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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 derived methodology for assessing the risks
of natural hazards that may arise in the Dounreay area, which is located on the north coast of
Scotland. Dounreay is home fo onshore nuclear installations and offshore renewables testing
facilities. The land in the area near Dounreay is exposed and vulnerable to natural hazards
from the sea (specifically from the North Atlantic towards the west and the North Sea towards

the east). Thus, Dounreay can be taken fo represent both coasfal (onshore] and offshore sites.

Aspects of four different types of natural hazards are addressed in this case study:

® \Volume 3 — Extreme Wind — onshore effects:

* \olume 4 — Extreme Precipitation — onshore effects;

e \olume 6 — Coastal Flooding — offshore effects;

e \olume 11 — Marine Biological Fouling — offshore effects.

For exireme wind and precipitation, the case study focuses on onshore data but also recognises
potential offshore impacts. The assessment of coastal flooding and marine biological fouling
hozards are illustrated for the offshore environment here. An assessment of onshore marine
biological fouling is provided in Case Study 3 — Hunterston, and an assessment of onshore

coastal flooding is provided in Case Study 4 — Teesmouth.

The methodologies applied for each hazard are described in the individual technical volumes

associated with each of the hazard families.

1.1 Site geography

1.1.1  Introduction

Dounreay is located in the Scoftish Highlands (Figure 1) in the historic county of Caithness,
which is in the Highland Council area. Dounreay is served by a dedicated access road running
north from the A836, approximately 13 kilometres (km) west of Thurso. The A836 provides the
main eastwest link along Scotland’s north coast; it passes to the south of the Dounreay site and
connects to the AQ. Thurso has a railway station which links to the UK rail network. There is a
small airport at Wick with scheduled services to other UK airports. The Dounreay site also has
a private airstrip. Nearby Scrabster harbour acts as the main ferry port for the Orkney Islands
and as a commercial port for major subsea service contractors, located at the Aflantic fronfier.
Investments in infrastructure at Scrabster mean that large offshore vessels can now access the

port at any tide.



1. Introduction

In 2011, the population of Caithness was 26,486, representing around 11.4% of the total
population of the Highland Council area [NDA, 2014).

SWalls v
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Figure 1. Location of Dounreay in the Scottish Highlands
(Source: contains OS data © Crown Copyright and database right (2018))

1.1.2 Landscape and geology

The coastline around Dounreay consists of predominantly rocky shores backed by cliffs,
inferrupted by the occasional sandy beach. While most of the coastlines in Highland are
considered underdeveloped and isolated, Dounreay is considered a developed coast, based

on cerfain primary and secondary indicators (The Highland Council, 2010).

The Dounreay nuclear site divides a strip of farmland, situated between the north coast of
Caithness and the main coast road, the A836. The region is generally flat, characterised by
open rolling countryside with hills west and south. The majority of the Dounreay site is located

approximately 20 m above ordnance datum* (ACD).

Dounreay is a coarse sandy shingle site, underlain by rocks of the Caithness Flagsfone Formation.
These are predominantly grey silistones with minor sandstones and limestones. The rocks are
indurated (hardened) with very low porosity. Overlying Quaternary deposits are generally

greater than 3 m thick. No geological features of special importance have been identified. The
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*All technical terms marked in blue can be found in the Glossary section.
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solid strata and overlying deposits at the site are typical of the much wider area and, as such,

there are no scarce or locally restricted deposits of note.

Much of the coastline experiences a tidal rise and fall of around 1.7 metres (m) (Jones, 1975).
Coastline recession rates of around 1 1o 2 m in 200 to 300 years have been estimated, faking
info account sea level rise (NDA, 2014). In the longer term, parts of the site will be more
susceptible to sea level rise and coastal erosion over timescales of several hundred to thousands

of years, if no additional mitigation measures are applied.

Croundwater in some small areas of the site is known fo be impacted by radioactive
confamination. Confrol measures are in place for this and are authorised as necessary by the
Scottish Environment Protection Agency (SEPA). localised confamination of groundwater by

industrial solvents is being investigated. No groundwater flooding was shown on this site in

SEPA's flood maps (SEPA, 2018).

1.1.3  Natural history and conservation

There are no designated conservation sites identified on the Dounreay nuclear site. There are,
however, Sites of Special Scientific Interest (SSSIs), Special Areas of Conservation (SACs),
Special Protection Areas (SPAs), Ramsar sites, and Ancient VWoodland Inventory (AVWI) sites in

the surrounding area.

A number of profected species were recorded on, or next o the site, including ofters (European
protected species under Annex IV of the Habitats Directive] and breeding birds, such as the
Arctic fern. Species of flora including the nationally uncommon oyster plant and Scottish primrose
are found on the Dounreay beach. The north coast of Scofland is home to some of the rarest
species of bee in the UK including the great yellow bumblebee and the moss carder bee (a UK

Biodiversity Action Plan priority species).

A river, the Dounreay Burn (also known as the Mill Lade) flows through the Dounreay site and is
considered as being of good quality status in accordance with the Water Framework Directive
(European Commission, 2000). The coastal waters around Dounreay are also considered to
be of high quality status in relafion to the Water Framework Directive. Seawater and sediment

samples have been collected and analysed, and they support this statement.
P Y Y SUpp
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1.2 Site oceanography

1.2.1  Coastal zone

The coastal zone in the region of Dounreay mainly consists of shallow bays and estuaries, and
long strefches of coastline that have litlle shelter from waves and storms. The north coastlines
are predominantly rocky but there are intertidal sediments in the bays and inlets, and some
extensive strefches of sandy beach. The coastline of the Western Isles, the north of Scofland and
the Northern Isles is also rocky. The west coast is typically rocky, with many bays, channels and
sea lochs where restricted water exchange occurs with the surrounding seas. There are high

levels of freshwater input from rivers, particularly into the sea lochs.

1.2.2  Offshore environment

The shoreline of the north coast of Scotland opens onto an extensive offshore environment. The
Orkneys lie a litle over 30 km away to the north-east across the Pentland Firth, with the Shetlands
located beyond them. The expanses of the North Sea strefching east across to Norway and the
North Atlantic Ocean fo the west are dominant features of the offshore environment in this area.
Scotland's seas are some of the most diverse in physical characteristics on the planet. They are
af the confluence of northerly-flowing surface currents and southerly-flowing polar currents and
the complex bathymetry to the west causes these to become mixed, bringing nutrients to the

surface. These are fed on by plankion communities which form the basis for a rich fishing region.

The offshore environment in Scottish waters ranges from shelf sea areas to deep ocean regions
with depths greater than 2000 m (Scottish Government, 2011). Average water depths vary
but are generally between 50 m and 200 m for the shelf seas, typically between 100 m and
150 m to the west of the Hebrides and off the north coast; the waters being generally shallower

around the south-west area of Scotland.

The confinental shelf includes the Malin and Hebrides Shelf Seas, Orkney and Shefland Shelf
Seas, and the North Sea. The wesfern margin of the continental shelf is marked by a sharp
change in depth of the seabed at about 200 m. The main offshore habitats on the west coast
are coarse sands, gravel and rock. To the west of the Outer Hebrides and to the north of
Scotland the main offshore habitats are expanses of mud, sand and coarse sediment. In the
deeper waters to the west and north of Scotland, the main habitats are large expanses of mud
and fine clay, but a variety of coarse sediments are found in shallow waters, on banks and
seamounts. Sea levels are affected over short timescales by the rise and fall of the tide and storm
surges. Over longer timescales, the sea level is affected by climate change and movements of

land. Tidal range is generally between 4 m and 5 m.
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Within Scottish waters, the wave climate is mainly influenced by the conditions in the North

Atlantic Ocean, where the fefch is long enough to establish large swell waves.

1.3 Site climate

Dounreay experiences a maritime climate much like the rest of the UK, as demonstrated by
the annual climatologies of temperature, rainfall and wind shown in Figure 2 and Figure
3. Typically, the climatology (longterm averages representative of the climate) of a region
is defined by averaging variables such as temperature and rainfall over a 30-year baseline
period. In this case, temperature and rainfall for Dounreay and two additional weather stations
nearby (Wick Airport and Kirkwall; see map in Figure 12) are shown for the 1961 to 1990
period. Dounreay weather station stopped recording data in 1983 so, where possible, missing
tfemperature and rainfall data have been estimated using linear regression from overlapping
data periods with up to six well-correlated neighbouring weather stations (Perry and Hollis,
2005). Ideally, a more recent 30-year climatology [e.g. 1981 to 2010) would be used, but
this would then only consist of two years of observed data for Dounreay, with the remaining
28 vyears being estimated from neighbouring sites. To allow comparison between the sites, the
wind roses shown in Figure 3 for Wick Airport and Kirkwall are restricted to the same period
of operation as Dounreay (1969 to 1983). Llocal weather extremes for the Dounreay site are

also provided in Table 1.

Mean daily temperature and minimum/maximum range (°C)

¢ Dounreay = Wick Airport = Kirkwall
20

15

s oot M

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1961-1990

Mean monthly rainfall (mm)

mDounreay = Wick Airport mKirkwall

150
100
. Ill 1 ||| il ool I “l III II I II
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1961-1990

Figure 2. Climatology of daily mean, minimum and maximum temperatures and of monthly rainfall for the weather stations
indicated on the graphics, for the period of 1961 to 1990. Missing data for Dounreay (from 1983) were estimated
(where possible) using a linear regression from overlapping data periods with up to six well correlated neighbouring
weather stations following the approach of Perry and Hollis (2005).
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Figure 2 shows that July and August are the warmest months at Dounreay with a mean daily
tfemperature of approximately 13 degrees Celsius (°C) (mean daily maximum temperature
of approximately 16 °C|. January and February are the coldest months with a mean daily

temperature of approximately 6 °C [mean daily minimum temperature of approximately 1 °C).

HOURLY MEAN WIND ROSE FOR HOURLY MEAN WIND ROSE FOR HOURLY MEAN WIND ROSE FOR
. DOUNREAY ~> ~ WICK AIRPORT = WICK AIRPORT

NGR: 2990 € 9670N ALTITUDE: 21 metres AMSL. NGR:3365E 9522N ALTITUDE: 36 metres AMSL NGR: 3365 E 9522N ALTITUDE: 36 metres AMSL
Met Office 'SEASON: ANNUAL Period of data: Jan 1969 - Feb 1983 Met Office SEASON: ANNUAL Period of data: Jan 1969 - Feb 1983 Met Office SEASON: ANNUAL Period of data: Jan 1969 - Feb 1983

111,091 OBSERVATIONS 121,880 OBSERVATIONS 121,880 OBSERVATIONS
2.8% CALM 0.3% CALM 0.3% CALM

4.3% VARIABLE 1-10 11-16 17-27 28-33 >33 0.8% VARIABLE 1-10 11-16 17-27 28-33 >33 0.8% VARIABLE 1-10 11-16 17-27 28-33 >33
Hourly mean wind speed (knots) Hourly mean wind speed (knots) Hourly mean wind speed (knots)

© Crown Copyright Met Office 2018 ® Crown Copyright Met Office 2018 ® Crown Copyright Met Office 2018

Figure 3. Climatology of wind speed and direction for Dounreay, Wick Airport and Kirkwall weather stations for the
period of 1969 to 1983.

Caithness lies o the east of higher grounds and as a result, its annual rainfall totals are much
smaller than those of western Scotland. Across Caithness, annual average rainfall (from 1981 1o
2010) ranges from 800 millimetres ([mm) to 1000 mm in the east and northern coastal regions,
to 1000 to 1250 mm fo the west and south. Rainfall is generally well distributed throughout the
year, buf there is a marked seasonal variation. The frequency of Aflantic depressions affecting
Scotland is normally greatest during the winter, but Scotland tends to remain under their influence
for much of the summer too. Caithness experiences an autumn and early winter maximum
in rainfall totals, with spring and summer being the drier seasons on average. Autumn and
winter are wetter than the spring and summer and Dounreay receives more rainfall on average
than Wick Airport. It is likely this stems from the location of Wick Airport which is sheltered
from the prevailing south-westerly wind direction and associated fronfal rainfall. In contrast,
Kirkwall, situated in Orkney to the north-east of Dounreay, is more exposed fo the prevailing

wind direction and frontal rain, and is generally wetter than both Dounreay and Wick Airport.

The prevailing wind direction in the UK is typically from a south-westerly direction, as demonstrated

by the wind roses for Kirkwall and Wick Airport. However, the dominant winds at Dounreay
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originate from south-easterly and north-westerly directions. One possible explanation for this
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difference is that Dounreay is sheltered from the prevailing south-westerly winds by the higher
ground located to the south-west. However, despite being surrounded by different topography,
the maximum recorded hourly mean wind speeds at Dounreay, Wick Airport and Kirkwall, for
1969 to 1983, are all similar with hourly mean wind speeds greater than 33 knots {17 metres

per second (m/s) or 38 miles per hour (mph); T knot =0.51 m/s =1.15 mph.

Ground frost, defined as a minimum grass temperature below O °C, typically occurs from
November to April with over half the days in the month being frost days between December
and February. However, frosts can be observed as early as September and as lafe as June and
within the record there is an observation of a frost event occurring both in July and August. Much
of the snow that falls does not seffle, and as a result several different parameters on snowfall
can be reported. These include snow depth, whether snow was observed falling during the
day, and whether snow was observed laying on the ground at 09:00 Greenwich Mean Time
(GMT). For Dounreay, snow was observed on the ground at 09:00 between November and
March and there were two occasions of snow on the ground outside of these months; one in
April and the other in May. Between years, there is considerable variability in the number of
days when snow is observed on the ground: Seven years had no snow events and six years
had more 15 or more days of snow laying. The largest number of days in a year when snow

was recorded on the ground was 27.

Table 1. Local weather extremes at Dounreay. Records are available for temperatures and snow (1959 to 1983), rainfall
(1961 to 1983), and daily wind speed (1969 to 1983). (© Crown Copyright Met Office 2018)

Temperature

Highest daily temperature 28.9 °C 12" August 1975
Llowest daily temperature -10.6 °C 30" December 1961
Rainfall

Maximum daily rainfall tofal 62.5 mm 17" August 1964
Maximum daily snow depth 230 mm 16" February 1970
Wind speed

Maximum daily wind speed 40 knots 2 March 1970
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1.4 Energy-related facilities

1.4.1  Onshore installations

Once the site of a castle, Dounreay has been home to nuclear research establishments (including
the Dounreay Nuclear Power Development Establishment and the Vulcan Naval Reactor Test
Establishment] since the 1950s; many of these facilities have now been, or are in the process of
being, decommissioned. The nuclear facilities af Dounreay are no longer capable of producing
power and the site’s concerns are now construction, demolition and waste management as
part of the major decommissioning and clean-up programme to convert the site to a brownfield
site. One of the power stations at Dounreay is situated close to the coast, it has a high water
table, and the station uses a pump to constantly remove water. For these reasons, a requirement
for a secondary flood defence solution was identified by the Dounreay Site Restoration Lid,
the licence company responsible for the clean-up and decommissioning of the nuclear power

stafions.

The Highlands and Islands of Scotland have a long history in the oil and gas sector and, over
the past 40 years, have played a pivotal role in the development of the Scottish oil and gas
industry. Orkney has strong historical links to the energy industry and the Flotta oil terminal
operates as the second largest major oil terminal serving the UK North Sea, and has provided
a landing for the Piper and Claymore fields' pipeline system. The ports of Kirkwall, Stromness
and lyness have seen significant investment fo continue to provide facilities for the oil and gas

industry as well as the marine renewables industry.

1.4.2 Offshore installations

The Pentland Firth and Orkney waters are among the most active tidal areas in the world and
the commercial lease area hosts six of the fop ten fidal energy sites in the UK. It is also home
to the European Marine Energy Centre (EMEC) which provides festing facilities to the marine
renewable energy indusiry, and includes the tidal stream project, MeyGen, the first phase of
which became commercially operational in April 2018. This area of the sea contains 50% of

the UK's tidal resource and 25% of Europe’s tidal resource (Hl-energy, 2018).

Wave energy is mainly at the development phase; however, consistent and committed support
from the Scottish Government indicates that wave energy is seen as being a significant contributor

to Scotland’s electricity requirements (Scottish Government, 2017).

Scotland as a whole makes up around 25% of the whole European offshore wind resource

and the world's first deep water offshore wind project has been operating some 15 miles
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off Caithness, in 45 m of water. The Beatrice wind farm demonstrator project has seen the
design, construction, installation and operation of two 5 megawatt (MW) turbines, 234.5 m
from seabed to blade fip. linked by subsea cable to the nearby Beatrice Alpha platform, they
are generating 30% of the Beatrice Alpha oil platform’s 14 MW daily electricity requirement
(Hl-energy, 2018).



Four types of natural hazard are considered in this case study for Dounreay. They are extreme
wind, exfreme precipifation, coastal flooding (including offshore flood-related hazards) and
marine biological fouling. Exireme wind and precipitation hazards are considered for the
onshore environment, whereas ‘coasfal’ flooding and marine biological fouling hazards are

focused on the offshore environment.

For background information, the reader should refer to the corresponding technical volumes:
Volume 3 — Extreme Wind:

Volume 4 — Extreme Precipitation;

Volume 6 — Coastal Flooding;

Volume 11 — Marine Biological Fouling.

2.1 Extreme winds
This section covers the analysis of extreme wind speed using extreme value theory and tornadoes
using a database of fornado occurrences for the UK provided by the Tornado and Storm

Research Organisation. The occurrence of sandstorms is also briefly mentioned.
2.1.1 Extreme winds (excluding tornadoes)

Wind speed is typically measured using an anemometer and recorded in knots (nautical mile
per hour = 0.51 m/s) at Met Office observation stations. Wind speed and associated damage
is categorised on the Beaufort scale which traditionally describes wind intensity based on
observed sea conditions. Equally, the Saffir-Simpson Hurricane Wind scale can be used to
define fropical cyclones. However, there is no such defined categorisation for land-based
surface winds. The definition of an exireme wind speed event for the energy sector and of any
associated wind speed threshold will differ depending on the type of asset, its vulnerability and

exposure.

Extreme wind speeds and especially gusts (as defined in Volume 3 — Exireme Wind) can
directly inferfere with the generation of energy, energy fransmission and disfribution through
destruction of infrastructure, as well as posing health and safety concerns for energy businesses.
Furthermore, impacts from this disruption could have implications for energy demand and price.
The dominant impacts are briefly outlined below:
* damage fo power lines or energy infrastructure from fallen debris or trees causing
extensive power cuts;

® injury or death from debris and fallen trees;



e structural damage to buildings, e.g. tiles blowing off roofs or impact on roofs by
wind-blown debris:

e disruption fo transport, e.g. through the closure of roads and bridges, and delays and
cancellations to frains and aircraft, which in turn can affect the accessibility of sites to

maintenance crews.

Typically, faster wind speeds are found in areas with few surrounding obstacles that would
cause friction in the air, for example at higher altitudes, in open country or over water, as
opposed to in urban environments with high-ise buildings and trees. This makes Dounreay a
particularly exposed site as it is adjacent to the sea and surrounded by an expanse of flat land.
Dounreay is also located in the most northern part of Scotland which is more at risk from extreme

wind sforms because damaging wind gusts typically increase with latitude in the UK (Hewston

and Dorling, 2011).

Wind characteristics typically recorded at an observing site include daily and hourly mean wind
speed, prevailing hourly wind direction and maximum gust speeds (typically defined as the
highest wind speed sustained for af least three seconds occurring over a defined pericd, e.g.
an hour). Gust speeds are useful to characterise potential damage to infrastructure (Prahl et al.,
2015); however they are often not recorded as consistently as daily mean wind speeds. If gust
data are required but are not available at a particular site, then analytical relationships can be

used to derive the gusts from hourly mean wind speeds, provided that the latter are available

(Ashcroft, 1994).

In this case study, daily mean wind speeds are used to characterise extreme wind speeds at
Dounreay and no account is taken of the wind direction or gusts. The reader should note that the
extreme value analysis (EVA) techniques applied here could equally be applied to a sufficiently

long time-series of hourly mean wind speeds or to gusts.

The top ten daily mean wind speeds recorded at weather stations closest to Dounreay are
shown in Table 2. Dounreay’s wind record being too short, Kirkwall was selected as the most
suitable alternative weather station to Dounreay, from all the weather stations described in Table

2 i.e. the station with the smallest mean squared deviation as per the approach described in

Appendix A).



The importance of the geographical location of the weather stations is also apparent in the table.
Weather stations located further to the west experience stronger wind speeds [e.g. Stornoway
Airport versus Wick Airport). Sule Skerry (not shown) is more exposed and experiences greater
wind speeds because lesser surface friction over water means that mean wind speeds at this
weather sfation are generally greater than over land for the same pressure gradient (Raynor,
1978). At seasonal timescales, both Dounreay and Kirkwall experience the highest daily mean

wind speeds during winter and the lowest wind speeds during summer.

Table 2. The top ten daily mean wind speeds at the weather stations closest to Dounreay. The period over which these
apply are the operation periods of each individual weather station (Dounreay = 1969 to 1983, Kirkwall = 1969 to
present, Wick Airport = 1965 to present, Stornoway Airport = 1957 to present]. Days where extremes occur at more
than one site are numbered between 1 and 5. (© Crown Copyright Met Office 2018)

Top 10 windiest days at  Top 10 windiest days at  Top 10 windiest days ~ Top 10 windiest days

Rank

Dounreay Kirkwall at Wick Airport at Stornoway Airport
Date Daily mean  Date Daily mean  Date Daily mean  Date Daily mean
wind speed, wind speed, wind speed, wind speed,
m/s (knots) m/s (knots) m/s (knots) m/s (knots)

1 2" Mar  20.6(40) 419" Sep 21.6(42) 4"Feb 19.0 (37) 16" Feb  25.7 (50)
1970 1990 1999 1962

2 1< Mar 20.1(39)  °29"Jan 21.6(42) 419" Sep 18.5(36) 29 Jan  23.2 (45)
1970 2000 1990 1964

3 128" Sep  19.5(38) 5" Jan 21.1(41) 5" Apr 18.0 (35) 2349 Dec  22.6 (44)
1969 1975 1967 1963

4 218" Jan  19.5(38] 4" Feb 21.1({41) 128" Sep 18.0(39) 24" Dec  22.1 (43)
1972 1999 1969 1963

5 11" Oct 19.5(38)  218"Jan 20.1(39) 28" Jan 18.0(35]  26"Jan 21.6(42)
1981 1972 1978 1961

6 120 Oct 19.5(38) 9" jan 20.1(39)  229Jan  17.5(34) 150 Feb  21.6 (42)
1981 1983 1985 1962

7 39 Mar 19.0(37) 170 Jan 20.1(39) 39 Apr 17.5 (34) 20" Nov 21.1 (471)
1972 1993 1998 1959

8 27" Oct  19.0(37) 25" Nov  20.1(39) 229" jan  17.5(34) 240 Oct 21.1 (47)
1974 2005 2000 1961

9 17" Jan 18.5(36) 20" jan 19.5(38) 20" jan 17.0(33) 17" Dec  20.6 (40)
1972 1976 1976 1966

10 320"Jan  18.5(36)  5"Jan 19.5(38) 39 Jan 17.0(33) 31¢Jan  20.1(39)
1976 1993 1984 1958



The aim of the following analysis is to estimate return levels of extreme winds using the generalised

extreme value (GEV) approach (see Appendix A).

Selecting extreme maximum daily wind speeds

A GEV model is typically fited to block maxima, i.e. the maximum daily wind speeds for
each year for Kirkwall in this case. Data from the Met Office archive are automatically
quality-controlled, but a further look at the values is necessary to ensure that they are as accurate

as possible. Figure 4 shows a time series of maximum daily wind speed for each month for

Kirkwall.

The maximum daily wind speeds for each month for Kirkwall appear realistic. Values are within
the range of maximum daily wind speeds recorded in the UK. The maximum value ever recorded
is 39 m/s at Cairmgorm Summit (altitude 1237 m) on 20" March 1986. At more low-lying
weather stations (altitude under 100 m), the highest daily mean wind speed recorded is 26 m/'s
af the Isle of Wight (alftitude 80 m) and Stornoway (altitude 15 m).

Maximum daily mean wind speed per month (m/s)
25-

20-
15-

10-

1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

Figure 4. Maximum daily mean wind speed at Kirkwall for each month from January 1969 to March 2018
(© Crown Copyright Met Office 2018)

An EVA can be affected by missing values. Missing values could be ignored, for example by
extracting the maximum daily mean speed value regardless of the number of missing days of
observations in a year. This approach could however lead to an underestimation of return levels
in the EVA. Any year with a missing value could alternatively be ignored in the selection of
maximum daily mean speed values, but this would reduce the number of observations available

and could cause problems in obtaining a wellfitting GEV model as the sample of extreme events



becomes small. The latter approach would be less likely to underestimate return levels but the

uncertainty associated with the return levels and the confidence infervals would be larger.

In this case study a hybrid approach was adopted. Any year containing a month with more
than five missing values was excluded. However, for months containing fewer than five missing
values, it was assumed that the windiest day of the month did not occur on a missing day.
This approach resulted in the exclusion of the following years from the analysis: 1978, 2001,
2002, 2004, 2008, 2012 and 2018. As a result, the set of extreme values consisted of 42

maximum daily mean wind speeds.

Fitting a GEV model

Once the quality of the data has been assessed, and the annual exiremes extracted, a GEV
distribution can be fitted.

A GEV distribution is characterised by three parameters: location, scale and shape. For the
Kirkwall data, the estimated location, scale and shape parameters obtained from the fit are
listed in Table 3. Parameter values have an uncertainty (a sampling error associated with them
which arises because they are derived from a sample of data). Parameter estimates would

change if more dato, or if a slightly different set of data, were available.

Table 3. Estimated location, scale and shape parameters of the fitted GEV distribution to the annual largest mean wind
speed observed in the period 1970 to 2017.

Location Scale Shape
Estimated value 16.88 1.71 -0.13
Standard error 0.31 0.23 0.13
95% normal-approximated  [16.27, 17.48] [1.27,2.16] [-0.41, 0.14]
confidence interval
95% profilelikelihood [16.32, 17.49] [1.29, 2.18] [-0.34, 0.21]

confidence interval

The standard error is a statisfic that can be used to quantify the size of the change. A 95% confidence
inferval gives an estimated range of values which has a probability of 0.95 that it confains the frue,
unknown parameter estimate. As described in Section 4 of Volume 3 — Exireme Wind, the profile-
likelihood method for calculating confidence intervals is generally considered to be more accurate
(more detail is also provided in Coles (2001)) than the delta approach. Hereafter, the confidence

inferval will be generated via the profilelikelihood approach, unless specified otherwise.
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Prior to calculating any refurn levels, or annual exceedance probability (AEP), it is first important
fo assess how well the GEV distribution fits the data. As described in Volume 3 — Extreme
Wind, there are a number of diagnostic plots and statistical approaches that could be used.

Diagnostic plots for the GEV distribution fitted to the annual maximum temperatures are shown

in Figure 5.
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Figure 5. Standard diagnostic plots of the fit of the GEV distribution to the annual maximum daily mean wind speed for
Kirkwall.

The probability and quantile plots (fop left and top right] help to assess how well the GEV
distribution fits the data. A perfect fit would result in @ match of the probabilities (or quantiles)
of the sfatistical model to the observed (empirical] probabilities (or quantiles), i.e. all the points
would lie on the 1:1 [diagonal) line in each plot. For the annual maximum wind speed data,
the probabilities and the quantiles lie close 1o this 1:1 line, suggesting that the GEV distribution

is a reasonable representation of the annual extreme values.

The quantile plot (top right] suggests that the quantiles from the GEV model may underestimate
the observed data above 20 m/s. However, some slight deviation of the empirical quantiles

from the 1:1 corespondence line is not unusual for the highest quantiles, as shown here, and



can occur due to sampling error. Sampling errors occur because a sample of values is observed,
rather than the entire population; they are not due to imperfect selection, bias in response or

estimation, errors of observation and recording, efc.

The density plot [bottom left chart within Figure 5 — also known as a probability density plot)
compares the empirical probability density derived from the data to the probability density
derived from the GEV distribution, with the parameters for location, scale and shape of Table 3.
Both the empirical and GEV curves are in relatively good agreement with each other, suggesting
that the GEV is a reasonable model for extreme annual wind speeds. The ‘bulge” in the observed
curve for wind speeds greater than 22 m/s could be due to sampling error, or could suggest
that there is a physical process not considered in the fited GEV model and associated with the
most extreme annual wind speed events. A fally of the annual maximum data shows that there
are only four values greater than 21 m/s, and no volues greater than 22 m/s. This suggests

that the ‘bulge’ is more likely to be aftributable to sampling error.

Overall, the diagnostic plots for the GEV model suggest that the GEV is a good fit to the annual
exireme wind speed. This lends confidence to using the fited GEV model to calculate AEPs for

return levels.

Calculating return levels

Table 4 lists return levels for a number of AEPs. The smaller the exceedance probability,
the greater the uncertainty about the return level, a behaviour also notficeable in the annual
exceedance plot (Figure 5 — bottom right] where the 95% confidence interval around the
extreme annual wind speed event (refurn level] widens as the AEP decreases (return period
increases). Therefore, caution is urged when using very small AEPs, particularly when the refurn

period extends appreciably beyond the length of the time series used to fit the GEV distribution.

The upper limit for the 95% confidence inferval for the AEP of 0.01 and 0.05 is found fo be
greater than 26 m/s, the current maximum mean daily wind speed observed in the UK for sites
at altitudes of less than 100 m. This high upper confidence limit could be a result of the very

small number (42 values) of extreme wind speeds available for Kirkwall.

This analysis is illustrative of a particular EVA technique; there are some limitations associated
with using only the annual maximum mean wind speeds (block maxima approach), e.g. other
extreme values in the same year are ignored. Using a threshold exceedance model, which

could potentially use more of the data, may help to overcome these limitations and could result
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in a more robust confidence interval that may have a lower value for the upper 95% confidence

limit of the AEP of 0.01.

Table 4. Return levels for a selection of AEPs along with associated 95% confidence intervals for extreme wind speeds at
Kirkwall, calculated from the fitted GEV distribution.

AEP Mean wind speed  95% confidence intervals
0.5 (1 in 2-year return period) 17.5m/s [16.9m/s, 18.1 m/s]
0.05 (1 in 20-year return period) 22.1m/s [20.8 m/s, 26.7 m/s]
0.01 (1 in 100-year return period) 22.8 m/s [21.2 m/s, 29.5 m/s]

The above analysis assumes that wind speeds are stationary, i.e. that climate change will not
affect the frequency or the magnitude of these extreme events. However, recent advances in
climate modelling have indicated that there could be a small but significant increase in the
number of wind storms affecting the UK when analysing model outcomes for 2070 to 2099
(Zappa et al., 2013) and that the frequency and infensity of these wind sforms could increase
during the winter months (Zappa et al., 2013; Mizuta, 2012). The UK Climate Projections
2009 (UKCPOQ) project shows plausible changes in the 214 century climate for the UK. These
projections stafe that the spread of possible changes in mean wind speeds across Scotland for
the 2050s is strongly influenced by natural climate variability (Sexton and Murphy, 2010).
According to UKCPO9, any projected changes to average wind speeds were found to be much
smaller than the variability of winds from year to year (i.e. any potential climate change ‘signal’
in average wind speed would be swamped by the yeartoyear noise in average wind speed).

Therefore, it is currently difficult to state if there are significant shifts in the mean wind speed.
2.1.2 Tornadoes

The definition of a tornado is ‘a rapidly rotating column of air that reaches between the base of
a storm cloud and the Earth’s surface’ (Met Office, 2018a). When a funnel cloud reaches the
Earth’s surface over water, the resulting phenomenon is known as a waterspout (from this point
onwards, unless explicitly distinguished in the fext, the term tornado will refer to both tornadoes

and waterspouts).
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Although no tornadoes have been observed at Dounreay in the recent past, there have been
instances of fornadoes — or the beginnings of tornadoes (funnel clouds) — occurring in Scotland.
It is more common for funnel clouds to be observed and mistaken for tornadoes, especially

when seen at a distance, because it is difficult to ascertain whether they reach the surface.

Most tornadoes occurring in the UK occur in England (78%) with only a 2% maximum probability
of a tornado occurring within 10 km of any particular point in Scotland, according to Mulder
and Schultz (2015). The majority of the literature suggest that tornadoes are most likely to
occur during summer and autumn (Meaden, 1985; Holden and Wright, 2004; Kirk, 2007,
Kirk, 2014; Mulder and Schultz, 2015). Although rarer, it is possible for tornadoes to occur

in winter (see below].

Instances of tornadoes occurring in Scotland in the recent past include:

® one fornado was reported in Perth on 26" July 2003, although whether it caused
any damage was not reported (BBC, 2003);

e funnel clouds were observed:
— near Stonehaven in Aberdeenshire on 25" June 2013 (The Scotsman, 2013),
— near Aberdeen on 24" April 2016 (Evening Express, 2016), and 24" August 2017

(Evening Express, 2017a),

— near Inverurie on 4" August 2017 (Evening Express, 2017b);

* two waterspouts were observed off the coast of Fife in the Firth of Forth on &"

January 2010 (BBC, 2010).

There was no organised study of tornadoes in the UK prior to the founding of the Tornado
and Storm Research Organisation (also known as TORRO) in 1974 (see Volume 3 — Extreme
Wind). The Tornado and Storm Research Organisation relies on volunteers to collect and collate
observations of fornadoes. It also undertakes site investigations to verify tornado reports and
measure damage using the fornado intensity scale (Mulder and Schultz, 2015). As the data
collection is dependent on the number of visible accounts made by volunteers, it is likely that
observations are biased fowards more populated areas, such as the south-east of England. A
degree of overreporting of fornadoes is also expected due to the presence of funnel clouds
being mistaken for fornadoes, despite not actually touching down af the surface or causing

damage.

In addition to the likely lack of observers, tornadoes in or near Dounreay could potentially also

go unnoticed because there is less infrastructure and toradoes are therefore less likely fo cause
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damage and be reported. Similarly, if fornadoes manifest at sea as waterspouts, they will only
be recorded if they are observed, as they leave no frace. This makes it likely that waterspouts
may only be seen in the daytime or could be obscured by other weather phenomena (e.g. low

cloud, very intense rainfall or hail).

The Tornado and Storm Research Organisation has updated a map of tornado counts originally
produced by Meaden (1985). The map shows tornado counts from 1950 to 2010 for the
whole of the UK and makes the following assumptions:
e within each 25 km x 25 km grid square, only tornadoes or waterspouts which made
landfall are included:
e if the path of a fornado crossed the border of a grid square, it is counted within each

grid square.

In addition to the counts and distribution of tornadoes, the Tornado and Storm Research

Organisation also offers information on the infensities and seasonal occurrence of fornadoes.

The tornado count is also adjusted fo take info account the fact that 25 years of observations
occurred before the formation of the Tornado and Storm Research Organisation in 1974, and
data prior to 1974 could be biased by underreporting as the organisation did not exist fo verify
observations. The UK saw an average of 30 tornadoes per year from 1950 to 2010, but an
average of 36.5 tornadoes per year from 1981 to 2010 (Kirk, 2014). On the assumption that
this difference can be assigned to underreporting, the gridded data pre 1974 are adjusted
by a factor of 1.22 (= 36.5/30.0). These values were also scaled to represent a 50-year
equivalent, that is multiplied by 0.83 (= 50 years/60 years), assuming that tornadoes occur
at a consfant rate in time. The resulting estimated gridded counts of tornadoes for the 50-year

period are shown in Figure 6.
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Figure 6. Estimated number of tornadoes per 25 km x 25 km grid square per 50-year period, using data from the Tornado
and Storm Research Organisation. The location of Dounreay is indicated by the red arrow. (© Terence Meaden — Tornado
and Storm Research Organisation)

Figure 6 highlights the relatively low occurrence of tornadoes across Scotland. The Dounreay
area (grid square] has seen one tornado (or waterspout) in 50 years. This low count near

Dounreay or in Scotland in general is influenced by a number of factors such as:

Natural spatial distribution of tornadoes
There are on average 34.3 tornadoes per year across the UK (Mulder and Schultz, 2015).

This corresponds o an average of 4.4 tornadoes per grid square over a 50-year period which

is calculated as: 34.3/244,820 km? (land area of the UK) x 625 km? (area of grid square]
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x 50 years. However, the distribution of tornadoes is heavily weighted towards the south of
the UK where the atmospheric instability is greater during the warm season, where sea surface
temperatures are highest (Holley et al., 2014), and where higher population densities are
present (Mulder and Schultz, 2015). According to Mulder and Schultz (2015), the maximum
annual cumulative probability of a fornado occurring within 10 km of a specific point in Scofland

is 2%, compared to up to 6% between Llondon and Reading.

Under-reporting and under-observing of tornadoes

As previously mentioned, areas with a lower population density are at greater risk of
under-reporting fornadoes. This is the case for Scofland and is further emphasised by the fact
that Scotland also has less infrastructure (i.e. a tornado would be less likely to cause significant

damage.

Terrain and land-use characteristics

Tornadoes can technically develop over any type of terrain but there is evidence to suggest that
their development is generally inhibited by very rugged terrain, as seen in cities like London
(Elsom and Meaden, 1982). Cerfain land forms such as hills can act as barriers which then
create eddies [or vorfices) in air flow that can be picked up by passing thunderstorms. Given that
Dounreay is generally surrounded by largely flat topography and that the most prevalent direction
of travel for tornadoes in the UK is from the south-west (Meaden, 1985), terrain in the south-
westerly direction of Dounreay would be most likely to propagate toradoes in this way. Although
there are some low-lying hills ~30 km to the south-west of Dounreay, the recorded tornado count

is foo low to demonstrate effectively that this hilly terrain is disrupting tornado formation.

Coastal effects

Kirk (2007) and Kirk (2014) suggested that there were on average approximately three times
more tornadoes over land than over sea in the UK. Offshore infrastructure at Dounreay is
therefore less susceptible to tornado damage. However, this ratio was found to vary significantly

from year to year (Kirk, 2007), suggesting that it needs further verification.

Intensity of tornadoes

Tornadoes are categorised by their intensity (see Volume 3 — Extreme Wind). Cumulatively,
approximately 95% of UK tornadoes between 1980 and 2012 were between TO and T3 on
the Tornado and Storm Research Organisation scale, and only 5% were T4 or T5 (Mulder and
Schultz, 2015). Given the average of 34.3 tornadoes per year, this is equivalent fo an average

of 1.7 tornadoes of strength T4 or T5 per year across the whole of the UK.
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