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This  document forms part of the Energy Technologies Institute (ETI) project ‘'low Carbon
Flectricity Generation Technologies: Review of Natural Hazards', funded by the ETl and led in
delivery by the EDF Energy R&D UK Cenire. The aim of the project has been to develop a consisfent
methodology for the characterisation of natural hazards, and fo produce a high-quality peerreviewed
sef of documents suitable for use across the energy indusiry fo befter understand the impact that
natural hazards may have on new and existing infrastructure. This work is seen as vital given the
drive fo build new energy infrastruciure and extend the life of current assets against the backdrop
of increased exposure to a variely of natural hazards and the potential impact that climate change may

have on the magnitude and frequency of these hazards.

The first edition of Enabling Resilient UK Energy Infrastructure:  Natural Hazard ~ Characterisation
Jechnical Volumes and Case Studies has been funded by the ETI and authored by EDF Energy
R&D UK Centre, with the Met Office and Mott MacDonald Limited. The ETI was active from 2007
to 2019, but fo make the project outputs availoble tfo indusiry, organisations and individuals,
the ETI has provided a licence to the Institution of Mechanical Engineers and Institution of Chemical Engineers
to exploit the intellectual property. This enables these organisations fo make these documents available and also

update them as deemed appropriate.

The technical volumes outline the latest science in the field of natural hazard characterisation
and are supported by case sfudies that illusirate how these approaches can be used fo better understand
the risks posed to UK infrastructure projects. The documents presented are split info a sef of eleven fechnical

volumes and five case studies.

Fach fechnical volume aims fo provide an overview of the latest science available fo characterise the natural
hazard under consideration within the specific volume. This includes o description of the phenomena
related fo a natural hazard, the data and methodologies that can be used to characterise the hazard,
the regulatory context and emerging frends. These documents are aimed at the technical enduser
with some prior knowledge of natural hazards and their pofential impacts on infrastructure,
who wishes to know more about the natural hazards and the methods that lie behind the
values that are offen quoted in guideline and sfandards documents. The volumes are not infended
fo be exhaustive and it is acknowledged that other approaches may be available to characterise a
hazard. It has also not been the intention of the project fo produce a set of sfandard engineering
‘quidelines’ [i.e. a stepbystep 'how to' guide for each hazard) since the specific hazards and levels
of interest will vary widely depending on the infrastructure being built and where it is being built.
For any energyelated projects affected by natural hazards, it is recommended that additional site-

and infrastructure-specific analyses be undertaken by professionals. However, the approaches outlined
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aim fo provide a summary of methods available for each hazard across the energy industry.
General advice on regulation and emerging frends are provided for each hazard as context, but
again it is advised that end-users invesfigate in further defail for the latest developments relating to the

hazard, fechnology, project and site of inferest.

The case studies aim o illustrate how the approaches outlined in the technical volumes could be applied
at a sife to characterise a specific sef of natural hazards. These documents are aimed at the less fechnical
enduser who wants an illustration of the facfors that need fo be accounted for when characterising
natural hazards af a site where there is new or existing infrastructure. The case sfudies have been chosen
fo illustrate several different locations around the UK with different types of site (e.g. offshore, onshore coastal
site, onshore river site, efc.). Each of the natural hazards developed in the volumes has been illustrated
for at least one of the case study locations. For the sake of expediency, only a small subset of all hazards
has been illustrated at each site. However, it is noted that each case study site would require additional
analysis for other natural hazards. Each case study should be seen as illusirative of the methods
outlined in the technical volumes aond the values derived at any site should not be directly
used fo provide site-specific values for any type of safety analysis. It is a project recommendation that
detailed site-specific analysis should be undertaken by professionals when analysing the safety and
operational performance of new or existing infrastructure. The case studies seek only to provide engineers and

end-users with a better understanding of this type of analysis.

Whilst the requirements of specific legislation for a sub-sector of energy industry (e.g. nuclear, offshore) will
toke precedence, as outlined above, a more rounded understanding of hazard characterisation can be
achieved by looking af the information provided in the technical volumes and case studies together. For the
less technical end-user this may involve sfarfing with a case study and then moving to the technical
volume for additional detail, whereas the more technical end-user may jump straight fo the volume and then
crossteference with the case study for an illustration of how to apply these methodologies at a specific

sife. The documents have been designed to fit fogether in either way and the choice is up fo the end-user.

The documents should be referenced in the following way [examples given for a technical volume and case

studly):

ETI. 2018. £nabling Resilient UK Energy Infrastructure: Natural Hazard Characterisation Technical Volumes
and Case Studies, Volume 1 — Introduction to the Technical Volumes and Case Studies. IMechE, IChemE.

ETI. 2018. £nabling Resilient UK Energy Infrastructure: Natural Hazard Characterisation Technical Volumes
and Case Studlies, Case Study 1 — Trawsfynydd. IMechE, IChemE.
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This case study illustrates the appropriate use of the methodology from the technical volumes
for Teesmouth, England. Teesmouth is located in north-east England. The site was chosen as

representative of an estuarine environment.

Three hazard families are included in this assessment:
e Volume 6 — Coastal Flooding;
e \olume 8 — Hail:

* \olume @ — lightning.

The specific methodologies applied are described in the individual technical volumes associated

with each of the three hazard families.

1.1 Geography and climate

The area under consideration is located at the mouth of the River Tees on the coast of north-east
England (Figure 1). It includes a range of coastal habitats (sand and mudHlats, rocky shore,
saltmarsh, freshwater marsh and sand dunes) on and around an estuary which has been
considerably modified by human activities. The area is highly industrialised with port facilifies,
oil refineries and chemical works, although there are also several areas of residential
development. The nearest large town is Middlesbrough, but numerous other towns are close by,

such as Stockion-on-Tees, Billingham, Thoraby, Hartlepool and Redcar.
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Figure 1. Map showing the location of Teesmouth (54.7°N, —1.1°W) with respect to the rest of the UK (left] and zoomed
in to show the local area (right). (Source: ©2017 Google LLC, used with permission. Google and the Google logo are
registered trademarks of Google LLC)
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The area has a maritime climate typical for the United Kingdom (UK) (Met Office, 2016). Being
sheltered by both the Lake District and Pennines to the west, it is in one of the relatively drier parts
of the couniry, receiving on average 574 millimetres (mm) of rain a year. Temperatures range
from mild summer highs in July and August, typically around 20 °C, to winter lows in December
and January falling to around O °C. The number of days with snow lying is about ten per year.
The depth of snow (without driffing] does not often exceed 15 centimetres (cm) with notable
exceptions in the area that include the heavy snowfalls of 11" to 13" February 1978 (53 cm at
Morpeth on the 13%), 17" o 18" March 1979, and 25" November to 2" December 2010.
Cales, where the wind reaches a mean speed of 34 knots or more over any fen consecutive

minutes, occur on approximately five fo ten days per year.

Teesmouth National Nature Reserve is located one mile east of the A178, north of
Middlesbrough. The reserve covers 350 hectares in two sections separated by Hartlepool Power
Station. North Gare lies to the north, and Seal Sands to the south. The reserve boundaries
encompass two Sites of Special Scientific Interest, together with parts of a further four;
these make up the Teesmouth and Cleveland Coast Special Profection Area and

Ramsar site, which is of infernational importance for wildlife (JNCC, 2001).

1.2 Overview of natural historical hazard events

The events given in this section are not an exhaustive list, but provide examples of various
types of natural hazards and their impacts. On 2™ July 1914, a severe convective sform sfruck
the Teesmouth area which produced lightning and large hailstones. Strong winds caused two
heavy cranes to be moved a considerable distance and derailed, and 100 yards of railings at
the wharf were blown away. Several buildings in Middlesbrough were struck by lightning and
damaged. The storm produced large hailstones which hit and killed many sea birds (Nelson,
1914). A hailsfone measuring 3 inches in length by about 7/, of an inch in diameter (about
7.6 cm by 2.2 cm) was reported. This hailstorm also damaged greenhouses and smashed

windows.

The sea wall around Seal Sands was breached during the 1970s and the site flooded. On
O December 2013, flooding occurred on the south side of Greenabella Marsh (close to Seal
Sands) following the embankment being breached during abnormally high tides. It is not known
whether any assets were affected; the flooding may have only affected the marshes between

the sea and the asset locations.
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On 1¢ July 2015, a sform produced golf ballsized hailstones which caused considerable
domage fo cars and property in County Durham and Northumberland which are close to
Teesmouth (Metcalfe, 2015). On 21¢ June 2017, during a severe storm over Tyneside (also
close to Teesmouth), lightning struck a house causing its roof to catch fire. The storm also caused

localised flooding and 4000 homes were left without power.

There have been several noteworthy gales affecting north-east England, accompanied by property
domage and disruption to travel and power supplies. Examples include 16" February 1962,
when nearly twothirds of all houses in Sheffield suffered some form of damage from winds
accelerating as they crossed the Pennines. On 2" January 1976, a depression moving eastwards
across Scotland fo the North Sea brought storm-force winds with an hourly mean speed of 70
knots at South Gare. More recently, the storm of 28" to 29" January 2002 led to rail and road
fransport disruption (with overturning of heavy goods vehicles), power cuts (20,000 homes
affected in the Tyne valley) and building doamage. A severe gale on 7" to 8" January 2005 caused
similar fransport disruption and left 20,000 homes without electricity in Yorkshire and Humberside

for a day.

1.3 Industrial history

The area is an imporfant centre for heavy industry, although the number of people employed
in that sector has declined in recent years. Traditional industries — primarily shipbuilding,
steelmaking and chemical manufacture — have reduced in importance but have been replaced to
a large extent by high technology activities, science development and service sector roles. Teesside
industry is now dominated by companies based on three large chemical sites around the mouth
of the River Tees at Wilton, Billingham and Seal Sands. These companies make products such

as petrochemicals, commodity chemicals, fertilizers and polymers.

The River Tees and adjacent ports of Hartlepool and VWest Hartlepool were among the most
productive shipbuilding regions in the UK (Simpson, 2017). Shipyard closures in the 20"
century took place during economic slumps and occurred in two phases, between 1909 and
1933, and again from the 1960s. The last major shipyard on the Tees closed in 1987. Some

shipbuilding continues in the area on a notably smaller scale (Tees Built Ships, 2018).

Teesside's steel industry was bom in the 1850s when iron ore was discovered in the Cleveland
Hills near Eston (BBC, 2010). In the years that followed, Teesside underwent a massive
expansion. In its heyday, the steelworks employed more than 40,000 people with Teesside

steel being a driving force behind the Industrial Revolution; this led to the area gaining a
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worldwide reputation for high grade steel construction. Although the industry is now in serious

decline more than a thousand people are sfill employed in the steel industry, largely by Tata

Steel (McNeal, 2015).

The area is well known for its chemical industry which developed in the early 20" century.
In 1917, Billingham was chosen as the site to produce synthetic ammonia to be used in the
manufacture of explosives during World War |, with renewed demand during World War |l
(BBC, 2014). The plant also became heavily involved in the production of high performance
aviation fuel for Royal Air Force aircraft. From 1934 Billingham became a centre for plastics
production. The development of the major chemical complex at Wilton in the 1940s was a

further boost to Teesside's chemical indusiry (Hurworth, 1999).

Several oil sforage depots and distribution centres are located around Teesside in the Seal

Sands area. Operators include Greenergy, Harvest Energy and Conoco Phillips.

The Central Area Transmission System (CATS) is a 404 kilometre (km) subsea pipeline which
fransports natural gas from the central North Sea to a reception and processing terminal located
at Teesside. The gas is routed to either the Teesside Gas Processing Plant or CATS gas

processing frains.

Teesport is a large sea port located approximately three miles inland from the North Sea and
three miles east of Middlesbrough, on the River Tees (World Port Service, 2018). It is currently
the third largest port in the UK, and amongst the ten biggest in Western Europe. The port covers
an area of 200 hectares of land alongside the southern bank of the River Tees, presently

handling over 6000 ships and 56 million tonnes of cargo per annum.

Electrical power generation continues to be an important industry in the area. Hartlepool Power
Station, with a net electrical output of 1190 megawatts (MW), is a nuclear power plant situated
on the northern bank of the mouth of the River Tees, 2.5 miles south of Hartlepool. Electricity
is produced by two advanced gascooled reactors (AGRs). Originally planned in 1967, with
construction starting in 1969, the station started generating electricity in 1983, and was completed
in 1985. The plant is currently expected to continue operation until 2024. In October 2010,
the UK Government announced that Harflepool was one of the eight sites it considered suitable

for future nuclear power stations.
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Teesside Wind Farm (also known as Redcar Wind Farm) is located 1.5 km offshore, to the
north of Redcar. It consists of 27 turbines with a 62 MVV generation capacity and was officially
opened in April 2014, although power had been supplied from 2013. There are no plans (at

present] fo increase the size of this wind farm.

Teesside Power Station is a former gasfired power station in Redcar & Cleveland. Situated near
the Wilton chemical complex, the station had combined cycle gas turbines (CCGTs) and open
cycle gas turbines (OCGTs). However in 2011 the operation of the CCGT part of the station

was suspended, and in 2013 the owners announced its closure. It has since been demolished.

1.4 Future development

Development of a new combined cycle electrical generation power plant, the Tees Combined
Cycle Power Plant (CCPP), by Sembcorp Utilities, is currently under way on part of the site of
the former Teesside Power Station (TCCPP, 2018). The project will comprise a natural gasired
CCGT generating station with an output capacity of up to 1700 MW. The station will include
up fo two gas turbine units, up o two sfeam turbine units, ancillary plant and equipment, hybrid
water coolers and, in accordance with policy requirements for new large electricity generating
plants, an area of land set aside for possible future carbon capture equipment. The project site
also includes land provision for connections to gas transmission infrasfructure and connections

to the national grid for electricity export.

The Dogger Bank Teesside A & B offshore wind farm is also currently under development by the
Forewind consortium. Forewind infend to implement six related wind farm projects ot Dogger
Bank which will have a total target insfalled capacity of 7.2 gigawatts (GW). Dogger Bank
Teesside A & B will comprise two wind farms, with up to 400 wind turbines and supporting
fower structures, with a total combined generating capacity of up to 2.4 GW. Cabling from the
wind farms will come ashore north of Marske-by-the-Sea and travel approximately 7 km inland

fo two new converter stations situated within the Wilton Complex.

The South Tees Development Corporation has recently been established to redevelop a 4500
acre sfrefch of land on the south bank of the River Tees following the closure of the Thai-owned
Sahaviriya Steel Industries steelworks in Redcar in late 2015. The development corporation
unveiled its regeneration master plan for the site on 18" October 2017 It aims to bring in new

industry, creafe thousands of new jobs and upgrade fransport routes in the area.



The three hazards being considered for the Teesmouth site are hail, lightning, and coastal

flooding. Each is discussed in detail below.

2.1 Hail

2.1.1 Characterisation of hail

Hailstones are a solid form of precipitation formed within convective storms. They are
produced by the freezing of supercooled” water droplets onto ice particles by riming. Ice
particles formed by riming are called hailstones if they have diameters larger than 5 mm. Hail
accounts for only a small amount of the total precipitation from the cloud, and so is almost

always accompanied by rain.

Hailstones tend to be developed in thunderstorms. The large vertical nature of the thunder
clouds provides an environment where moisture within the cloud can circulate between
warm and colder areas of the weather system. This process allows the formation of ice. As the
ice moves through and up the cloud it forms differing layers and an increasing mass.
The size of the hailstone depends upon the amount of time it stays in the cloud, temperatures in
the cloud and the wind speeds within the cloud. A smaller storm, with relatively low wind
speeds, has the potential fo produce a greater number of small hailstones whereas a larger,

high wind speed, storm will tend towards smaller numbers of large hailstones.

However, much larger hailstones (diameters greater than 50 mm) are occasionally produced by
violent storms. These hailstones can cause considerable damage. The types of asset that may
be damaged via a hail event include:

® crops;

e cars/vehicles:

® roofs:

® windows:

e exterior wall cladding;

 solar panels;

 heating, ventilation and air conditioning units.

In addition to potfential impact damage caused by hailstones, hail may also lead to roof

collapse, the blockage of drains or intakes, or injury to humans or animals.

* All technical terms marked in blue can be found in the Glossary section.
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2.1.2 Historical review of hail events

Many historical events producing very large hailstones have been summarised by the Tornado
and Storm Research Organisation (also known as TORRO). Additional events are described in
other publications, such as the books by Russel (1893) and Brazell (1968), and letters published
in the scientific journals Philosophical Transactions and  Quarterly Journal of the Royal
Meteorological Society. A review of these historical records suggests that an extreme
hailstone for the UK would have a diometer of the order of 110 mm. The largest recorded
hailstone in the UK was ~113 mm diameter (believed circumference of 14 inches), which fell
at Great Offley, Hitchen on 4" May 1697 . The second largest hailstone ever recorded had a
diameter of 109 mm which was at Templecombe, langport on 15" July 1808.

Given the limited data available (only a total of eight hail storms with stones greater than or equall
to 7O mm in diameter have been recorded) it is possible that other extremely large hailstone
events have occurred, but that any records of these events have been lost or the hail fell in
sparsely populated areas and was not recorded. Additional statistical assessment is therefore

appropriate to assess the likelihood of exireme events and their associated frequency.

An exireme value analysis (EVA) was carried out with extreme value distributions fitted to
observations of maximum hailstone sizes. The EVA model provides estimates of hailstone
diameters at selected refurn periods for the UK; see Volume 1 — Infroduction to the
Technical Volumes and Case Studies for a primer on EVA methodology. For example,
a hailstone with diameter d would have a refurn period of m years; an alternative
way of expressing the some result is that the probability of a hailstone with
diameter greater than d occurring in any given year is equal to 1/m. The analysis
was based on UK-wide dafa, and provides the estimated return period for a hailstone of a
given size to fall somewhere in the UK. The study does not identify the specific location where
the stone is expected to fall, but the extreme event would be more likely to occur in the central

or south-east of England where large hailstone events are most frequent.

Records of hailstone sizes are required for the EVA calculation of extreme hailstone events. The
primary source of data used to derive the EVA model was the Tornado and Storm Research
Organisation  hail dafobase records (TORRO, 2018) between September 1961 and
July 2010. Of 428 hail events in the the Tornado and Storm Research Organisation
records from 1961 to 2000 that were consulted, 181 included actual hailstone diameters:
only these were included in the analysis. Data from several other sources were used

fo supplement the information from the Tornado and Storm Research Organisation. The



number of reports confaining hailstone diameters (or observations from which a diameter
could be calculated) from the various sources are summarised in Table 1. Overall,
diameters of hailstones from 232 separate storms were available for analysis. In o
few cases, the same storm is described by two or more different sources; in this situation each

source is assessed and a judgement made of which one is more reliable.

Table 1. List of sources of historical data for hailstone size including the length of the data series and number of events
within each source.

Source Time period I:;T]loveern?:
Oramaron e doabo " 196112010 El
Russell (1893) 1800 fo 1893 22
Brazell (1968) 1840 to 1964 8
(1699 Totor (1607) Ty (11| 1697101711 5
Quarterly Journal of the Royal
Meteorological Society (Harding (1897), 1888, 1889, 1897 3
Marriott (1888), Marriott (1889))

Webb and Elsom (1994) " August 1843

Clark (2004) July 1808 ]
Smith (2007) 24"% June 1897 |
Webb et al. (2009) 1800 1o 1897 7
Clark and Webb (2013) 28" June 2012 ]
Photographs found on the internet 1 and 15" July 2015 2

The EVA model estimates that the largest hailstone which the UK could ever witness would have
a diameter of 216 mm. The greatest hailstone diameter ever recorded anywhere in the world,
however, was 200 mm in Vivian, South Dakota, on 239 July 2010; this would suggest that a
hailstone of 216 mm in the UK would be very unlikely. As the EVA model is only a sfafistical
assessment, it does not consider the physics of hailstone formation which is important af the
upper end of the distribution; this leads to the apparent disparity between the largest statistically

possible hailstone and the largest hailstone ever recorded.

From the EVA, a hailstone with a diameter of 110 mm, comparable to the largest stone ever

witnessed in the UK (it is noted that the value of 109 mm from the 1808 storm is thought to be more



reliable than the value of ~113 mm from the 1697 event], would have a regional return period
for the UK of approximately 500 years; that is, a hailstone of this size would be expected to
occur, on average, once every 500 years somewhere in the UK. Alternatively, the probability
of such a hailstone being produced in any given year (the annual exceedance probability),
somewhere in the UK, is 1/500 = 0.002. Therefore, 110 mm is considered fo represent the
largest hailstone size that could reasonably be expected to occur somewhere in the UK over
any reasonable operational lifetime for a facility (with the possible exception of very longlife
facilities such as nuclear waste repositories). Note that this assessment considers the likelihood
of the 110 mm hailstone falling anywhere in the UK, and that the likelihood of an extreme
hailstone event occurring at a particular region or site (e.g. Teesmouth, the site for Case Study

4] is significantly lower.

The results of the EVA also identify 121 mm as the best estimate of the maximum hailstone diameter
that could be expected on a 1000-year return frequency. The probability of a hailstone equal

to or greater than 121 mm falling anywhere in the UK is therefore 0.001 in any given year.

The EVA is based on current climatic conditions. At present, it is not clear how climate change
may affect hail event frequency or severity over the UK. Sanderson et al. (2015) suggested that
the frequency of large hailstones would decrease under a warming climate. However, the paper
only included one climate model and one hail model. The only other similar studies considered
hailstones in south-east Australia, which may not be applicable given the differences in location,

geography and climate of Australia in comparison to the UK.

From historical data, it is also possible to observe that the peak in hail activity in the UK occurs in
the summer months and notably in June and July. Figure 2 shows the seasonality from the Tornado
and Storm Research Organisation data covering 1981 to 2010 where almost 25% of the events
in this period occurred in the month of June. Additional studies produced by the Tornado
and Storm Research Organisation using longer periods of the observation data also show this

seasonality peak in June and July.
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Figure 2. Seasondlity of hail events in the UK, constructed using data from the Tornado and Storm Research
Organisation database during 1981 to 2010. (Source: Tornado and Storm Research Organisation)

As well as hailstorm seasonality and intensity, the location of the hail event is also of significance
and needs to be captured within any model representing hail activity. Figure 3 shows the location
of hailstorms in the UK as contained in the Tornado and Storm Research Organisation data
covering 1981 to 2010 along with the locations of a limited number of UK hailstorms
contained within the European Severe Weather Database (ESVWD). The historical data show
that hailstorms occur more in the south-east of the UK and decrease in frequency to the north,
with the north of Scotland showing litlle in terms of hisforical acfivity over this period. Note,
however, that the historical data may well confain significant bias due to population, as more

reports will tend to be recorded in areas that have been consistently and densely populated.




Figure 3. Locations of historical hail events 1981 to 2010 (the Tornado and Storm Research Organisation
events in red, ESWD events in green).

2.1.3  Atmospheric modelling

To fry to address the biases ouflined in Section 2.1.2, the organisation AIR Worldwide
developed a stochastic catalogue of simulated hail events over the UK. The stochastic catalogue
contains 10,000 vyears of postulated hail data, where each year in the cafalogue dataset
represents a statistically generated representation of the potential hail activity for a year in the
UK. The analysis is based on atmospheric modelling, not historical observation. Although no
definitive methodology currently exists for estimating atmospheric acfivity on an eventby-event
basis, the approach used in this study was derived from AIR Worldwide's research studying
how fo best represent detailed, eventlevel information about severe thunderstorm activity. This
is achieved by using dafa on the past atmospheric state in a regression model that calculates
the likelihood of hail occurring given the atmospheric conditions. The VWeather Research and
Forecasting (VWRF) model, a numerical weather prediction model, was used to create a
simulation of the atmosphere. The output from the VWRF model contains the atmospheric properties

necessary to determine the probability of hail by day over the UK at a resolution of 16 km.

There are two types of events represented within the catalogue — microevents and
macroevents. Microevents are the individual hail swaths with properties including the location,
swath size (i.e. footprint], maximum hailstone size and hail impact energy (HIE). Macroevents

are groups of microevents initiated on the same day, or over multiple days, with the same
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weather system passing over the UK. The model predicted that a fofal of 181,159 microevents
would occur throughout the UK over the 10,000-year simulation period, or roughly 18 per year.
The model also predicted a fotal of 89,633 macroevents (hailproducing weather systems), or
roughly @ per year. Figure 4 shows the spatial distribution of hail microevents in the part of the

UK covering the Teesmouth area, based on the stochastic modelling.
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Figure 4. Hail occurrence rates from the stochastic catalogue over part of the UK in days per year fon a 0.2 x 0.2 degree grid).

Figure 4, combined with review of the historical record, shows that the Teesmouth area
experiences a low frequency of hail events. The stochastic analysis shows that a hail occurrence
is expected no more than 0.02 times per year, or roughly once per every 50 years. In the
greater area near to Teesmouth the expected rafe is no more than 0.04 per year, or once per

every 25 years.

The frequency of hail storms and the severity must both be considered. It has been shown that
the maximum hailstone size which could be produced in the UK is of the order of 110 mm, and
that this would be expected with a return frequency of approximately 500 years. It has also
been shown that the north-east of England has a low rate of hail storms, with a sform expected
no more often than once every 25 years. This would make it very unlikely that the rare

occurrence of a large hailstone in the UK would be located in the north-east.

The stochastic study also included an assessment of return values for specific large and energetic
hail events based on location. The data were assessed to estimate the HIE and hailstone

diameter, for the largest hailstone produced during a 100-year period, at each map grid point.




HIE is a proxy for the damage potential of hail and accounts for both vertically falling hail as
well as hail being blown horizontally. Within the calculation of the HIE an integral is included
in order to capture the potential damage due to the varying hailstone sizes that are observed

in any hail event.

The data from the stochastic study for the grid locations near to Teesmouth are given in Table 2.

Table 2. Estimates of the 100-year return period, maximum hailstone diameter and HIE from the stochastic catalogue, for
grid cells around Teesmouth (specified by their latitude and longitude).

Latitude Longitude HIE (J/m?2) Diameter (mm)
54.4 -1.4 /35 45
54.4 -1.2 6419 41
54.4 = 533 36
54.4 -0.8 460 34
54.6 -1.4 572 39
54.6 -1.2 479 35
54.6 -1 437 33
54.6 -0.8 391 31
54.8 -1.4 429 33
54.8 -1.2 391 32
55 -1.4 408 32

This result shows that the maximum diameter hailstone in the Teesmouth area during a nominal
100-year period is expected to be of the order of 44.5 mm: significantly less than the 110 mm

maximum for the UK overall.

Note that atmospheric climate models do not simulate hailstones; instead a model of
hailstones has to be driven using meteorological data produced by climate models. At
present, it is not clear how global warming may affect hail event frequency or severity over the
UK. A study by Sanderson et al. (2015) suggested that, under a warming climate, the frequency
of large hailstones would decrease. However, this study only included one climate model and
one hail model. The only other similar studies considered hailstones in south-east Australia, which

may not be applicable given the differences in location, geography and climate of Australia

and the UK.



2.2 Lightning

2.2.1 Characterisation of lightning

lightning is a considerable electrical discharge from a cloud to the air, between two clouds,
or from a cloud to the ground. Water droplets within a sform cloud are fransported upwards fo
the top of the cloud very rapidly where they freeze into ice particles. Some of the ice particles
grow in size to form hailstones, which fall out of the cloud when they become sufficiently heavy.
Collisions between the ascending ice particles and descending hailstones result in charge
separation; the ascending ice particles become positively charged and the descending hailstones
become negatively charged. Hence a positive charge develops at the top of the cloud and a
negative charge occurs af the base of the cloud. When the charge has built up sufficiently,
electrons move rapidly from the cloud base to the ground or within a cloud, resulting in a

lightning flash. A single lightining flash consists of multiple strokes.

Note: A lightning stroke is a single discharge in a lightning flash. It can be cloudtocloud,
cloudo-ground, or ground-o-cloud. A lightning strike is usually used to refer to a cloud4o-ground

lightning flash.

2.2.2 Detection of lightning flashes

lightning strokes are defected by the Met Office using the Arrival Time Difference network
(ATDnet). Lightning strokes send out pulses of radio waves which can be used to detect them.
The Met Office ATDnet system detects these pulses af much lower frequencies than normal radio
waves, known as Very low Frequency (VLF). VLF radio waves have frequencies of 3 to 30
kilohertz (kHz) and are reflected by the Earth’s ionosphere. Consequently, VLF pulses can travel
considerable distances (1000s of km) and so lighining strokes can be detected many hundreds
of kilometres away from a sensor. This approach of defecting VLF pulses has the advantage
that only a small number of sensors are needed to locate lighting strikes over the UK and
surrounding areas. Over the UK, the position of a lighting stroke is accurate to about 2 km
within ATDnet. Other networks in the UK use sensors which detect different frequencies of radio
waves. They can only defect flashes which occur closer to the sensors, but allow flashes to be

located with a higher degree of accuracy.

ATDnet consists of a small network of sensors (currently 11) which allows the exact location of
a lightning stroke to be determined. A VLF pulse will be detected by multiple sensors at slightly
different times, as the distance between the location of the stroke and each sensor varies. These
readings can be used to determine the exact location of a lighting stroke via a technique

called multilateration. The types of sensors used in ATDnet mean only the more powerful



lightning discharges are defected. Most are cloud-to-ground strikes, together with more powerful

cloud+tocloud strokes.

The Met Office holds lightning location data from the 1990s but, owing fo the low sensitivity of
the early sensors and limits on computer processing speeds, many strokes were not recorded.
ATDnet was introduced in December 2007, with higher sensitivity detectors and improved
processing speeds. The assessment in this document is therefore based on data from ATDnet

recorded over a relatively short period (2008 to 2016).

A map showing the total number of flashes recorded by ATDnet over the UK between 2008
and 2017 is shown in Figure 5. It can be seen that the largest numbers of flashes are seen over
south and eastern England, with smaller numbers seen over Wales, Scotland and Ireland. The
broad area seen over central England with flash counts between 0.48 and 0.75 per km? per
year corresponds to the fracks of very active convective storms which produced high lightning
flash rafes during June 2012. A small area with high numbers of flashes can be seen just to the

north of the Teesmouth area.

The locations of the highest numbers of flashes in each year between 2008 and 2014 have
been identified. These locations occur over most of the UK and differ considerably between
years. For example, the highest flash rates in 2015 were recorded during July when severe
thunderstorms developed over northern England and travelled northwards over Scotland. Using
ATDnet data recorded between 2008 and December 2017, the highest flash density over
England was 33 flashes per km? per day on 28" June 2012. In 2014, the highest numbers of
lightning strikes were confined to south and south-east England. In contrast, the locations of the

storms with the highest flash rates in 2010 were scattered over the British Isles.

The most recent severe lightning event in the UK occurred in south-east England on 27" May
2018 (BBC, 2018). Very large numbers of flashes were reported. Houses were struck causing

damage and fires.

Overall, these results suggest that the very high lightning flash rates (33 flashes per km? as
described above| are possible over Teesmouth. During July 2015, some of the very high flash
rates were recorded close to Teesmouth but were located further inland. It may be assumed that

this rate could occur over Teesmouth if a suitably energetic storm passed overhead.

20
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Flash density plot 2008-2017
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Figure 5. Mean lightning flash density over the UK derived from the Met Office ATDnet lightning location system. The data
were recorded between January 2008 and December 2017. The units are flashes per km? per year.

2.2.3 Probability of lightning strikes at Teesmouth

The probability of a lightning strike on an asset af Teesmouth is calculated using equations
described by Hasbrouck (2004). The calculation requires the following information: the length,
width and height of the asset, and the annual average lightning flash rate for the asset’s location.
A sample calculation is shown below for an oil storage depot located to the north-west of Seal
Sands within Teesmouth at 54.636°N, 1.212°W (OS National Grid NZ509270). This depot
consists of ten oil storage tanks, nine of which are arranged in a 3 x 3 grid. The dimensions
of the area enclosed by the nine fanks is about 500 m by 500 m. The height of these tanks is
unknown, so the largest fank height reported by Penman and Watson, (1967), 54 ft (16.5 m)

has been used.












































































