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The understanding of meteotsunamis —significant atmospherically generated long ocean
waves in the tsunami frequency band—has advanced considerably during the last
two decades. Scientists and specialists use near-field in situ data and remote
observations, as well as atmospheric and ocean modeling, to study destructive
events. The phenomenon has been reported and investigated worldwide, indicating
its relevance as a marine natural hazard and demonstrating the urgent need for
meteotsunami warning systems for certain countries. In this paper we summarize the
present knowledge of the phenomenon, identify particular research gaps, and propose
near-future critical components of meteotsunami research. We emphasize a potential
concept of merging yet-to-be-developed meteotsunami warning systems and existing
tsunami or multi-hazard early warning systems.

Keywords: meteotsunami, natural hazard, air-sea interaction, world oceans, research gaps, sea level
measurements, early warning system

INTRODUCTION

Nomitsu (1935) was first to write about “tsunamis of atmospheric origin” and to describe
significant atmospherically induced tsunami-like oscillations observed in certain harbors and
bays of the Japanese islands. Defant (1961) indicated that similar oscillations are also observed
in some other regions of the world oceans and recommended the general term “meteorological
tsunami” or “meteotsunami’ for this type of phenomena. Rabinovich and Monserrat (1996,
1998) introduced this term to the tsunami community. The similarity of seismically generated
tsunamis and meteotsunamis was obvious; also, it became clear that many "tsunamis of unknown
origin" described in tsunami catalogs (e.g., Soloviev and Go, 1974; Lander et al, 1993) are,
in fact, meteorological tsunamis. After an overview paper by Monserrat et al. (2006) the term
“meteotsunami” became widely used and respective long oceanic waves began to be recognized
as other natural hazards.

Meteotsunamis have the same temporal and spatial scales as ordinary tsunami waves and
can affect coastal areas in a similar destructive way, but they are generated by traveling
atmospheric disturbances, rather than by underwater earthquakes, landslides or volcanic eruptions
(Monserrat et al., 2006). A specific property of meteotsunamis is that they are phenomena of
resonance: intensive waves can be produced only through resonant transfer of energy from the
atmosphere to the ocean via Proudman resonance (Proudman, 1929), U = ¢, or Greenspan
resonance (Greenspan, 1956), U = ¢j, where U is the speed of atmospheric disturbances,
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c = \/g>h is the long wave speed, ¢; is the speed of one
of the first modes of edge waves, h is the ocean depth
and g is the gravitational acceleration. Normally, catastrophic
meteotsunamis occur only in particular regions that have
extensive shelf areas promoting these types of resonances, with
depths ranging from 25 to 150 m, conducive for long wave speeds
of 16 to 40 m/s. Specific local topographic features facilitating
the substantial amplification of arriving waves are a V-shape
for the external embayment opened toward the incoming long
ocean waves and narrow-entrance internal bays/harbors with
high Q-factor (Miles and Munk, 1961).

In certain harbors and bays of the world oceans, the
phenomenon has been known for a long time and is called by
local names: “abiki” in Japan, “rissaga” on the Balearic Islands,
“S$¢iga” in the Adriatic Sea, “marrobbio” (“marrubbio”) in Sicily,
and “milghuba” in Malta (Monserrat et al., 2006; Rabinovich,
2009). The science of meteotsunamis has developed rapidly in
the last two decades, documenting the phenomenon along the
coasts of all continents except Antarctica (Figure 1). Much of
this work has been consolidated in two special issues: Physics
and Chemistry of the Earth (Rabinovich et al., 2009) and Natural
Hazards! (Vilibi¢ et al., 2014).

Meteotsunami research concentrates on several
(i) what processes and conditions in the atmosphere are
responsible for the generation of meteotsunamis; (ii) how is
the atmospheric energy transferred to the ocean waves, (iii)
what types of resonant properties control the process; (iv) how
does bathymetry affect the propagation and amplification of
meteotsunami waves; and (v) what architecture and protocols
should be used for timely and reliable detection of tsunamigenic
atmospheric disturbances and early meteotsunami warning? The
last question implies that the knowledge of the phenomenon
is appropriate for real-time detection and prediction of
meteotsunamis. It is also the ultimate question to be answered
to mitigate damage caused by coastal flooding and/or strong
currents.

The 1978 Vela Luka meteotsunami (Adriatic Sea, Croatia)
caused a loss of $7 M (in 1978 prices), equal to /4 of the annual
income of the entire island of Korcula (Vuceti¢ et al., 2009).
The 2006 Balearic meteotsunami (“rissaga”) sank or damaged
several tens of boats and yachts in Ciutadella Harbor (Menorca
Island, Spain) with a total cost of more than $30M euros
(Monserrat et al., 2006). The 1954 Great Lakes meteotsunami
(Ewing et al., 1954), the 1979 “abiki” in Nagasaki Bay (Hibiya
and Kajiura, 1982), and several events observed at the UK coast
(Haslett and Bryant, 2009; Tappin et al., 2013; Sibley et al,
2016) resulted in human casualties and severe destruction. Two
recent examples came from Odessa (Ukraine, the northwestern
Black Sea) and Fremantle Harbor (Western Australia). In Odessa
on 27 June 2014 a meteotsunami devastated some beach areas
and injured 6 people (Sepi¢ et al, 2015a). In Fremantle on
17 August 2014 a ship broke a mooring line and hit a major
railway bridge, causing it to be shut down for more than
2 weeks (Pattiaratchi and Wijeratne, 2015). An operational
meteotsunami warning system and safety procedures at civil

issues:

't is also published as a book by Springer (Dordrecht, The Netherlands, 2014).

protection and coastal operations could significantly reduce the
risk for human lives and mitigate the damage coming from
destructive meteotsunami events (Golnaraghi, 2012). In some
regions meteotsunami warning systems can be included into
multi-hazard warning systems (MHWS), in particular, into the
systems responsible for forecasting typhoons, hurricanes, and
associated storm surges (cf. Pattiaratchi and Wijeratne, 2015).

RESEARCH GAPS AND PERSPECTIVES

Atmospherically-induced long waves in the open ocean have
spatial and temporal scales similar to the mesoscale atmospheric
disturbances which generate them. An individual tsunamigenic
atmospheric disturbance has typical horizontal scales of 10-
100 km and can propagate over 50-500 km (Belusi¢ et al.,
2007). Meteotsunami waves are commonly formed over extensive
shelf areas where the speed of the atmospheric disturbance
matches the long wave speed (Sepi¢ et al., 2015b). Meteotsunamis
propagating onshore from the open ocean actively accumulate
energy and are further amplified approaching the coast due
to the shoaling effect (cf. Lamb, 1932); focusing in some bays
and inlets they can cause catastrophic effects (Sepi¢ et al,
2015b). Because these phenomena are relatively small-scale,
a full numerical reproduction of the respective tsunamigenic
atmospheric disturbances and associated long ocean waves
is still a challenge. The modeling problem can be broken
into four components: atmospheric modeling, ocean modeling,
coupled atmospheric-ocean modeling, and modeling of coastal
inundation and damage.

Aside from the exact knowledge of the atmospheric physics
responsible for the creation of tsunamigenic disturbances (duct
waves, wave-CISK?, storms, frontal passages, gales or squall
lines, etc.; see Belusi¢ et al., 2007; Tanaka, 2010), the source
mechanism and generation of atmospheric gravity waves or
other meteotsunami sources are still not properly reproduced
by atmospheric models. Observations are typically inadequate to
resolve the generation of atmospheric mesoscale structures and
associated surface pressure disturbances. Numerical modeling
of these structures is also a problem: a number of simulations
may be needed for reasonable reproduction of the atmospheric
conditions and traveling small-scale disturbances visible in
surface air pressures or winds (Belusi¢ et al., 2007). Similar
initial atmospheric forcing—e.g., a train of atmospheric waves—
traveling over a few hundred kilometres can produce completely
different responses at a given “hot-spot,” depending on the
specific track: disturbances, approaching the site, can intensify
and produce strong sea level response or weaken and produce
negligible response (Sepi¢ and Vilibi¢, 2011). Novel ensemble-
based methods, like stochastic convection, can overcome these
shortcomings (Teixeira and Reynolds, 2008).

A critical issue in tsunami modeling is the proper
reproduction of the tsunami source (Satake and Fujii, 2014). This
issue is partly overcome in meteotsunami studies by imposing
an artificial atmospheric disturbance, which travels over a
tsunamigenic region (Whitmore and Knight, 2014; Sepi¢ et al.,

2Conditional Instability of the Second Kind.
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February 2014) but still have not been proven by research studies.

FIGURE 1 | Locations where meteotsunamis had been documented by the year 1995 (upper panels), and by the year 2015 (lower panels). Size of stars is
proportional to intensity of the documented events. The information shown in the figure was constructed using the data presented by Rabinovich and Monserrat
(1996), Monserrat et al. (2006), Rabinovich (2009), Sepi¢ et al. (2015a), and Pattiaratchi and Wijeratne (2015). Green stars indicate locations where meteotsunami-like
events occurred (Acapulco — 2 May 2015; Giresun — 24 September 2014; Mostaganem — 3 August 2007; Panama City — 28 March 2014; and Praia do Cassino — 9

2015b). Such an approach may be effective for the hazard risk
assessments, which aim to estimate and map expected extreme
meteotsunami wave heights, but is inappropriate for an operative
real-time meteotsunami forecast. Altogether, the reproduction of
meteotsunami sources is a challenge for atmospheric scientists
modeling mesoscale processes, directing their research not
just to a pure increase of the model resolution (that can be
done with more powerful computers), but to preserve feasible
physics at these spatial and temporal scales, and to create new
parameterization schemes within models.

If the atmospheric forcing is known, the ocean modeling of
meteotsunamis is straightforward, as physics of generated ocean
waves is barotropic to first order. This enables us to use 2D
models, similar to those applied for tsunami research (Monserrat
et al., 2006). Another very important issue is bathymetry, that
needs to be at high spatial resolution (~10-50 m) and properly
integrated into the model, especially in coastal areas and in areas
of rapidly changing depth (shelf breaks, submarine channels,
etc.) where meteotsunamis amplify and modify (Monserrat et al.,
2006). This is particularly true for bays and harbors with large
amplification factors, which are prone to frequent meteotsunami
events. A small change in the model coastline or depths can result
in significant changes in eigen frequencies of the respective basin
and maximum estimated wave-heights (Vilibi¢ et al., 2008).

The development of coupled atmospheric-oceanic models,
which are required for accurate meteotsunami reproduction, is
also important. At present, there are no reliable coupled models,
since existing atmospheric models are not able to properly
reproduce the evolution of traveling air pressure waves over water

basins. An attempt to take into account the effect of such coupling
has so far only been made by Renault et al. (2011) for the region
of the Balearic Islands, however, simulated ocean wave heights
at Ciutadella, the main Balearic meteotsunami “hot spot,” were
significantly underestimated. Therefore, this is a principal issue
where substantial advancement is needed in the future.

Precise high-resolution capacities for continuous monitoring
and detection of tsunamigenic disturbances and meteotsunami
waves are of primary importance. Various observational
networks are available for both atmospheric and oceanic
measurements, but no standards for meteotsunami observations
have yet been developed and therefore not a single network
was adopted to properly capture meteotsunamis. Investigations
of meteotsunamis are mainly based on standard meteorological
and oceanographic networks, which mostly have insufficient
accuracy and too coarse temporal resolution (e.g., 6-min NOAA
CO-OPS air pressure network or 10-min regional meteo-
ocean buoy network in the Gulf of Maine) and do not
properly capture high-frequency processes at a minute timescale
(Thomson et al., 2009; Sepi¢ and Rabinovich, 2014). Some
operational networks are more advanced: in particular, on the
Balearic Islands (Marcos et al., 2009; Tintoré et al., 2013) and
in the Adriatic Sea (Sepi¢ and Vilibi¢, 2011), but they are
either in the pilot-phase of development or not incorporated
into a meteotsunami warning system. A decision on new
standards based on 1 min or better time resolution and 1 Pa
pressure measurements should be established for the regions
affected by meteotsunamis. This is especially important for
meteorological observations commonly following the standards
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of the World Meteorological Organisation (WMO), in particular
within the frame of Multi-Hazard Early Warning Systems
(MHEWS; Golnaraghi, 2012).

Recently, 1-min resolution sea level observations around the
world oceans became available through the IOC Sea Level Station
Monitoring Facility service (http://www.ioc-sealevelmonitoring.
org). These observations will definitely allow better assessment
of high-frequency oscillations in many regions. The service has
100 data providers, indicating that the urgent need for high-
resolution sea level monitoring, largely coming from the tsunami
community, has finally pushed tide gauge observation standards
to 1-min time resolution. However, spatial resolution of such a
global network is insufficient for measurements of highly variable
processes with scales of a few tens of kilometres or less.

Another important issue, to be potentially used in a
meteotsunami warning system, is the obvious correlation
of tsunamigenic atmospheric disturbances with specific
weather conditions, at least in the Mediterranean region (Jansa
et al., 2007) and Japan (Tanaka, 2010). These conditions are
largely associated with the wave-ducting theory (Lindzen
and Tung, 1976): a strong shear of unstable air masses in
the mid-troposphere creates atmospheric disturbances which
then propagate in the stable lower troposphere over long
distances. High-resolution atmospheric and sea level data
in the Mediterranean indicated a high correlation between
meteotsunamis and synoptic patterns over the entire basin (Sepi¢
et al., 2015b). It is quite possible that some other mechanisms
might control meteotsunamigenic processes at other “hot spot
areas.” An illustrative example is the U.S. East Coast where
meteotsunamis are often generated by hurricanes or large scale
derecho systems (Wertman et al., 2014; Sepi¢ and Rabinovich,
2014).

“Classical” sea level instruments and approaches might not be
a solution for proper measurements of meteotsunami waves, as it
is too costly to have a dense tide gauge network at meteotsunami
hot spots. A densified network of cheap autonomous water level
loggers might be a better choice, as it requires no maintenance
and is easily deployed and recovered at piers, cliffs and the sea
bottom. However, these water level data are not available in
real time and may be used only for research purposes. Multi-
hazard standard observatories, satellites mapping the spatial and
temporal characteristics of tsunamigenic disturbances (Belusic
and Strelec Mahovi¢, 2009) and meteorological (Anderson et al.,
2015) or high-frequency ocean radars (Lipa et al., 2014) for
early detection of meteotsunami waves, may be other ways
of collecting the data for real-time meteotsunami warning.
Unfortunately, these observation systems are expensive, cannot
cover all meteotsunami hot spots and their applicability for
meteotsunami detection still needs to be quantified.

Most of the above research issues are still focused on
reproduction of tsunamigenic atmospheric disturbances and
associated oceanic waves. This respective knowledge is a
prerequisite for building a meteotsunami warning system.
However, there are other aspects relevant for creation of a system
appropriate for a priori studies, in particular, for assessment of
meteotsunami hazard, vulnerability and risk, including socio-
economic effects (Geist et al., 2014).

In summary, the critical components of meteotsunami
research that, in our opinion, need to be advanced for better
understanding of the phenomenon and eventual creation of a
reliable meteotsunami warning system are:

(i) Improvement of atmospheric models and of their high-
resolution physics, resulting in reliable reproduction of
tsunamigenic atmospheric disturbances;

(ii) Development of coupled atmosphere-ocean models to
reproduce meteotsunami events;

(iii) Construction of high-resolution bathymetry grids for
coastal regions and critical depth features (shelf breaks,
canyons, shoals, sills, etc.);

(iv) Connection of intense high-frequency sea level oscillations
with particular synoptic conditions and definition of site-
dependant and region-dependant meteotsunami indices;

(v) Installation of meteorological radars for continuous
monitoring of tsunamigenic atmospheric disturbances and
elaboration of efficient detection algorithms to identify
these disturbances;

(vi) Verification of new technological solutions and
instrumentation for detection of spatial and temporal
characteristics of tsunamigenic atmospheric disturbances
and associated ocean waves, and their amplification
approaching the coast;

(vii) Risk assessment of meteotsunamis and mitigation of their
socio-economic impact.

TOWARD METEOTSUNAMI WARNING
SYSTEMS

A meteotsunami warning system for particular hot-spot areas
can be created based on the following four approaches:
(i) identification of tsunamigenic atmospheric synoptic
conditions; (ii) real-time detection of tsunamigenic atmospheric
disturbances using a microbarograph network; (iii) measurement
and tracking of high-frequency sea level oscillations by high-
resolution digital tide gauges; and (iv) numerical simulation
of meteotsunamis based on coupling of atmosphere-ocean
numerical models.

The first approach is already operational on the Balearic
Islands, where a meteotsunami forecast is given a few days ahead,
but only at the qualitative level (Jansa et al., 2007). This forecast
is based on identification of favorable synoptic conditions which
include: (i) weak winds at the sea surface, (ii) an inflow of
hot and dry air masses from Africa in the lower troposphere,
overtopped by (iii) a strong mid-troposphere jet characterized by
(iv) unstable conditions which favor the growth of mid and upper
troposphere convective formations.

The second approach has been preliminary tested at a
pilot microbarograph network in the Adriatic Sea (Sepi¢ and
Vilibi¢, 2011), and it is based on real-time detection of intense
air pressure disturbances. The intensity is determined from
5-min air pressure segments. Parameters of the identified
tsunamigenic disturbances are then automatically calculated.
These parameters include disturbance intensity, rate of change
and propagation direction and speed, which are then compared
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FIGURE 2 | The multilayer architecture of the proposed meteotsunami warning system, which includes observational and numerical modeling
capacities, processing tools for detection of tsunamigenic conditions, and capacities for dissemination of the warning to civil authorities and the

with the prescribed values in the meteotsunami warning
matrix estimated from historical meteotsunami events (Sepi¢
and Vilibi¢, 2011). This is similar to a procedure that has
been used for seismic tsunamis (Tinti et al., 2012). Such an
approach can be used for an operative forecast of potentially
destructive events an hour or less before their arrival at

the coast.

The main idea of the third approach is sea level monitoring at
a “beacon” station positioned off the hot-spot region, providing
again approximately an hour of advance time for the most
endangered locations (Marcos et al., 2009). This approach is
also similar to the procedures developed for early tsunami
warning, which is based on open-ocean tsunami detection
systems (Mungov et al., 2013). However, since meteotsunamis
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are generated over shelf areas or along coasts, the respective
warning system should be based on measurements at available
island stations, shelf buoys or coastal stations that are positioned
along the wave path.

The fourth approach is operational within the BRIFS (Balearic
Rissaga Forecasting System, www.socib.eu). Present coupled
atmospheric-oceanic models are able to provide qualitative
reproduction of meteotsunami waves, but still underestimate
their amplitude and the potential for damage (Renault et al,
2011). This is because these models do not describe properly the
evolution of tsunamigenic disturbances propagating onshore.

None of the above approaches can yet provide reliable
early warning. A meteotsunami warning system should have
identification-to-warning time on a minute scale, it has to be able
to identify most potentially destructive events and to produce a
minimum number of false warnings, following criteria developed
for tsunami warning systems (Igarashi et al., 2011; Pararas-
Carayannis, 2015). Therefore, the architecture of a meteotsunami
warning system has to be based on a multilevel structure
(Figure 2). Preconditioning (detection of tsunamigenic synoptic
conditions), source detection (modeling and real-time tracking
of atmospheric disturbances) and real-time numerical modeling
of meteotsunami generation, propagation and transformation
in the coastal zone should be part of an integrated system.
Such a system needs to become a part of the general tsunami
warning system, or of a broader MHEWS system, once it has
advanced to the operative level of providing reliable disaster
warnings. The system could be supplemented with additional
procedures, including radar or satellite detection of tsunamigenic
atmospheric disturbances (Belusi¢ and Strelec Mahovi¢, 2009;
Anderson et al., 2015) and hazardous long ocean waves (Lipa
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