceeds 1 (C. J. R. Garrett, 1970; Vilibić, 2008). This implies that the free wave travels slower
than the forced wave (more in Section 4.1.1). Consequently, air‐pressure‐generated forced meteotsunami waves
reach shorelines well in advance of any seismically or volcanically generated free tsunami waves related to
volcanic eruption and initial water displacement.

Two such events have been recorded in modern history: the first occurred in 1883 during the eruption of the
Krakatoa volcano, and the second in 2022 during the eruption of the Hunga Tonga‐Hunga Ha'apai (HTHH)
volcano.

The Krakatoa eruption peaked on 27 August 1883, when most of the island of Krakatoa collapsed into the sea,
destroying the surrounding archipelago in a violent explosion (Self & Rampino, 1981). The eruption caused a
landslide tsunami due to caldera collapse into the surrounding ocean (Paris et al., 2014), but it also resulted in
unexpected tsunami waves observed in oceans where the tsunami waves which occurred because of caldera
collapse could not arrive, such as along the Atlantic Ocean coastlines (M. Ewing & Press, 1955). Sparse tide
gauge data from 1883 indicated that tsunami waves reached distant locations much earlier than predicted by
theoretical travel times of free long ocean waves, as estimated from ocean bathymetry (their speed is given by
̅̅̅̅̅
gh

√
) (C. J. R. Garrett, 1970). Furthermore, the volcanic tsunami waves did not propagate beyond the Pacific

Ocean (B. H. Choi et al., 2003). This suggests that the far‐distant tsunami waves were generated by atmospheric
Lamb waves, which circled the globe multiple times and were recorded by global air pressure sensors (Le Bras
et al., 2024).

The HTHH eruption on 15 January 2022, was unexpected because the volcano is submerged, and no volcanic
monitoring was in place. However, this event occurred during the modern era, benefiting from advancements in
Earth observation systems. These now included satellites, autonomous sensors (e.g., dense tide gauge and
microbarograph networks), atmospheric and oceanic models, and other integrated data products. Consequently,
by December 2024, over 250 research papers had been published on the HTHH eruption (according to the Web of
Science database), many of which documented local air pressure measurements attributed to the passage of the
atmospheric Lamb wave (e.g., Harrison, 2022).

The HTHH eruption generated a prominent Lamb wave that circled the Earth for 6 days, with air pressure am-
plitudes ranging from 2 to 7 hPa during the first wave passage. The Lamb wave's speed slightly exceeded
theoretical values (∼312 m/s), with robust global estimates ranging between 315 and 318 m/s (Horváth
et al., 2024; Munaibari et al., 2023; Wright et al., 2022). In addition, the eruption produced numerous gravity
waves in the stratosphere and higher altitudes, traveling at slower speeds (235–270 m/s) and dissipating more
rapidly (Shinagawa &Miyoshi, 2024; Wright et al., 2022). One such mode, the Pekeris mode that caused weaker
air pressure disturbances than the Lamb wave, represents an acoustic‐gravity pseudo‐mode of Earth's oscillations
driven by strong atmospheric inversions (Pekeris, 1937). This mode traveled globally at an average speed of
∼230 m/s (Chau et al., 2024; Watanabe et al., 2022).

The volcanic caldera collapse generated a tsunami that spread across the Pacific Ocean (Figure 15; Heidarzadeh
et al., 2022; Lynett et al., 2022; Pakoksung et al., 2022; Purkis et al., 2023). However, the Lamb wave triggered
planetary meteotsunami waves that were observed in all major ocean basins (Anup et al., 2024; Dogan
et al., 2023; Omira et al., 2022; Villalonga et al., 2023), and in enclosed seas like the Mediterranean (Heinrich
et al., 2023). Wave heights typically ranged from a few centimeters to several tens of centimeters, occasionally
exceeding 1 m, with amplification strongly influenced by local bathymetry and coastlines (P. L. F. Liu
et al., 2023).

The meteotsunami waves were observed by global and regional tide gauge networks as well as high‐frequency
oceanographic radars (Lipa et al., 2023). Coastal observations indicated that these waves arrived concurrently
with the Lamb wave in the atmosphere (Villalonga et al., 2023), underscoring their forced‐wave nature. However,
free long ocean waves generated by the Lamb wave have also been reported as significant along the coasts of the
Pacific Ocean (Z.Y. Ren et al., 2023). Indeed, the deep Tonga Trench (with depths of up to 10,000m)—over which
both shock waves following the explosion (Hu et al., 2023) and the Lamb wave with its prominent air pressure
amplitude (7 hPa or higher) were recorded—is recognized as a location where substantial amounts of Lamb wave
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energy were transferred to the ocean through the Proudman resonance (Devlin et al., 2023). This occurs when the
Froude number is slightly higher than or equal to 1. These forced waves then radiated out of the trench, mostly
eastward, as free meteotsunami ocean waves (Yamashita & Kakimura, 2024). This phenomenon also applies to
other deep trenches along the Pacific Rim, which potentially acted as sites for higher resonant energy transfer from
the Lamb wave or as topographic amplifiers of the incoming meteotsunami waves (Devlin et al., 2023).

Notably, another forced meteotsunami wave generated by the slower Pekeris wave (traveling at approximately
230 m/s) in the atmosphere has also been documented along some Pacific shorelines, such as the Japanese coast
(Suzuki et al., 2023). At some Japanese tide gauges, this wave was even larger, reaching 30 cm in crest‐to‐trough
height and lagging approximately 2 hr behind the Lamb wave‐generated forced meteotsunami wave. Although the
Pekeris wave exhibited an order of magnitude weaker air pressure amplitude compared to the Lamb wave, its
speed brought it into full Proudman resonance over oceans with depths of approximately 5,300 m, which is
representative of substantial sections of the ocean between the HTHH volcano and Japan. As a result, a tenfold
amplification of the Pekeris wave‐generated meteotsunami through the Proudman resonance compensated for the
tenfold lower air pressure of the Pekeris wave compared to the Lamb wave (Denamiel, Vasylkevych, et al., 2023).

Global and regional modeling and sensitivity studies have further provided intriguing insights into the HTHH
2022 event and beyond. Most studies aimed to reproduce the HTHH eruption‐generated planetary meteotsunami
wave event as accurately as possible, with some utilizing synthetic air pressure forcing functions fitted to
observed amplitudes, periods, and propagation speeds of the atmospheric Lamb wave (Dogan et al., 2023; Omira
et al., 2022; Yamashita & Kakimura, 2024). Others employed realistic atmospheric forcing for the ocean
(Denamiel, Vasylkevych, et al., 2023), wherein the Lamb wave was simulated using atmospheric models that
accounted for real air temperature variations and orography (Vasylkevych & Žagar, 2021), which influence wave
dissipation, reflection, and refraction. These models almost perfectly replicated the timing of both Lamb and
meteotsunami waves, and the modeled amplitudes were largely consistent with observed amplitudes at tide
gauges. However, at locations with complex coastal bathymetry, meteotsunami amplitudes and sea level energy at
higher frequencies were slightly underestimated, likely due to missing local bathymetry details in global models.

Figure 15. (up) Atmospheric Lamb wave‐generated meteotsunami waves in the Pacific modeled 2 and 6 hr after the Hunga
Tonga‐Hunga Ha'apai explosive eruption of 15 January 2022, with (bottom left) maximum amplitudes (after Z. Y. Ren
et al., 2023). The leading and trailing waves are representing the forced and free meteotsunami wave, respectively. (right
bottom) Observed and simulated air pressure and measured sea level oscillations In Ciutadella (the Mediterranean Sea) with
indicated arrival of Lamb waves (after Villalonga et al., 2023).
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Using such a model and varying the speed of the atmospheric Lamb wave, the sensitivity of the world's oceans to
resonance conditions has been quantified. Results suggest a tenfold increase in coastal runup from planetary
meteotsunami waves—reaching levels of up to 10 m—if the atmospheric wave speed were 212 m/s (Denamiel,
Vasylkevych, et al., 2023). At the speed of the Pekeris wave (230 m/s), the percentage of global oceans with
Froude numbers between 0.9 and 1.1—conditions that substantially amplify forced meteotsunami waves through
Proudman resonance—decreases by approximately 20% compared to a wave speed of 212 m/s. Under such
conditions (a global Pekeris wave with an amplitude of several hectopascals), planetary meteotsunami waves
could pose a significant hazard, with up to 4% of coastlines potentially experiencing maximum sea levels
exceeding 1 m (Denamiel, Vasylkevych, et al., 2023). A simpler sensitivity study conducted by Yamashita &
Kakimura (2023) derived global maximum wave maps based on bathymetry, reaching a similar conclusion: fully
resonant conditions could significantly increase the global hazard posed by planetary meteotsunami waves, as
observed during the HTHH event.

Regarding the depth of the ocean where the generation of planetary meteotsunami waves occurs, the effect of
ocean compressibility can also be detected. However, this has little impact on solutions for a non‐compressible
ocean as represented by shallow‐water equations (Das &Meylan, 2023; Pethiyagoda et al., 2024). It is also worth
noting that atmospheric Lamb waves can be generated by other sources, such as bolides (ReVelle, 2008), asteroid
explosions (Chyba et al., 1993), or thermonuclear bombs, and even by intrinsic atmospheric turbulence (Nishida
et al., 2014). However, these sources typically produce amplitudes that are barely detectable by microbarographs
and lack the potential to generate planetary meteotsunami waves.

10. Meteotsunami‐Generated Vertically‐Radiated Acoustic‐Gravity Waves
As a tsunami propagates across the ocean, it generates atmospheric acoustic‐gravity waves that propagate
vertically (Artru et al., 2005; Figure 16). These waves travel vertically at a speed of approximately 50 m/s,
amplify by several orders of magnitude, and reach the ionosphere (at heights of ∼350 km) in about 2 hr, causing
perturbations in the electron density. Since such perturbations can be detected rapidly by ground‐based Global
Navigation Satellite Systems (GNSS), the detection of Total Electron Content (TEC) variability is currently being
incorporated into early warning systems for natural hazards (Martire et al., 2023). The theory proposed by Godin
et al. (2015) explains how long ocean waves generate acoustic‐gravity waves, which must fall within a specific
frequency range of 0.3–3 mHz (5–60 min) (Figure 16). At least in some geographical locations, it appears that the
major contribution to thermosteric wave activity originates from long ocean waves (Zabotin et al., 2016).

Only a few studies have investigated the generation of vertical acoustic‐gravity waves by strong meteotsunamis.
Solovieva et al. (2021) documented that the multi‐meteotsunami event that propagated over the Mediterranean
between 23 and 27 June 2014 (as described by Šepić, Vilibić, Rabinovich, & Monserrat, 2015) was associated
with strong ionization of the lower ionosphere. However, the authors did not attribute the generation of iono-
spheric waves solely to meteotsunami waves but also considered the upward propagation of acoustic‐gravity
waves triggered directly by strong convective storms accompanying the event, which can also generate signif-
icant ionospheric perturbations (Azeem & Barlage, 2018).

The first and only study to describe all phases of meteotsunami‐generated upward propagation of acoustic‐gravity
waves, along with their observations using a variety of instruments and data sets, is by Vergados et al. (2023).
Their observations showed an increase in wave amplitude as the waves approached the ionosphere, consistent
with gravity wave linear theory (as described by Godin et al., 2015). This was accompanied by a progressive
attenuation of higher frequencies and a clear detection of ∼15–25‐min waves in TEC variability in the ionosphere
(Figure 16). However, the travel time of such waves, from their generation to the ionosphere, was estimated to be
approximately 8–9 hr, which is too long to make them viable for meteotsunami warning systems.

Regarding planetary meteotsunami waves generated by explosive volcanic eruptions, the HTHH event of 15
January 2022 was also associated with TEC variability lagging behind the ocean waves. Aside from the direct
manifestations during the passage of Lamb waves (as discussed in Section 9), the delay between the atmospheric
Lamb wave and the second peak in TEC (the first peak was associated with the Lamb wave) was approximately
2 hr around New Zealand. This supports the hypothesis that the delayed ionospheric response was caused by
planetary meteotsunami waves triggering upward‐propagating acoustic‐gravity waves (Muafiry et al., 2023).
Similar observations have been documented over China (Q. Z. Li et al., 2024). However, accurately quantifying
these waves and distinguishing their effects from other TEC variability drivers remains a challenge.

Reviews of Geophysics 10.1029/2024RG000867

VILIBIĆ ET AL. 42 of 64

 19449208, 2025, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024R

G
000867 by IN

ST
IT

U
T

E
 FO

R
 A

D
R

IA
T

IC
 C

R
O

PS A
N

D
 K

A
R

ST
 R

E
C

L
A

M
A

T
IO

N
, W

iley O
nline L

ibrary on [15/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



11. Research Gaps and Perspectives
As evident from the review, many aspects of research into meteotsunamis and high‐frequency sea level oscil-
lations remain underexplored or entirely unexamined. The current state‐of‐the‐art in observations, modeling, data
processing, and other challenges is hindering faster progress, similar to other scientific fields. Furthermore, each
new discovery or answer about these natural phenomena raises additional questions for further investigation. In
this context, we outline some of the most critical areas where advancements could significantly contribute to
meteotsunami science, serving as a guide for future research activities within the community.

11.1. Challenges and Advancements in Observing Meteotsunamis

11.1.1. Sea Level Observations

Observing sea levels with a resolution of 1 minute or higher has become standard in many national monitoring
systems (e.g., NOAA, Angove et al., 2021; Puertos del Estado, Pérez Gómez et al., 2022). The collection of
minute‐resolution sea level data was globally initiated in 2005 following the Sumatra‐Andaman earthquake and

Figure 16. (up) A scheme of generation mechanism and propagation of acoustic‐gravity waves radiated upward by tsunamis
(after Artru et al., 2005). (bottom) The transition frequency (in mHz), that is, the frequency below which the long ocean
waves are continuously radiating acoustic‐gravity waves into the upper atmosphere (following the theory by and taken from
Godin et al., 2015). Middle inset: Time series of Total Electron Content perturbations measured at a single Global Navigation
Satellite Systems ground station on 13 June 2013, and being the consequence of a derecho‐generated meteotsunami (after
Vergados et al., 2023).
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tsunami (Fujii & Satake, 2007) through the UNESCO IOC SLSMF portal (https://www.ioc‐sealevelmonitoring.
org, VLIZ/IOC, 2025). As of 9 January 2025, the portal hosted data from 1,249 active tide gauge stations.
However, some national tide gauge networks still do not provide minute‐resolution data, adhering instead to
“traditional” sampling intervals. For example, the UK national sea level network continues to provide data with a
15‐min resolution (NTSLF, 2025), which does not meet the standards required for meteotsunami research as it
may significantly underestimate meteotsunami heights (Ozsoy et al., 2016; Tsimplis et al., 2009). Combining sea
level measurements with varying sampling resolutions may lead to biased quantifications of meteotsunami and
NSLOTT heights, necessitating careful consideration when merging such data sets (Heidarzadeh et al., 2024;
Williams, Schultz, et al., 2021).

Another limitation of the SLSMF portal is the lack of quality control applied to the available data, as it is primarily
designed for operational use (the portal currently develops automatic quality‐control procedures to provide
certain level of research‐quality data). The creation of the MISELA quality‐control data set (Zemunik
et al., 2021a) revealed significant issues, such as spikes, offsets, reference shifts, scaling problems, and time
shifts, particularly in data from stations maintained by agencies lacking resources for proper network upkeep.
Many problematic stations are located in Africa and small oceanic islands—regions with generally sparse sea
level measurements, even on an hourly scale. This highlights a key challenge for the sea level research com-
munity: densifying sea level networks in regions without existing stations (Woodworth, 1991; Woodworth
et al., 2007).

The spatial undersampling of meteotsunamis by tide gauges is another limitation for observation‐based studies.
Tsunamigenic atmospheric disturbances typically occur over scales of a few to a few hundred kilometers, with
coastal bathymetry significantly modulating the signal. Consequently, sea level oscillations can vary greatly over
short distances, such as inside versus outside a bay or harbor. While no tide gauge network can capture all sea
level variations, localized networks can be established using low‐cost instruments (see Section 3.1), such as the
VENOM network covering the Balearic Islands (Frank‐Comas et al., 2021; Ramos‐Alcántara et al., 2025).
Similar approaches could be implemented in other meteotsunami hotspots, such as further densifying the MESSI
tide gauge network in the middle Adriatic (Šepić et al., 2017; Vilibić et al., 2021), along the Korean coastline (J.
Kim & Woo, 2021), or in other comparable locations.

Additionally, the longest minute‐resolution data series span approximately 20 years, whereas the recurrence
intervals of the most devastating meteotsunamis are on the scale of several decades or even centuries (Jansà &
Ramis, 2021; Orlić, 2015). As a result, existing minute‐resolution sea level data are insufficient for accurately
quantifying meteotsunami hazards or estimating regional probability density functions (Geist et al., 2014).

Another challenge is the lack of public availability of minute‐resolution sea level data from some providers. For
instance, the Croatian Hydrographic Institute possesses high‐quality, long‐term minute‐resolution data suitable
for analyzing NSLOTTs (Ruić et al., 2023; Vilibić, Domijan, & Čupić, 2005; Vilibić, Orlić, et al., 2005), but this
data is not publicly accessible. Similarly, minute‐resolution data from Russian tide gauges (Kulikov et al., 2020),
eastern Baltic tide gauges, and coastal China (S. W. Zhang et al., 2024) remain restricted. Adhering to FAIR
(Findability, Accessibility, Interoperability, and Reuse) principles (Wilkinson et al., 2016) is essential for
meaningful global or regional meteotsunami research.

In summary, regarding sea level observation standards for meteotsunami research, we recommend the following:
(a) increasing the resolution of sea level measurements to 1 min or higher at all tide gauge stations, (b) ensuring
the long‐term maintenance of minute‐resolution tide gauge networks (spanning at least several decades) with
rigorous data quality control by providers, (c) making all sea level data accessible to the research community in
alignment with FAIR principles, (d) establishing a centralized repository for accessing quality‐controlled minute‐
resolution sea level data, incorporating additional harmonized quality‐control procedures, and (e) conducting
localized meteotsunami experiments with ultra‐dense tide gauge networks wherever feasible.

11.1.2. “Classic” and Modern Atmospheric Observations

Since meteotsunamis are generated by rapid and intense changes in atmospheric pressure or wind disturbances
traveling over a region, measuring these parameters at tide gauge sites should also be conducted with a sampling
resolution of 1 min or higher. However, this requirement exceeds the current standards and recommendations for
measurements at ground stations managed by national weather services, where data is typically stored at 10‐min
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or hourly intervals. This is despite the availability of technology capable of measuring and transmitting real‐time
meteorological information with minute‐level resolution. Addressing the need to monitor meteotsunamigenic
atmospheric disturbances could provide a compelling reason to push the World Meteorological Organization
(WMO) to update standards for in situ measurements. Such updates would be particularly significant if opera-
tional forecasting of meteotsunamis were to become the responsibility of national weather services, as currently
proposed by some committees (UNESCO/IOC, 2025).

In addition to national networks, many amateur meteorological networks have been developed in various regions
and countries to study mesoscale phenomena. These networks often measure local meteorological parameters
with lower quality and without the standardization of regular meteorological networks (Bell et al., 2013; Brousse
et al., 2024; J. Y. Chen et al., 2021; Mitchell & Fry, 2024). While a wide range of instruments monitor meteo-
rological parameters, some may be suitable for meteotsunami research if they meet the necessary precision and
temporal resolution. For example, the BalearsMeteo amateur meteorological network (http://balearsmeteo.com)
comprises approximately 55 stations across Mallorca Island that sample at sub‐minute intervals with a resolution
of 0.1 hPa. This level of precision and temporal resolution is sufficient to capture tsunamigenic air pressure
disturbances and their spatial and temporal variability over small scales (a few kilometers) (Villalonga
et al., 2024). Another example is the Victoria School network managed by schools in the Victoria area of British
Columbia, Canada (https://www.victoriaweather.ca), which have been used to analyze tsunamigenic disturbances
and improve the forcing of ocean models (Rabinovich et al., 2021). Establishing minimum requirements for both
regular and amateur meteorological networks would enhance their utility in meteotsunami research.

Beyond ground‐based stations, remote sensing techniques have recently been used to quantify tsunamigenic
atmospheric disturbances. This includes the use of satellite imagery and weather radars to analyze strong
convective systems, their speed, direction, and variability (Feng et al., 2021; Robledo et al., 2024). Recent studies
have also linked tropical cyclones to meteotsunamis (e.g., Anarde et al., 2021; Heidarzadeh & Rabinovich, 2021;
Rabinovich et al., 2023), suggesting that monitoring fine‐scale features such as rainbands associated with at-
mospheric disturbances (Shi et al., 2020) could provide insights into mesoscale interactions between atmospheric
and oceanic processes. Moreover, significant progress has been made in mapping upper atmosphere conditions,
including the development of products for assessing electron content in the ionosphere (Martire et al., 2024). This
may help evaluate whether meteotsunamis significantly affect electron variations or have negligible impacts.

To advance atmospheric measurements for meteotsunami research, we recommend the following: (a) establishing
a standard sampling rate of 1 min at automatic meteorological stations, including those managed by national
weather services and amateur networks, (b) further researching and developing methodologies to extract tsu-
namigenic parameters (or general wind and pressure changes) from remote sensing observations while aiming to
reduce sampling intervals where feasible (e.g., achieving at least 5‐min intervals for weather radar observations),
and (c) building reliable connections and statistical frameworks to analyze the effects of meteotsunamis on the
upper atmosphere and ionosphere, incorporating both atmospheric and sea level data products.

11.2. Reproducing Meteotsunamis for Efficient Forecasting and Hazard Assessment

11.2.1. Atmosphere‐Ocean Numerical Modeling

Modeling meteotsunami events has always been challenging, as current atmospheric models struggle to
adequately reproduce the relevant physical processes and meet the resolution requirements necessary for
capturing the scales of atmospheric disturbances. The first successful reproduction of a tsunamigenic atmospheric
disturbance was achieved in 2007 (Belušić et al., 2007). However, it only demonstrated the existence of the
disturbance, while key characteristics such as pressure rates of change exceeding 2.5 hPa over 5 min—critical for
driving meteotsunami intensity (Šepić & Vilibić, 2011)—were significantly underestimated. Furthermore,
approximately half of the disturbance was missing in the simulations. This issue partly stems from selecting the
appropriate parameterizations in atmospheric models (Horvath & Vilibić, 2014; Mourre et al., 2021) and is
possibility also effected by inclusion or exclusion of air‐sea coupling and waves into the modeling system (e.g.,
Rahimian et al., 2022). Additionally, insufficient resolution typically results in underestimation of energy for
wavelengths below approximately seven times the horizontal resolution (Skamarock, 2004). Even when
increasing resolution to 1 km or 500 m in widely used atmospheric models like the Weather Research and
Forecasting (WRF) model (Skamarock et al., 2005), the reliability of simulations often remains inadequate for
precisely simulating observed air pressure disturbances (Anderson &Mann, 2021; Denamiel, Šepić, Ivanković, &
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Vilibić, 2019; Horvath et al., 2018; Rahimian et al., 2022). Consequently, the forcing of ocean models has often
relied on synthetic forms of atmospheric pressure disturbances (e.g., cosine, bell‐shaped, or boxcar functions)
propagating with constant speed, direction, and rate of air pressure change (C. F. Huang et al., 2022; Ličer
et al., 2017; Orlić et al., 2010; Vilibić, 2005).

Recent advancements leveraging GPU technology and machine learning algorithms have enabled downscaling to
higher resolutions, improved physics—particularly microphysics—and reduced computational demands (Dowell
et al., 2022; M. Huang et al., 2015; Kochkov et al., 2024; Muñoz‐Esparza et al., 2022; Reynolds et al., 2023; Sauer
et al., 2024; Welch et al., 2024). These advancements may overcome the challenges of accurately reproducing
tsunamigenic disturbances. Additionally, stochastic surrogate modeling and machine learning algorithms offer
potential improvements in meteotsunami reproduction (Denamiel, Šepić, Huan, et al., 2019; Metličić et al., 2024;
Vich & Romero, 2021). However, these approaches face the challenge of limited data length. Probabilistic
functions in surrogate modeling and machine learning‐based meteotsunami forecasting struggle to align with
observations due to the insufficient length of minute‐resolution data or time spans of cataloged meteotsunami
events relative to the return periods of significant meteotsunami events, predominantly underestimating the in-
tensity of the strongest meteotsunami events.

Coastal regions with ridges or submarine canyons present challenges in ocean modeling, as wave transformation
processes are highly dependent on rapidly changing nearshore topography. For tsunamis, coastal resolutions of
10–50 m are generally sufficient for reliable modeling along coastlines (Felix et al., 2024). However, even these
resolutions may be inadequate for narrow bays just tens of meters wide, such as the Ciutadella inlet (Vilibić
et al., 2008). Furthermore, bathymetric changes over small spatial scales can generate rip currents that pose safety
risks to swimmers (Linares et al., 2019; Yuan et al., 2023). Accurate coastal modeling thus requires detailed and
regularly updated bathymetry data (Latifah et al., 2024; Miyashita et al., 2022). Coastal variability may also
exhibit strong interannual and decadal variations, necessitating quasi‐continuous bathymetric surveys in
meteotsunami‐prone areas (Costa et al., 2023; Zhao & Bai, 2024). Open‐ocean models with resolutions of O
(100 m) or finer are needed to capture resonant processes in both oceanic and atmospheric domains. New‐
generation ocean models have these capabilities (e.g., Fan et al., 2024; Silvestri et al., 2024), making them
suitable for coupling with high‐resolution atmospheric models to realistically reproduce tsunamigenic atmo-
spheric disturbances and the transfer of energy to meteotsunami waves.

Many of the numerical modeling approaches presented here require substantial computational resources. For
example, running the full AdriSC operational modeling suite for a 3‐day period—consisting of a basic module
with innermost atmospheric and oceanic resolutions of 3 and 1 km, respectively, and a nearshore module with
1.5 km atmospheric resolution and an unstructured ocean grid of up to 10 m—required almost 22 hr on 260 CPUs
at the supercomputing facilities of the European Center for Medium‐Range Weather Forecasts (ECMWF;
Denamiel, Šepić, Ivanković, & Vilibić, 2019). This raises the question of system efficiency, given that accuracy is
still lacking—the same issue was encountered when implementing the BRIFS system in the Balearic Islands
(Mourre et al., 2021). For that reason, simplified approaches to quantify tsunamigenic atmospheric disturbances
may increase model efficiency (e.g., Romero et al., 2019).

In our view, downscaling fully coupled models to very high resolutions and including complex parameterization
schemes is not a feasible option for operational systems. However, such approaches remain essential for
advancing research into atmospheric and oceanic processes at high resolutions, which are crucial for under-
standing meteotsunami generation and dynamics. Indeed, because of their complexity, meteotsunamis—like
other extreme and small‐scale events (e.g., Hewitt et al., 2017; Lee et al., 2025)—offer an excellent frame-
work for testing new modeling approaches in both the atmosphere and the ocean, such as parameterizations
operable at fine temporal and spatial scales. In this way, high‐resolution modeling can continue to improve.

To advance atmosphere‐ocean numerical modeling of meteotsunamis, we recommend the following: (a)
downscaling both atmospheric and ocean models to resolutions of at least O(100 m) in meteotsunami generation
areas, ensuring the physics are preserved (in model parameterizations) at these resolutions. Ocean models should
further resolve coastal processes with even higher resolutions O(10 m), (b) setting boundary conditions suffi-
ciently far from the generation area, derived from global products with resolutions of at least O(10 km) or finer,
(c) ensuring nearshore bathymetry data is of high quality and surveyed on a quasi‐regular basis, tailored to local
coastal morphology, (d) utilizing advanced computational technologies, such as GPUs, to optimize modeling
efficiency and manage computational demands, (e) optimizing the efficiency and accuracy of various numerical
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modeling setups for meteotsunamis through systematic comparison of approaches, with the aim of achieving the
best performance while accounting for substantial computational demands, and (f) investing in stochastic, sur-
rogate, and machine learning approaches to improve the estimation of threshold exceedance probabilities,
particularly by refining input probability functions for meteotsunamigenic parameters.

11.2.2. Climate Modeling and Projecting Meteotsunamis

For climate projections, global climate models (GCMs) remain one to two orders of magnitude coarser than
required for meteotsunami modeling, although advancements in resolution and physics are rapidly progressing
(Planchat et al., 2023). For example, storm surge projections typically require resolutions of O(10 km) (Bernier
et al., 2024; Muis et al., 2020). Meanwhile, regional climate projections have achieved atmospheric resolutions of
approximately 1–3 km (Ban et al., 2021; Belušić et al., 2020; Lagergren et al., 2024), still falling short of
meteotsunami modeling prerequisites. GPU‐based models may offer a pathway to improving cloud process
representation, a major uncertainty in climate simulations (Norman et al., 2022). Until climate models reach sub‐
kilometer resolutions, two approaches remain viable: (a) establishing reliable connections between synoptic
patterns reproducible by climate models and meteotsunami events, and (b) conducting numerous short‐term,
high‐resolution simulations using pseudo‐global warming methodologies, as demonstrated in dynamic down-
scaling efforts (Hall et al., 2024). Such approaches have shown a potential for implementation in specific lo-
cations like the Adriatic Sea (Zemunik Selak et al., 2025). Initiatives like the Global Coastal Ocean Model
Intercomparison Programme could also help establish standards for meteotsunami and process‐oriented climate
projections (NOC, 2025).

11.2.3. Establishing Operational Meteotsunami Early Warning Systems

Despite decades of progress in meteotsunami research, including geographic expansion, enhanced observational
capabilities, and the use of modeling tools—the only fully operational meteotsunami forecasting and early
warning systems remains these established in 1985 in the Balearic Islands by the national meteorological agency
(AEMET) (Jansà & Ramis, 2021; UNESCO/IOC, 2025) and later upgraded using atmosphere‐ocean models
(BRIFS, Mourre et al., 2021; TRAM, Romero et al., 2019). While there have been attempts to establish reliable
meteotsunami forecasting systems, these efforts have primarily been driven by research projects and have not
resulted in long‐term operational systems. For example, the MESSI project in the Adriatic (Šepić et al., 2017) and
the TMEWS project along the U.S. East Coast (Angove et al., 2021; Vilibić, Monserrat, & Rabinovich, 2014)
aimed to address this gap. However, the MESSI project lasted only 2 years, which was insufficient to develop all
the necessary modules for a comprehensive Croatian meteotsunami forecasting and early warning system, and
was not adopted by the national weather service for its maintenance. Similarly, the TMEWS project was dis-
continued after its first year due to budgetary constraints, leaving key components unimplemented.

Furthermore, the implementation of machine learning and neural network algorithms into meteotsunami fore-
casting systems has been tested (Vich & Romero, 2021) and has achieved reliability comparable to that of
“classical” operational systems, offering another avenue for the development of operational early warning sys-
tems for meteotsunamis. In our view, however, the current level of data availability and process‐oriented
knowledge is not yet sufficient for the implementation of machine learning algorithms without human inter-
vention and interpretation. Nevertheless, this remains a promising field of future research, already implemented in
some hazards in geosciences (e.g., Flora et al., 2021; Z. F. Li et al., 2018), which may ultimately lead to a
meteotsunami warning system capable of automatically forecasting events with an appropriate level of reliability.

To address these challenges, a clear set of recommendations can be derived from UNESCO/IOC (2025): (a)
ensure the long‐term sustainability of existing pilot meteotsunami warning systems (e.g., for the Adriatic,
Denamiel, Šepić, Huan, et al., 2019; Denamiel, Šepić, Ivanković, & Vilibić, 2019; Denamiel et al., 2020) by
integrating meteotsunami forecasting and early warning systems into the responsibilities of national weather
services, (b) strengthen coordination between national weather services and the global tsunami warning system,
(c) incorporate machine learning procedures for better forecasting of meteotsunami events, with its imple-
mentation into the decision‐making process as well, and (d) develop and implement real‐time standard opera-
tional procedures, including well‐defined protocols for forecasting, detection, and the dissemination of
meteotsunami forecasts to relevant services and the public.
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11.2.4. Quantifying Reliability of Operational Meteotsunami Early Warning Systems

Once established, the reliability of operational early warning systems—such as the AEMET Balearic Islands
system (Jansà & Ramis, 2021)—should be tested both at the outset and periodically to ensure optimal perfor-
mance. This should also involve evaluating different system configurations for the same sets of events or within
the same region, and comparing their performance—for example, a synoptic index–based approach versus a
system relying on high‐resolution atmosphere–ocean modeling, surrogate stochastic modeling, simplified nu-
merical modeling, or machine learning algorithms. Some intercomparisons between deterministic and stochastic
modeling approaches have been conducted for the Adriatic Sea (Denamiel, Šepić, Huan, et al., 2019), though only
during the testing phase of the operational system. Further, the rissaga early warning system include both
assessment of tsunamigenic atmospheric synoptic systems and atmosphere‐ocean numerical modeling. However,
no multi‐architecture operational systems have been implemented or assessed at any other meteotsunami hotspot.

11.3. Process‐Level Studies (a Selection)

As meteotsunami science has expanded in many directions over the last decades, the range of topics available for
research has become quite broad. Some of these topics are already mentioned in Sections 11.1 and 11.2. Here, we
extend the list and highlight some important aspects of meteotsunamis (this is by no means an exhaustive list) that
we believe warrant further studies by the community.

11.3.1. Source Processes for Tsunamigenic Atmospheric Disturbances

Although the generation of AGWs (Plougonven & Zhang, 2014; Sibley et al., 2021; Vilibić, Horvath,
et al., 2014), squall lines (Lu et al., 1997; Meng et al., 2013), mesoscale convective systems (Houze, 2004;
Stensrud & Fritsch, 1994), and other atmospheric phenomena responsible for meteotsunamis is relatively well
understood, the conditions necessary for their persistence over tens or hundreds of kilometers (e.g., wave ducting,
Lindzen & Tung, 1976; Monserrat & Thorpe, 1996, or wave‐CISK, Convective Instability of the Second Kind,
Belušić et al., 2007; Xu & Clark, 1984) remain less explored. Observational and modeling limitations (discussed
in Sections 11.1 and 11.2) hinder precise quantification of these phenomena, particularly their intensity and
dissipation. Studying source mechanisms using state‐of‐the‐art observational systems and atmospheric models
could significantly enhance our understanding of meteotsunamigenic disturbances and their predictability.

11.3.2. Connecting Remote Sensing Measurements With Meteotsunamigenic Variables

Advances in weather radar performance and products (e.g., Michelson et al., 2020) allow for precise determi-
nation of the intensity, speed, and direction of potential tsunamigenic atmospheric disturbances (Anderson
et al., 2015; Wertman et al., 2014). However, the connection between radar and satellite variables and ultra‐dense
microbarograph or meteorological networks has yet to be fully realized. This connection could now be estab-
lished, as both dense ground networks and weather radars are becoming increasingly available (e.g., Hallali
et al., 2016; J. J. Zhang et al., 2024). Successful calibration of these systems could facilitate tracking potential
tsunamigenic atmospheric disturbances over coastal waters and help quantify meteotsunamigenic variables in
areas lacking ground measurements (e.g., the 2017 Dayyer meteotsunami, Kazeminezhad et al., 2021). A similar
approach could be applied to state‐of‐the‐art satellite products, particularly those estimating cloud‐top speeds,
which may correspond to atmospheric disturbance velocities (Vilibić et al., 2010).

11.3.3. Quantifying Resonances and Bathymetry Effects

The theory underlying Proudman and Greenspan resonances was established decades ago. However, aside from
few theoretical studies (e.g., Benjamin, 2015; Vennell, 2007, 2010; Williams, Horsburgh, et al., 2021), their roles
in complex coastal environments remain poorly quantified. Many studies cite resonance mechanisms but lack
computational evidence of their contributions. For instance, studies introducing the Proudman length (see Sec-
tion 4.1.1) often reveal a mismatch between expected and modeled effects in complex environments such as the
middle Adriatic Sea (Šepić, Međugorac, et al., 2016). When tsunamigenic atmospheric disturbances traverse
coastal slopes with attached shelves (e.g., Bechle et al., 2015; Memmola et al., 2024; Wijeratne & Pattiar-
atchi, 2024) or when flat shelves transition to submarine slopes (Dusek et al., 2019; Šepić, Rabinovich, &
Sytov, 2018), interactions between Greenspan and Proudman resonances, as well as eigen oscillations due to
bathymetric changes, may occur. It is a question do we fully grasp the nature of resonant energy transfer in real‐
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world bathymetries, where multiple types of resonance may overlap and interact. Investigating these processes in
greater detail could help explain why some regions are more prone to meteotsunamis than others.

11.3.4. Enhancing the Robustness of Meteotsunami Statistics

Robust statistics require long data sets. In the case of sea level observations at minute timescales, data sets
spanning two decades now exist in some locations or local networks (see Section 3.1). Coarser‐resolution data
sets, such as 15‐min data along the UK coastline, are even longer. Global coverage of such observations is also
improving, while minute sea level research products (e.g., the MISELA data set, Zemunik et al., 2021a, 2021b)
are becoming available and are planned to be extended. This growing data pool can enhance meteotsunami/
NSLOTT statistics by extending analyses (documented in Sections 3 and 7) or by applying novel methods, such as
Bayesian approaches to extreme sea level estimation (Calafat & Marcos, 2020; Choblet et al., 2014).

Additionally, clustering synoptic patterns globally, as performed for the Adriatic Sea (Ruić et al., 2024), may
identify differences in intensity, frequency, and spatial coverage of meteotsunamis under varying conditions.
Such clustering may globally document differences in the intensity, frequency and spatial distribution of so‐called
summer‐ or winter‐type of meteotsunamis, or even reveal new types of meteotsunamis. Substantial number of
global or regional cataloged events, such as these reported by Rabinovich (2020) or catalogs reported in Sec-
tion 5.5, may be also used for clustering and end in a quantitative distinction between meteotsunami classes. Then,
the synoptic clusters might be connected to source processes that normally differ between them (e.g., Pellikka
et al., 2022). This is particularly important as meteotsunami hazard and risk is different for various meteotsunami
classes and may help in developing class‐based meteotsunami warning systems.

11.3.5. Developing Methodologies for Meteotsunamis Hazard and Risk Assessment

Estimating the level of coastal natural hazard at a specific location or along coastlines is challenging for hazards
with large recurrence periods but is essential for many applications. For tsunamis, probabilistic tsunami hazard
analysis has recently become a standard technique (e.g., Geist & Parsons, 2006; Grezio et al., 2017). For
meteotsunamis, the only such study was conducted for the US East Coast (Geist et al., 2014), analyzing 14 years
of data with a 6‐min resolution. As minute‐scale data series expand and achieve higher resolution in different
ocean and coastal regions, this methodology could be extended and applied locally in areas where meteotsunami
and high‐frequency sea level data are regularly monitored. Stochastic surrogate modeling approaches might be
particularly useful, as decreasing computational power needed for simulations while keeping the robustness of the
hazard estimates (Denamiel, Šepić, Huan, et al., 2019, 2025). The same holds for machine learning techniques,
which, e.g., outperform “classic” modeling approaches in storm surges forecasts (e.g., Rus et al., 2025), while
being a promising tool in forecasting of NSLOTTs and meteotsunamis (Međugorac et al., 2025) although
underestimating the strongest events.

11.3.6. Implementing Climate Projections of Meteotsunami Hazards

Assessing meteotsunami hazards in future climates largely depends on establishing a connection between
meteotsunamis and synoptic patterns, as described in Section 7. A key prerequisite—outlined in Vilibić
et al. (2018) and Denamiel, Belušić, et al. (2023)—is the establishment of a significant relationship between
synoptic patterns and meteotsunamis/NSLOTTs. However, this connection is already known to be unreliable in
certain parts of the Mediterranean and for the most severe events (Šepić, Vilibić, & Monserrat, 2016; Zemunik
Selak et al., 2025). With progress in clustering synoptic patterns and meteotsunamis/NSLOTTs, the next logical
step in the research presented in Section 8.3 would be the application of the proposed methodologies. This in-
cludes quantifying a synoptic‐based meteotsunami index, with or without further downscaling of climate pro-
jections to (sub‐)kilometer scales, in various regions of the world's oceans.

11.3.7. Hazard Assessment for Planetary Meteotsunami Events

The HTHH eruption in January 2022 confirmed the existence of planetary meteotsunami waves, which were
already suspected to have followed after the 1883 Krakatau eruption (see Section 9). However, the HTHH event is
the only one on which such research currently exists, while it might appear at many volcanic locations (Denamiel
et al., 2025). Many questions emerge from this research, such as: (a) What conditions must be met to generate
acoustic‐gravity Lamb waves that can produce planetary meteotsunamis? (b) Does the shape of the explosion
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impact the strength of planetary meteotsunami waves, particularly in relation to the rate of change in air pressure,
which has been found to be important for other types of meteotsunamis? (c) How important is the geographical
location of the explosion for determining the height of planetary meteotsunami waves? (d) Can explosive volcanic
eruptions generate significantly stronger planetary meteotsunami waves? (e) Is it possible for the Pekeris mode of
acoustic‐gravity waves to become much more intense under certain atmospheric and eruption conditions, as its
speed aligns with resonant conditions across much of the oceans? (f) Can other catastrophic natural hazards, such
as asteroid explosions (e.g., Chicxulub; Range et al., 2022; Racki & Koeberl, 2024), generate planetary
meteotsunami waves?

11.3.8. Assessing Connectivity Between Meteotsunamis and Ionospheric Processes

The connection between meteotsunamis and ionospheric disturbances is a relatively recent finding, with only one
documented case of meteotsunami‐generated vertical acoustic waves causing fluctuations in the total electron
content (TEC) in the ionosphere (Vergados et al., 2023). Therefore, further case studies are needed to determine if
this phenomenon occurs at other meteotsunami hotspots around the globe. Furthermore, global TEC products are
continually improving in resolution and spatial coverage (Martire et al., 2024; Smith et al., 2024), while global
and regional catalogs of meteotsunamis or repositories of NSLOTTs already exist (e.g., Dusek et al., 2019; Lewis
et al., 2023; Šepić & Orlić, 2025a; Pasquet et al., 2013; Zemunik et al., 2021a, 2021b). This advancement enables
research—at pointwise, regional, and global scales—to statistically evaluate the connectivity and quantify
whether NSLOTTs, including meteotsunamis, are significant sources of TEC variability or not.

12. Summary and Outlook
In this review, we recapitulate the state‐of‐the‐art across all segments of meteotsunami science—atmospherically
induced long ocean waves in the tsunami frequency band. We hope this review will boost research activities on
this phenomenon by presenting a (non‐exhaustive) list of ideas for future progress in the meteotsunami com-
munity. Furthermore, since meteotsunamis significantly contribute to sea level extremes—reaching magnitudes
comparable to other processes such as storm surges or seasonal sea level variations in some regions—this review
aims to strengthen collaboration between the broader sea level and meteotsunami communities, which are
currently sparse and non‐systematic. The ultimate goal is to integrate meteotsunami estimates into global extreme
sea level assessments, enabling a more comprehensive evaluation of all contributing processes in this era of rapid
climate change and accelerated sea level rise (J. P. Wang et al., 2021).

Achieving this goal is challenging due to limitations in observations, numerical modeling tools, and the nature of
meteotsunamis, which are highly variable in time and space. These challenges are influenced by several factors,
such as (a) the resolution and parameterizations of atmospheric models—particularly climate models—which are
not yet capable of reliably reproducing tsunamigenic atmospheric disturbances; and (b) inaccuracies in coastal
bathymetry, which can significantly alter model predictions of meteotsunami wave amplification. Even minor
changes (e.g., 5%–10%) in water depth or the speed of an atmospheric disturbance may double or halve the
predicted meteotsunami wave height near shorelines. Developing improved modeling solutions for both the at-
mosphere and ocean will help address these challenges and enhance models' applicability to a wider range of
unresolved processes. These include the reproduction of mesoscale convective systems in the atmosphere
(Schumacher & Rasmussen, 2020) or the intensity and occurrence of oceanic surface currents and rip currents,
which can pose risks to coastal safety.

This review is also directed at coastal engineers, managers, and operational services responsible for planning,
governance, and alerting local populations about hazardous events in coastal zones. Building more resilient
coastlines is of utmost importance in the era of climate change, and strategies for mitigating meteotsunami
impacts—similar to those for other extreme sea level events—do exist. As with other meteorologically driven
hazards, one of the key goals of meteotsunami science is to incorporate meteotsunamis into coastal hazard early
warning systems, either through national and international ocean services (such as tsunami warning systems;
Igarashi et al., 2011; Rafliana et al., 2022) or through national weather services. An expert group (UNESCO/
IOC, 2025) has proposed that weather services are particularly suitable for this role, as they exist in all countries
and have standardized procedures for forecasting and issuing hazard alerts (e.g., through the MeteoAlarm service,
https://meteoalarm.org). We hope this review will help bridge the gap between meteotsunami research and its
practical applications in coastal hazard and risk management.
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Erratum
The originally published version of this article contained an error in Equation 9. The equation has been corrected
as follows:

H2( f ) =
1

[1 − ( f /f0)
2
]
2
+ Q− 2( f /f0)

2
, (9)

This may be considered the authoritative version of record.
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