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Abstract.

This paper examined the occurrence and seasonality of meteotsunami in the United Kingdom (UK) to present a
revised and updated catalogue of events occurring since 1750. Previous case studies have alluded to a summer
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, highlighting three ‘hotspot’ areas at the highest risk from meteotsunami. The evidence reviewed, and

new data presented here shows that the hazard posed by meteotsunami has been underestimated in the UK.
Keywords: meteotsunami, UK, hazard, mid latitude depressions.

1 Introduction

Meteotsunamis or meteorological tsunamis are globally occurring progressive shallow water waves with a period
of between 2 to 120 minutes which results from an air-sea interaction. They tend to be initiated by sudden pressure
changes and wind stress from moving atmospheric systems with sources ranging from convective clouds,
cyclones, squalls, thunderstorms, atmospheric gravity waves and strong mid-tropospheric winds (Vilibic and
Sepic, 2017). The atmospheric pressure changes are typically only a few mb 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 mb pressure jump will produce a 30 cm ocean wave). The atmospheric disturbance
transfers energy into the ocean initiating 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 water wave reaches
the coastline and shallower water, it becomes 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 oscillation in
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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
resonance (Monserrat et al. 2006). The resultant waves can elevate 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 destruction, injuries and even fatalities
(Sibley et al. 2016). For a global perspective and overview of meteotsunami observations we recommend Pellikka
et al. (2020) for observations in Finland, Sepic et al. (2018) for the Adriatic, Belche et al. (2016) for seasonality
of meteotsunami in the Great Lakes, Pattiaratchi and Wijeratne (2016) for observations in southwest Australia

and Monserrat, Vilibic and Rabinovich (2006) provide a general overview of the mechanisms of meteotsunami.

Meteotsunami research and monitoring is more advanced in the Mediterranean, the East Coast of the USA, and

the Great Lakes due to the higher number of recorded events. However, events in the UK appear to be rare and

are believed to be less devastating, meaning that research has been limited to date.

The two principal factors contributing to this belief are:
1. The current (since 1993) 15-minute sampling interval that is used at UK tide gauges is incapable
of detecting waves with periods of between 2 — 120 minutes. This means that many events go
unobserved, wave heights are underestimated, or meteotsunamis are mischaracterised as seiches,
tsunamis or surge.
2. Until recently research has suggested that UK meteotsunamis 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 - October (Haslett et al. 2009b; Tappin et al. 2013; Sibley, 2012 and 2016; Thompson,
2020), leading to the belief that meteotsunami occurrence is a summer-time phenomena. However,
it is now emerging that embedded 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 are 1) low frequency and 2)

predominantly 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 misconception of the risk posed by meteotsunami especially for coastal areas that are already at

risk from storm impacts associated with pluvial (extreme precipitation) and fluvial hazards (high levels of river
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discharge). In the future the overall level of risk is likely to be greatly exacerbated by rising sea levels and an
intensification of storm frequency and severity (Vilibic et al. 2018; Masselink et al. 2015).
As stated by Sepic et al. (2015) the assessment of meteotsunami should become the standard in coastal hazard
assessments, event cataloguing is a pre-requisite 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 UK meteotsunami to include winter events,
and 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 focussing in on UK waters only and will add new events up to the end
of 2022. The methodology fulfils this aim by applying a set of developed identification 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
hazards.
We propose the following research questions:

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

2. Have events occurred which were ignored or misidentified?

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

4

What are the atmospheric variables that can be correlated with meteotsunami events?

2 Methodology
This section outlines the data sources and identification criteria used to fulfil the objective of cataloguing and
characterising UK meteotsunami. We have extrapolated as much quantitative data as possible, to verify the event

with the standardised 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
aspects used by other researchers in the field, into one standardised system. Figure 1 (a — d) displays a visual
representation of the commonly used criteria, which we explain in more detail in sections 2.1.1 — 2.1.2. The
methodologies that have been previously used by researchers and studies have variations, with some using

qualitative methods that base events on eyewitness accounts (Haslett et al, 2009a/b) and others using quantitative
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data from sea level and atmospheric observations (Tappin et al. 2013; Sibley, 2016). For the purpose of this paper,
we have classified meteotsunami as atmospherically induced sea level oscillations meeting at least one sea level
and one atmospheric characteristic. This allows for the distinguishing of meteotsunami from other types of

waveforms and is applicable to either qualitative accounts or quantitative data.

2.1.1 Sea level criteria (Category 1)
a. Periods of sea level disturbance ranging from between 2 and 120 minutes (Figure 1a).
b. Wave heights exceeding 0.20 m. This threshold is within the peak thresholds of 0.2 m and 0.3
m as used by other researchers in the field such as Williams et al. (2021); Dusek et al. (2019); Belche
et al. (2016); Sepic et al. (2012) and Monserrat, Vilibic and Rabinovich (2006). A 0.3 m water
elevation may not appear to be dangerous, but a meteotsunami in 2003 in New Zealand caused a
fully laden oil tanker to be grounded through strong currents (Goring, 2009). Lynett et al. (2014)
also states that any wave over 0.3 m will start to float vehicles regardless of flow velocity and is
enough to sweep people off of their feet. These thresholds are a tried and tested set of characteristics
that reflect meteotsunami especially those in UK waters. 0.2 m was opted to be used as the lower
end of the threshold as this is more suitable for distinguishing a greater number of events that may
have been missed at the higher end of the threshold (0.3m). Any anomaly below 0.2m would not be
large enough to allow for accurate verification and for its separation from any other water
disturbances. (Figure 1a illustrates the meteotsunami wave height criteria in the data as recorded on
27 June 2011).
C. A wave disturbance registering at two or more locations or tide gauge stations (Williams et al.

2021; Kim et al. 2021).

2.1.2 Atmospheric criteria (Category 2)
a. The presence of a convective weather system at the time of the wave event displaying high radar
reflectivity with precipitation rates exceeding 2 mm/h™, initiated over the sea. (Figure 1b represents
the radar reflectivity of the various convective weather systems present during four different
meteotsunami events).
b. Anatmospheric pressure of 1005 mb or less with a rapid change of £1 mb in 30 minutes or a 3
mb fall over three hours or less (Monserrat, Vilibic and Rabinovich, 2006). (Figure 1c illustrates this

distinct air pressure change as recorded during the 28 October 2013 event).

4
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c. Convective Available Potential Energy (CAPE) showing the unstable vertical profile of the
atmosphere that leads to convective activity (Williams et al. 2019). (Figure 1d 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 convective activity which aids in the generation of meteotsunami.

d. A change in wind speed exceeding 10 m/s™ (anything under this is too weak for a meteotsunami
to generate) or/and a drop in air temperature of 1.5°C in 30 minutes (Figure 1c demonstrates this

increase in wind speed as recorded during the 28 October 2013 event).

2.1.3 Geological criteria (Category 3)

a. The 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. Volcanic eruptions, this was demonstrated on 28 August 1883
(Krakatoa) and recently on 16 January 2021 (Tonga Ha’apai) where wave anomalies occurred and
were the product of air pressure waves created by the eruptions. It may be argued that they are not
to 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 water
waves and have a wave period of 2 to 120 minutes. The force of the Tonga Ha’apai explosions sent
a shockwave through the atmosphere that circled the globe three times. The resultant pressure
wave travelled at close to the speed of sound and as a result coupled with ocean waves to create a

meteotsunami which was detected as far away as Portugal and the UK (Burt. S, 2022).

To ease the interpretation of results, the UK coastline has been partitioned into six coastal regions based on the
National Tidal and Sea Level Facility (NTSLF) tide gauge network (Supplementary Table S1). The data are also
separated into two seasons (each comprising of six 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 series of

meteotsunami are being referred to throughout this paper, one based primarily on historical eyewitness accounts
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due to a lack of high frequency instrumentation (the years 1750 to 2009 AD), and one based on and verified by
quantitative instrumental data (the years 2010 to 2022 AD).

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 AD. We noted that any events preceding 1750
AD 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 instrumental tidal data. There is a lack of or limited weather data so tracing back
the atmospheric source is not as straightforward. It is only until 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, harbourmaster 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, 2009a/b).

There are certain characteristics that flag up in an historical account to verify whether it is a meteotsunami 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 Cornwall Royal Gazette on 28 May.
The full extract can be found in supplementary extract S1 of this paper and in Long (2015, p26).

“... 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 overcast....... It is very probable that all these changes, and even the agitation of the sea, were produced
by electricity...”

In this particularly detailed account (supplementary extract S1) we can identify six of the nine criteria, including
a drawback and sudden in rush of water, accompanied by a rumbling noise and the water being higher than
expected at eight feet (criteria 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 calm morning led to a change in
wind speed and direction, veering from south easterly in the morning to westerly in the afternoon (criteria 2D).

This variable wind was accompanied by a drop in temperature (criteria 2D) and finally, there was mention of the
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presence of a storm in terms of overcast sky, threatening rain and lightning (criteria 2A). As such, we identify this

wave as a meteotsunami by applying both of our oceanographic and 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 December 2022 we use data records that are available at
higher frequencies meaning meteotsunami are more distinctly observable. The information for this portion of the

catalogue is sourced from the British Oceanographic data centre (BODC) website (https://www.bodc.ac.uk/) and

the International Oceanographic Commission (I0C) website (https://ioc-sealevelmonitoring.org/) where data are

displayed from the ‘Class A’ network of tide gauges owned and funded by the Environment Agency (EA). We
also use the postprocessed data of Williams et al. (2021) where the raw sea level tide gauge data has been high
pass filtered to isolate high frequency disturbances. This removes periods of over 120 minutes and separates out
the tidal components. In this way any signals in the tsunami frequency band (2 to 120 minutes) 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 seven-
day plot of the data was evaluated to highlight any clear artificial spikes or gaps. Also, any data points that had

no accompanying air pressure changes were also excluded from any further analysis.

2.4 Atmospheric data analysis for the 2010 to 2022 record

The time of the potential meteotsunami events are noted from the tide gauge data and they are then linked to
specific precipitating convective atmospheric systems by using the meteorological C-band radar network, which
is pre-processed by the UK Meteorological Office before download (Met Office 2003). The convective systems
highlighted by the radar are classified into four distinct types (as shown in Figure 1b). 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 are sometimes called squall lines
and can occur within synoptic Spanish Plume events); (3) Isolated small short duration (<1h) thunderstorm cells
and (4) Nonlinear 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) with the UK stations at Camborne (station number: 03808) and
Lerwick (station number: 03005) being used. Soundings are available for 0000 UTC and 1200 UTC on each day
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and if a CAPE value of greater than 0 occurs then this shows a marginally unstable atmosphere leading to

convective activity. 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.
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Time moues)
Figure la: Devonport (50°36N 4°18W) tide gauge for 27 June 2011 showing a
distinet sea level disturbance at 0830 UTC as highlighted with a red circle. This is
a representation of criteria 1b. The timing of this 0.25 m rise and fall in the sea
level corresponds with the arrival of the meteotsunami event at that specific
location.

Reigate 51 Jude Starm October 27-28 2013

s

Figure 1c: The atmospheric pressure, wind speed and precipitation at Reigate
(51°14N 0°11W) during the 27 to 28" October 2013 storm associated with the
meteotsunami. A representation of criteria 2b and 2d. The graph shows atmospheric
pressure (red line) of less than 1005 mb and falling as the atmospheric disturbance
moves over the area, with a corresponding rising wind speed of 20 mph (green line)
and precipitation (blue bars). Reproduced with the kind permission of Simon
Collins. https://resweather.com/2013/10/29/st-jude-causes-and-impacts-of-the-
october-storm-27-28-2013/amp/

3 Results

Figure 1b: The four different types of convective activity as shown
on radar reflectivity identifying meteotsunami events . A
representation of criteria 2a. Orange and red in the images shows
high precipitation rates (>4 mm/h™). With idealised images shown on
the left and actual examples taken from UK events on the right. All
showing date. time. and direction of the storm as well as the location
of the tide gauges (white dots). Image by David Williams, Journal of
Physical Oceanography (https:/doiorg/10.1175/TPO-D-20-0175 1),
licensed under a Creative Commons — Attribution 4.0 International
—CCBY 4.0

AT LU

Figure 1d: The Nottingham radiosonde ascent at 1200 UTC on 1
Tuly 2015 during a meteotsunami event in the North Sea. A
representation of criteria 2c which indicates sufficient CAPE (462.1
T EKg) to produce high base convective activity, with the cloud base
at an approximate height of 3000 m and cloud top at 11000m.
http:/fweather uwvo.eduwupperair/'sounding html

In this section we highlight the seasonal occurrence and distribution of UK meteotsunami events in both the

historical record and the more recent instrumental data record. This is augmented by the identification of trigger



229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259

systems associated with the events where available. It is prudent to note here that the catalogue cannot be
considered as complete, and this is signified by dashed lines (i.e., -) in the columns where data or information are
either unavailable or have not been located.

3.1 Historical record (1750 to 2009)

We identify 98 events as being meteotsunami occurring in UK waters 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 meteotsunamis occur in summer (April — September), with 44% of documented meteotsunamis
occurring in July and August. The single year experiencing the most documented events was 1802 AD, numbering
three, and the decade experiencing the most documented events was the 1840s, with six in total. The presence of
a storm and/or characteristics of convective 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 prevalence 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 tsunamis, three storm
surge and nine events of unknown origin as meteotsunami. Seven of these occurred within winter months (Table
1).

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

Meteotsunamis have been thought to be a rare phenomenon in the UK and that when they do occur, it has been
tended to be in the summer months due to the more abundant convective activity (Haslett et al, 2009b; Tappin et
al, 2013; Sibley, 2016; Thompson, 2020). However, of the 98 identified meteotsunami events verified in this
paper, 50 have been interpreted as occurring since 2010, 33 (66%) of those occurring during the winter months
and nine of the winter events are identified as new. We find that not only are UK meteotsunami more common in
occurrence than previous research indicates, but that they are a year-round phenomenon, as exhibited in Table 1
and Figures 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 return period reduces to an estimated 0.25
years. With an average 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. Figure 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
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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 to be not
statistically significant.

Summarising the results from the catalogue in its entirety, we suggest that there are three ‘hotspot’ regions where
meteotsunami events appear to be most frequent, these are 1) northwest Scotland, 2) Wales and 3) the southwest
UK. Up until 2009, Penzance in the southwest UK had experienced the most meteotsunami with eight in total.
Then from 2010, Kinlochbervie in Northwest Scotland experienced the 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 geomorphology appears to be more susceptible to meteotsunami resonance
recording 71% of the events and beach environments with the remaining 29%.

1750 to 2009 2010 to 2022

1]
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Figure 2: Seasonal distribution of UK meteotsunami events, historical record (1750 to 2009) and current record
(2010 to 2022).
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Figure 3: Seasonal and locational distribution of maximum wave heights from 1750 to
2022. Number of events at specific locations are represented by dot size as shown in the key.
Base map © Crown copyright and database rights 2022 Ordnance Survey (100025252).

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
meteotsunami hidden in the associated storm data. The winter of 2021/22 saw seven sequential named storms
with five verifiable meteotsunami events, one of which was the 20th of October 2021. The winter of 2022/23 saw
3 likely / numerically verifiable meteotsunami events, one of which was the 1 November 2022. Both meteotsunami
events were low profile, localised in nature and hidden within larger scale heavily precipitating 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 signature on radar contained a sharp cold front (squall)
which moved into Cornwall at approximately 0400 UTC (criteria 2a and Figure 4a) with a simultaneous leading

air pressure rise of 1.6 mb over 4 minutes followed by a sharp 2°C air temperature drop (criteria 2b/d and Figure

11
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4c). A flattish ridge between this first system and the second system named Aurore by Meteo France led to a
yellow rainfall warning being issued in the UK. At 1600 UTC the second system with a low-pressure centre of
992 mb moved into the Isles of Scilly and propagated across Cornwall and Devon, it contained a heavily
precipitating non-linear system with convective activity and strong winds (+70 mph) rapidly veering from west
to south (criteria 2d). This system initiated a sharp air pressure rise of 0.5 mb over 2 minutes which coincided
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 1645 UTC with a
maximum wave height of 0.36 m, Totnes at 1700 UTC and Port Isaac, Weymouth, and the Isle of Wight at 1800
UTC before dissipating (criteria 1b/c).

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 0000 UTC, followed by a second low pressure system arriving along the
southwest coast at approx. 0600 UTC then moving 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 convective cells developed in the vicinity (criteria 2a and c,
Figures 4d and e). The arrival of the storm feature was detected in surface observations with a sharp 1 mb/35
minutes air pressure rise (Figure 4f) which coincided with a series of unpredictable meteotsunami waves which
reached a maximum wave height of 0.3 m (criteria 2b). The waves tracked along the southwest UK alongside of
the movement of the cold fronts, the heavily precipitating cells and the convective activity where it was recorded
at five tide gauge sites along the southwest coast at Port Isaac, St Marys, Newlyn, Plymouth and Totnes (criteria
1c). The first series of wave anomalies occurred at 0900 UTC coinciding with a high tide followed by a second

set of wave anomalies at 1600 UTC coinciding with a low tide.

12



a. Rain radar 20 October d. Rain radar 1 November
2021 at 0300 UTC 2022 at 0900 UTC

b. Lightnin e. Lightning 1 November

2021 at 0000 UTC 2022 at 0600 UTC
c. Air pressure 20 October f. Air pressure 1 November
2021 2022

Figure 4: The relationships between criteria of two winter meteotsunami events.. All images are open source:
Rain radar : www.ventusy.com Lightning : www.lightningmaps.org Air pressure: www.starlingsroost.ddns.net

318

13



14"

2987 spuowp3 A Ve 've ‘0T lapunyl | 0070 ST |oisug 8v8T AIne L

GT0Z BuoT A | dz'vz'ar'vi J3yem 40 ysni usppns ‘puim Ajjenbs ‘sul 0z | 00°S0 60 aouezuad | /8T AN €2

0002 [e 18 uosmeq A Ve ‘vz ‘0T MOI} PUE (g3 JNUIL-Q ‘ESS W[ED ‘UOIeINP UIW 0E | 0070 €0 30UBZUdd 9r8T ny T

0002 [e 18 uosmeq A Ve ‘vz ‘0T papodal Wwo)s 81aA8S ‘JapunylL | 0E¥0 ) [lemuioD ovsTAInc §

GT0Z BuoT A VE 'VZ 'V SUIU OE Ul SaWI} G MOJy pue g3 | OE0T 90 yinowAsn Sv8T AInC €

020z [e 38 uosdwoy | N | vZ'or'ar'vi puim Buo.ls ‘YUou PaAOL LOJS ‘UIW OZ Ul SIABM ¢ 00'TT T yinowA|d er8T AINC §

6002 Juekig pue najseH A | ve've'dr'ar pueUI S3.38W 08T ‘96.NS WLIOIS ‘S[eAIaIUI UIW QT Ul SOABM € | 00°'T0 4 uinowA|d | 28T AON €2

9102 1aydy N | VE'QZ'OT'VI panow syeoq ‘puim 1ybi| 353 'SIUBLIND S/W & ‘MOJy pUB 443 | 002 90 uinowAld | vz8T AINnC €T

G10Z BuoT N | VE'OT'dl'VI panow sjeoq ‘Mol pue qqa | 00'vT T uinowAld | Te8T1das €T

610 TOTEMBBINS MM MN az ‘vz 'ot Y € 4oy Jayem ybiy ‘putm S 03 M ‘uted | 00°80 ST yinowsuod 818T 1B ¥

0002 [e 18 uosmeq N | 82've'dar'vi PUIM S ‘MOJ} pUe g3 ‘ainssaid Mo] ‘Ules ‘uoneINp Yy | 00°€0 v'e yinowAld | TT8T AeiN TE

GT0Z BuoT N Ve ‘a1 'V SUILU 8 Ul SMOJ} pue qga € - zT Kessor | zogT Bnv 0

GT0Z BuoT N a1 'v1 8UIIIOYS UO sl ‘SaABM [BAJBIUI UIW OT 00'80 90 yinowublal | 208t fnvy 0T

G10Z BuoT N JT'VI uIW OZ U1 901M) MOJ) pUe GG3 'Y T UI SSABME | 0090 | GE'0 uoAsQ 2081 by 6

0002 [e 18 uosmeq N VE 'VZ 'V Butuayb ‘y T ur senem g - € sifey swA7 | /6.1 BNy 8T

- N | Ve've'dl'vi pafewep sjeoq 'y T Ul SSABME | 00°L0 90 yinowAld | €8T AINC LT

8G/T asejlog MN Ve 'V panouw sjeoq ‘Builyybll awauxa ‘|rey ‘urey | 000 - llemuiod | T6.T 994 €2

Yn°B10"BUSWUOUSYd MMM MN VE 'VZ 'V SUILU O U g9 ‘sanem g - € |oisug | ¥9/T G4 TT

>N B0 BUSWIOUSYA MMM N Ve ‘a1 'vT MO} pue ‘qQa ‘sanem g - € ynowAspn | €9/T 1dss 8T

GT0Z BuoT MN | VZ'OT'0T'VI Japuny ‘Apnojo ‘puim INN ‘Y T Ul SaWn G MOJy pue g3 | 0E'2T 2T | Aegswnon | T9LT BN TE

0002 [e 13 uosmeq N VE 'VZ 'V MOJ} PUE (g3 ‘Y T Ul SSABM € - - siboy swA1 | 6SLT Ae T€

0002 [e 18 uosmeq MN | V€ 'vz'atr 'vI ©as Buijquini ‘uoleINp sulw Og ‘poliad sABM sUIW ¥ | 00'8T 8T aquiodely|l |  9G/T ged /T

0002 [e 18 uosmeq MN ‘vz 'aT 'vVT | syuegpues 0} abewep ‘api MO| ‘pUIM IN ‘WD 'Y Z Ul SSABM by | 00'YT €0 aquooey|l | GSLTAONT
snjels

ERIESETED| pI BLIBNID P S910N awill | WA uo1eI0] aleq

"(sanaw uir ybiay anem winwixew syuasaldal WAN)
‘(M) S1uaAs JajuIm mau Buipnjoul ‘sjuana (N) mau A3nuapl Jo (A) snolaald AJLIaA 01 pasn sem uondas ABojopoyiaw ayl ul pauljino
BLIS)IO PlOYSaIYl 8YL "elep [eluswinisul woiy paausp Ajjediounid a1e ggogz 01 0T0Z PUB S824N0S [ed101SIy woly panlisp Ajjediounid aie

6002 01 0G/T '220Z 01 0G/T WO1) SIUSAS ILURUNSIORIBW YN S Paliuapl 8 Ued 18yl SIUAAS 10) SaouaIajal pue suonduosaq T a|qe.l

€ce

¢ce
|14
0ce
61¢€


http://www.phenomena/
http://www.phenomena/
http://www.surgewatch/

qr

1202 2 18 SWel||IM A VE 'VZ 'OV sabned apn 7 ‘wios Buinow S ‘|1@d usdo | 00'6T | 220 yoisemo | 010Z Bnv 62

T20 [2 19 SWel||IMm A VE 'VZ 'OV sabineb api TT ‘wuols Bulrow S J|pd usdO | 00'9T | 62°0 Ho1samon 0T0Z Uer 62

9002 Ie 30 A3|q1S A 2VZ'OVvI S9ABM g 0} ¥ ‘SUIU QT Ul MOJ} pue qq3 | 0E'00 € peaysalad | 8002 AeIN 82

600z 1uelug 7 na|seH A 9z ‘0T | pouad utw 0T ‘abins WIS ‘sanem uaxoiqun Buoj ‘spn Buuds | 00°20 90 joisug | 626T 984 €T

696T UOSUBABIS A Ve ‘9z 'VT ‘sutw Qg u1 dop ainssaid Jie qui g - - 3U01$Y|04 896T AINC T

600z JueAig % nojseH A vz 'a1 'vT aul| [[enbs ‘ybnouy [eluoy ‘serem Buipadey Wd € OH premisapy | 996T AInr 1€

600z elig 7 najseH A | WZ'OT'OT 'VI PAAOW SX901 ‘1SBIIBA0 ‘ANINS ‘Y T Ul SOARM Z ‘Ulel) SABAN 06T ¥ abpuquag 1G6T AINC 9

GT0Z Buo A | dz'vz'or'Vvl $3204 UO Paysews syeoq ‘spuim Apislses 0070 - Kessiensy | 6v6T AINC €T

6002 JueAIg 7 13|seH A | ve'dz've'vl 904q sBurioow "eas Burjguin ‘aul| |[enbs ‘mojy pue g3 Nd - [lemuI0D oveT AInC €

6002 JueAIg 2 Ba|seH A Ve 've 'dT 3p1} piw ‘panow sjeoq ‘eas Buljquini ‘peap e | 000 9 | uaneH pIojIN 6€6T AINC ¥

6002 [© 18 113|seH A Ve 'dl 'V pue| AIp U0 13| ysty ‘Panow sjeoq ‘W G'y Papadai s | 00'80 4 uoyBulipug 8€6T ANy g

6002 It 18 N8|SseH A Ve 'V 'aT S1ua.In2 Buons ‘eas Buljquunt ‘Apnojo ‘urel anem ‘peap - €6 UOARIBQY 2€6T by 2

6002 ueAIg 72 N8|seH A | @z've'DT'dr | pesp g ‘apii moj ‘poriad sull G ‘puejul sanow 08T 'sIABM 8 | 0E'6T 9 auoisylod | 626T AInC 02

B.10"[o1eMBbINS MM MN | Qaz'dz'vz 'V U044 PJ02 ‘Ulel ‘puIM S ‘Mo aanssaid qui G/6 | 00°ZT 60 WBIM Jo 8IS | ZT6T 224 92

6002 ueAIg 2 N8|seH A 8¢ '9T | UOIS0J3 %204pag ‘pug|ul 3133l Q0T ‘eanssaid Moj ‘a10q ‘[1SMS | GT'90 4 aquiodely|l | OT6T 28Q 9T

6002 1uelig 7 na|seH A | dz've'or'ar abewep 1e0q ‘sanem ¢ ‘aul| [jenbs ‘mo)y pue gge 3aInd - 14 wresA | z68T bny 8T

GT0Z BuoT A Ve 'gz ‘01 ainssaid Jre Buled | 0€9T | SG¥O MM | 988T aun( €T

6002 JueAig % Na|seH A | dZ've'or'vi ut s T ‘uonendioeid ‘apn ybiy ‘puim Buons ms ‘pespT | 00'80 T 1S3 Wenss | €88T190 LT

0.6T Naue9 A ‘gz ‘at uondnJa J1UBJ|OA BOJEXRIM W) dABM aInssald Alinel) 0060 G¢'0 yinowA|d £88T Bny g2

G0 BuoT A Ve 'Vl afewep jeoq ‘WI0}S ‘UIW OZ Ul SBABM £ - - puepays | T88T duNC €1

0002 [e 18 Uosmeq A | vzZ'or'at'vi pouad anem uIW 0Z | 00°90 60 llemuioD | 698T 1d3S 62

600z ueAlg 7 11ajseH A VE ‘Wz ‘OT | ©ds W|ed ‘ainssald Jie MOJ ‘PUIM OU ‘eas 8y} WOy Jeol ‘[|aMS - 9 sibay awAT 8087 1dV €2

B0 TOFeMIbINS MMM MN VE 'VZ 'VT Uy Tulsepn g - - Jogje. uod G98T 120

0002 [e 18 uosmeq A VE ‘Wz ‘OT | J8Audn ajiw T ‘sainjesadwia) Jie WM ‘gga alnullW 9 ‘SeAeM € 0020 vy llemulo) 6G8T 100 ¥

0002 [e 18 uosmeq A VE 'VZ 'VI S1ua.Ind Buons ‘aul| [renbs ‘gx suolre|j19so eas [ewiouqy WBIN €0 llemulo) 6G8T aunr Gz

GT0Z BuoT A | QZ'vz'OT VT | 8ydles ‘ulel ‘jiey ‘puim MANA 01 INI ‘sull G Ul MojL % qq3 00'80 60 auolsyjod 858T auUNn( G

0002 e 18 uosmeq N Ve 'VZ ‘0T suaund Buoais “eas Buijquini ‘sawin € 01 Z MO} % qg3 wd 60 aouezuad GG8T aunr 9
smeis (oLn) (w)

aoualajey ] euald q| S9J0N awi] WAA uoled0’ aleq

vee


http://www.surgewatch/
http://www.surgewatch/

a1

1202 8 18 SWel||IM A | VE'VZ'OVI sabineb apy 9 ‘Bulnow N ‘Jesul-UON | OF'¥0 L0 uaneymaN | 9TOZ aunr €2
120 [2 19 SWel||IMm A | VE'VZ'OVI sobnel opy 7T ‘Butrow 3 ‘@O usdo | 0€'9T | £20 Aemoulolg 9T0Z 934 T
1202 ' 19 swel|iim A | VE'VZ'OVI ‘Buinow 3N ‘Jesul|-uoN | 0041 €0 uoBupiop | 9T0Z Uer L2
1202 € 33 SWel||Im A | VE'VZ'OVI sabineb apn ¢ ‘Bulnow 3 ‘|IRousdo | 0£'80 | G20 Joode|in | GTOZ 92 0T
1202 1€ 33 SWel||Im A | VE'VZ'OVI ‘Buinow IN “Jeaull-UON | 00'€Z | TE0 o | gtoz/Ainc g
9102 [e 19 A9|qIS A | VE'VZ'OVT ‘Burnow 3N ‘I183 [enpiAlpul | 0060 | S2°0 Uaneyauols gToZAInC T
1202 [ 18 SWel||IM A | VE'VZ'O-VT | sdnuiw GT popad anem ‘sabnef apn 0T ‘Buinow 3 esurjisend | 0070 | £20 joode|in GTOZ Uer 8
120 [2 19 SWel||IMm A | VEVZ'OVI sabneb apn 6 ‘Butnow 3 ‘IR usdo | 0E'T0 | 920 joode|in GTOZ Uel T
120 [2 19 SWel|iim A | VEVZ'OVI sobnel opy ¢ ‘Buinow N Jedullisend | 690 | €E0 omie | ¥T0Z AeN zg
1202 8 19 SWel||IM A | VEVZ'OVI seInuiw 6z poriad anem ‘sabned api ¥ ‘Buinow N Jesull-uoN | 00°€Z | 920 uaneymaN | 102 AeN T2
1202 [2 19 SWel|iim A | VE'VZ'D-VT | 00'€T Je uuols ‘spuimyby ‘sabned api GT ‘Butnow 3 Jesuljisend | Gy'TZ | 920 yinowAsp | ¥T0Z 984 2T
1202 [ 18 SWel||IM A | VE'VZ'OVT 0£'8T Je dodp y T/qu ¢£'T ‘sebnef apn 4T ‘Buirow 3 ‘e usdo | 0002 | G20 yinowAsn 7102 924 8
1202 8 18 SWel||IM A | VE'VZ'D-VT | apnybuy ‘spuim ybiy ‘dosp y T/quwi 2T ‘sabneb apn g uesulf 1send | 0£2T | €€0 UAIMON #TOZ Uel €
1202 18 18 SWel||IMm A | VEVZ'OVI safineb api  ‘Bulrow IN ‘192 [enpIAipul | 00'0T | 820 loode|in | €102 92d T2
1202 18 13 SWel||IM A | VEVZ'OVI sabnel api g ‘Buinow N ‘reau1send | Gp'6T | G20 | AIABQUIOJUINM | €TOZ 990 02
1202 8 18 SWel||IM A | VE'VZ'OVT ‘doip y T /qui 9 ‘sabnef apn g ‘Buirow 3 uedul| 1send | 00'6T | €E€°0 | USABH PIOJIIN | €102 990 8T
1202 8 18 SWel||IM A | VEVZ'OVI sabneb ap 9 ‘Buirow 3 yedulj1send | 00°8T | S20 loode|in | €102 99Q ST
apn
1202 18 18 SWel||IMm A | VE'VZ'D-VT | Buuds ‘abins wio)s ‘doip y T/qu /T ‘safnel apn 6T Jesurjisend |  00°9T | GE0 |  AlABgyoojuiy €10292Q §
1202 1818 SWel||IMm A | VE'VZ'O-V T | yby ‘doip y T/qu T ‘sabneb api v ‘Buinow IN “Jaisnjo Jeaul]-uoN | GT'€0 | /20 Moduonsd | €102 190 82
1202 18 18 SWel||IM A | VE'VZ'OVT salined ap 6 ‘BulAow IN 4eISN|O JesUI-UON | 0£20 | SZ0 usspIagy €102 bnv €
T202 [ 18 SWel||IM A | VE'VZ'OVT sabineb apn 7 ‘Buinow 35 ‘190 UsdO | 0020 | 2Z€0 Aemouiolg €102 o4 ¥
T20Z e 18 Sswel|[Ip A | VE'VZ'OVTI ainssaid moT ‘sabneb apn /T ‘Buinow 3 ‘Jeaul] 1send) ST'.T €e0 1J01SaMOo 2102 Uer €
1202 [2 19 swel[lIM A | VE'VZ'OVT uoissaldap apnife| piw ‘safnef api g ‘Butrow 3 ‘189 usdo 0E¥0 | 920 loodefin | TTOZ AON +2
1202 [2 39 swellliM A | VE'VZ'OVT uoissaidap apnie| piw ‘safinef api ¢ ‘Buinow N ‘seaul] Isend 00'T0 €0 usneymaN | TT0Z Bnv 22
€702 [e 18 uidde . A | VE''VZ ' 'OVI sabneb ap1 ueadoun3 snid sabneb apn § ‘Buinow N ‘Jeaulj-uoN 0£'80 €0 uoduonsQ TT0Z 3Unr /2
1202 [2 19 swel[lIM A | VE'VZ'OVT safneb apn 2 ‘Buinow 3 ‘(199 uadQ 0022 €0 joodefiN 1102 934 €
smeis (oLn) (w)
aoualajey ] elald p| S9J0N awi] WAA uoled0’ aleq




LT

- MN | d-ve'ovI 4Japunuy} ‘1dd Jeysnjo ‘sulw G/qui T [[e} ainssaid Iy | 00'60 L0 UAIMBN | 220z AON €2
- MN | d-Vve'ovI uoiyendioaid ‘spuim ‘Japunuy} ‘sulw g/qui 2°0 asH aanssaid I | 00°0T S0 aees| 1od 2202 MON 8
- MN | a-VvZ'ovI puImM MS ‘1apunyy ‘dd Aneay ‘sull G/qui T Jo asK aunssaid I | 0060 €0 yinowA|d 2202 \ON T

Ve pueul
- N | ‘'OVZ ‘O-VT | W6 'MOl} %® gga XG ‘sulw Ge/qui T |rej ainssaud Jre ‘apn Bupds | 00'eT €0 Aosalbuy | zzoz AInc 61
- N | VE'9z'0VI SUIW QT/qW  JO (e} danssaud Jre ‘suoiyeaol +, ‘swnyd ysiueds | 0g'vT L0 UAImaN | Ze0z aunr gt
- MN | VE'OZ'OT'VT yHou wiouy Juoly pjod Buiyoeoidde ‘apn ybiy ‘sjw  Jo sUBUND | GT'ET €0 UUNg 2202 924 8

uondnia
- MN gz ‘O-VT | 21uedjoA wouy anem ainssald ‘qui G'T Jo [|e} ainssald Jie ‘apn piA 00°TO0 €0 oees| 1od 220z uer 9T

Ve '‘a salnuIw Oz pouad anem ‘ainssald
- MN | -VZ 'OT 'VT | MO ‘suiw oz/qw G0 |1ej aanssaid Jre ‘apn ybiy “seaurj-uou ‘S | 00°00 90 saul0l | T20Z 98Q 0€
- MN | d-vZ 'OT'VT | ‘9fins wiols ‘sulw 0g/qul T |[e) ainssaid Jre ‘aphi piw ‘IdvD ‘M/S | 0070 | 9¥'0 SOUI0L | TZ0Z AON /2
- MN | O-V¢ 'OT'VT | 40 'sulw QT/qw G'T asl ainssaid Jie ‘apiy ybly ‘Jeaul]-uoN ‘MSS | 00'S0 | 9€°0 yinowAld | 1202390 02
- MN | 92'vZ'oT'VIT U T/qW T |18} 24nssaid Jie ‘api) piwl ‘Jeaul|-uoN ‘puM 3sS | 00'2T | 620 $8UI0 | 1202100 ¢

ve'a suiw pz/qui
- MN | -Vg 'OT 'VI | T'T 8sH ainssaid Jie ‘opi} moj| ‘IdvD ‘feaul|-1send ‘puim MS/S | 00°€0 | 2€0 uinowA|d | Te0z1dss Lg
- N | O-VZ 'Ot 'VI SUIW O/ G'Q dSK 3nssald Jie '9p1) PIW 'Jedul|-UON ‘puUIms |  0E'TT | G20 $8uUl0 L 1202 bnv 6

d1
- N | VE'O-VZ'OT | 'Ur/qu G0 4O dsu ainssaid Jie ‘apf} piw ‘[190 [enpIAIpU] ‘pUIM S | Ov'eT 90 OH P/eMIS3M 1202 AInC §
- N oz 'de ‘ot 810g ‘UIW g/qw G°0 JO dsH ainssald Jre ‘Juoly pjod ‘opi Buuds | 00'TZ €0 yuodueusd | 0z0z Bnv Tz
- MN 22 'VZ 'O-VI 24nssaid Mo7 ‘eJel) WU01S 3103 ‘MOJ) )3 Qg3 ‘UOIIIDAUOD Ul 0021 70 4101S 1od 0202 0o4 8
- N V¢ ,O.<._” >m>>|_OZ 0} eas YJON wody mc_>0r: __wu._wnsm cmwc__-coz 00°.T €0 usapJagy 6T0¢C aunf 6¢
T202 [ 19 SWel||IM A | VE'VZ'OVI sabneb apn 0z ‘Bulnow IN ‘Jeaul| isenD 009T | GE0 OIMIET /702190 9T
1202 8 18 SWel||IM A | VE'VZ'OVI Buinow 35 1@ UsdO | 0080 | G20 3IAIRGYI0[UI LTOZ Uer 1T
120 [2 19 SWel||IMm A | VE'VZ'OVI sabneb apn g ‘Buinow 35 ‘|19 UsdO | 0£'80 | YEO Aemouiols | 970z 284 92
120 [2 19 SWel|iim A | VE'VZ'OVI sobneb apn 2 ‘Butnow 3 ‘(IR0 usdo | ST'YT | TG0 3IAIBQYD0IUIM | 9TOZ AON 9T
- N | VE'VZ'0-VI salined apy 2 ‘Butaow 3N ‘199 [enpIAlpul Sv'ze €0 uoduone@ | 970z By 9z

al (o1n) (w)

aoualajey JuaAg euald q| S9J0N awi] WAA uoled0’ aleq

Gee



326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359

4 Discussion

The aim of this paper was to introduce a revised, enhanced and current UK catalogue of meteotsunami events including a
highlight of the seasonal occurrence, frequency, and spatial distribution of this hazard. This aim was set as there is no
standardised identification criteria or up to date single catalogue of UK meteotsunami. This scenario has led to the mis

conception that these events are non-hazardous, 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 paper we have verified 98 events in UK waters since 1750 of which 38
are new events containing seven 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 either abnormal coastal flooding, non-
tsunami, storm surge or of unknown origin. This was extended 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 highlighted in Table 1
as new (N), new winter (NW) 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 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 suggest a meteotsunami
it was rejected. An event occurring on 13 February 1979 was highlighted as a meteotsunami by Haslett et al. (2009a) but was
contested by Thompson et al. (2020) as being a surge caused by a winter Atlantic storm due to its seasonal placement. In their
2020 paper, Thompson et al appear not to class Atlantic storms 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 historical accounts with the criteria laid out in the methodology and we agree
with Haslett and Bryant (2009a/b) that the 1979 winter event was a meteotsunami. This result was determined by the
similarities in the pressure profile, geographical distribution and the 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 to which our
criteria have found them to be of alternative origin (tsunami) or to have insufficient detail or collaborative evidence to solidify
a conclusion. These include the events presented in Long (2021), dated 14 October 1862 (found to be a tsunami due to an
alternative source trigger), 15 August 1895 (insufficient information), 11 May 1912 (found to be a tidal bore) and another tidal
bore dated 17 May 1964 presented in Haslett and Bryant, 2009a/b.

The event of the 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 but also in Loch

Ness in Scotland, with the mention of a calm sea before the arrival of thunderstorms.
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4.2 Seasonal and geographical patterns of UK meteotsunami

The historical record (1750 to 2009) has been found to support previous studies such as Haslett and Bryant (2009a/b) that have
alluded to the positive correlation between thunderstorms and meteotsunami waves with 71% of summer events displaying
reports of convective activity. 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 the 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. 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 overland due to warm
2 m air temperatures over landmasses (Holley et al. 2014). These types of weather event consist of single cell or clusters of
small, short duration (< 1 hr) thunderstorms and squall lines with more than one convective cell (Sibley 2012 and 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 dissipated or moved on. This delayed arrival of wave disturbances can surprise
people who are subsequently back out on 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). Where just after midday a small yet

powerful wave unexpectedly progressed 50 metres up the beach inundating many beach goers.

Previous studies have suggested that winter wave anomalies such as meteotsunami are ‘less’ likely than storm waves, and
surge, and winter data has not previously been interrogated 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 meteotsunami, with a large proportion of events occurring along the
southwest UK and Northwest Scotland 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 poleward
from the equator with southerly winds up and along the English Channel. The geographical pattern also reflects 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 highlighted
the meteotsunamigenic criteria. It has been indicated from the results that the combination of a mid-latitude depression, 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, convective elements are likely to be embedded around heavy rainfall (Figure 4a and b) and
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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 to 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 meteotsunami a potential hazard is the rapid onset of the wave (sometimes

referred to as a “wall of water”) and the associated 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 that
this overshadowing means many of these winter meteotsunami do not get reported and this may have been the issue in previous
research where certain winter events were identified as either storm waves or surges instead 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 improvements in recording completeness; the current 15-minute
sampling interval is still too coarse. This was highlighted when certain events in the catalogue such as 2 October 2021, 20
October 2021, 27 November 2021 and 19 July 2022 were uncovered in the 1-minute tide gauge data that were not so easy

to locate in the 15-minute data. This creates an issue where many events with a wave period of under 15 minutes may be
potentially missed. We recommend a reduction of the sampling interval to 1 to 5 minutes to yield more data to be able to draw
a complete conclusion for this hazard.

Another limitation of this study linked to the sampling frequency was the treatment of wind-driven waves which can induce
infra-gravity waves of a similar wave period to meteotsunami (2 to 5 minutes). We did initially consider wind and swell peak
period and wave height; however, we discovered 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 minute / 2 Hz 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 anecdotal nature
and as such the number of events represented here may be dramatically underestimated. Data before 2008 is 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 affects results. The siting of UK tide gauges tend 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 placement. We suggest
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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?

As the next few decades are likely to see sea level rise push mean and extreme water levels upward which will subsequently
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 meteotsunami (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 depressions nine to ten days in advance
(Penn State, 2019), knowing this we can incorporate a warning of potential meteotsunami activity into the forecast. However,
due to the localised nature of meteotsunami, risk level in each coastal areas needs to be considered on its own merits. The risks
connected with a single meteotsunami event in two different bays can be quite different. One bay may suffer from inundation
and flooding where 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. This new data will need to be incorporated 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 meteotsunami
to storm surge in the aftermath of a storm and the full extent of the risk remains unknown and is beyond the scope of this work.
Itis also difficult to determine if the frequency and intensity of either low-pressure winter storms or winter meteotsunamis 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 continuous monitoring of this of 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 management strategies and an under estimation 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 presented 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 meteotsunamis, whereas the relatively long historical record
(1750 to 2009) means that the most meteotsunamis in our total have 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 inclusive) there is a

trend towards the southern UK with a 71% positive correlation between meteotsunami events and summer convective weather
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systems, which can occur within synoptic Spanish Plume settings as suggested by Sibley (2012). During the winter months
(October to March inclusive) our results demonstrate a clustering around the southwest UK and Northwest Scotland with a
positive correlation between meteotsunami and the passage of mid latitude depressions where convective elements are
embedded in the associated cold fronts and low pressure troughs. Subsequently meteotsunami impacts can become hidden by
being superimposed on top of the storm’s impacts. The meteotsunami waves are further exacerbated by the localised nature of
resonance characteristics, in particular harbours and bays which can create highly dangerous situations. The immutable nature
and rapid onset of this hazard means that even a sole meteotsunami event can create changes in water level and flow velocity
that has 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 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 in the future.
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