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Case Study 1: Trawsfynydd
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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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1. Introduction

Case Study 1: Trawsfynydd

This case study illustrates the appropriate use of the derived methodology for Trawsfynydd,
Wales. Trawsfynydd is located in North Wales and is the site of a nuclear energy plant

(currently being decommissioned). The site was chosen as representative of an inland site.

Three hazard families are included in this assessment:
e \olume 2 — Extreme High and Low Air Temperature;
® \olume 7 — Seismic, Volcanic and Geological Hazards;

e \olume 12 — Hazard Combinations.

The specific methodologies applied are described in the individual guideline documents

associated with each of the three hazard families.

1.1 Site geography and geology

Trawsfynydd is a village located in Gwynedd, North Wales, 16 kilometres (km) from the coast, in
the central part of the Snowdonia National Park (see Figure 1). The closest towns are Porthmadog
on the coast to the west (~15 km, along the A487), Blaenau Ffesfiniog to the north (~10 km,
along the A470), Bala to the east (~20 km, along the A494) and Dolgellau to the south (~20 km,
along the A470).

A man-made reservoir, Llyn Trawsfynydd or Llake Trawsfynydd, is located next to the village. It
has an altitude of 196 metres (m] above sea level, a maximum length of about 4 km, and an
area of 5.3 km?. The mean depth of the lake is 5.2 m but reaches @ m over a very small part
near the dam. The lake catchment is 92 km? and is mostly fed by the Afon Prysor (Whitehouse,
1971), with smaller contributions from various streams which drain the surrounding hills. The

outflow eventually joins the river Dwyryd which in turn flows into the estuary near Porthmadog.

The area is surrounded by mountains fo the north {around Blaenau Flestiniog, maximum elevation
~770 m), the west and south-west (Rhinogs range, maximum elevation ~700 m) and east and
south-east [Arenig range, maximum elevation ~850 m). The Rhinogs shelter Trawsfynydd from
the prevailing south-westerly winds. land use is a mix of farmland, wildemness, woodland, and a
few large forests (Coed y Brenin between Trawsfynydd and Dolgellau; Gwydir north-east of

Blaenau Ffestiniog).

The underlying geology of the locality is typified by shallow Cambrian bedrock (Figure 2),
with the majority comprising thick bedded turbiditic sandstones, conglomerates and laminated

sandsfones, mudsfones, and occasional infrusive volcanic dykes. Superficial deposits are absent
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in many areas, but where present they comprise glacial till (diamicton clay), with localised areas
of peat deposits, particularly to the south. The UK experiences a relatively low level of seismic
activity overall, and most of this activity is located in North Wales, with earthquakes occurring

more frequently in the region than other areas of the UK.

=

BLAEI'\IA.U
'FFESTINIOG
g

Ny

h
b 4 fi‘
_ i,.

Arenig
4
v ¥y e
& oY g
24
BARMOUTH‘ Contalns 0s data © 10

. Crown copyright and database right 2018 I —

Figure 1. Map indicating the location of the Trawsfynydd site along with closest towns, nearby landmarks (mountain ranges
and major forests) and weather observation stations. Contains OS data © Crown copyright and database right (2018)
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Figure 2. Solid geology of Wales. (Reproduced with the permission of the British Geological Survey ©NERC. All rights reserved.)
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Case Study 1: Trawsfynydd

1.2 Site industrial history

Pastindustrialisation in North VWales pertained to slate quarries. Nowadays, the main components
of its economy are fourism and public services, with for example several slate quarries now
used for tourism-based businesses. The nearest harbour, Porthmadog, is mainly used for leisure

and fishing.

Liyn Trawsfynydd was created between 1924 and 1928 to supply water for the Maentwrog
hydroelectric power station downstream the Afon Prysor. Four dams were constructed; the main
one [Maentwrog dam) was at the time the largest arch dam to be built in Britain with a height of
29 m and a width at the base of 11 m (Coflein, 2018). The dam was rebuiltin 1987. A nuclear
power station was built on the north side of Llyn Trawsfynydd (site coordinates: 52° 55" 35" N,
3° 56" 46" W, OS grid reference SH 69270 38343). The power station was operated by
Magnox Lid (it was the first inland civil Magnox nuclear station) and was in service from 1965
to 1991, generating a fofal of 69 terawatt hours. The height of Maentwrog dam was raised
in the early 1960s to supply adequate water for both the hydroelectric plant and the nuclear
power sfafion. Some additional work was carried out to channel the water info and out of the
station, ensuring as much time as possible for the heated water discharged to cool (Whitehouse,
1971). The site continues to be managed by Magnox Lid; the power station was permanently
shut down in 1993 and is in the process of being decommissioned. It is currently undergoing
an accelerated entry to the Care and Mainfenance Preparations phase (Magnox, 2018). The
Maentwrog hydroelectric plant remained operational whilst the nuclear power stafion was in

service, and is still operating today.

1.3 Site climatology
Trawsfynydd experiences a maritime climate much like the rest of the UK, with prevailing winds

coming from the Atlantic Ocean.

The annual climatologies of temperature, rainfall and wind are shown in Figure 3 and Figure
4. Climatologies are longferm averages considered representative of the state of the climate in
the region. Temperature and rainfall climafologies cover the 30-year period of 1981 to 2010
and are provided for Trawsfynydd and the two neighbouring weather stafions of Porthmadog
and Bala (see Figure 1 for location and Section 2.1.2 for more details). As the weather
station in Trawsfynydd stopped recording data in 1998 and the weather station in Porthmadog
operated from 1993 only, missing data have been estimated (where possible] using a linear

regression from overlapping dafa periods with up to six well-correlated neighbouring weather
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stations (Perry and Hollis, 2005). The wind rose covers the period of 1981 to 1998 and is
for Trawsfynydd only.

These climatologies show that July and August are the warmest months at Trawsfynydd with a
mean daily temperature of 16 °C (mean daily maximum temperature of 18 °C). December,
January and February are the coldest months with a mean daily temperature of 4 °C (mean
daily minimum temperature of 1 °C). The effect of the proximity of the sea to the weather stafion
is noticeable, with Porthmadog experiencing warmer temperatures compared to Trawsfynydd
and Bala. The autumn and winter are wetter than the spring and summer; and the prevailing
wind direction is from the south-west, with maximum hourly mean wind speeds of over 33 knots
(17 mefres per second (m/'s) or 38 miles per hour (mph)). Trawsfynydd also appears fo receive
more rainfall on average, a phenomenon likely due to orographic effect, i.e. moist air forced

upwards when it fravels over higher ground, producing cloud and potentially rainfall (Met Office,
2017b).

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

¢ Trawsfynydd ¢ Porthmadog = Bala
20

; o B R g

R IRL I g
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1981-2010
Mean monthly rainfall (mm)
u Trawsfynydd =Porthmadog mBala
250
200
150
100
A RIRIRRIRIRIRIR
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1981-2010

Figure 3. Climatology of daily mean, minimum and maximum temperatures and of monthly rainfall for the weather stations
indicated on the graphics, for the period of 1981 to 2010. Missing data for Trawsfynydd (from 1998) and Porthmadog
(before 1993) 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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Hourly mean wind speed and direction (Trawsfynydd)
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Figure 4. Climatology of wind speed and direction for Trawsfynydd weather station for the period of 1981 to 1998.

Ground frost, defined as a minimum grass temperature below O °C, typically occurs from
November to April with an average twelve to sixteen days per month, but can be observed as early
as September and as late as June. There are about four to five days of snow lying on the ground
per month from December fo February, but snow on the ground can be observed as early as
November and as late as May. Some extremes for Trawsfynydd are listed in Table 1. Temperature

extremes are discussed in depth in Section 2. 1.

Table 1. Local weather extremes at Trawsfynydd over the record period (1960 to 1998). Source data: © Crown copyright
Met Office 2018.

Temperature
Highest daily temperature 31.5°C 2 Aug 1990
Lowest daily temperature -11.1°C 19" Nov 1962
Rainfall
Maximum daily rainfall fofal Q0 mm 21+ Nov 1980
Maximum hourly snow depth 30 cm 11" Dec 1967
Wind speed
Maximum hourly gust speed 39 m/s (87 mph) 15" Jan 1993




Three families of natural hazards are considered at Trawsfynydd: extreme temperatures; seismic,
geological and volcanic hazards; and natural hazard combinations. Other families of natural

hazards are relevant af the site but are not part of this case study.

For background information, the reader should refer to the corresponding technical volumes:
e \olume 2 — Extreme High and low Air Temperature;
® \olume 7 — Seismic, Volcanic and Geological Hazards;

e \olume 12 — Hazard Combinations.

2.1  Extreme femperatures

In this case study, the term exireme temperatures encompasses extreme high air temperatures,
extreme low air temperatures, rapid changes in air temperature, extreme water temperatures,
frazil ice, and wildfires. The focus of this section is extreme air tfemperature (maximum and
minimum), with analysis and detailed discussion presented below; a brief discussion, with no

analysis, is provided for the remaining fopics.

2.1.1 Impacts

Extreme high and low air temperatures

There is no universal definition of an extreme air temperature (see Section 1 of Volume 2
— Extreme High and low Air Temperature). An exireme temperature is understood fo
be an event that occurs infrequently and as a result there are often very few data
available to  study these events. Different approaches are used to describe
exireme events. These include using a predefined percentile of the historical record (e.g. an
event of greater magnitude than the 98" percentile, see Sanderson et al. (2017)), or an

operational threshold specific to a particular part of the energy sector.

Extreme air femperatures can have a diverse range of impacts on the energy industry. Forexample,
high temperatures can decrease the effectiveness of steam turbines in some power stations or
the cooling capacity of HVAC units. In some circumstances, high temperatures can enhance

biological growth in water, which may lead to blocking of the cooling water infake.

The International Electrotechnical Commission requires all outdoor electrical components to
function in ambient temperatures of =25 °C to 40 °C, values which correspond approximately
fo the range of recorded UK air temperatures, —=27.2 °C to 38.5 °C. However, the current
observed maximum temperature is taken from thermometers inside a Stevenson screen (see

Volume 2 — Exireme High and low Air Temperature). The location and the design of the



Stevenson screen is such that the temperature measured is unaffected by thermal
radiation and moisture, and air is allowed to circulate freely. This temperature could be
appreciably different to that experienced by the outdoor equipment (reasons for this
include direct exposure to the sun, position of the equipment in relation to buildings, and

whether the equipment is shelfered from winds).

Extreme low temperatures can also cause a number of issues, either on their own or in combination
with other meteorological variables such as precipitation. For instance, heavy snowstorms or ice
storms can load extra weight on infrastructure such as power lines, freeze structures, and physically
block roads or access to power plants. Hazard combinations and the characterisation of hazard

combinations are discussed in more detail in Section 2.3.

Rapid changes in air temperatures
The definition of what consfitutes a rapid change in air temperature is likely to be specific to each
part of the energy secfor. There are a number of temporal scales that could be considered, such

as rapid increase/decrease on a sub-hourly or hourly scale through to large diurnal changes.

Providedthatsuitable data existatthe desiredtemporal scale, itwould be possible to analyse extreme
rapid changes in air femperature using a similar approach to that taken in Section 2.1.3 for the

extreme minimum and maximum air temperatures.

Extreme water temperatures

The effect of the power station on the lake was studied in the late 1960s (Whitehouse, 1971).
The study provided monthly means of the lake's surface water temperatures in 1963 and 1964
(before the nuclear power station started operating). The water temperatures oscillate on average
between 6 °C and 17 °C (winfer and summer respectively). In the present-day climate, these
temperatures may be on the lower side due to global warning. Woolway et al. (2017) gives a
warming rate of 0.55 °C per decade for lakes in Europe based on surface water temperatures

from 1996 to 2015, assuming a linear frend.

Given this temperature profile, extreme high lake tfemperatures are very unlikely to be an issue for
cooling purposes of a power stafion. For a reactor to be cooled safely and effectively, coolant
water femperatures should not exceed temperatures of 28 °C and must also be refurned to the water
body within an environmentally safe temperature limit (e.g. Defra (2010)). Water temperatures
can sometimes exceed this environmental safety limit, especially over a period of consecutive

days of high air temperatures. For instance, the 2003 heatwave across Europe caused several



nuclear power stations in France to operate at reduced capacity or be shut down, because
the river water level dropped so low that the cooling process was impossible, or because
tfemperatures, after the cooling process exceeded environmental safety limits (The Guardian,
2003; UNEP, 2004). However, these power stafions were rivercooled, while any facility af
Trawsfynydd would need to use the water of Llyn Trawsfynydd. In the case of this lake, the
water is thought to be thoroughly mixed; it is also not naturally strafified during the summer
because rapid mixing is induced by the lake's relative shallowness with respect to its surface
area and the presence of high wind speeds. Only under particular conditions of low wind speed
and high sunshine could thermal stratification of the lake then be possible (the surface waters,
heated by the sun, stay on top of the deeper, cooler waters, as warmer water is less dense). This
strafification could then potentially be an issue for cooling purposes of a power stafion. As
explained in defail in Volume 11 — Marine Biological Fouling, extended days of extremely
high temperatures may cause algal growth which may in turn clog water intakes. These algal
blooms are more likely to occur under high temperature conditions and with sluggish water cir-

culation, especially in ‘closed” systems such as lakes.

Extreme low lake temperatures are unlikely to be an issue at the site. Temperatures in the UK
are rarely low enough for long enough to cause lakes to freeze all the way to depth. December
2010, the coldest December in over 100 years (Met Office, 2011), caused the freezing of

only the surface of Derwentwater in Cumbria (Jamieson, 2010).

Frazil ice

Frazil ice is the first stage of the formation of ice in oceans and rivers. In rivers, it typically forms
in turbulent water bodies when the water is supercooled to temperatures below —0.01 °C with
ambient air temperatures of about =6 °C (Schaefer, 1950). Sea water has a lower freezing
pointof —1.8 °C due to the salinity of the water. Frazil ice is uncommon in the UK but not unheard
of. It was reported on the River Dee in December 2014, where ‘ice pancakes' formed due to

the movement of water which prevented the ice from forming a flat sheet (BBC, 2014).

Wildfires

In the UK, wildfires occur during the spring and summer on moorlands, heaths, grassland, forest/
woodland and agricultural land, and are primarily started by people, whether accidentally or
deliberately. The majority tend to be small incidents, but some may evolve into major incidents
when a large amount of dry or dead vegetation is present on the ground (spring) and in warm,

dry and windy weather (spring, summer).



Wildfire damage is caused through fire, heat and smoke. Therefore, factors such as location
of, and proximity fo, an ongoing wildfire would need to be considered in assessing impacts for

the site, as well as typical weather (in particular, the prevailing wind direction).

The Welsh Government publishes annual grassland fire statistics (Welsh Government, 2018).
It states that Welsh Fire and Rescue Authorities attend an average of 14,500 (reported) fire
incidents per year, with about 25% being wildfires (grassland, woodland, crop; numbers valid
since the financial year 2009/2010). In the financial year 2016,/2017, there were 1716
wildfires, three in five damaging an area of less than 20 m?and one in six more than 200 m?
(Welsh Government, 2017). The majority occurred on grassland, heathland, moorland and
scrub land; woodland /forest fires accounted for 1% of all wildfires, but were all primary fires
(i.e. involving casualties/rescue or attended by at least five appliances). Three quarters were
started deliberately and approximately 20% were located in North Wales (8% of the latter were
primary incidents). According to the Welsh Government wildfire statistics (covering the period
2000 to present], wildfires have occurred within a few kilometres of Trawsfynydd. In fact, there
have been three primary fires close to the site since 2006 and a handful of secondary fires most
years since 2011 (i.e. not involving casualties/rescue or attended by fewer than five appliances;

these were mainly grass fires).

2.1.2 Data and history

As mentioned previously, Section 2. 1 discusses natural hazards related to extreme temperatures.
From this point onwards, the focus is on extreme air femperature at Trawsfynydd, with a discussion
of data availability and suitability as well as history of extreme events, and with a detailed

analysis of extreme air femperatures for Trawsfynydd.

Ideally, a long record of data is needed if an accurate estimate of the severity of exireme events
is required. Such record increases the probability of sampling very rare events, and if suitably

long, can take into account naturally-varying climatological oscillations, such as the North

Atlantic Oscillation™ (NAQO).

Three weather sfations have been considered in this case study: Trawsfynydd, Porthmadog and
Bala (locations indicated in Figure 1 and defails available in Table 2). A single one has been
selected to reduce the complexity of the analysis (see Section 4 of Volume 2 — Extreme High

and Low Air Temperature).

* All technical terms marked in blue can be found in the Glossary section.
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Table 2. Details of weather stations at or near Trawsfynydd. Source data: © Crown copyright Met Office 2018.

Station

Trawsfynydd

Porthmadog

Bala

The weather sfation selected to represent the site of Trawsfynydd in this demonstration is Bala
because of its slightly longer temperature record and because the extreme percentiles seem fairly
consistent (a difference of approximately 0.6 °C; see Table 3) even if it experiences slightly
warmer temperatures than Trawsfynydd. Porthmadog was discarded as ifs climate is milder than

that of inland sites due to its proximity fo the sea (as discussed in Section 1.3) and this holds

Location

52.93°N, 3.94°W
52.91°N, 4.16°W
52.91°N, 3.58°W

Elevation above sea Availability of
temperature
level
measurements
193 m 1960 to 1995
/m 1993 to present
163 m 1970 to present

when comparing extreme temperatures between the stations (see Table 3).

The time series of extreme maximum and minimum temperatures for Bala are shown in Figure 5.
These exhibit some variability from year to year, but while it is difficult to discern any long-term trend
in the values shown there is some evidence for a frend in the 30-year means for 1971 to 2000

and 1981 to 2010 shown in Figure 6. Indeed, the distributions for 1981 to 2010 are slightly

skewed fowards higher minimum and maximum temperatures than those for 1971 to 2000.

Table 3. Extreme percentiles of maximum temperature calculated from the daily data.
The numbers in brackets represent the difference between the selected station and Trawsfynydd.

Percentile
Q5
Q6
Q7
Q8
%%
09.2
Q9.4
09.6
09.8
Q9.9

100 (most exireme event)

Porthmadog (°C)

22.1(0.8)
22.8 (0.9)
23.7(1.1)
24.7 (1.0)
26.5 (1.4)
27.1(1.5)
27.6(1.6)
28.3(1.3)
29.4(1.4)
30.7 (2.0)
34.5 (3.0)

Trawsfynydd (°C) Bala (°C)
21.3 21.8(0.5)
21.9 22.51(0.9)
22.6 23.3(0.7)
23.7 24 .3 (0.6)
251 25.7(0.6)
25.6 26.2 (0.6)
26.0 26.7 (0.7)
27.0 27.3(0.3)
28.0 28.6 (0.6)
28.7 29.3(0.9)
31.5 32.3(0.8)
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Figure 5. Time series of available daily maximum and minimum temperatures at Bala. Some periods in the 1990s were
unavailable due to an operational hiatus.
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Figure 6. Climatological daily minimum and maximum temperatures at Bala for the 30-year periods 1971 to 2000 and
1981 to 2010.

Table 4 shows the ten hottest and coldest days at Bala. Many of the extreme values are on @
day adjacent to another extreme value within both the maximum and minimum top ten. Examples
include 12" to 15" January 1982 in the minimum temperatures (ranks number 5, 4, 2 and 1)
and 18" to 19" July 2006 in the maximum temperatures ranks number @ and 1). This suggests
that neither the daily maximum temperatures nor the daily minimum femperatures are

independent of one another.



Meteorologically, the winter of 1981 to 1982 had a prolonged period of extremely cold
temperatures. The extreme cold was caused by an anticyclone (high-pressure system) centred
over Scandinavia and bringing cold and moist air over the UK; this lasted for ten days (Roach
and Brownscombe, 1984). The warm extremes of 18" to 19" July 2006 were associated
with an anticyclonic weather pattern that became established over the UK and the North Sea
from 13" July onwards (Prior and Beswick, 2008). The hot, dry summer of 1976 and the

extremely cold month of December 2010 are also reflected in the values.

Table 4. Top ten coldest and hottest days at Bala. © Crown copyright Met Office 2018.

Rank Top fen hottest days at Bala (°C) Top fen coldest days at Bala (°C)
] 32.3 19" Jul 2006 -16.5 15" Jan 1982
2 31.7 ot Aug 2003 -16.2 14" Jan 1982
3 31.6 319 Jul 1976 -16.0 13" Dec 1981
4 31.3 290 Jun 1976 -15.9 12" Jan 1982
5 30.9 19" Jul 2016 -14.6 13" Jan 1982
6 30.8 127 Jul 1983 -14.5 19" Dec 2010
/ 30.6 111 Jul 1983 -14.4 20" Dec 2010
8 30.5 20 Jul 1976 -14.3 28" Dec 1995
Q 30.5 18" Jul 2006 -13.9 214 Dec 2010
10 304 4" Jul 1976 -134 12" Dec 1981

2.1.3 Methodology

Several methodologies exist to assess temperatures at a location based solely on the observed
events; these are discussed in Volume 2 — Extreme High and low Air Temperature. The
methodology selected for demonstration in this case study is an extreme value analysis (EVA).
This was selected because, unlike the other methodologies, it allows one to quantify robustly the
most extreme values in the observational record and to extrapolate out to extreme levels beyond
those seen in the observational record. The EVA does so by inferring a return level associated
with an annual exceedance probability [AEP). A return level is the value that has the specified

probability of being exceeded in a given period. The return period is the inverse of the AEP.

Within an EVA, various approaches coexist and are selected based on the nature of the extreme
events fo characterise. In this case study, a generalised extreme value (GEV) distribution is applied
to the most extreme maximum temperatures in a calendar year (block maxima approach), while
a Poisson-generalised Pareto distribution (PP-GPD) is used to analyse extreme daily minimum

temperatures (threshold exceedance model).



Note that there is no physical or statistical reason why the daily maximum temperatures cannot be
analysed using a threshold exceedance approach. In this section, it was considered desirable
to demonstrate both approaches. Both approaches are implemented with the extiRemes 2.0 EVA

package in the statistical programming language R (Gilleland and Katz, 2016).

Note on climate change

For simplicity, it is assumed in this analysis that the observations of maximum and minimum
femperatures at Bala are stationary, i.e. there is no longterm frend within the dafa (even
if in the case of Bala there is evidence against this). Section /7 of Volume 2 — Extreme
High and low Air Temperature discusses climate change in more detail and provides

references fo the literature that discuss how to incorporate non-stationarity into an EVA.
Daily maximum temperatures

Figure 7 shows a time series of the largest extreme value for each month for the maximum
daily temperature record for Bala. Although data from the Met Office archive are automatically
quality-checked, a further look at the values is required to ensure they are as accurate as
possible. The most exireme events look realistic within the context of extreme femperatures
experienced within the UK and therefore for Wales (see Section 1 of Volume 2 — Exireme
High and Low Air Temperature). However, this figure highlights several potential issues with the

data which must be resolved prior to the EVA.

Maximum daily maximum temperature per month (°C)
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Figure 7. Largest daily temperature observed at Bala for each month from 1970 to 2017.

The maximum temperature of less than 5 °C in February 1986 appears atypical and could
warrant further research. Sometimes, outlying values can occur if only a subset of values have
been recorded in a month. A defailed look at the record proved that this is not the case for

February 1986 (temperatures were indeed particularly cold that month).



Several periods of data are missing in the 1990s. They could cause an issue especially if missing
during the typical hottest months of the year (July and August), and could result in any estimates of
the return levels being too low. For this reason, each whole year is excluded from the record to
be analysed if any of its summer months (June to August] has fewer than 25 recorded maximum
femperature observations. This led fo the exclusion of 1990, 1991, 1992, 1993, 1996,
1997 and 1999. It is also implicitly assumed that if @ summer month has 25 or more observed
records, but fewer than the total number of days in the month, then the hottest day of the year

does not occur on the missing day.

This provided a set of 41 exireme high temperatures (one per valid year).

The estimated location, scale and shape parameters of the fited GEV distribution are listed in
Table 5, along with their uncertainty. Hereafter, the confidence infervals are generated via the
profiledikelihood approach, unless specified otherwise (see Coles (2001) and Section 4 of

Volume 2 — Extreme High and Low Air Temperature for further information).

Table 5. Estimated location, scale and shape parameters of the fitted GEV distribution.

Location Scale Shape
Estimated value 26.31 1.46 0.13
Standard error 0.27 0.21 0.17
95% nomatapprasinated | 19577, 96.84] [1.04, 1.88] [-0.20, 0.45]
95% profilelikelihood [25.81, 26.89] (111, 1.97] [-0.17, 0.48]

confidence interval

Diagnostic plots for the GEV distribution fitted to the annual maximum femperatures are
shown in Figure 8 (see Volume 2 — Exireme High and low Air Temperature for further

information on diagnostic plots).

The probability and quantile plots help to assess how well the distribution fits the data. A perfect
fit would result in a match of the probabilities (or quantiles) of the statistical model to the observed
(empirical] probabilities (or quantiles), i.e. all the points would lie on the 1:1 (diagonal) line in
each plot. The probabilities and the quantiles lie here close to this 1:1 line, suggesting that the

distribution is a reasonable representation of the annual extreme values.
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The quantile plot indicates a very close agreement of the empirical quantiles to the GEV quantiles
up to 29 °C, but at higher temperatures the GEV quantiles may be underestimated. However,
some slight deviation of the empirical quantiles from the 1:1 correspondence line is not unusual
for the highest quantiles and can occur due to sampling error. Sampling error is the difference
between a ‘true’ value, in this case the population value for the percentile, and an estimate
derived from a random sample. Sampling errors occur because a sample of values is observed,
not the entire population; they are not due to imperfect selection, bias in response or estimation,

errors of observation and recording, efc.

The density plot (also known as probability density plot) compares the empirical probability
density derived from the dafa to the probability density derived from the GEV distribution with
the parameters for location, scale and shape of Table 5. Both the empirical and GEV curves are
in relatively good agreement with each other, a suggestion again that the GEV is a reasonable
model for the annual maximum femperatures. The ‘bulge’ in the observed curve around 32 °C
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 exireme annual temperature events. A
tally of the annual maximum data shows that there are only three values greater than 31 °C,
and only one of these is greater than 32 °C, suggesting that the ‘bulge’ is more likely to be

aftributable to sampling error.
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Figure 8. Standard diagnostic plots of the fit of the GEV distribution to the annual maximum temperatures at Bala.



Overall, the diagnostic plots for the GEV model suggest that the model is a good fit to the annual
maximum femperatures, lending confidence fo using the model to calculate annual exceedances

for refurn levels of extreme maximum temperatures.

Table 6 lists return levels for a number of AEPs. The smaller the exceedance probabilities, the greater
the uncertainty about the return level, a behaviour also noticeable in the annual exceedance
plot of Figure 8 where the 95% confidence interval around the extreme temperatures (refurn
levels] widens as the AEP decreases (refurn period increases; the return period is the inverse of
the AEP). Therefore, caution is urged when using very small AEPs, particularly when the return

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

Table é. Return levels for a selection of AEPs along with associated 95 % profile-likelihood confidence limits for extreme
maximum temperatures at Bala, calculated from the fitted GEV distribution.

AEP Temperature 95% confidence interval
0.5 (2-year refum period) 26.9 °C [26.2 °C, 27.5 °C]
0.05 (20-year return period) 31.6°C [30.2 °C, 36.6 °C]
0.01 (100-year return period) 35.4 °C [33.0 °C, 45.3 °C]

The upper limit for the 95% confidence inferval for the AEP of 0.01 is found to be greater than
38.5 °C, the current hottest observed temperature in the UK. This high upper confidence limit
could be a result of the very small number (41 values) of extreme temperatures available for
Bala. There are some limitations associated with using only the annual maximum temperatures
(block maxima approach), e.g. other extreme values in the same year are ignored. Using a
threshold exceedance model would help to overcome these limitations and could result in a

lower value for the upper 95% confidence limit of the AEP of 0.01.

Daily minimum temperatures
The analysis of the fit of a PP-GPD to the minimum temperatures is presented in three parts, each
building upon the statistical model presented in the previous part.

e Part 1: Fitting o PP-GPD model

e Part 2: Including a covariate for the NAO

e Part 3: Removing correlated extreme values
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Part 1 is similar to the preceding GEV analysis in that the appropriateness of the fit of the
PP-GPD is assessed using diagnostic plots. Parts 2 and 3 build upon this first basic model in

order fo improve ifs specification and allow the calculation of refurn levels.

Parts 2 and 3, as well as the return level calculations, touch on the degree of stafistical complexity
that can be required when fitting and assessing statistical models to extreme meteorological

data and inferpreting the results.

Unlike the block maxima approach, the threshold approach considers all observations beyond

a prescribed threshold, including potentially informative but less extreme events.

A range of thresholds was investigated to select the minimum temperature events. The sensitivity
analysis pointed fo the most suitable threshold being =7.7 °C, which provides 129 extreme

minimum femperature events.

As these events include negative values and as the extreme value distributions and EVA theory
have been developed to model maximum extremes, all selected extreme minimum femperatures
are here multiplied by —1. From this point onwards, please note that figures make use of this
transformed scale (unless otherwise indicated), but that citations of values in the text are on the

original scale.

The diagnostic plots of the fit of the PP-GPD are shown in Figure 9.

In the probability and density plots, any appreciable deviation from the 1:1 line could indicate
that the fitted extreme value distribution may not represent the observed data well. The concave
nature of the probability plot here suggests that the main body of the data has lower femperatures
(is to the left) compared to the fitted model, a result also observed in the density plot. The quantile plot
magnifies any differences between the tails of the fitted and observed distributions. In the present

case, there appears to be some deviation between the observed and fitted model in the fails.

The plot of AEPs also suggests differences between the observations and the fitted model, as most
points lie outside the lower bounds of the 95 % confidence inferval for high AEPs. The density plot
further highlights the mismatch between the observed distribution and that of the fited PP-GPD

model.
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As it is currently specified, the PP-GPD model is clearly a poor fit for the data and there-
fore does not represent adequately the observed extreme minimum temperatures at Bala. The
density plot points to a bimodality of the observations, for which one possible explanation
is the influence of the NAO, a pattern of pressure variability over the North Atlantic, usually
described as a pressure difference between the usually low pressure over Iceland and
the usually high pressure over the Azores (see Section 2 of Volume 2 — Extreme High and Llow
Air Temperature). The NAO influences the winter climate of the UK; it moves between positive and
negative phases. In the positive phase, the winter usually is stormier and milder; in the negative
phase, the winter usually is calmer and colder (see Section 2 of Volume 2 — Extreme High and Low
Air Temperature). Note that a positive NAO phase does not exclude the possibility of observing

an extreme minimum femperature.
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Figure 9. Diagnostic plots of the fit of the PP-GPD distribution to the extreme minimum femperatures at Bala. The
confidence intervals are approximate 95% normal confidence intervals. Note that the minimum temperatures displayed
are on a fransformed scale (i.e. multiplied by -1).

In order to specify better the PP-GPD statistical model for the extreme minimum temperatures at
Bala, daily observations of the NAO index are included as a covariate in the model for the

location parameter.

The diagnostic plots in Figure 10 suggest that a PP-GPD with NAO as a covariate is a better fitting
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model compared to the PP-GPD without a covariate. In both the probability plot and quantile
plot points lie closer to the 1:1 correspondence line compared to Figure 9 (note the change in
the scale for the quantile plots). The reader will note that since the AEPs are now dependent on
both the frequency (or rarity) of the extreme temperatures and the NAO phase, the probability

plot and the quantile diagnostic plots now focus on the residuals (Coles, 2001).

The Z plothighlights that the PP-GPD model is not yet correctly specified for there to be high confidence
in any refurn levels associated with the AEPs, as there is an appreciable difference between
the 1:1 cormespondence line and the fitted line. Indeed, the Poisson component of the PP-GPD
models the frequency of the extreme events, and if observations are independent of one another,
then the observations and a regression line through the observations will align with the 1:1 line
on the Z plot. Finally, for a good fitting model, the maijority of the data points should lie within

the 95% confidence region (calculated using a normal approximation) around the regression line.

A likelihoodratio test is used here to compare more formally the PP-GPD model without NAO
as a covariate to the model with NAO as a covariate in the location parameter. The pvalue
obtained is less than 2.2x107¢, implying that the inclusion of the NAQO s statistically significant
(using a 5% significance level) and confirming that the statistical model with a covariate is an

improvement upon the basic specification of Part 1.
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Figure 10. Diagnostic plots of the fit of the PP-GPD distribution to the extreme minimum temperatures at Bala with the NAO
index as covariate. The top plots now focus on the fit residuals. The confidence intervals are approximate 95% normal
confidence intervals. Note that the minimum temperatures displayed are on a transformed scale (i.e. multiplied by -1).
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The PP-GPD model has so far assumed that the extreme values selected were independent of one
another; an important consideration in any analysis of extreme values [see Section 4 of Volume
2 — Extreme High and Low Air Temperature). In reality, this is not the case. Exireme cold days
tend fo follow other extreme cold days indicating that the exireme values are indeed

autocorrelated (see Table 4 for an example).

Autocorrelation can be alleviated using a ‘declustering” method. This assumes here that consecutive
exceedances of the —/.7 °C threshold belong fo the same ‘cluster’ and selects the minimum of
the cluster as the single representative exireme minimum temperature for that period. A clusfer
starts when values go beyond the threshold and ends when they fall below this threshold for a
sef period of fime (a ‘run length’). Using the method of Ferro and Segers (2003), the sensitivity
of the fit to the run length was examined and a run length of eight days was found suitable for

this analysis.

Figure 11 shows the diagnostic plots for the fit of the PP-GPD to the declustered temperatures
with the NAQO index as a covariate in the location parameter. The probability and quantile plots
have not changed appreciably compared to Figure 10, and still indicate that the excesses are
modelled well by the PP-GPD. However, the Z plot highlights that the Poisson part of the PP-GPD
model is much improved: the regression line now aligns with the 1:1 correspondence line and

the majority of the points lie within the 5% confidence interval.

The time series plot shows the minimum temperatures (dark blue) along with the effective retum
levels. Effective refurn levels are the return levels that would be estimated from the fitted PP-GPD
having used the reported daily value of the NAO index. The refurn levels for AEPs of 0.5, 0.05
and 0.01 (2-year, 20-year and 100-year return periods) are shown in pale blue, pale orange
and dark orange respectively. As can be seen from the plot, there is some considerable variability
associated with the return levels for each shown return period. This variability is a direct result of

the dependency in the PP-GPD model on the NAO index as a covariate.

For a given value of the NAO index, it is possible o derive several AEPs. Table 7 shows such
AEPs conditioned on given values of the NAO index. Note that the NAO index is standardised.
The colder extreme minimum temperatures generally occur when the NAQO index is large and

negative, which is broadly in agreement with mefeorological expectations.

However, care should be taken with the interprefation of the temperature return levels in Table 7,
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2. Characterisation of the natural hazards
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as these are the AEPs for specific values of the NAO index and are calculated assuming that the
specific NAO index is fixed af a constant value for each day of the year, which is not the case.
For example, the daily minimum temperature has a 50% chance of being lower than =13.5 °C

in a single year only if the NAO index is =2 for all days in that year.

Probability plot Quantile plot
o g
:a E
a° &
=% g
% 3
E*“ 2
S =
3 2
E g I ] I 1 T E
0.0 0.2 0.4 0.6 0.8 1.0
Residual empirical probabilities Model residual quantiles (*C)
Time series plot Z plot

BT avenr 20-year ---- 100-year — — threshold @ - = = 1-1line -
6 ATy -
5 J s wmmwwrmw nf 2 -
@ i . .
: 1\rmm1mnm1 wvm It 1rm1 H
& g _____

% E Ll ] T I ] T

o 5000 10000 15000 4 5
Days Expected values

Figure 11. Diagnostic plots of the fit of the PP-GPD distribution to the declustered extreme minimum temperatures at Bala
with the NAO index as covariate. The confidence intervals are approximate 95% normal confidence intervals. The top plots
now focus on the fit residuals. Note that the minimum temperatures displayed are on a transformed scale (i.e. multiplied

by -1).

Table 7. Return levels (°C) associated with particular AEPs, given particular values of the NAO index.

AEP 0.5 2135 112 -89 6.7 4.4
0.05 187 -165  -142 =119 =96
0,01 213 =191 -168 =140 | -122

Ca|cu|c|’ring representative return levels
A more appropriate approach than in Part 3 to obtain a representative AEP would be to calculate
the return level associated with the desired AEP for each observation of the NAO index. Taking

an average of these refurn levels would then provide a return level for the specified AEP that is
unrelated to the NAO index.
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The disadvantage of such an approach is that only observed values of the NAO index are used
and they may not be representative of the frue NAO index distribution. Alternative approaches
are either fo fit a sfafistical distribution to the NAO indices or fo estimate the density of their
distribution using density estimation techniques such as the kernel density estimation (Silverman,
1986). From these fitted disfributions, a larger range of NAO indices can then be sampled.
Once again, for each value of the sampled NAO index the return levels for the desired AEP can
be derived, and an average value of the return level calculated, which is once more independent
of the NAO index. One disadvantage of both of these approaches is that, as they are purely

statistical, no account is taken of any physical bounds associated with the NAO index.

Table 8 shows the return levels associated with AEPs that are infegrated over values of the NAO
distribution. The two approaches outlined above were used to derive these retumn levels. The
first approach assumed that the distribution of NAO indices could be modelled using a normal
distribution and the second approach sampled the NAO indices from the available data. These
approaches give differences of more than 1 °C for an AEP of 0.01. In this particular case
diagnostic plots and sfatisfical fests (not shown) in fact suggest that a normal distribution does
not fit the NAO indices well and another distribution should be used.

Table 8. Return levels (°C) associated with AEPs independent of the NAO value, calculated following two approaches
described in the fext.

AEp  Return level assuming the NAO index Return level calculated by sampling the

follows a normal distribution NAO index from the data
0.5 9.1 -8.8
0.05 -15.3 -14.0
0.01 -18.3 -16.7

Conclusion

The presented characterisation of extreme maximum and minimum air temperatures illustrates the
degree of statistical complexity that can be required when fitting stafistical models to extreme
data, assessing the models, and interpreting the results. In addition, this characterisation
only shows one approach within an EVA for analysing exireme data. Other approaches may
be more relevant for different extreme datasets, quantifying the uncerfainty in the exireme
analyses differently, or answering different questions such as how could the probabilities of annual

exceedances change during this century as a result of climate change.
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Within the research community, current research is starting to focus on more advanced statistical
models which can make better use of multiple sources to reduce statistical uncertainty
(see Volume 1 — Introduction to the Technical Volumes and Case Studies). These approaches

may in the future become standard techniques that can be easily applied.

As a result, the reader may want to consult the latest literature or consider the possibility
of engaging experts to benefit from the latest techniques and to ensure the robustness

and appropriateness of any statistical analysis to answer their particular questions.

2.2 Seismic, geological and volcanic hazards

Seismic, geological and volcanic hazards are discussed in depth in Volume 7 — Seismic, Volcanic
and Geological Hazards. In this secfion, a description of the seismic hazards af Trawsfynydd and
the potential for geological instability is provided, and the probability of volcanic ash deposition

is calculated.

2.2.1 Seismic hazards

Impacts

The UK is generally an area of low seismic activity. However, small earthquakes can occur on a regular
basis. Seismic design may not be considered for facilities that are classed of low importance by
stakeholders, where safety or damage are not critical, or the facilities/contents are not considered

sensifive to seismic vibrations. Nevertheless, normal industrial standards are always applicable.

Seismic activity and associated effects translate info:
e carthquakes, when two tectonic plates of the Earth's outer crust displace relative to each other;
e fsunamis, when earthquakes occur under large volumes of water such as oceans or large
lakes and sef in motion a series of potentially destructive waves:
* liquefaction, when the soil begins to act like a liquid because of losing a substantial

proportion of strength and stiffness under the applied force of earthquake vibrations.

The level of shaking experienced during an earthquake is affected by the earthquake magnitude
and the amount of energy released, the distance from the earthquake epicentre, and the ground
conditions. Earthquakes, tsunamis and liquefaction typically lead to various problems through
damage of infrastructure with a potential for injury or death. Furthermore, damage or failure of
infrastructure due to earthquake activity may cause other hazards such as fire or flooding (e.g.

due to failure of a dam or other water-retaining structure).
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Data and history

Trawsfynydd lies in North Wales where earthquakes occur more frequently than other areas of
the UK. The British Geological Survey (BGS) provides a historical map of earthquake epicentres
for the UK dafing back to 1048 AD (see Figure 12). From this map, it is evident that North

Wales is a more seismically active area compared to other areas of the UK.

EFarthquakes with magnitudes ranging from 2.0 up to 3.5 have occurred within a 30 km radius of
the Trawsfynydd area. There have been a few cases where several small earthquakes have
occurred over small periods of time. In 1941 the area of Bethesda was hit by three earthquakes
with magnitudes 2.2, 2.2 and 2.5 in the space of three days (26" September 1941, 27/
September 1941 and 29" September 1941 respectively). On 19" July 1984, the largest
earthquake in Welsh history (magnitude 5.4) occurred in the Leyn Peninsula, 50 km from
Trawsfynydd, as indicated by BGS (2018).

Studies have indicated that there is litfle chance of the UK being affected by a tsunami in the
future (Defra, 2005). liquefaction is usually observed with saturated, loose sandy deposits,
which are not generally present in the Trawsfynydd area. There may however be localised areas
where such soils may be present, for example within and adjacent to larger water courses and

submerged soils within the Llyn Trawsfynydd area.
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Figure 12. Map showing the location of UK earthquakes since 1048 AD. (UK Historical Earthquake Database,
BGS (2018), reproduced with the permission of the British Geological Survey © NERC. All rights reserved.)
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Characterisation

As outlined above, North Wales is a relatively seismically active area of the UK. Seismic
hazards are typically defined by a single parameter, for example the value of the reference
peak ground acceleration (PGA|]. PGA is the measurement of how much the ground moves
during an earthquake; it is measured in metres per second squared (m/s?) and normally expressed

as a coefficient of gravitational acceleration, g (with g = 9.81 m/s?), for example 0.025 g.

Various studies have produced PGA confour maps using different modelling techniques:

* national seismic hazard maps compiled by the BGS for the purposes of seismic zoning
within the Eurocode 8 context (Musson and Sargeant, 2007);

* community-based seismic hazard model for the Euro-Mediterranean region based on the
collaboration of geologists, seismologists and engineers across Europe within the
Furopean project ‘Seismic Hazard Harmonisation in Europe’ (SHARE) (Giardini et al.,
2013);

* seismic spectra graphs for different site classes from the European Utility Requirements
(EUR) for light water reactor nuclear power plants (Bommer et al., 2011);

* probabilistic seismic hazard assessments by various authors, e.g. Goda et al. (2013).

Output of these models is discussed hereafter.

PGA estimated using the above sources is summarised in Table 9, which highlights the similarity
between all values obtained for a nocollapse requirement. The no-collapse requirement is defined
in Eurocode 8 as ‘the structure shall be designed and constructed to withstand the design seismic
action without local or global damage, thus refaining its structural integrity and @ residual
load-bearing capacity after the seismic events’. Table 9 does not include EUR values as they are

specific to nuclear power plants and not publicly available.

Table 9. Comparison of PGA map output from various sources.

PGA Return period (no-collapse requirement)
475 years 2500 years 10,000 years
Furocode 8 0.02100.04 g 0.06 10 0.08 g 0.14 g
SHARE 0.04 g - 0.14 g
Goda et al., (2013) - - 0.12100.14 g



2. Characterisation of the natural hazards
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Eurocode 8

Following an analysis of the PGA maps in the UK National Annex to Eurocode 8, an average
PGA value for the Trawsfynydd area appears to be 0.06 g to 0.08 g for an AEP of 0.0004,
i.e. an earthquake with a PGA of 0.06 gto 0.08 g would be expected to occur, on average,
once every 2500 years in the Trawsfynydd area (see Figure 13).
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Figure 13. UK PGA values for a 2500-year return period. (Figure 16 of Musson and Sargeant (2007) reproduced with
the permission of the British Geological Survey © NERC. All rights reserved.)

To calculate the design PGA, an importance factor should be applied on a projectspecific
basis. The importance factor in Eurocode 8 is a factor that is used to define the design value of
PGA from the reference PGA. Furthermore, the choice of design return period will depend on

the significance of the structure and the projectspecific sfandards and requirements.

It should be noted that these maps are not site-specific and are not recommended for sites where
previous large magnitude earthquakes have occurred. In this case, the design PGA value should
be selected by performing a sitespecific hazard analysis. As mentioned earlier, there have been
no recorded earthquakes with large magnitude in the immediate area of the site, however this

may vary with site selection.
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2. Characterisation of the natural hazards
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SHARE
The SHARE seismic hazard map presents the PGA that is expected to be reached, or exceeded,

with a 10% probability in 50 years. The Trawsfynydd area appears to be characterised by a
PGA value of 0.04 g, as shown in Figure 14.

Peak Ground Acceleration [g]
10% Exceedance Probability in 50 years
00 Ql 02 a3 04 as
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Figure 14. SHARE seismic hazard map for a mean return-period of 475 years considering rock conditions (Giardini et al., 2013).

EUR

EUR uses seismic spectra defined for different site classes. To extract a value of PGA from these

graphs, site-specific information such as building frequency and ground type must be considered.

Trawsfynydd could be classed as a hard site i.e. the ground composition is relafively hard) with a
shear wave velocity (propagation velocity of seismic shear waves) ranging from 1200 to 2500
mefres per second. The EUR requirements are specific to nuclear power plants and the seismic

spectra are not publicly available, therefore specific values of PGA are not quoted herein.

Additional study
In 2013, a study was undertaken to compare a conventional source zone model with two

seismicity smoothing approaches: kernel smoothing and Geometrical Epicentral Cell
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(Goda et al., 2013). The results displayed on each of the maps produced show similar results
for the Trawsfynydd areq, i.e. the site is characterised by a PGA range of 0.12 g 1o 0.14 g.

2.2.2 Geological instability

Impacts

Geological instability occurs where there is a loss of ground support and may be the
consequence of natural or man-made hazards; it is often termed as subsidence. The character
of the potfential movements as well as the nature of the infrastructure and its sensitivity to

movement is of importance as it will defermine the significance of the impact.

Geological instability may be broadly classified within the following categories:
e natural ground instability, e.g. landslides, ground dissolution, soil creep, collapsible
ground, running sand/liquefaction;
* natural ground movement, e.g. shrink-swell clays;
* manmade ground instability, e.g. mining, ground water management (shallow compaction,

peat oxidation), ground water abstraction, underground construction, oil and gas production.

The incidence and distribution of these hazards within the UK is primarily a function of the
underlying geology, but additional factors of influence include topography, weather, and human

activities including land use, construction and resource exploitation.

The risks associated with geological instability are for example significant domage to the
infrastructure, and associated plant and equipment; loss of serviceability, i.e. resulting in loss of,
or reduction in, function; loss of access roufes external to the infrastructure site; injury or death;

requirement for future mitigation.

Data and history

The phenomena associated with geological instability are recognised as hazards to existing
and future development within the UK. A number of organisations, primarily the BGS, have
developed data sets fo capture the most significant of these; they are available on a number of

platforms (see Volume 7 — Seismic, Volcanic and Geological Hazards for more defails).
The data records would indicate that in the area of Trawsfynydd there are no records of

significant ground instability occurrences from primary hazard sources which include landslides,

ground dissolution, shrink-swell clays or underground mining.
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However, there may be localised small-scale impacts from other geological instability types, e.g.
soil creep on slopes, which are not formally recorded. Mining in the broader area surrounding
Trawsfynydd includes an active rock aggregate quarry, former slate quarries and underground
mines associated with mineral workings, e.g. gold and lead. These are generally distant from
the immediate surrounds of Trawsfynydd, the nearest being the acfive aggregate quarry on the

outskirts of Trawsfynydd village.

Characterisation

The BGS data for landslides record the nearest two historical landslides as events associated with
roadside slopes approximately 3 km north of Liyn Trawsfynydd, with a further few approximately
10 km fo the south and west, again associated with roads. The majority of the topography
and soil conditions immediately surrounding Trawsfynydd is such that there is limited
potential for significant landsliding. However, in the wider area the BGS would indicate that there
are areas with a moderate potential for landsliding; this being primarily a function of steeper

slopes with thicker soil deposits.

The underlying geology is shown in Figure 2 and comprises bedded turbiditic sandstones,
conglomerates and laminated sandsfones, and mudstones of Cambrian age. Superficial
deposits are absent in many areas, but where present they comprise glacial fill (diamicton clay),

with localised areas of peat deposits, particularly to the south.

Bedrock geology has no potential for subsidence as a consequence of natural characteristics or
mining; although mineral and slafe mining is recorded in the wider area, they are remote from
the immediate site locality. Clay deposits occur in proximity, but they are of a mineralogy that is

not susceptible to changes in moisture content and therefore not prone to significant shrink-swell.

There are areas of surface peat deposits, most extensively on flatter ground to the south. Peatis a weak
and highly compressible organic deposit generally unsuitable below foundations or earthworks.
Where it is present on sloping ground, peat has the potential for instability caused by natural
friggers such as rainfall events or anthropogenic influence [e.g. construction activity disturbance).

Civil design would need to address these aspects if developments occur in such localities.

2.2.3 Volcanic ash deposition
Impacts
Volcanoes are a source of a number of hazards, with ash being the most frequent and

having the widest impact. Ash falls generally do not threaten human life directly, but even low
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atmospheric concentrations and deposition of only a few millimetres impact public health and
can create disruption fo infrastructure services, most notably aviation (Jenkins et al. (2015);
see also Section 2 of Volume 7 — Seismic, Volcanic and Geological Hazards). Example
impacts include clogging of air and water infakes, handling and filiration systems; adverse
impacts upon mechanical and electrical plants, including water treatment plants; flash-over
of power lines and transformers; impact  upon external  communication equipment;

obscuring of road markings; increased corrosion to components; and respiratory health impact.

The incidence and distribution of these hazards within the UK is subject to the occurrence of a
volcanic event within relative global proximity of sufficient explosivity to generate large volumes of
fine ash projected info the upper atmosphere, fogether with a sustained weather pattern providing

the fransport of suspended ash over the UK.

Data and history
The UK is no longer volcanic and does not have a credible risk of future volcanism, but there are

localities regionally which are active and significant to the UK, primarily the Icelandic volcanoes.

Ash deposition has historically occurred over the UK, with fraces of ash deposition found within
soil deposits principally in Scofland; these being dated within the last 10,000 years. More
recent lcelandic volcanic eruptions, the Laki and Grimsvain from 1783 to 1785, Eyjafiallajokull
in 2010 and Grimsvotn in 2011 adversely impacted the UK. The Laki eruption produced
fine ash and sulphuric acid aerosol, known as the ‘laki Haze’, which affected the northem
hemisphere for months. The ash from the 2010 and 2011 events had an adverse impact upon

aviation.

A serious focus upon modelling and prediction of ash levels over the UK followed the
Eyiafiallajokull 2010 eruption which grounded aviation for eight days. The ash from this

eruption had no other impacts on the UK.

Volcanic events are monitored at both national and global levels with collaboration between
organisations. There are nine Volcanic Ash Advisory Centres (VAAC) worldwide; these are
Infernational Civil Aviation Organization (ICAQ) designated centres responsible for issuing
advisories for volcanic eruptions. The London VAAC is hosted and run by the Met Office and
has responsibility for issuing advisories from volcanic eruptions originating in the north-eastern
comer of the North Atlantic which includes Iceland and Jan Mayen (a volcanic island belonging

to Norway). Information on the sfatus of volcanoes and signs of unrest or activity is provided
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to the VAACs by the State Volcano Observatory, which for Icelandic volcanoes in the London

VAAC region is the Icelandic Meteorological Office.

Standard advisories issued by London VAAC are the Volcanic Ash Advisory (VAA] and Volcanic
Ash Graphic (VAG) for three flight levels. Supplementary guidance products are provided by
the Met Office under designation from the UK Civil Aviation Authority (CAA) in the form of
charts showing ash concentrations in the volcanic cloud. Advisories and charts are issued on
a six-hourly basis during a volcanic eruption, providing guidance up to 18 hours ahead for the
VAA/VAG and up fo five days ahead for the CAA. The volcanic ash forecasts are provided to
the standards and tolerances set by the regulator, and support decision-making by the CAA as
the lead agency, National Air Traffic Services (NATS| and airlines.

Characterisation

The probability of a significant ash event is dependent on a number of factors, including the
occurrence of an explosive volcanic event of sufficient magnitude, duration and type to eject
fine ash materials high into the atmosphere, coupled with weather conditions that will transport

ash a sufficient distance and in such concentrations to impact sensitive receptors.

The VAAC reactive modelling does not provide the probability of future significant ash fall.
However, a volcanic ash hazard assessment for EDF Energy nuclear power station sites was
recently carried out by the University of Bristol (2016) with project funding from the Natural
Environment Research Council [NERC). It included the identfification of volcanic sources capable
of producing ash that reaches the UK: the development of frequency-magnitude relationships
for each source; an analysis of the range of meteorological conditions and their probability
of occurrence; three-dimensional dynamic ash transport modelling; and postprocessing to
evaluate the volcanic ash hazard at sites of interest in the UK. This study is used here to estimate

the probability of volcanic ash deposition at Trawsfynydd.

Modelling by the University of Bristol, (2016) has derived that the exceedance of ground level
ash concentration of 500 micrograms per cubic metre (pg/m?) within the UK has an annual

probability of about 1 in 300, with the duration of ash fall between 20 and 45 hours.

The study concluded that, for the UK (including Trawsfynydd), the vast majority of ash particles

will be smaller than 10 micrometres (the respirable range, termed PM ), and the most likely
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source is a moderate-size Icelandic eruption. This ground-level ash concentration will potentially
impact filiration systems on a wide range of infrastructure, and human health (daily limit for
good air quality is 50 pg/m? not to be exceeded more than 35 days in a year, as transposed
into UK legislation by the Air Quality Standards Regulations 2010 (HM Government, 2010))
leading fo increased mainfenance and possible workforce disruption. Higher ash concentrations
(1 in 1000 annual probability) may disrupt air fransportation and affect supply chains. At the
1 in 10,000 annual probability of occurrence, ash thicknesses are still approximately two
orders of magnitude smaller than those required to cause ground transporfation issues. The

impacts on water supplies and telecommunications are uncertain.

The confidence levels for these predictions are subject to assumptions regarding the frequency of
suitable volcanic events and weather patterns, as well as the ability to model the movement of
the ash; there remain some major uncerfainties with respect to the prediction of volcanic events,

parficularly ash-producing moderate events. The prediction of volcanic ash remains a subject of

ongoing analysis (Chai et al., 2017, Loughlin et al., 2015; Zidikheri et al., 2017).

2.3 Natural hazard combinations

Elsewhere in the guidelines and the case studies, the various hazards discussed are largely
considered in isolation. However, especially in relation to certain severe weather events, it is
possible for more than one natural hozard to occur simultaneously, or for one hazard to occur

soon affer another and so enhance the impacts of an existing situation.

Research undertaken during this project identified thirtytwo natural hazards of relevance to the
energy infrastructure (see Volume 12 — Hazard Combinations), such as natural hazards of me-
teorological origins, marine origins, biological origins, efc. Not all combinations of these haz-
ards are plausible, either for physical reasons or because they are not relevant to the location

of interest.

The screening of hazard combinations and an example of indepth characterisation of one

selected combination (high temperatures and low summer rainfall] are discussed here.

2.3.1 Impacts

Combinations of metfeorological natural hazards have been seen in recent history. On 17"
January 2013, strong winds and heavy snowfall forced the closure of many schools in Wales.
Storm Brian struck the UK on 21¢ October 2017 (Met Office, 2017a); very strong winds

coincided with high fides resulting in flooding of coastal areas in VWales and other parts of the

38



UK. Trains and ferries were cancelled and seafront roads closed because of the weather. Fallen
frees and other debris on railway tracks caused cancellations and disruption on some lines. Hail
and rain often occur together or in quick succession; hail from a storm would be followed by
rain as the storm moves over a fixed point. Flooding from heavy rainfall can be exacerbated by

hail; the hail can block drains and channels, causing or enhancing flooding, as happened in

Ludlow in June 1982 (Meaden, 1982) and Ottery St Mary in October 2008 (Clark, 2011).

Flooding as a consequence of extreme rainfall is the main peril that has affected energy
infrastructure in recent years. During December 2015, 20,000 homes in Rochdale near
Manchester were left without power following torrential rain that flooded a substation. On
29" and 30" December 2015, Storm Frank, an unusually deep area of low pressure,
produced heavy rain and strong winds across the UK (Met Office, 2016). Thousands of homes in
Northern Ireland and Scotland were left without power. In the village of Ballater, Aberdeenshire,

electricity poles and conductors were washed away by the rising flood waters.

From historical records correlated by the BGS and numerous worldwide researchers, it has been
established that there is a strong correlation between the frequency of occurrence of landslides
and extreme rainfall events. The stability of soils and bedrock on sloping ground is a balance
between the disturbing force of gravity and the resistance to movement by the properties
of the ground, primarily its ‘strength’. Groundwater and the consequent hydraulic pressure,
both positive and negative, have an impact upon strength properties and can — where rainfall
infensity-duration thresholds are exceeded — lead to landslides, the scale and impact of which
will be variable. Roadside historical landslides in the vicinity (see Section 2.2.2) may have

occurred due to one or more rainfall event (but this is not recorded).

Similarly, seismic events intfroduce a disturbing force which can destabilise currently stable slopes. The
seismicity of Trawsfynydd is of a relafively low magnitude (see Section 2.2.1) and is not expected
fo initiate landslides. It should however be considered where developments are of significant
sensitivity and/or the required design AEP is particularly low, resulting in the need to adopt a higher
ground acceleration factor. The potential for liquefaction requires the presence of groundwater
and the presence of soils of a characteristic that are susceptible to liquefaction, typified
by loose silt/sands. Although most of the soils of a general locality may not be of this type and
therefore not susceptible to this phenomenon, there may be localised areas where such soils may be

present, for example within and adjacent to larger watercourses and submerged soils.

As the above examples show, the relationship between the occurrence of a particular hazard
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combination and the occurrence of a particular impact (or impacts) is highly complex, and
dependent on more than just the hazards in question. In this document and the corresponding
guideline, the characterisation focuses solely on the combination of hazards. It is assumed that
the reader will have some level of understanding about why a particular hazard combination is
relevant for their purpose, which in turn is likely fo sfem from a recognition of the possible impact

of that hazard combination on the energy infrastructure of interest.

2.3.2 Screening out hazard combinations
Many combinations of hazards can be screened out for Trawsfynydd. Generally, the screening
consists of identifying hozard combinations in two sfeps:

1. Eliminating those combinations which are unphysical or irrelevant;

2. Identifying hazard combinations which have occurred or could occur in order to

characterise them further.

Some hazard combinations are unphysical anywhere, which applies particularly to those involving
a mefeorological event. Meteorological observations indicate that many hazards could not
occur fogether af the same location because they are created by very different conditions or at
very different times of year. Examples of unphysical hazard combinations are:

® exireme high air temperatures would not occur simultaneously with extreme low air

femperatures;
e snowfall and high temperature clearly could not occur together;
e extreme high groundwater levels would not coincide with a drought;

e fog could not occur with high winds.

Some hazard combinations (involving hazards related to the marine environment, such as large
swell, waves and sea levels) are not relevant at Trawsfynydd because the site is inland. Waves
and swell are not likely to be an issue at Llyn Trawsfynydd, given that the lake is quite shallow
and the longest fefch (the distance that the wind has blown over the water) is only about 5 km.
The maximum possible wave height can be estimated using a manual wave forecasting diagram
(Burroughs, 1998). If very sirong winds (30 m/s| were orientated with the longest axis of the
lake, the small fefch of the lake means the largest waves produced would be about 2 m high,

which would be unlikely to have a severe impact.
The remaining hazard combinations can be considered possible for Trawsfynydd. Some

combinations may have occurred, others carry a low probability of occurrence, while others still

may include at least one hazard that is not predictable.
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The characterisation of the remaining hazard combinations is contingent on several considerations.
For example:
* How crifical are the possible impacts to the infrastructure?
* Are there data to characterise the hazard combination?
® [s it possible to conduct a quanfitative assessmente For example, any hazard
combinations involving a meteorite impact or space weather event could, in principle,
occur anywhere and at any time, making it difficult orimpossible to conduct a quantitative
assessment of such a combination.
® |s one hazard possible but not predictable? One approach for the unpredictable hazard
is fo take a pre-defined scenario of occurrence for that hazard (where this exists), and
consider the implications of that scenario for the energy infrastructure in question.
Depending on the nature of the other hazard in the combination, it may be possible to

conduct a more quantitative analysis for that other hazard.

For simplicity, in this case study, the next sections explore data availability for a chosen hazard
combination, namely low summer rainfall and high temperatures, and illustrate one way fo
characterise this combination in depth. The reader should note that in a real assessment, there may
be a needto characterise multiple combinations, evenifthey are considered fo be of low probability,
because low-probability hazards can offen yield a major impact (hence their frequent

appearance in some regulafory frameworks).

2.3.3 Data

Coincident observations of many hazards either do not exist or need to be created from different data
sources. The reader is referred to Volume 12 — Hazard Combinations for a list of relevant data sets for
natural hazards in the UK, as well as to the individual guidelines relevant for the natural hazards

considered.

Changes in the occurrence and magnitude of many individual hazards have been examined
using observations and climate models, but very few studies have considered two hazards
at the same time. For instance, there are many studies of climate change impacts on heavy
and extreme rainfall, but very few consider the combined risk of heavy rain and strong winds.
Consequently, changes in many of the joint hazards under a warming climate need to be
inferred from separate studies. The co-occurrence of low summer rainfall and high tfemperatures

is characterised in further depth in Section 2.3.4.

Trawsfynydd weather station operated between 1961 and 1998 (see Section 1 for information on



the location). Measurements of femperature were available from 1961 to 1995, and from 1967 to
1983 for rainfall, thereby providing too short a record for the purpose of this analysis. There are
various ways of extending a weather record at a given location. One is the use of a nearby weather
station with a longer record available (e.g. Bala weather station, as demonstrated in Section
2.1). For illustrative purposes, another method is used here. Time series of mean daily maximum
temperatures and total rainfall, each over the summer periods (June, July, August], were
extracted from the nearest point in a 5 km daily gridded data set created from UK weather stations
and spanning the period of 1961 to 2016 (Perry and Hollis, 2005; Perry et al., 2009). The
resulting time series of annual values are shown in Figure 15. Note that better sfafistics could
potentially be gained by pooling data from neighbouring grid points; assuming these grid points
were not dramatically different from the grid point nearest to the site [e.g. in altitude or exposure),

the rainfall af the site could, in theory, just as easily have fallen at surrounding locations.

2.3.4 Characterisation

A common methodology for assessing a combination of two hazards is the calculation of their
joint probability using a copula (see Volume 12 — Hazard Combinations). Previous studies
have calculated the joint probabilities of low summer rainfall coinciding with high temperatures
in different parts of the world (AghaKouchak et al., 2014). This calculation is demonstrated af

Trawsfynydd for high temperature and low rainfall, as an illustrative combination.

Methodology

There are several methods available for calculating joint probabilities of extreme events, including
the joint tail approach (Ledford and Tawn, 1997) and the conditional extremes approach
(Heffernan and Tawn, 2004). Here, a copula function is used to calculate the joint probability.
Copulas are functions used to describe the dependence between random variables. They have
been used widely in finance and in hydrology, as well as to assess the joint probability of

droughts accompanied by high femperatures.

Briefly, any joint distribution can be written in ferms of distribution functions for a single variable
and a copula, which describes the dependence structure between the variables. Functions fo fit
copulas to data are readily available in the R programming language (R Core Team, 2013).
The calculation consists of four steps:

1. Assessment of possible dependence;

2. Transformation of the data to the [0, 1] range;

3. Choice and fitting of a copula;

4. Calculation of joint probabilifies.
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Application

The first step is to compare the two datasefs and establish whether there is any evidence for
a dependence between them as well as the nature of the dependence. The mean summer
maximum temperatures and summer fofal rainfall amounts for each year are shown in Figure
15. Values for the whole summer are used, rather than daily values, because the examination of
high temperature and low rainfall perfains to the potential for drought, which is a phenomenon
that requires some persistence of conditions over time. The rainfall data are plotted against the

temperature data in the same figure.

There is a suggestion of a weak dependence between the two dafasets, mostly for high
temperatures and low rainfall (< 150 mm). This correlation is weak and negative (high

temperatures occur with low rainfall).

Some copulas are only suitable for analysing positively correlated data. Hence, for this example,
the temperature data are adjusted by subtracting them from 23 °C (the highest temperatures lie
between 22 °C and 23 °C). By doing so, higher temperatures are adjusted info small values
and lower femperatures into large values. The summer rainfall fofals are shown as a funcfion of
these adjusted temperatures in Figure 15. A weak positive correlation is now apparent when

both variables have small values.

Any dependence between two variables in the scatter plots of Figure 15 can be hard to identify.
Another useful tool for quickly assessing dependence (or independence| between two variables is
the Kendall plot, or K-plot (Genest and Boies, 2003). The K-plot is based around ranked sfatistics
of the dataset. For each pair of values, the number of remaining pairs with smaller values is counted,
and the counts are then ranked. Data that have a degree of dependence will have higher numbers
of points less than any chosen pair than pairs of points which are completely independent
(assuming a positive correlation). The amount of curvature in the graph is characteristic
of the degree of dependence in the data. Different degrees of dependence between two variables
are illustrated on a sample Kplot in Figure 16 (left). Variables that are independent lie along
the leading diagonal (shown by the black crosses). Partial or perfect dependence is shown by
the coloured lines for variables that are positively and negatively correlated. Positively correlated

variables lie above the diagonal, and negatively correlated variables lie below the diagonal.
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AK-plotfor the rainfoll and temperature data is shown in Figure 16 (right). The data points lie between
the leading diagonal and the curved dotted line, indicating a partial positive dependence

between the temperatures and rainfall, as was already inferred from the scatter plots of Figure 15.
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Figure 15. (a) Time series of mean summer maximum temperatures (blue] and summer total rainfall (black).
(b) Summer rainfall as a function of summer temperature. (c) Summer rainfall as a function of adjusted temperatures.
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dependence (curve c), perfect negative dependence (curve d). (b) K-plot for summer rainfall and adjusted temperatures at
Trawsfynydd. Note that the ranks have been normalised to the range [0, 1] by dividing by the number of data points.
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Step 2: Transformation of the data to the [0, 1] range

Before fitting a copula, the data have to be transformed onto the [O, 1] range. A function is fitted
to each of the two datasefs, which describes their distributions. In the context of copulas, this
function is called the marginal distribution function. A marginal distribution function describes
the probability distribution of a single variable. Several functions were fitted to the femperature
and rainfall data and the function with the best fit was selected based on Akaike information

criteria (AIC) and other goodness-ofit sfafistics.

For the data used here, a Weibull function was the best it to the tfemperature data (Figure 17)
and a gamma function for the rainfall data (Figure 18). The fit of these functions to the data is
shown in the upper left panels. The corresponding cumulative distribution functions (CDFs),
which were used to transform the data to the range [0, 1], are shown in the upper right panels
of each figure. The empirical CDF (solid circles) is derived from the data, and the theoretical

CDF (smooth line) is calculated from the fitted function.

Also shown in the lower panels of Figure 17 and Figure 18 are the corresponding quantile and
probability plots. The quantile plot compares the distributions of the original dafa and the fitted
function, and magpnifies deviations between them in the tails. The probability plot illustrates how
well a theoretical distribution fits the given data (i.e. the observed distribution), and magnifies
deviations in the middle of the distribution. If the fit of the functions to the data was nearperfect,

all the points would lie along the leading diagonal.
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Figure 17. Fitting of a Weibull distribution to the transformed temperature data. The distributions of the data and fitted
function (densities) are shown in the top left panel. The empirical (derived from the data) and theoretical (from the
fitted Weibull function) cumulative distribution functions are shown in the upper right panel. The quantile plot (lower left
panel] compares the quantiles of the data distribution with those of the Weibull function. The probability plot (lower right
panel) compares the empirical cumulative distribution function of the data with the cumulative distribution function from
the Weibull distribution. The quantile plot highlights differences in the tails of the distributions, whereas the probability
plot highlights differences in the centres of the distributions.
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Figure 18. Fitting of a gamma distribution to the rainfall data. The distributions of the data and fitted gamma
function (densities) are shown in the top left panel. The empirical (derived from the data) and theoretical (from the fitted
gamma function) cumulative distribution functions are shown in the upper right panel. The quantile plot (lower left panel)
compares the quantiles of the data distribution with those of the gamma function. The probability plot (lower right panel)
compares the empirical cumulative distribution function of the data with the cumulative distribution function from the gamma
distribution. The quantile plot highlights differences in the tails of the distributions, whereas the probability plot highlights
differences in the centres of the distributions.

In Figure 17, the probability plot shows that the Weibull function reproduces the middle of the
distribution reasonably well, but the quantile plot indicates that the tails of the distribution are not
captured very well. In Figure 18, all four panels indicate that the gamma function fits the data
reasonably well, except for the very largest rainfall values which are underestimated. Better fifs to

the distributions could possibly be found if other functions were fesfed.

Now the marginal distributions are known, the next step consists of choosing a copula o represent

the dependence between the two variables.
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There are many different copula functions which represent various types of dependence between
two datasets — weak or strong dependence, dependence for only very large or very small values,
or dependence for exiremes of both variables (Dupuis, 2007). The data shown in Figure 15 and
Figure 16 indicate dependence when both variables have low values, but no dependence at higher
values. The Clayton copula is suitable for this type of dependence. Ideally, several different copulas
would be selected and the best one chosen based on goodness-oHit statistics (see Genest et al.

(2009) for a review of suitable methods, and Requena et al. (2013) for a practical example).

The Clayton copula was fitted to the data affer transformation to the range [0, 1] using the marginal
distributions idenfified in the previous step. Next, 1000 random values were generated from
the fitted Clayton copula, which are in the range [0, 1]. These random values are transformed
back to the original data (i.e. actual values of temperature and rainfall) using the inverses of the

CDFs shown in Figure 17 and Figure 18.

A scatter plot of the 1000 values generated from the Clayton copula and the observed data is
shown in Figure 19. The simulated values have a similar pattern to the observed data, suggesting
the Clayton copula was a reasonable choice. Some of the simulated values lie outside of the
range of the observed data. Correlations (based on Kendall’s tau) in the original and simulated
data are 0.34 and 0.27 respectively. These values indicate weak correlation, as before (a value
of 1 for Kendall's tau indicates a perfect correlation and a value of O indicates none); they are

in reasonable agreement, but ideally, the two correlations would be closer in value.
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Figure 19. Scatter plot of observed data (solid circles) and simulated data (open triangles) using the Clayton copula.
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The joint probability of an event can now be calculated using the fitted copula. For this example,
the probability of mean summer maximum femperatures exceeding 22 °C and summer rainfall
being below 100 mm at Trawsfynydd is calculated; the values correspond to very warm and
dry conditions. As the temperature data were fransformed by subtracting them from 23 °C, so
the calculation uses the condition that the transformed femperature is less than or equal to 1 °C.
First, a large number of random samples (e.g. 100,000) are generated using the fitted copula
and transformed back to actual data values. Next, the joint probability is calculated as the
number of randomly generated points for which the tfemperature is less than 1 °C and the rainfall
is less than 100 mm, divided by the fotal number of points generated. For the condition used
here, the number of points is 869. The uncerfainty in this result can be estimated assuming the
numbers of points meeting the criferia above follow a Poisson distribution. The uncerfainty is the

square root of the number of points, which is 30 in this example. Hence, the probability and its

uncerfainty is 0.00869 + 0.00030.

The return period is the inverse of the probability, which for this example is 115 + 4 years. An
alternative method would be to generate multiple samples of 100,000 points (e.g. 20,000
times), count the number of points that exceed the two thresholds in each sample, and then
calculate the mean and standard deviation of the 20,000 estimates. This latter approach gave

a return period of 117 + 4 years, in very good agreement with the previous estimate.

Llooking at the original observed data (Figure 15), there are in fact two data points which fulfil
the joint criteria above. In a data series spanning approximately 50 years, an approximate
refurn period could be inferred of 25 years. The method described above effectively 'fills in'
the dataset with many more points (as represented in Figure 19), and allows a retumn period
fo be estimated — based on this larger pseudo-dataset — that is longer than that based on the
observed dafa alone. This suggests that the two observed points are actually quite unusual
despite their having occurred within the same ~50-vyear period. The difference between
the return periods estimated in these different ways indicates one of the potential pitfalls

of basing such a calculation solely on observed data.
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This document provides an example of how the guidance for the characterisation of three
families of natural hazards, namely exireme temperatures, seismic/geological /volcanic
hozards and hazard combinations, could be applied fo the site of Trawsfynydd in North Wales.
It also constitutes an example of how the guidance could be used to characterise the natural

hazard risk at inland sites elsewhere in the UK.

The assessment of extreme temperatures has encompassed maximum and  minimum  air
temperatures, rapid changes in air femperature, exireme water temperatures, frazil ice, and

wildfires. The analysis of exireme air femperatures has been described in defail for this case study.

The study of extreme air femperatures has been based on observed daily minimum and maximum
air temperatures recorded at a nearby weather station (used because of its slightly longer
data record than that at the Trawsfynydd site]. An extreme value distribution was fitted to both
the maximum and minimum air temperature dafa and return levels were estimated for annual
exceedance probabilities of 0.5, 0.05 and 0.01. Two distinct extreme value distributions were
fitted, o generalised extreme value distribution and a Poisson generalised Pareto distribution,
to illustrate two standard approaches for exireme value analyses. The illustrative extreme
value analysis indicated that maximum {minimum) air temperatures of 27 °C, 32 °C and 35 °C
(-9 °C, =14 °Cto =15 °C and =17 °C to =18 °C) are expected to be exceeded annually
with a probability of 0.5, 0.05 and 0.01 respectively. To place this analysis in some context,
the hottest and coldest daily temperatures ever recorded at Trawsfynydd itself were 32 °C (2
August 1990) and =11 °C (19" November 1962).

The illustrative extreme value analysis has assumed that the data contain no longterm trend due
fo climate change. However, the climatologies of maximum and minimum temperatures suggest
otherwise. UK average temperatures vary considerably from year to year; calculating linear
temperature frends over the period 1914 to 20006, all regions of the UK have become warmer,
with annual average daily maximum, mean, and minimum temperatures all increasing (Jenkins

et al., 2008). Almost all of these observed regional frends are stafistically significant.

The numbers and frequencies of heatwaves are projected to increase across the UK as the
climate warms, and the number and infensity of cold days to decrease (IPCC, 2013; Murphy et
al., 2009). Sanderson and Ford (2016) estimated an increase in the number of UK heatwave
days by up fo two days per decade during the twenty-first century.
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Weather conditions for severe wildfires already occur under the present climate. Climate change
in the UK is projected fo increase the risk through drier summers and possible changes in the

frequency and intensity of droughts (Brown et al., 2014).

The assessment of seismic, geological and volcanic hazards has encompassed earthquakes,
tsunamis, liquefaction, landslides, shrink-swell clays, ground instability from mining, and

volcanic ash deposition.

Although the UK experiences relafively low seismicity, earthquakes occur more frequently in
North Wales than other areas of the UK. National seismic hazard maps have been used to
calculate the peak ground acceleration for various refumn periods. Peak ground accelerations
of 0.02 to 0.04 g, 0.06 to 0.08 g and 0.12 to 0.14 g have been associated with return
periods of 475, 2500 and 10,000 years respectively. Tsunamis and liquefaction pose no
threat to the site. No potential was found for landslides or subsidence at Trawsfynydd, but in the
wider area the British Geological Survey would indicate that there are areas with a moderate
potential for landsliding. The area’s clays were not of a characteristic prone to significant
shrink-swell. The risk of volcanic ash deposition af Trawsfynydd (or more generally the UK] stems
from volcanism in neighbouring regions of the UK such as Iceland. The annual probability of ash
from a volcanic eruption exceeding a groundevel concentration of 5 pg/m?® is estimated at
about 1 in 300, with the duration of ash fall between 20 and 45 hours. The majority of ash
particles are expected to be smaller than 10 micrometres (the respirable range), and the most
likely source is a moderatessize Icelandic eruption. Higher ash concentrations have a 1-in-1000
annual probability. The confidence levels for these predictions are subject to assumptions
regarding the frequency of suitable volcanic events and weather patterns, as well as the ability
to model the movement of the ash; there remain some major uncertainties with respect to the

prediction of volcanic events, particularly ash-producing moderate events.

The assessment of hazard combinations has looked at pairs of natural hazards. Natural
hazards are often considered in isolation. However, it is possible for more than one natural
hazard fo occur simultaneously or for one hazard fo occur soon after another and so enhance
the impacts of an existing situation. This is particularly the case for severe weather events. Not
all combinations of the thirtytwo natural hazards noted for the ETI project were considered.
Some combinations may be screened out because they are unphysical due to their nature.
The inland location of the site means any maritime hazards can be ignored. Other
combinations need some degree of assessment to identify those for which it is required or possible

fo carry out an in-depth characterisation. One realistic hazard combination, low summer rainfall
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coinciding with high temperatures, was analysed in detail to provide an example of how fo
calculate the joint probability of a hazard combination. This illustrative calculation relied on the use
of a copula to represent the dependence between low summer rainfall and high temperatures.
The joint return period of mean summer maximum femperatures exceeding 22 °C and summer

rainfall being below 100 mm at Trawsfynydd was calculated to be 115 years.
Further guidance on the characteristics and characterisation of these three families of natural

hozards is provided in Volumes 2 — Extreme High and Llow Air Temperature, 7 — Seismic,

Volcanic and Geological Hazards and 12 — Hazard Combinations.
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Glossary

Akaike information criteria (AIC)

Provides an estimate of the quality of stafistical models for a given set of data. If several
models are fitted to the same data, AIC provides a measure of the quality of each model
relafive fo the others. AIC therefore provides a method for model selection. It is
important to note that AIC does not provide a fest of a model in an absolute sense — i.e.,

whether the fit of the model fo the data is poor or not.

Copula

A multivariate distribution function, which describes the dependence between two or
more variables. Copulas are based on the theory that a joint distribution of two or more
variables can be described in terms of the distribution of each variable (the marginal distribution

functions; see below) and a copula that describes the dependence between the variables.

Cumulative distribution function (CDF)
The CDF of a random variable U, evaluated at some value v, is the probability that U < v.
Hence, the CDF has values between O and 1.

Geometrical Epicentral Cell

A method employed to develop seismic hazard maps.

Kendall’s tau

A rank correlation coefficient, which provides a measure of the statistical dependence
of two datasets. It has values between =1 and 1. A value close to 1 would indicate the values
in the two datasets have similar or identical ranks. Values near O indicate little or no correlation

between the datasets.

Kernel smoothing
A statistical technique to estimate a real valued function as the weighted average of neighbouring

observed data.

Marginal distribution function
Gives the probability of values of a random variable within a larger dataset without reference

to the other variables.
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Glossary

North Atlantic Oscillation (NAO)

A largescale pressure pattern that has important impacts on the weather and climate of
the North Atlantic region and Europe. lIis influence is strongest during winter, but can also
affect summer weather. High latitudes, near Greenland and Icelond, generally experience
low air pressures, whilst air pressures further south (near the Azores) are higher. The exact air
pressure, and positions of the centres of the low and high pressure regions, vary over time.
The NAO reflects fluctuations in the difference in pressure between these two regions. If the
air pressure is lower than average over Iceland and higher than average over the Azores,
the NAO is in a positive phase, which corresponds to stormy conditions and mild and wet
winters over northern Europe. If the air pressures over Iceland and the Azores are higher
and lower than average respectively, the NAO is in a negative phase. A negative NAO
corresponds to decreased storminess, below-average precipitation, and cold temperatures over

northern Europe during winter.

Shear wave

A type of elastic wave, which propagates through the body of an object, unlike surface waves.
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Abbreviations

AEP Annual exceedance probability

AIC Akaike information criteria

BBC British Broadcasting Company

BGS British Geological Survey

CAA Civil Aviation Authority

CDF Cumulative distribution funcfion

Defra Department for Environment, Food and Rural Affairs
ETI Energy Technologies Institute

EUR European Utility Requirements

EVA Extreme value analysis

GEV Ceneralised extreme value

HVAC Heating, ventilation, and air conditioning
ICAO Infernational Civil Aviation Organization
IPCC Infergovernmental Panel on Climate Change
NAO North Atlantic Oscillation

NATS National Air Traffic Services

NERC Natural Environment Research Councll
PGA Peak ground acceleration

PP-GPD Poisson generalised Pareto distribution
SHARE Seismic hazard harmonisation in Europe
UNEP United Nations Environment Programme
VAAC Volcanic Ash Advisory Centre

VAA Volcanic Ash Advisory

VAG Volcanic Ash Graphic
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