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1 Introduction

Meteorological tsunamis (meteotsunamis) are significant, even devastating, sea level

oscillations (seiches) at the coast with the same frequencies and spatial scales as typical

tsunami waves, related not to seismic activity, volcanic explosions or submarine landslides,

but to atmospheric forcing: atmospheric gravity waves, pressure jumps, frontal passages,

squalls, etc. (Monserrat et al. 2006). In recent years, this phenomenon has attracted much

attention, because several destructive meteotsunamis occurred in various parts of the world

oceans, in particular in Spain, Croatia, Japan and the East Coast of the USA.

Actually, strong sea level oscillations associated with atmospheric activity were known

in some countries for a long time. These oscillations are called ‘‘abiki’’ and ‘‘yota’’ in

Japan, ‘‘rissaga’’ or ‘‘resaca’’ in Spain, ‘‘šćiga’’ in Croatia, ‘‘marrubbio’’ or ‘‘marrobbio’’

in Sicily, ‘‘milghuba’’ in Malta, ‘‘Seebär’’ in Baltic countries, ‘‘death waves’’ in Western

Ireland and ‘‘inchas’’ and ‘‘lavadiads’’ in the Azores and Madeira islands (cf. Monserrat
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et al. 2006; Rabinovich, 2009). Nomitsu (1935) was probably the first who indicated the

deep meaningful relation of seismically generated tsunamis and ‘‘tsunamis’’ of the atmo-

spheric origin. Defant (1961) introduced the term ‘‘meteorological tsunamis’’ and sug-

gested the consanguinity of extreme seiches observed in various coastal regions.

Nevertheless, little attention was paid to this phenomenon by specialists in natural hazards

till the middle of the 1990s. Usually, it was considered to be a very local effect occurring in

a few particular bays or harbours: Nagasaki Bay in Japan (Hibiya and Kajiura 1982;

Akamatsu 1982), Ciutadella Harbour in Menorca Island, Balearic Islands, Spain (Tintoré

et al. 1988; Monserrat et al. 1991; Gomis et al. 1993), Longkou Harbour in China (Wang

et al. 1987), Vela Luka and some other bays in Croatia (Hodžić 1979/1980; Orlić 1980)

and Mazaro del Vallo harbour on the western coast of Sicily (Colucci and Michelato 1976;

Candela et al. 1999). The publications of Rabinovich and Monserrat (1996, 1998) attracted

the interest of tsunami scientists to this type of oscillation. Both meteotsunamis and

seismically generated tsunamis can arrive suddenly and without warning, and with com-

parable destructive effect. For these reasons, investigating both of these types of waves has

considerable merit.

In the following years, comprehensive studies of meteorological tsunamis were done in

various countries of the world oceans, in particular in Spain (Monserrat et al. 1998; Liu

et al. 2003; Jansà et al. 2007), Mexico (González et al. 2001), New Zealand (Goring 2005;

Vennell, 2007), Netherlands (de Jong et al. 2003; de Jong and Battjes 2004) and especially

in Croatia (Vilibić et al. 2004; Vilibić 2005; Belušić et al. 2007).

Probably, the strongest ever observed meteotsunami occurred in Vela Luka (Croatia), a

small town hidden in a bay on Korčula Island in the Adriatic Sea. In the early morning of

21 June 1978, the sea suddenly began to oscillate, flooding the streets and destroying boats

and port constructions. Tsunami-like waves with trough-to-crest heights of up to 6 m (!)

and periods of about 18 min appeared during relatively nice weather and without any

warning, resulting in the greatest marine natural disaster in the modern history of Croatia,

with estimated damage of 7 million US dollars at that time (Vučetić et al. 2009). Sub-

sequent scientific investigations identified the meteorological origin of this event (Hodžić

1979/1980; Orlić 1980; Vučetić et al. 2009; Orlić et al. 2010). Thirty years later, on 19–21

June 2008, the First International Symposium on Meteotsunamis: ‘‘30th Anniversary of the

Great Flood of Vela Luka (21 June 1978)’’ took place in Vela Luka. A collection of papers

presented at this symposium, together with a few additional papers on the same topic, was

published in a special issue of Physics and Chemistry of the Earth (Rabinovich et al. 2009).

The issue, which included 12 papers with the authors representing Argentina, Australia,

Brazil, Canada, Croatia, France, Italy, Malta, New Zealand, Russia, Spain and the United

Kingdom, covered various aspects of meteorological tsunamis, beginning with the

examination of satellite images of meteorological features favourable for meteotsunami

generation, through the documentation of meteotsunamis in various regions of the World

Ocean, to the creation and testing of the meteotsunami detection algorithms that may be

used in future warning systems.

The principal aspect of the problem that became evident after this symposium and

publication of associated papers is the necessity to take into account the threat of mete-

otsunamis in existing and future marine warning systems. Such systems began to be

developed in Spain (Marcos et al. 2009; Renault et al. 2011) and Croatia (Šepić et al. 2009;

Šepić and Vilibić 2011). Several destructive events that occurred on the East Coast of the

USA demonstrated the high risk of meteorological tsunamis and the importance of such a

system for this particular region. On 3–4 July 1992, a devastating ocean wave, induced by a

propagating squall line, hit Daytona Beach (eastern Florida) and injured 75 people
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(Churchill et al. 1995; Sallenger et al. 1995). A similar event occurred on 25 March 1995

when a train of atmospheric gravity waves generated a 3-m high ocean wave on the

western coast of Florida (Paxton and Sobien 1998). Strong atmospherically induced sea

level oscillations were observed along the north-eastern coast of the USA (Donn and

McGuinness 1960; Donn and Balachandran 1969) and on the south-eastern coast of

Newfoundland (Mercer et al. 2002; Mecking et al. 2009).

Probably the critical event was a meteotsunami generated on 28 October 2008 by

propagating atmospheric gravity waves. Destructive ocean waves with a period of

*20 min and wave heights of 4 m hit Boothbay Harbor on the coast of Maine, USA

(Vilibić et al. 2014). This event was the reason why the National Oceanic and Atmo-

spheric Administration (NOAA), USA, decided in early 2011 to issue a funding

opportunity focused on research of meteotsunamis along the US coastline, proposing the

research project ‘‘Towards a Meteotsunami Warning System along the US Coastline

(TMEWS)’’ to bring the research focus on meteorological tsunamis occurring in this

region with a future goal to create the Meteotsunami Warning System in the frame of a

general Tsunami Warning System for the Atlantic coast. The project merged together a

multidisciplinary international group of oceanic and atmospheric scientists from several

countries. The research activity of this group in 2011–2013 brought new knowledge on

US meteotsunamis and produced an embracive and comprehensive set of papers pre-

sented at the meteotsunami session of the 2012 AGU Fall Meeting in San Francisco.

This set of papers, together with some other papers presented at this session and addi-

tional papers on the same subject from various countries, has formed the current topical

issue on meteotsunamis.

In the frame of one issue, it is difficult to reproduce all aspects of the problem; nev-

ertheless, this issue (the second special issue on meteotsunamis!) discusses a high variety

of scientific questions associated with such events. A meteotsunami is a complicated

phenomenon that is highly variable in time and space. It is well established now that

meteotsunami is a multiresonant phenomenon; destructive events occur only when a

coincidence of several crucial factors takes place (Monserrat et al. 2006). If, for example, a

strong atmospheric disturbance travels over a region, but slightly out of resonant condi-

tions, the final generated wave may be quite weak, and vice versa, even not a very strong

disturbance may create a strong response in the resonant case (Vilibić 2008). Also, the

persistence of the atmospheric air pressure disturbance over long distances requires very

special conditions in the atmosphere, associated with so-called wave ducting (Monserrat

and Thorpe 1996) in the lower troposphere or with a self-sustainable propagating wave-

CISK cell (Belušić et al. 2007)—and even a small portion of strong atmospheric distur-

bances, being nondissipative over hundreds of kilometres or more, are capable to generate

destructive meteotsunami waves in particular areas of the ocean.

To determine whether the conditions are favourable or not, a modern measuring tech-

nique with high temporal and spatial resolution is required. As NOAA modernized its tide

gauge network in 2005, just after the 2004 Sumatra earthquake and tsunami (that was

recorded on the Atlantic coast of the USA; see Thomson et al. 2007), a large amount of

new data became available for research and for getting insight into mesoscale properties of

both atmospheric disturbances and ocean meteotsunami waves. In addition, fast develop-

ment of instrumentation techniques and their widespread installation, not only by gov-

ernmental agencies but also by non-governmental organizations, schools, etc., allowed for

better in-depth research of different stages of meteotsunami generation and dynamics. Last

but not least, the atmospheric mesoscale models have rapidly evolved during recent years

(e.g. Weather and Research Forecasting model, WRF, Skamarock and Klemp 2008), being
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capable of quantitative reproduction of the source mechanisms in the atmosphere (e.g.

Tanaka 2010; Renault et al. 2011). Therefore, the execution of the NOAA-funded research

activities was timely and resulted in new knowledge, with some papers already published

(Pasquet et al. 2013; Pasquet and Vilibić 2013) and some of them being a part of this

special issue.

It should be highlighted that the frequency of the meteotsunami occurrence and their

worldwide distribution, as well as their strength and destructive effects, seem to have been

previously underestimated. As was indicated above, meteotsunamis were considered as

some local phenomena for a long time, observed only at specific sites in a few countries

(Spain, Croatia, Japan, Italy, Russia, USA, Malta and China). The publication of the first

meteotsunami issue (see Rabinovich et al. 2009) considerably widened the geography of

this event: significant meteotsunamis were found to also occur in Brazil, Argentina,

Canada, New Zealand and the United Kingdom. The second issue expands the observa-

tional region of meteotsunamis even wider: substantial, even destructive, events were

recorded on the Atlantic coasts of France, Spain and Portugal, on the western coast of

Australia and in South Africa. In general, from the papers presented in this issue, we can

conclude that definitely there are some ‘‘hot spots’’, i.e. specific sites where meteorological

tsunami is observed more often and have larger heights; at the same time, we can see that

meteotsunamis can occur in almost all areas of the world oceans and cannot be considered

as a very rare, extraordinary event.

Several strong meteotsunamis occurred in the first half of 2014: (1) the meteotsunami of

9 February 2014 that hit the world’s longest beach, the Praia do Cassino (literally Casino

Beach) in Rio Grande, Brazil, deeply inundating the beaches in the area and flooding and

damaging the parked cars; (2) the squall-generated meteotsunami of 29 March 2014 at

Panama City, north-western coast of Florida, USA, with a measured wave height at tide

gauges of 120 cm, damaged the beach infrastructure; (3) destructive meteotsunami of 25

June 2014 in the middle Adriatic Sea where 3-m waves and 10 knot currents were wit-

nessed in some bays and inlets of Croatian islands; (4) a meteotsunami near the north-

western coast of the Black Sea where on 27 June 2014 a 2-m wave suddenly hit beaches in

the Odessa region, Ukraine, injuring 15 people.

All four of these events took place when the current issue was already in preparation;

however, once again these events demonstrate the importance of the meteotsunami phe-

nomenon and the necessity to elaborate the corresponding warning systems.

Altogether, 15 papers have been submitted to this special issue; eight of them deal

with different aspects of meteotsunamis along the US East Coast and in the region of the

Great Lakes, including one paper introducing a new methodology in meteotsunami

research based on probabilistic analysis already known in the tsunami science. Seven

more papers are documenting meteotsunamis in various coastal areas in the world

oceans. All continents, except Antarctica, have been covered, with the authors repre-

senting 11 countries.

2 Meteotsunamis along the US coastline

The paper by Whitmore and Knight emphasizes the necessity of meteotsunami research

along the US coast, including design and creation of a meteotsunami warning system,

which led to the NOAA funding opportunity issued in 2011. In the second part of the

paper, the authors use results provided by the TMEWS project to investigate the generation

of meteotsunami waves during the 2008 Boothbay meteotsunami event based on the
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NTWC1 tsunami forecasting model. They evaluate the sensitivity of the model to the

meteotsunami source characteristics, specifically to the speed, wavelength and direction of

the atmospheric disturbance. Results of their study show that the observed impact can be

re-created through numerical modelling when the pressure disturbance period roughly

matches the resonant period of the respective harbour.

A thorough investigation of atmospheric conditions during the 2008 Boothbay mete-

otsunami event is done by Vilibić et al. All available atmospheric and oceanic data,

products and documents are used to reproduce the source mechanism with a state-of-the-art

meteorological model. The authors assume that internal gravity waves, ducted in the lower

troposphere and travelling onshore, may be the source mechanism for the creation of

considerable oceanic waves through the Proudman resonance. Also, they found that the

existing operational observation systems are ineffective for capturing ground disturbances

due to too coarse sampling.

The research of atmospheric conditions existing during the 2008 Boothbay event was

continued by Horvath and Vilibić, who performed a large number of numerical sensitivity

experiments based on the WRF model to examine the effect of varying initial and lateral

boundary conditions, nesting strategy and simulation lead time. They also investigated the

influence of atmospheric microphysics and convective parameterizations on the model

results and found that the WRF model is applicable only to very short-range forecasting

and, what is more, to most advanced parameterizations and high-resolution grid spacing.

Šepić and Rabinovich investigated meteotsunami waves generated in the Great Lakes,

Chesapeake Bay, and on the Atlantic coast of the USA by the ‘derecho’ (a rapidly moving

line of convectively induced thunderstorms) of 29–30 June 2012 that devastatingly

propagated over north-eastern regions of the USA. High-precision sea level records from

the updated NOAA tide gauge network, together with the NOAA and ASOS2 air pressure

and wind records, enabled authors to examine physical properties and temporal/spatial

variations of the generated waves. The findings of the paper indicate that the generation

mechanisms of extreme seiches in the basins under study are significantly different:

energetic winds play the main role in seiche formation in Chesapeake Bay, atmospheric

pressure disturbances are most important for the Atlantic coast, and the combined effect of

pressure oscillations and wind is responsible for pronounced events in the Great Lakes.

Another strong meteotsunami event generated by the ‘derecho’ of 12–13 June 2013,

which was observed along the US East Coast, has been investigated by Lipa et al. Probably

for the first time, a meteotsunami on the oceanic shelf was detected using high-frequency

(HF) radar technology. Based on the fact that the waves were detected 47 min before

reaching the coastline, the authors discuss the possibility of using such a system within a

meteotsunami warning system.

Geist et al. developed probabilistic technique to estimate the possible impact of me-

teotsunamis in coastal areas. Their approach is based on previous frameworks established

for both tsunamis and storm surges. The authors document meteotsunami hazard curves for

the north-eastern US coast, plotting the annualized rate of exceedance with respect to the

maximum wave amplitudes for particular locations along the coast. They found that site-

to-site variations in the hazard curves appear to be caused by regional variations in the

shelf parameters affecting the Proudman resonant amplification, and the orientations of the

coastline and shelf edge influencing the strength and pathway of reflected meteotsunami

waves.

1 NTWC = National Tsunami Warning Center, Palmer, Alaska.
2 ASOS = Automated Surface-Observing System.
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High-frequency sea level oscillations at Wells Harbor (Maine, north-eastern US) with

periods of a few tens of minutes were examined by Monserrat et al. The oscillations

display a prominent tidally modulated response. The harbour is located in a shallow lagoon

connected to the open ocean through a narrow channel. The authors, based both on

observational results and numerical experiments, demonstrated that the geometry of the

lagoon, which significantly varies over a tidal cycle, determines both the resonant periods

and the amplification factor of the bay. The results show that when energetic long waves

reach the Wells Harbor entrance (as in the case of a tsunami or meteotsunami), the

expected response will be significantly stronger during low tide than during high tide.

A revisited study of two large meteotsunami events that hit Chicago in 1954 was

conducted by Bechle and Wu. They found that both atmospheric pressure and wind forcing

are essential to explain the observed magnitude of the event, in contrast to the initial

conclusions that the waves were primarily pressure-driven (Ewing et al. 1954). The results

of their study demonstrate that the enclosed Lake Michigan basin retained and focused

wave energy, leading to their large magnitude, long duration and destructive nature.

3 Meteotsunamis in the World Ocean

Frere et al. examined the influence of a propagating atmospheric disturbance on the

generation of high-frequency sea level oscillations along the coasts of Western Europe in

June 2011. They found that a pressure anomaly travelling across the area, from south

Portugal to the English Channel, appeared to be the source of the observed oscillations.

Spectral analyses show a dominant period of 25 min present in almost all data records. The

presented historical facts indicate that this kind of event can be potentially lethal or

damaging.

Further to the northeast, in the northern Baltic Sea, Pellikka et al. examined four

exceptional sea wave events of meteorological origin observed on the Finnish coast in the

summers of 2010 and 2011. These events coincided with sudden jumps in surface air

pressure recorded at coastal observation stations, which propagated over the sea with a

resonant speed coinciding with the long-wave speed in this region, indicating the Proud-

man resonance as the forcing mechanism for generation of observed anomalous mete-

otsunami waves.

Air pressure measurements between 2009 and 2011 over a triangle of microbarographs

have been used by Vilibić et al. for detecting strong air pressure disturbances and assessing

their possibility to generate substantial meteotsunamis. They found little or no meteots-

unami potential in the observed strongest disturbances, pointing out that only strong dis-

turbances with specific parameters can produce destructive meteotsunamis and such

disturbances should be considered as rare events.

Tanaka et al. extensively investigated a meteotsunami (locally known as ‘abiki’) that in

February 2009 hit two bays in the western part of Kyushu Island, Japan. They analyzed

atmospheric and sea level data collected during the event and found that ‘abiki’ waves

were caused by a sequence of pressure disturbances that produced strongly amplified

oscillations in the bays with periods of 12 and 24 min. Very similar results they obtained

from numerical experiments. The authors found that a number of continuous pressure

disturbances were required to generate the observed anomalous oscillations and that the

persistence of the pressure disturbances is important for higher amplification inside

complex bays.
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Destructive tsunami-like waves that hit the village of Dwarskersbos, South Africa, on

27 August 1969, were examined and numerically modelled by Okal et al. A field survey

revealed maximum runup as large as 2.9 m, with considerable waves observed over an

extremely short segment of coastline, less than 2 km in length. The characteristics of the

event were found to be incompatible both with generation by a seismic source and a

submarine landslide. By contrast, the wave can be explained as a meteotsunami resulting

from resonance between a meteorological squall propagating at 18 m/s along an azimuth of

101� and a gravity wave propagating in the shallow waters off the affected area.

The impact of meteorological tsunamis in the statistics of storm surge trends in the Mar

del Plata region, Argentina, is discussed by Dragani et al. They concluded that there is no

significant difference between statistics calculated with and without filtering the meteo-

rological tsunami signal from sea level records. Only moderate meteotsunamis were

present during the investigated period of 2010–2013; however, strong meteotsunamis,

which may account for 30 % of the tidal signal, may have noteworthy influence on the

statistics.

Pattiaratchi and Wijeratne used long-term tide gauge data to identify the occurrence,

characteristics and origin of meteotsunamis along the coast of Western Australia. Their

results indicate that they occur quite frequently and have significant heights; in summer,

they typically coincide with thunderstorms and during the winter period with the passage

of low-pressure systems. In contrast to the Dragani et al. results, Pattiaratchi and Wijeratne

found that the storm surge estimated heights may be strongly reduced (up to 85 %) by

subtracting meteotsunamis from the series. They also indicated that the most destructive

meteotsunami events have amplitudes twice the local tidal amplitudes. Air pressure dis-

turbances were found to propagate over the continental shelf along the mainland coastline

of Western Australia generating meteotsunamis at various sites.
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