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Abstract. This paper examines the occurrence and seasonal-
ity of meteotsunami in the United Kingdom (UK) to present
a revised and updated catalogue of events that have occurred
since 1750. Previous case studies have alluded to a sum-
mer prevalence and rarity of this hazard in the UK. We have
verified and classified 98 events using a developed set of
identification criteria. The results have revealed a prominent
seasonal pattern of winter events which are related to mid-
latitude depressions with precipitating convective weather
systems. A geographical pattern has also emerged, highlight-
ing three “hotspot” areas at the highest risk from meteot-
sunami. The evidence reviewed and new data presented here
show that the hazard posed by meteotsunami has been under-
estimated in the UK.

1 Introduction

Meteotsunami or meteorological tsunami are globally oc-
curring progressive shallow water waves with a period of
between 2 and 120 min which results from an air–sea in-
teraction. They tend to be initiated by sudden pressure
changes and wind stress from moving atmospheric systems
with sources including convective clouds, cyclones, squalls,
thunderstorms, atmospheric gravity waves and strong mid-
tropospheric winds (Vilibić and Šepić, 2017). The atmo-
spheric pressure changes are typically only a few millibars
over a few tens of minutes, which corresponds to only a
few centimetres of sea level change occurring in a process
known as the inverse barometer effect (for example, a 3 mbar
pressure jump will produce a 30 cm ocean wave). The at-
mospheric disturbance transfers energy into the ocean, ini-

tiating and amplifying a water wave which travels at the
same speed as the atmospheric wave, in a process known
as Proudman resonance (Proudman, 1929). When the wa-
ter wave reaches the coastline and shallower water, it be-
comes a multi-resonant phenomena and is further amplified
through coastal resonances. For example, if the wave reaches
the entrance of a semi-enclosed basin, it can induce an os-
cillation in the basin known as harbour resonance. However,
if the wave reaches a beach-type environment and the along-
shore component of the disturbance equals the phase speed
of the edge wave, this is a process known as Greenspan res-
onance (Monserrat et al., 2006). The resultant waves can el-
evate the coastal water level and can substantially increase
flow velocities with the potential for rip currents (Linares
et al., 2019). Due to the rapid onset and unexpected nature
of meteotsunami waves, they have the potential to cause de-
struction, injuries and even fatalities (Sibley et al., 2016). For
a global perspective and overview of meteotsunami obser-
vations, we recommend Pellikka et al. (2020) for observa-
tions in Finland, Šepić et al. (2018) for the Adriatic, Bechle
et al. (2016) for seasonality of meteotsunami in the Great
Lakes, Pattiaratchi and Wijeratne (2015) for observations in
southwest Australia, and Monserrat et al. (2006) for a general
overview of the mechanisms of meteotsunami.

Meteotsunami research and monitoring are more advanced
in the Mediterranean, on the East Coast of the USA and in the
Great Lakes due to the higher number of recorded events in
these locations. In contrast, events in the UK appear to be rare
and are believed to be less devastating, meaning that research
has been limited to date.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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The two principal factors contributing to this belief are the
following:

1. The current (since 1993) 15 min sampling interval that
is used at UK tide gauges is incapable of detecting
waves with periods of between 2 and 120 min. This
means that many events go unobserved; wave heights
are underestimated; or meteotsunami are mischarac-
terised as seiches, tsunami or surge.

2. Until recently, research has suggested that UK me-
teotsunami are generated by precipitating convective
weather systems associated with hot weather. Such
mesoscale convective systems may be associated with
synoptic “Spanish plume” events. These synoptic events
are more prevalent between May and October (Haslett
et al., 2009; Tappin et al., 2013; Sibley, 2012; Sibley
et al., 2016; Thompson et al., 2020), leading to the
belief that meteotsunami occurrence is a summertime
phenomenon. However, it is now emerging that embed-
ded convection within winter frontal systems may also
be responsible for a sizeable proportion of these waves
(Williams et al., 2021).

Several issues have resulted from the untested assumption
that meteotsunami events (1) are low frequency and (2) pre-
dominantly occur in summer, which has been combined with
(3) the lack of high-resolution temporal data. Firstly, there
is no central database of UK events. Secondly, there is no
standardised methodology of meteotsunami identification.
Thirdly, there is no government or regional policy in place
to cover impacts from a meteotsunami event. There is a mis-
conception of the risk posed by meteotsunami, especially for
coastal areas that are already at risk from storm impacts as-
sociated with pluvial hazards (extreme precipitation) and flu-
vial hazards (high levels of river discharge). In the future, the
overall level of risk is likely to be greatly exacerbated by ris-
ing sea levels and an intensification of storm frequency and
severity (Vilibić et al., 2018; Masselink et al., 2015).

As stated by Šepić et al. (2015), the assessment of me-
teotsunami should become the standard in coastal hazard as-
sessments; event cataloguing is a prerequisite for any coastal
hazard assessment, especially in identifying the geographical
areas that have experienced meteotsunami and the frequency
of exposure.

The aim of this paper is to compile, update and extend the
existing list of UK meteotsunami to include winter events,
as well as to highlight the occurrence, frequency and spatial
distribution of events. Where seasonality was alluded to in
Williams et al. (2021), their study was principally focused on
meteotsunami in northwest Europe from 2010 to 2017. This
paper will further their study by focusing on UK waters only
and will add new events up to the end of 2022. The method-
ology fulfils this aim by applying a set of developed identi-
fication criteria to the re-assessment of fragmented historical
accounts and to the analysis of tide gauge and atmospheric

data to identify new events. The outcome also highlights the
potential element of winter compound hazard risk which may
occur when meteotsunami waves arrive at the coast in short
succession or concurrently with other storm-associated haz-
ards.

We propose the following research questions:

1. What standardised criteria should be used to identify
meteotsunami?

2. Have events occurred which were ignored or misidenti-
fied?

3. In which regions of the UK and in what months do me-
teotsunami occur most frequently?

4. What are the atmospheric variables that can be corre-
lated with meteotsunami events?

2 Methodology

This section outlines the data sources and identification cri-
teria used to fulfil the objective of cataloguing and charac-
terising UK meteotsunami. We have extrapolated as many
quantitative data as possible to verify the event with the stan-
dardised criteria and to then arrange the results into tabular
form to allow ease of use (Table 1).

2.1 Meteotsunami identification criteria

As there are currently no fixed criteria for what qualifies as
a meteotsunami, in this paper we bring together various as-
pects used by other researchers in the field into one standard-
ised system. Figure 1 displays a visual representation of the
commonly used criteria, which we explain in more detail in
Sect. 2.1.1–2.1.2. The methodologies that have been previ-
ously used by researchers and studies have variations, with
some using qualitative methods that base events on eyewit-
ness accounts (Haslett and Bryant, 2009; Haslett et al., 2009)
and others using quantitative data from sea level and atmo-
spheric observations (Tappin et al., 2013; Sibley et al., 2016).
For the purpose of this paper, we have classified meteot-
sunami as atmospherically induced sea level oscillations hav-
ing at least one sea level and one atmospheric characteris-
tic. This allows for the distinguishing of meteotsunami from
other types of waveform and is applicable to either qualita-
tive accounts or quantitative data.

2.1.1 Sea level criteria (Category 1)

The sea level criteria are as follows:

a. Periods of sea level disturbance range between 2 and
120 min (Fig. 1).

b. Wave heights exceed 0.20 m. This threshold is within
the peak thresholds of 0.2 and 0.3 m as used by other

Nat. Hazards Earth Syst. Sci., 23, 2531–2546, 2023 https://doi.org/10.5194/nhess-23-2531-2023
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researchers in the field such as Williams et al. (2021),
Dusek et al. (2019), Bechle et al. (2016), Šepić et
al. (2012) and Monserrat et al. (2006). A 0.3 m water
elevation may not appear to be dangerous, but a meteot-
sunami in 2003 in New Zealand caused a fully laden oil
tanker to be grounded through strong currents (Goring,
2009). Lynett et al. (2014) also state that any wave over
0.3 m will start to float vehicles regardless of flow veloc-
ity and is enough to sweep people off their feet. These
thresholds comprise a tried-and-tested set of character-
istics that reflect meteotsunami, especially those in UK
waters. A threshold of 0.2 m was chosen to be used as
the lower end as this is more suitable for distinguishing
a greater number of events that may have been missed
at the higher-end threshold (0.3 m). Any anomaly below
0.2 m would not be large enough to allow for accurate
verification and for its separation from any other wa-
ter disturbances. (Figure 1a illustrates the meteotsunami
wave height criteria in the data as recorded on 27 June
2011.)

c. A wave disturbance registers at two or more locations
or tide gauge stations (Williams et al., 2021; Kim et
al., 2021).

2.1.2 Atmospheric criteria (Category 2)

The atmospheric criteria are as follows:

a. A convective weather system at the time of the wave
event is present, displaying high radar reflectivity with
precipitation rates exceeding 2 mm h−1, initiated over
the sea. (Figure 1 represents the radar reflectivity of the
various convective weather systems present during four
different meteotsunami events.)

b. There is an atmospheric pressure of 1005 mbar or less
with a rapid change of ±1 mbar in 30 min or a 3 mbar
fall over 3 h or less (Monserrat et al., 2006). (Figure 1
illustrates this distinct air pressure change as recorded
during the 28 October 2013 event.)

c. Convective available potential energy (CAPE) shows an
unstable vertical profile of the atmosphere that leads to
convective activity (Williams et al., 2019). (Figure 1
displays a radiosonde ascent showing sufficient CAPE
to produce the event that occurred on 1 July 2015 at
Stonehaven, east Scotland.) Even though CAPE is a
bulk atmospheric measurement and meteotsunami are
localised, if this element is present in conjunction with
the other indicators, it supports the presence of convec-
tive activity, which aids in the generation of meteot-
sunami.

d. There is a change in wind speed exceeding 10 m s−1

(anything under this is too weak for a meteotsunami to
be generated) and/or a drop in air temperature of 1.5 ◦C
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in 30 min (Figure 1 demonstrates this increase in wind
speed as recorded during the 28 October 2013 event.)

2.1.3 Geological criteria (Category 3)

There is one geological criterion, described as follows:

a. There is an absence of any other explanation or data
to imply an alternative source trigger, for example, the
presence of seismic triggers within the continental shelf
area which would produce a geological tsunami wave.
However, there is one exception to this rule which, for
the purpose of this paper, we include as a meteotsunami
trigger, i.e. volcanic eruptions. This was demonstrated
on 28 August 1883 (Krakatoa) and recently on 16 Jan-
uary 2021 (Hunga Tonga–Hunga Ha’apai), when wave
anomalies occurred and were the product of air pres-
sure waves created by the eruptions. It may be argued
that they should not be classed as meteotsunami waves.
However, for the purpose of this catalogue, we are
classifying them as meteotsunami as they are sourced
from air pressure disturbances which couple with wa-
ter waves and have a wave period of 2 to 120 min. The
force of the Hunga Tonga–Hunga Ha’apai explosions
sent a shockwave through the atmosphere that circled
the globe three times. The resultant pressure wave trav-
elled at close to the speed of sound and as a result cou-
pled with ocean waves to create a meteotsunami which
was detected as far away as Portugal and the UK (Burt,
2022).

To ease the interpretation of results, the UK coastline has
been partitioned into six coastal regions based on the Na-
tional Tidal and Sea Level Facility (National Tidal and Sea
Level Facility, 2022) tide gauge network (Table S1 in the
Supplement). The data are also separated into two seasons
(each comprising 6 months) that divide up the calendar year
at the spring and autumn equinoxes (Haigh et al., 2016).
April to September inclusive is referred to throughout this
paper as “summer”, and October to March is referred to as
“winter”. Finally, due to the nature of the data, two time se-
ries of meteotsunami are referred to throughout this paper,
one based primarily on historical eyewitness accounts due to
a lack of high-frequency instrumentation (the years 1750 to
2009 CE) and one based on and verified by quantitative in-
strumental data (the years 2010 to 2022 CE).

2.2 Historical record (1750 to 2009)

To gain a complete understanding of these events we follow
Long (2015) and Haslett and Bryant (2008), who dated their
historic tsunami catalogues back to approximately 1000 CE.
We noted that any events preceding 1750 CE were vaguely
recorded, making validation problematic, so we opted to date
our catalogue back to 1750. References to meteotsunami-like
events in historical accounts tend to be based on descriptions

of the state of the water at the coast with a lack of instrumen-
tal tidal data. There is a lack of or limited weather data, so
tracing back the atmospheric source is not straightforward. It
is only in the last few decades that meteorological data with
sufficient resolution have been readily available. With tide
gauge data, prior to 1993 the resolution was hourly, and it
was not until 1996 that all the current tide gauge sites became
fully operational. Therefore, we have used 2009 as the upper
limit of the historical record. The historical reports tend to
be derived from newspaper articles, parish records, harbour-
master records and eyewitness accounts. Although there is
reason to be sceptical of these accounts as they afford a level
of biased review and sensationalism, they do still hold value
in terms of a societal viewpoint and may help to fill in any
gaps (Haslett and Bryant, 2009; Haslett et al., 2009).

There are certain characteristics that can be flagged up in
a historical account to verify whether it refers to a meteot-
sunami event or not. To illustrate this, we can highlight the
historical account for the event of 23 May 1847, where we
can look at a letter from Robert Blight of Penzance dated
24 May and published in the Royal Cornwall Gazette on
28 May. The full extract can be found in Extract S1 in the
Supplement of this paper and in Long (2015, p. 26).

The changes in the atmosphere during the day were
very remarkable. In the morning, about six o’clock,
we had a breeze from the southeast; by eight, it
was a perfect calm; between ten o’clock and two,
the mercury sunk several degrees; about three in
the afternoon a breeze sprung up suddenly from
the west, and the sky, as suddenly, became over-
cast . . . It is very probable that all these changes,
and even the agitation of the sea, were produced
by electricity.

In this particularly detailed account (Extract S1), we can
identify six of the nine criteria, including a drawback and
sudden inrush of water, accompanied by a rumbling noise
and the water being higher than expected at 2.4 m (8 ft) (cri-
teria 1a and 1d), all indicating a tsunami-like event. The key
to the identification of a meteotsunami is in the atmospheric
portion of the account; what started out as a calm morning
featured a change in wind speed and direction, veering from
southeasterly in the morning to westerly in the afternoon (cri-
terion 2d). This variable wind was accompanied by a drop in
temperature (criterion 2d), and finally, there was mention of
the presence of a storm in terms of overcast sky, threatening
rain and lightning (criterion 2a). As such, we identify this
wave as a meteotsunami by applying both our oceanographic
and our atmospheric criteria to the historic account.

2.3 Tide gauge analysis for the 2010-to-2022 record

To identify meteotsunami from 1 January 2010 to 31 De-
cember 2022, we use data records that are available at
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higher frequencies, meaning meteotsunami are more dis-
tinctly observable. The information for this portion of the cat-
alogue is sourced from the British Oceanographic Data Cen-
tre (BODC) website (https://www.bodc.ac.uk, last access:
1 March 2023) and the Intergovernmental Oceanographic
Commission (IOC) website (https://ioc-sealevelmonitoring.
org/, last access: 8 July 2023, Sea Level Monitoring Fa-
cility, 2023), where data are displayed from the “Class A”
network of tide gauges owned and funded by the Environ-
ment Agency (EA). We also use the post-processed data of
Williams et al. (2021), where the raw sea level tide gauge
data have been high-pass-filtered to isolate high-frequency
disturbances. This removes periods of over 120 min and sep-
arates out the tidal components. In this way any signals in the
tsunami frequency band (2 to 120 min) are isolated from the
sea level elevations. Any remaining signals larger than the
background noise are then identified and checked against our
threshold criteria to verify events as potential meteotsunami.
Apart from the standard processing to remove any erroneous
spikes outside of the parameters, a visual quality control was
carried out, where a 7 d plot of the data was evaluated to high-
light any clear artificial spikes or gaps. Also, any data points
that had no accompanying air pressure changes were also ex-
cluded from any further analysis.

2.4 Atmospheric data analysis for the 2010-to-2022
record

The times of the potential meteotsunami events are noted
from the tide gauge data, and they are then linked to spe-
cific precipitating convective atmospheric systems by us-
ing the meteorological C-band radar network, which is pre-
processed by the UK Met Office before download (Met Of-
fice, 2003). The convective systems highlighted by the radar
are classified into four distinct types (as shown in Fig. 1).
These are (1) open cells which are situated behind the cold
front of cyclonic weather, usually where cold dry air passes
over the warm sea, creating shallow convection; (2) quasi-
linear systems which tend to be multi-cellular and linearly
organised with high CAPE, heavy precipitation and strong
winds (this type of weather feature is sometimes called squall
lines and can occur within synoptic Spanish plume events);
(3) isolated, small, short-duration (< 1 h) thunderstorm cells;
and (4) non-linear clusters which are large, circular, long-
lived clusters of precipitation and thunderstorm cells.

The atmospheric ascent soundings are obtained from the
University of Wyoming website (http://weather.uwyo.edu/
upperair/sounding.html, University of Wyoming, 2022) with
the UK stations at Camborne (station number: 03808) and
Lerwick (station number: 03005) being used. Soundings are
available for 00:00 and 12:00 UTC on each day, and if a
CAPE value of greater than 0 occurs, then this shows a
marginally unstable atmosphere leading to convective activ-
ity. Finally, the synoptic charts allow for verification of the

storm system, including the location of the pressure centres
and fronts at the time of the meteotsunami wave event.

3 Results

In this section we highlight the seasonal occurrence and dis-
tribution of UK meteotsunami events in both the historical
record and the more recent instrumental-data record. This is
augmented by the identification of trigger systems associated
with the events where available. It is prudent to note here
that the catalogue cannot be considered complete, and this
is signified by dashes (i.e. –) in the columns where data or
information either is unavailable or has not been located.

3.1 Historical record (1750 to 2009)

We identify 98 events as meteotsunami occurring in UK wa-
ters between January 1750 and December 2022 (Table 1),
with 48 of these occurring within the historical record (1750
to 2009). This record shows that 67 % of documented me-
teotsunami occur in summer (April–September), with 44 %
of documented meteotsunami occurring in July and August.
The single year experiencing the most documented events
was 1802 CE, numbering three, and the decade experienc-
ing the most documented events was the 1840s, with six in
total. The presence of a storm and/or characteristics of con-
vective activity (thunder and lightning) at the time of the
wave event was noted for 42 of the 48 events (91 %) in the
historical record. There was also a defined southwest preva-
lence of meteotsunami in historical documents, with Devon,
Cornwall and Somerset recording a combined total of 29
events. Within the historical record we have identified four
new events and reclassified four tsunami events, three storm
surge events and nine events of unknown origin as meteot-
sunami. Seven of these occurred within winter months (Ta-
ble 1).

3.2 Seasonal and locational frequency of UK
meteotsunami events (2010 to 2022)

Meteotsunami have been thought to be a rare phenomenon in
the UK, and it has been thought that when they do occur, it
tends to be in the summer months due to the more abundant
convective activity (Haslett et al., 2009; Tappin et al., 2013;
Sibley et al., 2016; Thompson, 2020). However, of the 98
identified meteotsunami events verified in this paper, 50 have
been interpreted as occurring since 2010, with 33 (66 %) of
those occurring during the winter months and 9 of these win-
ter events identified as new. We find that not only are UK
meteotsunami more common in occurrence than previous re-
search indicates, but also they are a year-round phenomenon,
as exhibited in Table 1 and Figs. 2 and 3.

The historical section of the catalogue shows an estimated
return period of 5.4 years. This return period considerably
decreases for the instrumental-data section, where the UK re-
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Figure 1. Top left: Devonport tide gauge for 27 June 2011 showing a distinct sea level disturbance at 09:30 UTC as highlighted with a red
circle. This is a representative of criterion 1b. The timing of this 0.25 m rise and fall corresponds with the arrival of the meteotsunami event at
that specific location. Top right: the four different types of convective activity as shown in radar reflectivity identifying meteotsunami events,
a representation of criterion 2a. Orange and red in the images show high precipitation rates (> 4 mm h−1), with idealised images shown on
the left and actual examples taken from UK events on the right. All show the date, time and direction of the storm as well as the location of
the tide gauges (white dots). Image by Williams et al. (2021) licensed under Creative Commons – Attribution 4.0 International – CC BY 4.0.
Bottom left: the atmospheric pressure, wind speed and precipitation at Reigate during the 27 to 28 October 2013 storm associated with a
meteotsunami. This is a representation of criteria 2b and 2d. The graph shows atmospheric pressure (red line) of less than 1005 mbar and
falling as the atmospheric disturbance moved over the area, with a corresponding rising wind speed of 9 m s−1 (green line) and precipitation
(blue bars). Reproduced with the kind permission of Simon Collins, https://rgsweather.wordpress.com/ (Reigate Grammar School Weather
Station, 2022). Bottom right: the Nottingham radiosonde ascent at 12:00 UTC on 1 July 2015 during a meteotsunami event in the North Sea.
This is a representation of criterion 2c, which indicates sufficient CAPE (462.1 J kg−1) to provide high base convective activity, with the
cloud base at an approximate height of 3000 m and cloud top at 11 000 m (http://weather.uwyo.edu/upperair/sounding.html, last access: 19
December 2022).

turn period reduces to an estimated 0.25 years. With an aver-
age of four events per year, we can see that certain years have
experienced above-average numbers and high proportions of
winter events, with seven winter events out of eight in 2013,
four out of seven in 2021 and five out of seven in 2022. Fig-
ure 3 displays the seasonal distribution of these events, with
34 % of meteotsunami recorded in December and January

and no events being recorded in March or April. Following
statistical analysis, the recorded maximum wave amplitude
for each event resulted in a mean wave height of 0.33 m for
winter and 0.35 m for summer. With a t-test score of 0.30
and a p value of 0.07, the tests indicate a similarity between
the two sample sets, where the difference between seasonal
wave heights is considered not statistically significant.
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Summarising the results from the catalogue in its entirety,
we suggest that there are three “hotspot” regions where me-
teotsunami events appear to be most frequent: (1) north-
west Scotland, (2) Wales and (3) the southwest UK. Up un-
til 2009, Penzance in the southwest UK had experienced the
most meteotsunami with eight in total. Then from 2010, Kin-
lochbervie in northwest Scotland experienced a maximum
wave height of 0.51 m during the 16 November 2016 event.
This same location was exposed to 14 separate meteotsunami
events in the 12 years from 2010 to 2022. Harbour-style geo-
morphology appears to be more susceptible to meteotsunami
resonance, being associated with 71 % of the events with
beach environments comprising the remaining 29 %.

3.3 Relationship between meteotsunami and winter
storms

In this section, we highlight two specific meteotsunami
events that occurred in two consecutive winter seasons.
These two events have been picked as they are new events
to the catalogue, and they represent a typical winter meteot-
sunami hidden in the associated storm data. The winter of
2021/22 saw seven sequential named storms with five ver-
ifiable meteotsunami events, one of which was on 20 Octo-
ber 2021. The winter of 2022/23 saw three likely/numerically
verifiable meteotsunami events, one of which was 1 Novem-
ber 2022. Both meteotsunami events were low profile, lo-
calised in nature and hidden within larger-scale heavily pre-
cipitating low-pressure systems.

3.3.1 Event 1: 20 October 2021

Two low-pressure systems developed in the Atlantic Ocean
and propagated eastwards towards the southwest UK. The
first system which was detected as a mature echo signa-
ture on radar contained a sharp cold front (squall) which
moved into Cornwall at approximately 04:00 UTC (crite-
rion 2a and Fig. 4) with a simultaneous leading air pressure
rise of 1.6 mbar over 4 min followed by a sharp 2 ◦C air tem-
perature drop (criteria 2b and 2d and Fig. 4). A flattish ridge
between this first system and the second system named Au-
rore by Météo-France led to a yellow rainfall warning be-
ing issued in the UK. At 16:00 UTC the second system with
a low-pressure centre of 992 mbar moved into the Isles of
Scilly and propagated across Cornwall and Devon; it con-
tained a heavily precipitating non-linear system with con-
vective activity and strong winds (31+m s−1) rapidly veer-
ing from west to south (criterion 2d). This system initiated
a sharp air pressure rise of 0.5 mbar over 2 min which coin-
cided with a high tide. Both low-pressure systems initiated
a series of meteotsunami waves that tracked eastwards along
the coast of Cornwall, Devon and Dorset. Wave anomalies
were recorded in Plymouth at 16:45 UTC with a maximum
wave height of 0.36 m; Totnes at 17:00 UTC; and Port Isaac,

Weymouth and the Isle of Wight at 18:00 UTC before dissi-
pating (criteria 1b and 1c).

3.3.2 Event 2: 1 November 2022

A series of low-pressure systems over the Atlantic Ocean
swept into the southwest UK on 1 November, the first one
with its centre over Cornwall at 00:00 UTC followed by
a second low-pressure system arriving along the southwest
coast at approx. 06:00 UTC that then moved northeast up
over the UK.

This synoptic situation was complicated by a series of
associated cold fronts followed by low-pressure troughs. A
quasi-linear precipitation system with its associated convec-
tive cells developed in the vicinity (criteria 2a and 2c, Fig. 4).
The arrival of the storm feature was detected in surface ob-
servations with a sharp air pressure rise of 1 mbar in 35 min
(Fig. 4) that coincided with a series of unpredictable me-
teotsunami waves which reached a maximum wave height of
0.3 m (criterion 2b). The waves tracked along the southwest
UK alongside the movement of the cold fronts, the heav-
ily precipitating cells and the convective activity, where they
were recorded at five tide gauge sites along the southwest
coast at Port Isaac, St Mary’s, Newlyn, Plymouth and Totnes
(criterion 1c). The first series of wave anomalies occurred at
09:00 UTC, coinciding with a high tide, followed by a sec-
ond set of wave anomalies at 16:00 UTC, coinciding with a
low tide.

4 Discussion

The aim of this paper was to introduce a revised, enhanced
and current UK catalogue of meteotsunami events, includ-
ing the highlighting of the seasonal occurrence, frequency
and spatial distribution of this hazard. This aim was set as
there are no standardised identification criteria and no up-to-
date single catalogue of UK meteotsunami. This scenario has
led to the misconception that these events are non-hazardous,
are rare and tend to occur more frequently in the summer
months.

4.1 The updated UK meteotsunami catalogue

With the identification criteria we have laid out in this pa-
per we have verified 98 events in UK waters since 1750, of
which 38 are new events containing 7 new winter events in
the historical record (1750 to 2009) and 8 new winter events
in the modern record (2010 to 2022).

It was found that a selection of historical events were
misidentified in accounts as abnormal coastal flooding, non-
tsunami, storm surge or of unknown origin. This was ex-
tended by an analysis of current data (since 2010), which
allowed us to add a total of 38 new events to the catalogue,
of which 15 occurred within winter months; these are high-
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Figure 2. Seasonal distribution of UK meteotsunami events, historical record (1750 to 2009) and current record (2010 to 2022).

Figure 3. 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. Base map: © Crown copyright 2022. Distributed under the Open Government Licence (OGL).
Note that, regarding the scale, 1 mi is 1.609 km.

lighted in Table 1 as new (N), new winter (NWI) or verified
(V) events.

The misidentified events were discovered after an attempt
to highlight characteristics that match those listed in the
methodology, in particular characteristics that suggested a
tsunami-like phenomenon but with any associated storm-
like activity or air pressure fluctuations. If the account was
found to contain a lack of evidence or information to sug-
gest a meteotsunami, it was rejected. An event occurring
on 13 February 1979 was highlighted as a meteotsunami

by Haslett and Bryant (2009) but was contested by Thomp-
son et al. (2020) as being a surge caused by a winter At-
lantic storm due to its seasonal placement. In their 2020
paper, Thompson et al. (2020) appear not to class Atlantic
storm systems as sources of meteotsunami. They state that,
from April to October, thunderstorms generate meteotsunami
and, from November to March, storms generate low-pressure
swells and surges. Our paper has matched descriptions in his-
torical accounts with the criteria laid out in the methodology,
and we agree with Haslett and Bryant (2009) and Haslett et
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Figure 4. The relationships between criteria of two winter meteotsunami events: the 20 October 2021 event on the left and 1 November 2022
event on the right, with the rain radar (top), lightning (middle) and air pressure (bottom). All images are open source. Rain radar: © Ventusky
2023 (https://www.ventusky.com/?p=54.4;-5.9;4&l=radar&t=20230313/1100&w=off, last access: 12 July 2023, Ventusky weather, 2023);
lightning: lightningmaps.org (2023) CC BY-SA 4.0, lightning data by Blitzortung.org and contributors; air pressure: © D. J. Harris (2023)
(http://starlingsroost.ddns.net/weather/ukobs/ukgraphs.php, last access: 12 July 2023).

al. (2009) that the 1979 winter event was a meteotsunami.
This result was determined by the similarities in the pressure
profile, geographical distribution and speed of anomaly to the
known meteotsunami event of 26 June 2011.

In addition to the 1979 event, there were further events
found that were previously labelled as meteotsunami which,
according to our criteria, we found to be of alternative origin
(tsunami) or to have insufficient detail or collaborative evi-
dence to solidify a conclusion. These include the events pre-

sented in Long (2021), dated 14 October 1862 (found to be a
tsunami due to an alternative source trigger), 15 August 1895
(insufficient information) and 11 May 1912 (found to be a
tidal bore), and another tidal bore dated 17 May 1964 pre-
sented in Haslett and Bryant (2009) and Haslett et al. (2009).

The event of 31 March 1761, which was labelled as a
tsunami by both Long (2015) and Thompson et al. (2020),
was found to be a winter meteotsunami due to tsunami-like
waves being experienced not only along the southwest UK
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coast but also in Loch Ness in Scotland, with the mention of
a calm sea before the arrival of thunderstorms.

4.2 Seasonal and geographical patterns of UK
meteotsunami

The historical record (1750 to 2009) has been found to sup-
port previous studies such as Haslett and Bryant (2009) and
Haslett et al. (2009) that have alluded to the positive corre-
lation between thunderstorms and meteotsunami waves, with
71 % of summer events displaying reports of convective ac-
tivity. Our results have highlighted a summer prevalence of
events, with 48 % of them peaking in July and August, which
reflects Thompson et al. (2020). This prevalence has been
based principally on a reliance on eyewitness reports and
the volume of persons present at the shoreline during these
months.

These summer events tend to be associated with heat
waves and so-called Spanish plumes as in the 27 June 2011
and the 18 June 2022 events along the southwest UK coast.
This is where warm air moves northwards from the European
continent and Iberia, during which mesoscale convective
weather tends to occur. In the summer, CAPE is at its highest
and over land due to warm 2 m air temperatures over land-
masses (Holley et al., 2014). These types of weather event
consist of single cells or clusters of small, short-duration
(< 1 h) thunderstorms and squall lines with more than one
convective cell (Sibley, 2012; Tappin et al., 2013).

The element of risk during the summer occurs when the
meteotsunami wave can become fully disconnected from its
source disturbance. This effect can be particularly apparent if
the meteotsunami interacts with the continental slope, where
the wave can arrive hours after the original storm has dissi-
pated or moved on. This delayed arrival of wave disturbances
can surprise people who are subsequently back out on the wa-
ter or near the water’s edge, believing the storm has passed.
This scenario was experienced during the 5 July 2021 event
that occurred at Westward Ho! (north Devon), when just after
midday BST a small yet powerful wave unexpectedly pro-
gressed 50 m up the beach, inundating many beachgoers.

Previous studies have suggested that winter wave anoma-
lies such as meteotsunami are “less” likely than storm waves
and surge, and winter data have not previously been interro-
gated for this reason. However, the present-day record (2010
to 2022) appears to contradict this, with a winter prevalence
of 66 % of events peaking in December and January and with
a tendency towards October and November in the 2021/22
winter season.

The results also show a geographical pattern to UK me-
teotsunami, with a large proportion of events occurring along
the southwest UK and northwest Scotland coast in the winter,
aligning with the dominant weather direction of west to east
from the Atlantic Ocean, and along the southern UK coast
in the summer, aligning with Spanish plumes bringing warm
air polewards from the Equator with southerly winds up and

along the English Channel. The geographical pattern also re-
flects the influence of local bathymetry, with harbours (e.g.
Penzance, Plymouth, Stornoway and Port Talbot), bays (e.g.
Kinlochbervie and Port Stoth) and river mouths (e.g. river
Yealm and river Dart) containing conditions more favourable
to meteotsunami initiation and amplification via resonance
and seiching.

To further the concept presented in Williams et al. (2021),
we selected two recent winter meteotsunami events and high-
lighted the meteotsunamigenic criteria. It has been indicated
from the results that the combination of a mid-latitude de-
pression with frontal and convective weather moving across
the UK may be important in the generation of this hazard.
Results have shown that, during these winter storms, convec-
tive elements are likely to be embedded around heavy rain-
fall (Fig. 4a and b) and strong winds associated with the cold
front, leading to the potential for meteotsunami waves. This
winter synoptic situation is a product of the combination of
the cold maritime Arctic air being introduced into the rear
side of the cold front passing over relatively warm water. The
risk of flooding can be exacerbated due to surface water from
precipitation as the front crosses a landmass (Masselink et
al., 2015).

The results highlighted an average maximum wave height
of 0.3 m, which may not seem “dangerous”, but this hazard
is not purely about this single factor. The key that makes me-
teotsunami a potential hazard is the rapid onset of the wave
(sometimes referred to as a “wall of water”) and the associ-
ated strong currents.

4.3 Constraints and limitations

Identifying meteotsunami events in winter tends to be more
difficult as the waves can be hidden and overshadowed by
the wave characteristics of the trigger storms and may be
missed unless looking specifically at the data. We strongly
consider this overshadowing to mean that many of these
winter meteotsunami are not reported, and this may have
been the issue in previous research where certain winter
events were identified as either storm waves or surges in-
stead of meteotsunami. As we have seen, there is a short
observational record available for meteotsunami and there
is evidence for severe under-recording of such events. Even
though the 2010-to-2022 record has shown significant im-
provements in recording completeness, the current 15 min
sampling interval is still too coarse. This was highlighted
when certain events in the catalogue such as those on 2 Octo-
ber 2021, 20 October 2021, 27 November 2021 and 19 July
2022 were uncovered in the 1 min tide gauge data that were
not so easy to locate in the 15 min data. This creates an issue
whereby many events with a wave period of under 15 min
may be potentially missed. We recommend a reduction of
the sampling interval to 1 to 5 min to yield more data and to
be able to draw a complete conclusion for this hazard.
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Another limitation of this study linked to the sampling fre-
quency was the treatment of wind-driven waves, which can
induce infra-gravity waves of a similar wave period to me-
teotsunami (2 to 5 min). We did initially consider the wind
and swell peak period and wave height; however, we dis-
covered that the detection of infra-gravity waves from low-
frequency tide gauge data is uncertain and was deemed to be
beyond the scope of this study. To perform such an analysis
and to be confident in our results, we would require 1 min
per 2 Hz of data for a spectral analysis. However, it may be
prudent to explore this aspect in future work.

We noted that historical accounts are not optimum for
identifying and analysing meteotsunami due to their anecdo-
tal nature, and as such the number of events represented here
may be dramatically underestimated. Data before 2008 are
not readily available and records are spatially sparse, which
leads to incomplete data coverage and does not allow for a
robust statistical analysis.

The placement of tide gauges used to provide data also af-
fects results. The siting of UK tide gauges tends to be biased
towards populated areas with harbours and river mouths for
asset protection and is ideal for the capture of the resonant
component of the meteotsunami wave. However, events in
less populated areas may have been missed due to this place-
ment. We suggest potential tide gauge locations (based on
the occurrence rate of previous events) could include beach
or estuary locations around Devon and Cornwall such as
Mevagissey or Perranporth and the north of Scotland such
as Dunnet or Port Stoth.

4.4 What does this mean for the future?

The next few decades are likely to see sea level rise push
mean and extreme water levels upwards, which will subse-
quently increase the level of risk by bringing the height of the
storm tide closer to the flood stage (Masselink et al., 2015).
At many UK locations, flood defences are at the design
threshold of current storm surge levels; they are not designed
or built for a sudden, prolonged water flow as seen in me-
teotsunami (Lazarus et al., 2021). A question that has arisen
from this paper is whether the winter seasons of 2013/14 and
2021/22 are outliers or whether this clustering of storms and
meteotsunami will be a commonplace scenario in the future.
Currently, we can detect and forecast mid-latitude depres-
sions 9 to 10 d in advance (Penn State, 2019); knowing this,
we can incorporate warnings of potential meteotsunami ac-
tivity into forecasts. However, due to the localised nature of
meteotsunami, the risk level in each coastal area needs to be
considered on its own merits. The risks connected with a sin-
gle meteotsunami event in two different bays can be quite
different. One bay may suffer from inundation and flooding,
whereas another bay may be impacted by strong currents.
This paper provides a valuable insight into the frequency,
seasonality and spatial distribution of what was a hidden
hazard in the UK. These new data will need to be incorpo-

rated and taken into consideration when coastal management
strategies and defences are adjusted for the future.

Meteotsunami may well have some role to play in coastal
storm impacts; however, the relative contribution of meteot-
sunami to storm surge in the aftermath of a storm and the full
extent of the risk remain unknown, and determining them is
beyond the scope of this work. It is also difficult to determine
if the frequency and intensity of either low-pressure winter
storms or winter meteotsunami are on the increase. We invite
a closer and more robust scrutiny of this hazard with a year-
round perspective, bearing in mind that no solid conclusions
can be drawn without high-frequency, long-term and contin-
uous monitoring of this hazard.

5 Conclusions

Until recently it was thought that meteotsunami in the UK
were rare and only occurred at certain times of the year; this
misconception has led to a lack of provision in coastal man-
agement strategies and an underestimation of the frequency
of this hazard. Motivated by coastal safety, this paper tests
the hypothesis by presenting a new chronological catalogue
dated from 1750 to 2022 containing 98 UK meteotsunami
with highlighted seasonal and geographical aspects. Using a
standardised set of identification criteria developed for this
study, we have verified 60 previously listed events and pre-
sented 38 new events, of which 15 were found to occur in the
winter (Table 1).

Results demonstrate that meteotsunami are not restricted
to the summer months and are more common than initially
thought. The modern record (2010 to 2022) is short and has
far more winter meteotsunami, whereas the relatively long
historical record (1750 to 2009) means that most meteot-
sunami in our total occurred in the summer, which confirms
the results of Thompson et al. (2020) and Haslett and Bryant
(2009). During the summer months (April to September in-
clusive), there is a trend towards the southern UK with a
71 % positive correlation between meteotsunami events and
summer convective weather systems, which can occur within
synoptic Spanish plume settings as suggested by Sibley
(2012). During the winter months (October to March inclu-
sive), our results demonstrate a clustering around the south-
west UK and northwest Scotland with a positive correlation
between meteotsunami and the passage of mid-latitude de-
pressions where convective elements are embedded in the as-
sociated cold fronts and low-pressure troughs. Subsequently
meteotsunami impacts can become hidden by being super-
imposed on top of the storm’s impacts. The meteotsunami
waves are further exacerbated by the localised nature of reso-
nance characteristics, in particular harbours and bays, which
can create highly dangerous situations. The immutable na-
ture and rapid onset of this hazard mean that even a sole me-
teotsunami event can create changes in the water level and
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flow velocity that have the potential to cause injury, loss of
life and damage to assets.

Increased knowledge of this hazard can be made more
easily accessible through a central catalogue such as the
one presented in this paper and through the provision of
higher-frequency monitoring to detect future trends. What
was thought to be a “hidden” and rare event in historical
records may soon become a common hazard.
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