energy
technologies

institute

Programme Area: Nuclear
Project: Natural Hazards Phase 3

Title: Volume 3: Extreme Wind

Abstract:

This technical volume addresses:

* Introduction

* Description of the main phenomena; key influences on UK weather and climate, extreme winds, tornadoes
» Observations, measurements techniques and modelling tools

* Methodologies

* Related phenomena including sandstorms

* Regulation

* Emerging trends

Context:

The Natural Hazards Review project will develop a framework and best practice approach to characterise natural
hazards and seek to improve methodologies where current approaches are inefficient. This is to improve energy
system infrastructure design and the project is intended to share knowledge of natural hazards across sectors. The
project will be completed in three stages. Phase one will focus on a gap analysis. Phase two will look at developing a
series of improved methodologies from the gaps identified in phase one, and phase three will demonstrate how to
apply these methodologies. Finally, phase 3 will develop a “how to” guide for use by project engineers.

Disclaimer: The Energy Technologies Institute is making this document available to use under the Energy Technologies Institute Open Licence for
Materials. Please refer to the Energy Technologies Institute website for the terms and conditions of this licence. The Information is licensed ‘as is’
and the Energy Technologies Institute excludes all representations, warranties, obligations and liabilities in relation to the Information to the
maximum extent permitted by law. The Energy Technologies Institute is not liable for any errors or omissions in the Information and shall not be
liable for any loss, injury or damage of any kind caused by its use. This exclusion of liability includes, but is not limited to, any direct, indirect,
special, incidental, consequential, punitive, or exemplary damages in each case such as loss of revenue, data, anticipated profits, and lost
business. The Energy Technologies Institute does not guarantee the continued supply of the Information. Notwithstanding any statement to the
contrary contained on the face of this document, the Energy Technologies Institute confirms that it has the right to publish this document.



Enabling Resilient UK Energy Infrastructure:
Natural Hozard Characterisation Technical Volumes
and Case Studies

Volume 3:

Extreme Wind

~‘~ ﬁ/ / ’ ADYANCING Institution of M
9N energy |Chem E RGeS % Met Ofﬁce MOTT M

WORLDWIDE

e D F teChI'IO'OgleS MACDONALD

\ institute

ENERGY




Volume 3: Extreme Wind

Legal Statement

© Energy Technologies Institute LLP (except where and fo the extent expressly stated otherwise|

This document has been prepared for the Energy Technologies Institute LLP (ETI) by EDF Energy R&D
UK Centre Limited, the Met Office, and Mott MacDonald Limited.

This document is provided for general information only. It is not infended fo amount to advice on
which you should rely. You must obtain professional or specialist advice before taking, or refraining
from, any action on the basis of the content of this document.

This document should not be relied upon by any other party or used for any other purpose.

EDF Energy R&D UK Centre Limited, the Met Office, Mott MacDonald Limited and (for the avoidance
of doubt) ETI (We] make no representations and give no warranties or guarantees, whether express
or implied, that the content of this document is accurate, complete, up to date, or fit for any particular
purpose. VWe accept no responsibility for the consequences of this document being relied upon by
you, any other parly, or being used for any purpose, or confaining any error or omission.

Except for death or personal injury caused by our negligence or any other liability which may not
be excluded by applicable law, We will not be liable for any loss or damage, whether in confract,
fort (including negligence), breach of statutory duty, or otherwise, even if foreseeable, arising under
or in connection with use of or reliance on any content of this document.

Any Met Office preexisting rights in the document are protected by Crown Copyright and all
other rights are profected by copyright vested in the Energy Technologies Institute, the Institution of
Chemical Engineers and the Institution of Mechanical Engineers. The Met Office aims to ensure
that its content is accurate and consistent with its best current scientific understanding. However, the
science which underlies meteorological forecasts and climate projections is constantly evolving.
Therefore, any element of its confent which involves a forecast or a prediction should be regarded
as the Met Office’s best possible guidance, but should not be relied upon as if it were a statement
of fact.

(Statements, above, containing references to “We" or “our” shall apply to EDF Energy R&D UK
Centre Limited, the Met Office, Mott MacDonald Limited and ETI both individually and jointly.)

Authors: Francis Colledge, Kate Salmon, Kate Brown (Met Office); Tony Hull (Mott MacDonald)
Chief Technical Officer: Hugo Winter (EDF Energy)

Version Date Details

0.1 05/03/18 Submitted for IPR

0.2 23/03/18 IPR comments addressed and submitted to CTO

1.0 18/04/18 CTO comments addressed and submitted to ETI

2.0 25/06/18 ETl and NHP3 Steering Committlee comments addressed




Preface

-
.E
—
D
=
o
<
(|
™
)
-
=
O
=

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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Several different definitions and criteria are used to categorise wind events. Meteorologically,
the Beaufort scale can be used to define the extremes in wind speed, but this is primarily used
for describing wind infensity based on observed sea conditions, which the Met Office
only uses in marine forecasts. On the Beaufort scale, a ‘gale’ is defined as a surface
wind of mean speed 34 to 40 knotfs averaged over a period of fen minutes (where a knot or
nautical mile per hour=0.51 m/s=1.15mph = 1.853 km/hr = 1.689 ft/s], whilst a ‘severe
gale’ or 'storm’ is used fo describe winds of 41 knofs or greater averaged over a period of fen
minutes (Met Office, 2018a). There is no such defined categorisation for land-based surface

winds. For tropical cyclones, the SaffirSimpson Hurricane Wind Scale is used to define wind

speed and impacts (Met Office, 2018b).

Wind warnings issued by the Met Office are based on their combined likelihood and impact.
In addition to wind speed, knowledge of the wind direction and shear is also essential for
the energy industry to ensure that infrastructure can withstand extreme events and prepare for
variations in energy transmission, particularly in the wind power sector. Wind speeds at a particular
location depend on the altitude, surface roughness (or friction), wind direction and positioning
in the UK, such as proximity of the site to the coast. Typically, higher wind speeds are found af
higher alfitudes and in open country or water, where the effects of surface roughness are greatly
reduced compared to an urban environment with high-rise buildings and trees. VWind direction can
also define the impact that the wind speed has on physical infrastructure. Typically, the prevailing
wind in the UK is from the south west, so on average the west side of the UK, especially
parts of Northern Ireland, tend to have higher annual mean wind speeds than eastern parts of
the country. Autumn and winter storms fend fo originafe from the Atlantic, which when combined
with predominantly prevailing south-westerly winds, means the western side of the country also
experiences more of the impact from individual storms. Northern areas, such as northern
Scotland, are much closer to Aflantic storm tracks than southern areas, so the type of storm that
is classified as a 1 in 200 year windstorm in England may actually occur more frequently in

Scofland. Hence, in relative terms, the definition of ‘extreme’ winds may vary regionally.

Wind gusfs are sudden, brief increases in wind speed caused either by turbulence due to
friction, wind shear* or solar heating of the ground. They are measured as the maximum value
of a three-second running average wind speed. Table 1 provides a list, by region, of the most

exireme wind gusts recorded at low-level sites in the UK.

*All technical terms marked in blue can be found in the Glossary section.
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Table 1. Highest gust speeds recorded from low-level sites (excluding stations above 500 metres above sea level]. Gust
speeds were calculated from 10-minute averages. Met Office, (2018c); © Crown copyright Met Office 2018.

East Scotland
North Scotland
South Wales

South West England

South East England
& South Central

South East England
& South Central

Midlands

North Wales

East & North East
England

West Scotland

North West England
North VWest England
North West England

East Anglia

123 knots/ 142 mph/
63.5m/s

118 knots/ 136 mph/
60.8 m/s

108 knots/ 24 mph/
60.8 m/s

103 knots/ 118 mph/
52.8m/s

100 knots/ 115 mph/
51 4m/s

100 knots/ 115 mph/
51.4m/s

99 knots/ 114 mph/
51.0m/s
Q7 knots/ 112 mph/
50.1 m/s

@5 knots/ 109 mph/
48.7 m/s

95 knots/ 109 mph/
48.7 m/s

88 knots/ 101 mph/
452 m/s

88 knots/ 101 mph/
452 m/s

88 knots/ 101 mph/
452 m/s

87 knots/ 100 mph/
44.7 m/s

13" February 1989

/" February 1969

28h October 1989

15h December 1979

4" January 1998

16" October 1987
13" January 1984
24" December 1997
2" June 1975

26" December 1998
16" January 1984
8" January 2005

13" January 1984

16" October 198/

Fraserburgh
(Aberdeenshire)

Kirkwall
(Orkney)

Rhoose
(Vale of Glamorgan)

Gwennap Head
(Cornwall)

Needles Old Battery
(Isle of Wight)

Shoreham-by-Sea
(West Sussex|

High Bradfield
(South Yorkshire)

Aberdaron
(Gwynedd)
South Gare
(North Yorkshire)

Salsburgh

(Lanarkshire)

Sellafield
(Cumbria)

St Bees Head
(Cumbria)

Sellafield
(Cumbria)

Shoeburyness
(Essex|

Extremes in wind speed can affect the generation of energy, energy fransmission, disfribution,

demand and price, and can have health and safety implications for energy businesses. The

impacts of extreme high and low wind speeds on the energy indusiry are briefly outlined below:

® injury or death from debris and fallen trees;

* damage fo power lines or energy infrastructure from debris and fallen trees, causing

power cuts;

e structural damage to buildings, e.g. tiles blowing off roofs or the impact on roofs of

wind-blown debris;



1. Introduction

=
.E
—
@
=
ot
=
Ll
™
O
-
=
@)
=

e disruption fo fransport, e.g. through the closure of roads and bridges, and delays and
cancellations to trains and aircraft;

* low wind speeds can lead to a reduction in wind power and therefore the amount of
energy produced (Met Office, 2018d);

e the impact of wind speed during lower temperature periods amplifies the effects of
wind chill, which can be dangerous to people working outside who could be exposed

to hypothermia and frostbite if poorly equipped.

Examples of how extreme wind speeds have historically affected the UK and its energy
infrastructure are described below (Met Office, 2018d). Typically, areas of low atmospheric
pressure coming in from the Atlantic have caused a lot of disruption; for instance, the storm on
111 1012" November 2010 brought galeforce winds to Wales, Northem Ireland, northemn
England and southern Scotland which caused 6000 homes to lose power. Gusts reached up to
36.2 m/s(81 mph or 70 knots| in Aberdaron in Wales, which is over twice the daily maximum
gust speed in the UK measured between 1980 and 2005 (10 to 20 m/s = ~22 to 45 mph =
~19 to 39 mph) (Hewston and Dorling, 2011). This storm was similar in infensity to one on
18" January 2007, which brought damaging gusts to much of England and Wales during
the day and caused significant damage fo energy infrastructure leaving many people facing
prolonged power cuts, as well as disruption to rail, road and aircraft transport. Finally, one of
the most notorious storms was the Great Storm on 15" to 16" October 1987 which, unlike
the majority of storms in the UK, tracked up from the south and then north and east over very
populated areas. It has since been described as a 1 in 200 year event (Met Office, 2018e),
caused 18 deaths and felled 15 million trees. In addition, it left the whole of South East England
without power between 03:00 and 09:30 on 16" October 1987, due to the desfruction of
power lines or disruption of safety mechanisms (Prichard, 2012). The strongest gusts were 51.4
m/s (115 mph or 100 knots), in context with the daily maximum gust speed of 10 to 20 m/s in
the UK (Hewston and Dorling, 2011), and annual mean wind speed of 5.1 10 7.7 m/s (11.5

to 17.3 mph or 10 to 15 knots| over much of western England.

The windiest weather in the UK is normally associated with Aflantic low-pressure systems that
can cause hurricaneforce winds, particularly on the western side of the UK. Historical examples
of these damaging storms, and how they would have been rated according to the Met Office's
impactbased weather warning system (which has been in use since 2011), are shown in

Figure 1.
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Likelihood

= e — el
Impact Impact Impact

Figure 1. Schematics of the weather situation in three historical examples of impactful wind events (left to right: 3
October 2009; 11" and 12" November 2010; 18" January 2007), and matrices showing the likelihood/impact ratings
these events would have received under the Met Office National Severe Weather Warning Service’s impactbased
warning system. Met Office, 2018d. (© Crown Copyright Met Office 2018)



2. Description of main phenomena

2.1 Key influences on UK weather and climate
The UK lies at latitudes of approximately 50 to 60°N, which means that it can be influenced by
air masses originating from a variety of locations (Figure 2). The weather experienced by the

UK essentially depends on the dominant air mass at a particular time.

From: Arctic
Wet, cold air brings
snow in winter.

From: Greenland / Arctic Sea
Wet, cold air brings cold
showery weather.

From: Central Europe
Hot air brings dry summers.
Cold air brings snow in winter.

From: Greenland / Arctic
via North Atlantic
Moist, mild and unstable air bring
cloud and rain showers.

From: Atlantic From: North Africa
Warm, moist air brings cloud, rain and mild weather. Hot, dry air brings hot weather in summer.

Figure 2. Air masses affecting the UK and their likely impacts in particular seasons. (© Crown Copyright Met Office 2018)

large-scale climatic factors called modes of variability affect the global climate. The interaction
between these modes of variability causes many complex feedbacks, leading to cycles of
natural variation in our climate that operate over many timescales, extending even to multiple
decades. Two of these naturally-occurring, low-frequency quasi-oscillations are the El Nifio
Southern Oscillation (ENSO), a coupled ocean-atmosphere variation in the Pacific Ocean
region, and the North Atlantic Oscillation (NAO), a pattern of pressure variability over the
North Aflantic, usually described as a pressure difference between the pressure over Iceland
(usually low) and the pressure over the Azores (usually high). The NAO, in particular, influences
the winter climate of the UK. It moves between positive and negative phases (Figure 3). In the
positive phase, the Iceland/Azores pressure difference is larger, and this is usually associated
with stormier, stronger winds and milder winters due o an intensified jet stream bringing westerly
flow across the UK. In the negative phase, the pressure difference is smaller (below average),
and this is usually associated with calmer, weaker winds and colder winfers due to a weaker

and more disrupted jet stream which may allow flow from other directions to dominate.
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Positive NAO phase Negative NAO phase

In this scenario, mild, stormy and wet winter In this scenario, Europe and eastern US
conditions are more likely in northern Europe are more likely to experience cold, calm
and eastern US. and dry winters.

Warm &

Cold & Warm :
less sea

more sea - 2

. wet i

ice ]
’ g
E’ 4 Gold ey 4

Warm X snowy

Figure 3. The NAO in its positive (left] and negative (right] phases, showing the influence on the storminess of winter
weather over the UK. (© Crown Copyright Met Office 2018)

2.2 Extreme winds

Winds are caused by differences in atmospheric pressure. Globally, there are large-scale wind
circulations made up of three circulation cells operating at different latitudes driven by warm, moist
air rising from the tropics and moving fo the poles (Figure 4). The effect of these three circulation
‘cells’, named the Hadley, Ferrel and Polar cells, combined with the Coriolis force (caused by
the rofafion of the earth) results in global circulation deflecting winds to the right in the northern
hemisphere and causing prevailing south-westerly winds in the UK, which generally manifests
as greater wind speeds on the western side of the UK (Figure 5). The UK falls on the same
latitude as the polar front: the area of ascending air between the Ferrel and Polar cells where
warm moist air meets cold polar air, which often leads to low pressure and unsettled weather.
The polar front jet stream drives areas of low pressure across the Northern Atlantic, regularly
bringing rain and changeable conditions. The jet stream varies on a seasonal basis. In the
summer, the jet stream fends to positioned fo the north of the UK, moving the weather systems
away and bringing generally more setfled weather. During the winter, the jet stream often lies
west to east across the Northern Atlantic, driving low depression weather systems through quickly.
Occasionally, the jet stream meanders further north or south which can cause areas of low

pressure fo become stuck over the UK leading to prolonged periods of rain and strong winds.



= Met Office > Polar Cell

Ferrel Cell

Hadley Cell

Hadley Cell

Ferrel Cell

Polar Cell

Figure 4. Global circulation patterns and their constituent ‘cells’ at different latitudes. Met Office, 201 8f.
(© Crown Copyright Met Office 2018)
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© Crowm copyright

Figure 5. Mean annual wind speeds across the UK. Source: National Climate Information Centre; Met Office, 2018g.
(© Crown Copyright Met Office 2018)

One potentially damaging effect of extreme wind storms is fermed a ‘sting-et’. It is a phenomenon
that can generate particularly damaging winds, such as occurred in the Great Storm of 1987

Sting-jets occur af the tailend of a cloud which wraps around the area of low pressure and
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descend from high in the atmosphere in a few hours (Met Office, 2018h). As snow and rain
fall into the descending air, it accelerates the wind to even higher speeds and they reach the
ground within four fo five hours. Small concentrated areas (approximately 48 to 80 km across)
experience wind gusts of up to 51.4 m/s (115 mph, or 99.9 knots) associated with a ‘sting-jef’
for short periods of time (e.g. the Great Storm of 1987). Estimates suggest approximately 30%
of North Atlantic stforms have a sting-ef (Hart et al. 2017).

2.3 Tornadoes

Tornadoes are a type of extreme wind formed by the upward movement of warm, moist air
which rotates due to the action of winds from different directions. Tornadoes are officially
defined when the vortex of air is in contact with the ground and the cloud base (Storm Prediction
Center, 2018). Tornadoes typically form when there is a large pressure gradient between the
top and bottom of the atmosphere, creating a strong current of ascending air (updraught) and o
deep cumulonimbus cloud (thunder cloud) (Figure 6, stage 1). When there is a strong gradient
between wind speed at the top and bottom of the cumulonimbus cloud, i.e. a large vertical
wind shear, then the thunderstorm begins fo rotate horizontally, and can be tilted info a vertical

spin by strong updraughts of wind (Figure 6, stage 2).

Figure 6. The beginnings of a tornado; storm development (stage 1) and storm organisation (stage 2). Met Office, 2018i.
Supplied by Met Office, reproduced with permissions.
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Downdraughts created by falling rain within cumulonimbus cloud help extend the rofation down
to lower levels. This spiralling column of air is often visible because of the presence of a
column of water (if over a body of water), and dust and debris which are picked up (Figure
7, stage 3). Eventually the tornado dissipates due fo the downdraughts wrapping around the
tornado and cutting off the supply of warm air (Figure 7, stage 4).
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Figure 7. Stages of tornado formation (stage 3) and dissipation (stage 4). Met Office, 2018i. Supplied by Met Office,
reproduced with permissions.








































































































































