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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.
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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.

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
001 213 2191 -168 =140 -12.2

C0||cu|a’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.

27












































































































