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ABSTRACT

The generation of electricity using wind turbines is now widespread
and commercially viable. There are two aspects of wind energy which
are critically important. Firstly, the evaluation of the wind
resource, both on nationally and on a local scale. Secondly, the
integration of electricity generated by wind turbines into existing
electricity grids without reducing the reliability of supply or

reducing the overall economic efficiency of the system.

This thesis examines both these aspects., Chapters 3 and 4 are
concerned with the large scale utilisation of wind energy. Chapter
3 discusses the suitability for wind energy evaluation of the data
held by the UK Meteorological Office, describes the results of a
detailed examination of over 130 station-years of hourly data, and
recommends areas of further study as well as a UK standard for site
description. Chapter 4 describes a ‘computer model used to examine
the effects of integrating wind-generated electricity into the CEGB
ﬁational Grid and the results obtained with it, The relative

importance of dispersal of wind turbines, load and wind forecasting,

variation of turbine characteristics and inter-annual variability of

wind speed is determined.

Chapters 5 and 6 are concerned with a detailed evaluation of the

wind energy potential on the Shetland island group. Chapter 5
describes the planning, testing and installation of two hill-top
monitoring stations on Shetland and the results found. Chapter 6
describes the development of a computer model of the Shetland Power
Station, which is used to examine how the introduction of wind
turbines would affect the operation of the power station and the
maximum energy penetration possible before power cuts occur. Both

chapters conclude with detailed recommendations which will be of
worldwide use as the wind energy potential of other diesel-fuelled

grids is determined.

Keywords: Wind Energy, Integration, CEGB, National Grid, Shetland,
Diesel, Wind Meteorology
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"the windmills on the hills ... are so numerous that I counted,

whilst standing in one place, no less than seventeen. They are all
painted or washed white; the sails are black;: it was a fine
morning, the wind was brisk, and their twirling altogether added
greatly to the beauty of the scene ... and ... appeared to me the

most beautiful sight of the kind that I ever beheld"

William Cobbett, 1830,
writing of his approach to Ipswich, U.K.
(Source: Lindley D (1980).).
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LIST OF SYMBOLS

Chapter 3

d

Power law exponent (see equation 3.1) used when
extrapolating wind speeds vertically.

c Scale factor of the Weibull distribution (equation 3.3)
(m/s).

k Shape factor of the Weibull distribution (equation 3.3).

Vo Long-term mean wind speed (m/s).

Chapter 4

QSF Fraction of pumped storage reservoir which is available for
load levelling, as opposed to being kept to meet unplanned
shortfalls.

SR1 Fraction of the predicted system load which is to be covered
by spinning reserve.

SR2 Fraction of the predicted wind power which is to be covered
by spinning reserve.

SR3 Minimum spinning reserve allowable (MW).

Vi Long-term (10 year) mean wind speed (m/s).

VR Rated wind speed of the wind turbine (m/s).

Chapter 5

a Power law exponent (see equation 3.1), sometimes also
referred to as the shear exponent.

Z Roughness length (see equation 5.1).
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GLOSSARY OF TERMS

The following list defines some of the terms used in this thesis.
Some of the definitions have been drawn from standard inter-
nationally accepted lists, whilst others being more specific to the

work described are my own.

ChaEter 1

Timestep model
Computer model which simulates events in a sequential manner
so that the status of any variable at any time can be
displayed or printed out.

CEGB
Central Electricity Generating Board - the state owned
utility which at the time of writing this thesis was
responsible for '"developing and maintaining an efficient,
co-ordinated and economical system of electricity supply in
bulk and for providing supplies to the Area Boards and a
small number of direct customers'" (in England and Wales).
Source: CEGB Annual Report and Accounts 1986/87.

National Grid
The generation and transmission system owned by the CEGB and
used to supply electricity to the Area Boards and direct
customers.

Chapter 2

Capacity Factor

A measure of the efficiency of a wind turbine - the total
power generated over a period divided by the total
generation theoretically possible.

Cut-in speed

The wind speed at which a wind turbine starts to produce
usable power.

Furling speed
The maximum wind speed at which a wind turbine is designed
to provide usable power.

Rated speed
The lowest wind speed at which rated power can be generated
by a wind turbine. Rated power being the power output the
wind turbine is designed to achieve under normal operating
conditions.

Variable geometry vertical axis turbine
A wind turbine whose rotor axis is vertical and whose blade

angle changes with increases in wind speed - designed by
Dr Musgrove of Reading University, UK.

xi1ii



Chapter 3

Capacity credit
Reduction in total capacity of conventional plant required
on an electricity grid due to the presence of wind turbines,

Distance constant
Length of column of air which must pass a sensor to cause it
to respond to 63.2 percent of a step-function change in
speed.

Diurnal pattern
Pattern seen when wind speeds of a long period are binned by
time of day.

Gust speed
When quoted by the UK Meteorological Office this usually
refers to the highest gust of 3 second duration or more
recorded in the given hour.

Hub height
Height of centre of the rotor above the terrain surface.

Power law
Mathematical idealisation of wind speed variation with
height above ground (see equation 3.1).

Roughness length
The height above the ground at which, in surface-layer
theory, the wind speed is zero.

Stability class
Description of the vertical stability of a layer in the
atmosphere. An atmosphere layer may be stably, neutrally or
unstably stratified.

Time constant

Period that is required for a sensor to respond to 63.2
percent of a step change in speed.

Transition layers
Change in wind shear caused by change in upwind surface

roughness.

Wind shear
Variation of wind speed vertically.

Chapter 4

Base load plant
Conventional generating plant, which is run as much as

operationally possible, since it has the lowest fuel cost
per unit output of all available plant.

Load shedding

Describes situation when conventional plant cannot meet
system demand and customers are selectively disconnected.
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"Part load limit

Fraction of rating of individual conventional unit below

which the unit is not allowed to operate except in extreme
clrcumstances.

Peaking plant

Conventional generating plant, which 1is only run

intermittently, since it has the highest fuel cost per unit
output of any available plant.

Spinning reserve

Planned available spare capacity of conventional units,
which are running below their rated output.

Wind turbine characteristic

Definition showing how net power of a wind turbine varies
with wind speed.

ChaEter 5

Accuracy

The precision with which an instrument will measure a
variable in terms of its true value.

Data chain
Path which an item of data follows from being recorded until
it reaches the data archive.

Propeller anemometer

Fast response anemometer which uses a multi~blade propeller
to drive a miniature tachometer generator.

Resolution

The smallest change in the environment that causes a
detectable change in the output of the instrument.

Shear exponent

Exponent of power law equation (see Chapter 2 above and
equation 3.1).

Turbulence

Irregular and apparently random fluctuations of wind speed
about the mean speed.

Wind Rose

Diagram showing variation of probability and magnitude of
wind speed with direction.

Chapter 6

ATTRIBUTE table

Data input to Shetland Power Station model defines
operational parameters of all the conventional units.

Basic Timestep

Shetland Power Station Model - interval at which the model
simulates the power station and updates the STATUS Table.
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‘Decision Look-ahead Time

Shetland Power Station Model - period ahead during which
forecast changes in wind power and load can affect decisions
reached.

Decision Timestep
Shetland Power Station Model - interval at which decisions
to start/stop conventional units are made.

Droop line
Line defining the action of the governor of a diesel unit,
which controls the speed of the diesel by regulating the
intake of fuel.

INTEGER

A whole number, which in an IBM computer is stored in
4 bytes (32 bits).

LCR

Lowest Continuous Rating of a conventional unit. (See
Figure 6.8).

Load Timestep

Shetland Power Station Model - interval at which the
available load data was recorded.

Loss-o0f-1load

A period of one or more timesteps duration during which one
or more under-frequency relays have operated.

MCR
Maximum Continuous Rating of a conventional unit. (See
Figure 6.8).

REAL*4
A decimal number, which in an IBM computer is stored in
4 bytes (32 bits).

Set Point

The 'no load' frequency of a diesel unit. Alteration of the
set point of a diesel allows the operator to control how
heavily the diesel is loaded (as within the Power Station
the governors will act in unison to cause all the diesels to
run at the same speed).

STATUS Table
Data input to the Shetland Power Station Model - shows the
initial state of each of the conventional generation units
at the start of the simulation. The Table is subsequently
updated each Basic Timestep.

Under Frequency Relays
Frequency sensitive relays used to disconnect parts of an
electrical supply system and hence reduce the load on the
power station, and so increase the system frequency again.
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‘Willan's Line
Relationship between fuel consumption (MW fuel) and power

output (MW electrical) of a diesel unit or gas turbine.

Wind 'spilt'
Shetland Power Station Model - wind power which although
available 1is not used by the supply system - as to do so

would cause conventional plant to operate below its LCR. In
practice wind power will be spilt by altering the output of
the wind turbine (by pitch control for example).

Wind Margin
Shetland Power Station Model - proportion of forecast wind
power which has to be covered by operating conventional

plant.

Wind Timestep
Shetland Power Station Model - interval at which the
available wind speed data was recorded.

Yaw
Action to move the (horizontal axis) wind turbine rotor so
that the angle, in the horizontal plane, between the wind

direction and the axis of the rotor is zero.
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"It could be that before long we shall be back again in the position
of primative man looking for sources of power, and wondering how to

use and control the enormous forces of the winds that blow

continuously across the surface of our planet.

Hopefully, more and more people are becoming interested in
Windmills, and there are young men working as millwrights again,

Local and national societies are taking up the cause and there is an

ever-growing body of aficionados."

Suzanne Beedell, 1975

Writing about windmills old and new

(Source: Beedell (1975)).
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CHAPTER 1

Introduction

l.1 Review

The use of wind turbines to generate electricity is now widespread
and commercially viable. As will be seen in Chapter 2, the oil
price rises of the early 197/0's provided an importance stimulus to
research into wind turbines and their use. This has culminated in
the recent (March 1988) announcement that the CEGB and the Dept of
Energy are to spend £28 million on building three 8 Megawatt
demonstration wind farms, and indications that a similar

announcement will shortly be made about one or more wind farms for

Scotland.

Two aspects of the subject are critically important, perhaps above
all others. Firstly, the evaluation of the wind resource both on a
national and a local scale. Secondly, how much wind generated
electricity can be absorbed by existing grids without either

reducing the reliability of supply or reducing the overall economic
efficiency of the system.

This thesis examines both these aspects. As will be seen the

problems of integrating wind turbines into a national grid of
Gigawatt capacity are completely different from those which occur in
a smaller diesel-fuelled grid of Megawatt capacity. Similarly the
problems of deciding which regions may be suitable for wind turbine
deployment are different from the detailed work of quantifying the

wind resource at a particular site.

The work described in the thesis has considerable relevance to UK
industry. The CEGB are interested in the large scale wind resource
and integration matters described in Chapters 3 and 4. The North of
Scotland Hydro Electric Board have followed the work described in
Chapters 5 and 6 closely, which has been particularly relevant to
them since they are currently building a /50kW wind turbine on

Shetland and have outline permission to build others. Indeed the
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meteorological results of Chapter 5 have been passed by the Board to
the wind turbine manufacturers, James Howden and Company Ltd of

Glasgow.

1.2 Areas studied in this thesis

Chapter 2 briefly reviews historical aspects of wind energy in the
UK and summarises the findings of the major UK resource studies. It
also describes the advantages and disadvantages of wind energy from
the utility's viewpoint and concludes with the author's assessment

of the likely prospects for the UK wind energy industry.

Chapters 3 and 4 are concerned with the large scale utilisation of
wind energy. Chapter 3 describes the detailed examination of a ten
year record of hourly mean wind speed statistics from each of 14
coastal UK Meteorological Office recording stations. Amongst topics
discussed are 1) the various measuring and recording devices which
are available and used, 2) statistical techniques which may be

deployed, and 3) the techniques commonly used to predict wind speed
at heights other than the measurement height. The chapter concludes

with detailed results of the statistical examination of the data,

and recommendations about details which should be recorded in site

descriptions and about the use of wind speed data.

Chapter 4 describes a timestep computer model which has been
developed to examine the large scale integration of wind generated
electricity into the CEGB National Grid. The chapter describes the
model, changes made by the author and the results of detailed
studies. Finally brief mention is made of results found by other
researchers using the same model, of refinements which could be made
to the model, and a review of other integration studies and their

results.

Chapter 5 and 6 are both concerned with a detailed evaluation of the
potential for significant electricity generation on the Scottish
island group of Shetland using wind turbines. (Shetland is typical

of remote island groups worldwide in that although it has a utility-

run generation and transmission service, it is not connected to a
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national grid and generates its own electricity in a diesel-fuelled
power station)., The utility which runs the Shetland grid is the
North of Scotland Hydro Electric Board. The Board is keen to reduce
its consumption of diesel fuel and to utilise the abundant wind
resource of the islands. It is an active partner in a research
project to investigate how much of Shetland's electricity could be
generated by wind turbines. Chapter 5 describes the objectives of
the project and how they have been met., It then describes, 1) the
planning, testing and installation of 2 hill top monitoring
stations, 2) the data chain, 3) the analysis techniques used, and 4)
some early results. It concludes with detailed recommendations and

observations about wind monitoring experiments.

Chapter 6 describes a timestep computer model developed to examine
the integration aspects of connecting wind turbines into a medium
sized (5-100MW) electricity grid like that on Shetland. Special
reference is made to the similarities and differences between the
National Grid integration model of Chapter 2 and this meso scale
integration model. The chapter also describes 1) the development of
the model, 2) the simplifications and assumptions made, 3) the
detailed validation procedure carried out, 4) detailed studies of
wind integration, and 5) a summary showing how the results could
affect the Hydro Board. The chapter concludes with a review of
other studies of wind integration into diesel grids and a summary of

lessons which can be learnt from the modelling work.

Chapter 7 concludes the thesis, and compares the results of 1) the

wind resources studies of Chapters 3 and 5 and 2) the integration

models of Chapters 4 and 6.

1.3 Originality of work

The work described in this thesis was carried out during the

author's involvement in two research projects (the timescale is

illustrated in Appendix B).

The first, a collaborative project between the University of Reading
and the Energy Research Support Unit of the Rutherford Appleton
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Laboratory, was concerned with the investigation of the large scale
of wind generated electricity into the CEGB National Grid. The
National Grid simulation model was developed in an early phase of
the project by G Whittle and has been reported widely (eg Whittle
(1980) and Whittle (1986)). The model was subsequently modified
extensively by both the author and by Dr E A Bossanyi and joint
investigations carried out (only those with which the author had a
major involvement are described in the thesis). The work described
in Chapter 3, the examination of 140 station years of hourly data,
was carried out under the remit of the project but solely by the

author.,.

The second project was a collaborative study between the North of
Scotland Hydro Electric Board, the Energy Studies Unit of the
University of Strathclyde and the Energy Research Unit of the
Rutherford Appleton Laboratory, and examined the wind energy
potential of Shetland. The meteorological experiment described in
Chapter 5 was the primary responsibility of the author - in
particular the specification and commissioning of the experimental
apparatus, the data processing and the results presented in this
thesis. The meso scale integration model described in Chapter 6 was
written jointly by the three research staff of the project, of which
the author was one. However the author took a leading role in
planning of the model structure, carried out the validation jointly

with Dr P Gardner, and is solely responsible for the results

presented in this thesis,
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CHAPTER 2

Wind Energy in the UK and its use

2.1 Historical Review

Man has used the power of the wind for work and transportation for
thousands of years. There are references to windmills in literature
of Babylon (Flettner (1926)), and of China and Persia (Golding
(1976)). The use of windmills spread to Europe - by the middle of
the 14th century they were in widespread use for pumping and
milling. Table 2.1 illustrates the major steps in the development
of the windmill - of special note are the inventions in 1745 (Lee -
automatic method of turning a windmill into the wind), 1759 (Smeaton
~ twisted blades), and 1772 (Meikle - automated speed regulation).

However, at the end of the 19th century Parsons invented the fossil
fuelled steam turbine which made large scale electricity generation
possible. Over the next few decades many thousands of European
windmills fell into disuse as milling and pumping applications were
converted to use the cheaper, and more reliable, electricity. There
was some development of windmills for electricity generation, but in
general the cheapness of electricity from fossil fuels discouraged
research. The principal exception was Professor La Cour who between
1891 and 1907 carried out much useful work at the Danish
experimental station at Askov. His results were used by Danish
manufacturers and laid the foundations for the leading role Denmark
plays in wind turbine development today. (Note: In recent times
the term 'wind turbine' has been used to describe an electricity

generating windmill).

Several large demonstration wind turbines were built in various
countries during first part of the 20th century - Taylor (1983)

quotes several examples:

(1) the 1250kW, 53 metre diameter variable pitch horizontal
axis turbine built in 1941 at Grandpa's Knob, Vermont,
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Date

B.C.
2000
1700

circa 200
134

100
A.D.
7th ceptury
1105
1191
circa 1270
13th century
1327

circa 1340
1349

1390
1393

14th century

1439
circa 1500

1506
1665
1737

1745

1750
1759

1772
1789
1807
1891
First half of
20th Ceatury

Post
World War II

(7) Chinese and Japanese windmills in use.

(7) Hammurabi reported the use of windmills for irri-
gation ip Babylon.

Hero of Alexandria describes a small windmill.

Arabian explorer Istachri megtuons windmills in
Persian province of Segistan.

(7) Windmill in use in Egypt.

Persian windmills in use (vertical axus type).

French document permitting consuuction of windmills

First reported windmill in England.

Windmill Psalter containing earliest illustration of a
windmill (horizontal axis, sail type)

Manuscript Aristotle’s Physica: illustration of wind-
mill with tailpole. :

Deed referring to a8 windmill at Lytham St. Anne's
(Lancashire).

Illustration of a wandmill in the Luttrell Psalter. |

I‘'lemish brass illustrating a windmuill io St. Margaret's
Church, Kings Lynn.

Picture of a windmill on a rug 1n the Germanic
Museum of Nuremberg.

Records in the chronicles of the city of Speyer tell of an
engineer from the Netherlands being called in to
build a windmill. '

English illustration of a windnoull with four sails in a
Decretal of Gregory 1X.

First corn-grinding windmill built 1o Holland.

Sketch by Leonardo da Vinci (1452-1519) of windmill
construction.

Woodcut showing a windmill in ‘Expositio Sequen-
barum’.

Construction of postmill at Qutwood, Surrey. This is
sull working.

[llustration 1n Belidor’s ‘Architecture Hydraulique'
Tome I, Livre 3*, Ch. 11, of French windmill with
primitive form of propeller having two blades.

Edmund Lee patented a2 method of turning mills into
wind automatically.

Andrew Meikle invented the fantail. :

John Smeaton awarded & gold medal by the Royal
Society for his paper on windmills and water miils.

Andrew Meikle introduced the ‘spring sail’.

Stephen Hooper invented the ‘roller reefing sail’.

Sir William Cubitt invented the self-reefing or ‘patent’
sail.

Establishment of windmill experimental station at

Askov, Denmark, under Professor P. La Cour.
Development of windmills for the generation of elec-
tricity and for water supply to individual premises.
This period is that of the changeover from sail to
propelier-type windmills. -
Researches, in a nurmber of countries, on the possibi-
lities of large-scale utilization of wind power.

Table 2,1 : Chronological development of windmills
(Copied from a table in Golding (1976))
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This machine, which had a rated wind speed of 13.5m/s
worked satisfactorily until March 1945 when one of 8 ton
blades broke off and was thrown over 250m from the

machine!;

(2) the 100kW, 25m diameter Enfield Andreau machine built in
the 1950s. Difficulties obtaining planning permission led
to the plans to erect this machine in North Wales being
abandoned and its sale to an Algerian utility, who

operated it successfully for several years;

(3) a 100kW, 15m prototype erected by John Brown Ltd at Costa
Hill in Orkney;

(4) a 100kW, 15m turbine operated on the Isle of Man by the
Electrical Research Association (ERA) for a number of

years;

(5) the 25m diameter Gedser windmill built in Denmark in 1957
generated 200kW at its rated speed of 15m/s. 1Its
successful operation for over 8 years contributed greatly

to Danish knowledge and operating experience.

Taylor also reports details of the Hutter 100kW turbine built in
1957 in West Germany and of the extensive French wind energy

programme of 1958 to 1963, during which four experimental turbines

were operated to good effect.

The commercial exploitation of wind energy was confined to water
pumping applications, which continued in the remoter parts of the
USA and Australia,

2.2 Recent Events

The first oil crisis, in 1973, led to renewed interest in the

exploitation of wind energy. For instance, Jaras (1987), reports
that in 1981 303 turbines (of 26kW or larger) had been erected, that

in 1986 the equivalent number was 3061, and that by the end of 1986
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over 1630MW of grid connected wind turbines had been installed,
This interest was particularly strong in the USA where the Federal
Government funded a major R & D programme, (Ancona (1984)). Table
2.2 details the turbines erected in the USA as part of this
programme., In recent years a change in policy has seen a reduction
in the Govermment-funded R & D programme. However, the Public
Utility Regulatory Policies Act (1985), which required utilities to
accept and pay for electricity from small generation facilities, and
a system of State and Federal tax incentives caused substantial
private investment in groups of small (< 100kW) and medium sized (<
400kW) wind turbines in California (Everett (1986)). Figure 2.la
shows the number of wind turbines installed in the Altamont Pass
Region of California, and Figure 2.1b the installed capacity of the
turbines. It can be seen that the increases have been dramatic.
Over the same period the average size of wind turbine has increased

from 52kW (1981) to 95kW (1985), and the capacity factors from 67 in
summer 1982 to 20% in summer 1986 (see Figure 2.1c).

Sweden, West Germany, Canada and the UK have all initiated
development programmes for megawatt-sized turbines — some more
successfully than others. Denmark has two 630kW wind turbines, but
has concentrated, to great effect, upon the development and
demonstration of small and medium sized turbines. By the end of
1986 over 800 wind turbines were in service in Denmark. This
sustained commitment to wind.energy has enabled Danish machines to

compete effectively in the Californian and other markets.

In the UK, Government funding of the R & D programme, after a modest

start, reached £6M in 1986/7. The programme can be broken down
(Bedford et al (1986)) into 4 components:

(1) basic research - undertaken in Universities and funded by
the Science and Engineering Research Council (the 1985/6
budget was £0.37M),

(2) generic research - undertaken by Universities and Industry

and funded by the Department of Energy,
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Figure 2.1 : The Growth of Wind Turbines 1in the Altamont Pass Region
of California (source : Everett (1986)).
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(3) development - funded by the Department of Energy. This
programme has concentrated on three aspects:
(a) design and construction of a 3MW 60m horizontal axis
turbine; (b) evaluation, through demonstration, of the
novel variable geometry vertical axis turbine and; (c)
exploring the extent to which medium sized turbines may be

scaled-up;

(4) support for industry - the Department of Trade and
Industry programme includes funding of innovative
demonstration programmes, financial support for the
National Wind Turbine Test Centre, representation on

international standards committees and involvement in

international collaborative programmes.

By comparison with Denmark though, the number of wind turbines

operational in the UK is extremely modest as can be seen from Figure

2.2.

2.3 Technical Aspects

Wind energy research covers a very broad spectrum - including
environmental impact assessment, meteorology, materials science,
electrical engineering, mechanical engineering, applied physics and
civil engineering. Whilst this leads to much inter-disciplinary co-
operation and collaboration, it means that it 1s difficult to
summarise the underlying principles. There are several excellent
textbooks which review the field - Golding (1976), British Wind
Energy Association (1982), Twidell and Weir (1986) and Freris

(1988).

This thesis i1s concerned with two aspects of wind energy - 1) the
integration of electricity generated wind turbines with that of
conventional generation plants/units, and 2) the analysis and
measurement of the wind resource at given sites. The following
section summarises studies of the available wind energy resource -

clearly integration studies are not worthwhile unless the resource

is significant!
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2.4 The UK Wind Energy Potential

The first survey of UK Wind Energy potential was carried out in the
early 1950s by the Electrical Research Association (ERA), who

carried out extensive measurements at more than 90 hill top sites.
Golding (1976), an ERA employee, reports that it was found that
annual velocity duration curves of sites in the same district were

so similar that ERA only made detailed time series measurements at

one site and merely measured the annual mean at the other sites.

Allen and Bird (1977) quote an ERA study which identified nearly
1500 hill sites (heights in the range 60-800m) within 15km of the
coast, which on the assumption of a turbine diameter of 60m and an
inter-turbine spacing of 360m, could accommodate 3131 turbines with
a total power of 5649MW. (Note: reducing the diameter to 46m,
reduced the power to 3147MW). It should be pointed out that the
purpose of the ERA study was not to quantify the total UK resource
but to demonstrate that sufficient hill top sites existed to warrant
development of a multi-megawatt prototype wind turbine, indeed it is
highly unlikely that planning permission would be granted to use all
these sites. Allen and Bird also suggested that an installed
capacity of 10GW would generate 16TWh per year (on average).

British Wind Energy Association (1982) reports two assessments of
the UK offshore resource. The first, by Rockingham et al,
classified the areas where the water depth was less than (a) 25m and
(b) 30m, and then reduced the areas to allow for unsuitable seabed
conditions, shipping lanes, fishing areas etc to obtain tentative

2 and 13,900kn?

respectively). Making further assumptions about the mean speed,

estimates of the sea area available (7,700km

array efficiencies and overall array availabilities led to estimates
of the average available energy to be 56TWh per year (for the 25m
depth) and 100TWh per year (for the 30m depth). However, they
pointed out that if hub height (80m) wind speed increased from 8m/s
to 10m/s the average available energy doubled. (Note: 1in 1985/6
the total CEGB generation was 228 TWh). Another study, reported in
Selzer (1983), was carried out under the auspices of DG XII of the
Commission of Furopean Communities. The methodology used was as

follows:
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(1) isovent maps of winds at 100m were calculated from isovent

maps of the 10m winds (obtained from the Meteorological
Office):

(2) a detailed map (scale 1:100,000) was used to eliminate
areas which were either offshore with a water depth of
more than 10m, or had an altitude of more than 1000m, or

had a 100m wind of less than 4m/s (according to the

isovent maps);

(3) the resulting marked map was then covered with a
triangular grid. At each grid point a detailed assessment
of the land suitability (within a 150m radius of the

point) was carried out.

The authors of the report acknowledged that their study only gave an
average value of the resource in each country, so validated their
results against the more detailed surveys of the Netherlands and
Denmark. It was found that the EEC values tended to over-estimate

the number of available sites by 20%. However, it was also

calculated that 207%Z of the potential UK sites lay in conservation
areas, and that the total on-land UK resource was 1760TWh/year
(1042TWh/year if sites with a 10m mean wind speed of less than 5m/s
were excluded) and the offshore resource 60TWh/year. These figures
should only be taken as a rough guide - the on-land siting
constraints were not very restrictive, whereas the offshore rule

about water depth being less than 10m was too restrictive.

ETSU (1982), in an assessment of the potential of wind energy,
reviewed several resource studies. One study calculated that if 10%

of the available land area was used, the annual average energy

available would be 150TWh; another that hill top sites would yield
40TWh/year; and another that land-based turbines could generate

25TWh/year. Clearly the wide range is a result of the many
assumptions that have to be made in such calculations, yet a figure
of between 20 and 50TWh/year (which would require an installed
capacity of around 9-23GW of turbines) seems reasonable. ETSU

suggested that the offshore resource (again subject to much



uncertainty due to the assumptions which have to be made) could be

around 140TWh/year (from an installed capacity of 65GW).

It is clear that the overall available resource is very large and
will not limit Wind Energy Utilisation. The selection of candidate
wind turbine sites is a complex, but vital, part of the successful
exploitation of the resource - the 476 page book '"The Siting
Handbook for Large Wind Energy Systems'" (Hiester and Pennell (1981))
describes many of the underlying principles. Chapters 3 and 5 of

this thesis will describe wind data measurement and analysis in more

detail.

2e5 Advantages and Disadvantages of Wind Energy

I predict that the main use of wind energy in the UK will be to
generate electricity, though in other parts of the world, the other
uses (water pumping, heating and transportation) will be dominant.

The electricity generation role can be sub—divided according to

scale into:
(1) generation into a National Grid (voltages above 132kV);

(2) generation into a small local or autonomous island grid
(at up to 66kV) which is normally supplied by a diesel

fuelled power station;

(3) generation at 650V or less to partially displace elec-
tricity generated by one or more stand-alone diesel

generators as often found in small remote communities and;

(4) generation of small amounts of power into hybrid systems.

In the UK, integration into the National Grid will probably be the
predominant use followed by integration into the island grids of
Shetland, Isle of Man and the Channel Islands. The application of
role 3 (commonly known as small scale wind/diesel) will be limited
in the UK, since most of the population are now connected to some

form of electricity grid. However, worldwide it has been estimated
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that 60% of the population (Twidell (1980)) live in rural areas and
that there are in excess of 1 million communities (Calnan and
Moughton (1980)) which are not connected to a grid and where wind
generated electricity would significantly improve the quality of
life. The problems of integrating a single wind turbine to one or
more small diesels are severe and are the subject of much research
(see Slack (1985), Sexon (1985), Jenkins (1986) and Bass (1987)).
Even though in the UK there are a limited number of applications, a
number of successful systems have been installed - for example Lundy
(Somerville and Puddy (1983)) and Fair Isle (Stevenson and
Somerville (1983)). The fourth role mentioned, that of providing
small amounts of power for hybrid systems, has already been
extensively exploited. Fawkes et al (1986) reported that over 6,500
small 50W turbines had been sold by Marlec Engineering Ltd for a
variety of applications including remote weather stations,

navigational aids, telecommunications, telemetry, fish farm feeders

and sea mammal research units.

This thesis addresses roles 1 and 2. In both cases, the basic

problem is the same -~ how to use as much of the available wind
energy without degrading the quality of supply or imposing harsh
operating conditions on the conventional plant, whilst maximising

the financial savings. This problem arises since, due to the

variability of the wind, the turbines will not always be generating
power when it is most needed. An example of this is shown in Figure
2.3 where the contribution of the Altamont Pass Windfarms to the
utility's load on the day of maximum system demand is plotted.
Conversely, too much power can also occur,.for example, it has been
reported (Anon (1987)) that the Southern California Edison Co had to
ask the Tehachapi wind farms to curtail their output six times
during 1986 in order to prevent the penetration of wind power
becoming too high. However, as shown in Table 2.3, the integration

problem is only one of several faced by utilities wishing to install

wind turbines. Of those listed, that of environmmental acceptability

is likely to be the most serious - already adverse comments have

been made in the British Parliament: '"50 miles from San Francisco

there is a huge area covered with 1000 gigantic windmills.... The

area covered is enormous and the noise is horrendous" (Kellett-Brown
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(1987)). 1In California where wind turbines have been installed in
large numbers, it is not uncommon for further developments to be
opposed by local residents - for example, Howdens Wind Parks Inc.
plans at Solano County, USA (Cleveland (1987)).

On the other hand, it is encouraging that the UK Royal Society for

Protection of Birds (RSPB) report (RSPB (1988)) that they had found

no measurable impact on birdlife at Burgar Hill on Orkney, and
stated that they regarded wind energy as one of the most

environmentally acceptable methods of generating electricity.
Piepers (1988) reports that in Holland an extensive study of the

impact on birds of the Noordoostpolder windfarm, of twenty five
300kW turbines, has recently been funded by the utility.

Wind turbines have many advantages for the utility (Milborrow

(1987)) including small unit sizes (and hence modular investment

decisions), no waste or pollution, more energy in winter and no fuel

cost (see Table 2.3).

2.6 The Future for Wind Energy in the UK

The attitude of the Department of Energy towards wind energy is
positive - Bedford et al (1986) report "wind energy has become
widely accepted as the most promising renewable energy option for
electricity in the United Kingdom"™. The Department has funded a 3MW
60m diameter horizontal axis turbine on Orkney, the 25m variable
geometry vertical axis turbine at Carmarthen Bay and announced its
support of the IMW 55m horizontal axis turbine at Richborough. In
1986 Bevan et al (1986) indicated that support might be given
towards building an array of successfully demonstrated medium sized

turbines in the near future so that the environmental acceptability

and operating difficulties could be assessed. The British Wind
Energy Association (1987a) argued that onshore wind energy was

economic, that £50M should be spent during the next four to five
years to build wind turbines on the available high windspeed sites,
£37M should be spent on underlying research, £40.5M should be spent
developing better wind turbines, and a further sum on small wind

turbines. In March 1988 the CEGB and the Department of Energy
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announced that they proposed to build three wind farms, each with a
capacity of 8MW. This programme, worth about £28M, is to be
complimented by two further wind farms in Scotland, though details

of these have yet to be formally announced. Plans were also

announced in March 1988 to build the UK's first offshore wind
turbine off the Norfolk coast. Whilst these proposals may seem
ambitious they are a further sign that wind energy is now a serious

and viable option for electricity generation.

I believe that the UK's priorities must be:

(1) to develop proven and reliable wind turbines which will
last the claimed life times of 25 years;

(2) to monitor the wind farms and assess public reaction to
them;
(3) and then to concentrate on developing turbines for

offshore deployment, as I am convinced that whilst a
limited number of wind turbines will be accepted onshore

eventually the environmental pressures will force the

offshore resource to be developed;

(4) to overcome the institutional barriers concerned with

standards, insurance, local authority rates and taxes;

(5) to improve the public perception of, and information

about, wind energy.
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CHAPTER 3

Detailed Examination of Wind Speed Statistics

In this chapter a detailed study of hourly mean wind speed statis-
tics will be described and several points of importance to the Wind

Energy industry will be reported. However, before considering the

statistical analysis the physical processes which govern the wind

and its behaviour are summarised, since any interpretation of the
statistical findings must take into account the underlying physical

processes.,

The motion of air near the surface of the earth is modified by
processes associated with the surface, heating and friction. The
main force is that due to the pressure gradient between areas of
high and low pressure. Additionally, three other forces may act
horizontally to affect air motion: (1) the Coriolis force which is
an apparent effect arising from the rotation of the earth, and acts
at right angles to the direction of air motion, (2) a centrifugal
force caused by the curvature of the isobars (lines of equal
pressure) and (3) frictional forces. The wind at the upper levels,
called the Geostrophic wind, is the resultant of the pressure
gradient force and the Coriolis Force (See Figure 3.1) and blows
with steady speed parallel to straight parallel isobars. As one
descends into the Boundary Layer, frictional forces begin to have an
effect - the wind is the resultant of the pressure gradient force,
the Coriolis force,the centrifugal force, and the frictional force.
Consequently the magnitude and direction of the winds within the
Boundary Layer change as one descends since the frictional forces
become more dominant, until finally at the surface the air is
stationary. This modification of magnitude and direction, known as
the Ekman Spiral, is illustrated in Figure 3.2. The influence of
the ground's frictional effect is transmitted upwards partly by
purely mechanical means (caused by the frictional interaction of
differing velocities of the horizontal layers) but also by turbulent

mixing caused by vertical temperature gradients.,



Horizontal
'Cross section £
above the

boundary
layer '

Schematic drawing showing how the wind velocity

Horizontal
cross section

vector 1n the free atmosphere, called the geostrophic wind, is
the result of a balance between two forces, the pressure gradi-
ent force, P and Coriolis force, C. In the boundary layer of
the atmosphere a third force, the friction F, enters and mod-
ifies both the direction and speed of the air, u, relative to
its velocity at the top of the boundary layer. The surfaces of
constant pressure are indicated as well. The projection of the
wind vectors onto a horizontal surface shows the socalled Ekman
Spiral.

Figure 3.1 : Schematic showing the Coriolis Force and the
pressure Gradient -Force. (source : Larsen and Jensen (1983))
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Consequently we can identify 4 main factors which will affect the
winds measured at meteorological stations (which by convention
measure winds at a height of around 10m above the ground): 1)
variations in the Geostrophic wind which arise purely from changes
in the pressure gradient; 2) variations in the incoming and
outéoing radiation; 3) changes in the balance of energy exchanges
taking place at the earth's surface, in particular in sensible heat
flux and 4) changes in the roughness of the surface which directly

influence its frictional effect.

To deal with each factor in turn: The pressure gradient changes are
the direct result of the passage of fronts, which are much more
frequent in winter than summer causing the Geostrophic wind to be

stronger, but also more variable, during the winter months.

The variations in incoming and outgoing radiation arise from the
diurnal and seasonal changes in the incident solar radiation and the
changes in cloud cover., Their effect can be shown by considering

the daily cycle of heating and cooling: In the morning, after

sunrise the ground is heated by the solar radiation and in turn
heats the air above it; this in turn leads to thermal instability
and hence induced vertical thermal mixing. Thus the wind speed of
the lower levels increases as the momentum of the higher levels is
tranferred downwards, and the difference in direction between the
winds within the Boundary Layer and the Geostrophic wind decreases.
Af ter sunset, the ground cools, which in turn leads to reduced
vertical mixing and a greater difference in speed and direction
between the Geostrophic winds and the Boundary Layer winds. 1In
summer, one not only has greater insolation and longer days, but
also a lower amount of cloud cover which allows more radiation to
reach the surface during the day and more long wave radiation to
leave at night. In winter on the other hand the heating and cooling
of the surface is much smaller, and thus the vertical mixing less.
This is well illustrated in Figure 3.3, in which the average wind

speeds up to 123m are shown for December, March, June and September.

The third factor, the effect of changes of the thermal properties of

the surface on the entry balance at the surface, causes variations

3-2
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in both local diurnal wind patterns and in seasonal patterns. A
well known example of a local change 1s the land-sea breeze system,
where during the day the land heats up, passes its heat to the air
above it which rises being replaced by cooler air which blows in
from above the sea; at night the position reverses, the water
warming the air above it, which rises and is replaced by cold air
from above the land surface. Other examples of localised effects
include the effect of snow cover and the difference between cities
and open land. Larsen and Jensen (1983) described a seasonal change
when they postulated that the different annual patterns of wind
speed of Danish coastal meteorological stations and inland stations
was partly due to the different thermal properties of land and sea.
They suggested that the higher winter Geostrophic wind had little
influence on the surface wind above land due to the absence of
thermal mixing, but above sea (where the air was cooler than the
water) thermal mixing took place and the surface wind speeds
increased — thus the difference between speeds at coastal and inland

sites was much greater during winter than summer.

The fourth influence, the effect of the changing surface roughness
can be considered on various scales. On the large scale, the
variation between the roughness of the sea and land surfaces causes
on average the surface wind above the sea to slow down less than
above the land. Similarly, ranges of hills and mountains will slow
down the air flow above them. On a small scale, differences in
roughness between say a rough sea and a calm sea or between scrub-
covered ground and an ice-field will cause local variations, which
can additionally be time-dependent as in the case of changing
vegetation cover or the presence of snow cover, as well as being
direction dependent. This subject is covered in more detail later
in the chapter when methods of compensating for the varying surface

effects around meteorological stations are discussed.

The above description has highlighted some of the main physical

reasons behind the variability of wind speed, the remainder of this
chapter reports on a study of the wind speeds measurements made at

14 dispersed UK Meteorological Office stations (See Figure 3.4).

The location of the 14 sites was not under the control of the author



DECEMBER . MARCH

12

JUNE SEPTEMBER

* =l s -

The average variation through the day of wind speed
with height, for the same four months for which the temperature
variation is shown in Figure 4.3. The curves are taken from
Petersen (1973) and describe average data from 1958-67 at Riso.
The wind speed curves refer to 7, 23, 39, 56, 72, 96, and 123 m
above terrain. 7 m is indicated by—»—and 123 m by —8— . The
speed generally increases with height.

Figure 3.3 : Seasonal Diurnal Wind Profiles at the Risd mast
(source : Larsen and Jensen (1983))
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- the data was purchased by a project, which was investigating the
large scale integration of wind generated electricity in the
National Grid, using 2 criteria: 1) the sites be near potential
offshore wind turbines sites (as identified by Lindley et al (1980))
and 2) that they be geographically dispersed around the UK coast
line. However, in view of the importance of an adequate knowledge
of the site and its instrumentation, (as will be shown later), it is
worthwhile to consider the methodology used by the UK Meteorological
Office in selecting sites, recording wind speed data and correcting

the data - these topics will be discussed in the following section.

3.2 The Wind Data Used

The UK Meteorological Office not only maintains a large number of
official stations but also receives data from a variety of other
organisations who maintain recording stations in part for their own
purposes. These bodies include universities, research institu-
tions, nationalised industries such as the CEGB and the water
authorities, as well as private companies. Site selection is thus
influenced in part by the need of thg operating body, be it an
airport authority or a power station operator; this means that, the
distribution of observing stations is irregular. However the UK is
fortunate in having a relatively widespread and well maintained
network of recording stations. One major problem from the wind
researcher's viewpoint is that the anemometers are not sited with
the primary objective of making measurements to enable the wind
energy potential of the UK to be assessed; they are sited where
there is a need for information eg at an airport. When erecting an
anemometer the ideal exposure as defined by the World Meteorological
Organisation (WMO), ie at a height of 10 metres above ground in open
level terrain, is aimed at. In cases where a nearby obstruction is
present (at a distance of less than 10 times its height) the height
of the anemometer is often raised. In these circumstances an

effective height is assigned. Collingbourne (1978) defines
effective height as "an estimate of the height above the ground at

which a hypothetical anemometer with an ideal exposure in the near
vicinity would have to be to measure the same mean wind speed as the

actual anemometer would measure."
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Some researchers are critical of the effective height concept, see
for example Wieringa (1976), and say that it is valid to use it when
the surface roughness,iin all directions around an anemometer, is
uniformly different from the norm, but not to compensate for indi-
vidual obstructions in a particular quadrant, since this will
introduce errors in the corrected winds when the wind is blowing
from an unobstructed direction. Notwithstanding these arguments,
which do seem valid, the analysis reported in this chapter has used
the Meteorological Office's effective height concept partly because
it is the current UK practice, and partly because of the difficulty

in obtaining the necessary information to apply direction-dependent

correction factors.

However, the importance of a detailed knowledge of each site and its
surrounding terrain is recognised by the author. Accordingly, the
UK Meteorological Office was asked to supply information about each
of the 14 sites being studied. This information is given in
Appendix C. It can be seen that the extent of the information
given, varies considerably in detail. In wind energy applications,
where one is using surface wind data and applying a correction
factor in order to obtain hub height.wind data it is particularly
important to have a good knowledge of site and instrument
characteristics. In Table 3.1 factors described by Wieringa (1983)
as being "required" have been listed and supplimented. Whilst such
information is desirable, in practise it is not always available -
this is, an area in which the Meteorological Organisations should be
asked to standardise the way in which they describe the measurement

sites.

The following sections describe the anemometers and recording
devices used'by the UK Meteorological Office and their character-
istics, and the usual quality control procedures applied to the
data.

3.2.1 Measuring Instruments — anemometers

The different types of anemometer available are described in detail

in Warne (1983) and can be categorised according the physical
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properties upon which their operation depends : rotation anemo-
meters, pressure anemometers, anemometers depending on the cooling
effect of air motion, anemometers depending on the speed of sound

and those depending on turbulence,

The UK Meteorological office has made use of two of these types for
recording hourly mean wind speeds. Prior to 1955 observations were
made using the pressure tube anemometer (PTA), but since then the
PTAs have been superseded and gradually replaced by the electrical
cup generator anemometer (CGA). This change has taken place as CGAs
are easier to install and maintain, as well as being better suited
for digital recording and remote displays - the remote recorder of
the PTA had to be positioned directly beneath the wind vane., The
cup anemometer normally consists of three or four cups mounted
symmetrically about a vertical axis. In the CGA the cup spindle is
linked to a small electrical generator and thus the instantaneous
rate of rotation is obtained by measuring the output voltage. It
has been shown - Meteorological Office (1981) - that the ratio of
the wind speed to the rotational speed of the cup centres (called
the 'factor' of the anemometer) is dependent upon the wind speed and
to a lesser extent on the dimensions of the instrument. Detailed
wind-tunnel experiments have shown that (i) a 3 cup head is
preferable to a 4 cup head because the torque is more uniform
throughout a complete revolution and the torque per unit weight 1is
greater, (ii) a cup of semi-conical shape, is better than one of

hemispherical shape and (iii) beaded edges to the cup make it less

sensitive to wind stream turbulence.

The response of an anemometer can be described in two ways: firstly
in terms of the length of a column of air which must pass the head
for the anemometer to respond to 63.2% of the step change - this is
called the 'distance constant' and for a specified anemometer
depends only on air density. Secondly, in terms of the time
required for the anemometer to respond to 63.2% (1-1/e) of a step
change - this is called the 'time constant' and varies inversely
with the wind speed. One consequence of this variation is that
anemometer cups accelerate more quickly with an increase of wind

speed than they decelerate with a decrease of speed causing the so-
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called 'over-run' error - thus the mean speed recorded in a variable
wind is higher than the true mean wind speed. As reported in Smith
(1981) several researchers have studied this problem of over-run
errors due to fluctuating winds and obtained varying estimates of
the magnitude of these errors. For example, Smith reports an
experiment conducted in Kansas (USA) by Izumi and Barad which
suggested the error to be about 10%Z, based on a comparison of the
results recorded by a cup anemometer with those from a sonic
anemometer, Other researchers, using empirical and theoretical
approaches, which are well reviewed in Kaganov and Yaglom (1976),
have obtained a variety of answers. It seems that the actual over-
run error is of the magnitude of 1 to 4% but that another source of
error, which is caused by the influence of vertical wind
fluctuations on the anemometer, is often neglected by researchers,
even though it is about 6-8%Z. However, it seems that the magnitude
and relative importance of these two errors depends upon stability
of the atmosphere and the nature of the surface upwind of the
anemometer. Kaganov and Yaglom noted that Kondo et al (1971, 1972)

found that these overspeed errors could significantly alter the

measured vertical wind profile above a wavy sea surface (especially
in light wind). This factor could be of considerable relevance to
wind energy researchers who frequently extrapolate measurements made
at a low height to the hub height of a wind turbine. Furthermore
Kagnov and Yaglom suggest additional factors which contribute to the

overspeeding of rotation anemometers in a gusty wind.

All Meteorological Office anemometers are calibrated in a wind
tunnel before use, the tolerances being + 1 knot below 40 knots (0.5
m/s below 20.6 m/s) and T 2 knots above 40 knots (1 m/s above 20.6
m/s). The overspeed errors discussed above are not detected in this
calibration since the wind tunnel experiments are done in steady air
flow whereas actual measurements are made in turbulent, gusty
conditions. During this calibration the starting speed is also
recorded as an aid to detection of unbalanced cups and excessive
friction - it seems most Mark 4A anemometers start at about 5 to 6
knots (2.5 m/s to 3.1 m/s), though as Collingbourne (1978) noted
they continue rotating until the wind speed falls below about 2 to 3

knots (1.0 - 1.5 m/s); whereas Mark 5 anemometers have a starting
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speed of about 3-4 knots (1.5 - 2.0 m/s) according to Smith (1981).
During the changeover from PTA to CGA anemometers Hartley (1955)
conducted comparative measurements and noted whilst using two CGA
anemometers mounted next to each other on a 40 foot (12m) tower that
there were sometimes differences due to interference between the two
anemometers and other instruments on the tower. Additional
interference, as will be seen in Chapter 5, can be caused by the
tower itself, Whilst such interference errors can obviously occur
they are not usually a significant problem at the UK Meteorological
Office sites since the instruments are mounted at the top of 10m
towers., (Appendix E Figure E.12 shows the standard Met. Office

towers at Lerwick and Sumburgh).

3.2.2 Recording Devices

In the past both the PTA and CGA anemometers have transferred their
measurements to a chart recorder - the PTA ones via a direct mechan-

ical linkage and the CGA ones via a moving-coil pen recorder which

is driven by the output of the generator. Recently, as will be seen
later, the output of the CGA has been logged digitally on magnetic

tape using Digital Anemograph Logging Equipment (DALE).

CGA anemometers output an AC voltage whose frequency and amplitude
varies directly with wind speed. The early versions of the CGA
recorder (Mark 2 and Mark 4) responded to the amplitude of the
signal which was rectified to a DC current to drive the pen across
the chart. The later version (the Mark 5), which is fully described
in Else (1974) uses the frequency of the AC voltage instead. The
output of the anemometer is such that the frequency increases by 1l
Hz/knot (approx 2Hz per m/s). The use of the frequency of the
output voltage of the anemometer means that the resistance of cable
(and thus its length) between the anemometer and the recorder is not
important, whereas if the voltage amplitude 1is used it is. Moreover
the relationship between knots and frequency means the chart
recorder can use a chart with a linear scale from zero upwards,
whereas the chart used on Mark 2 and 4 recorders is markedly non-
linear between 0 and 10 knots (0-5 m/s). In all cases the chart is

moved under the fixed recording pen by a synchronous motor which has
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a standard speed of 25.4mm/hour. This means that because of the
relatively slow movement of the chart the wind speed trace is broad
due to gusts and lulls, and thus requires careful analysis. The
charts themselves are influenced by changes in relative humidity -
Meteorological Office (1981) suggests that a change in relative
humnidity from 50 to 100% will cause an expansion along the time axis
of 0.1 to 0.2% and across the paper (ie along the speed axis) of 1.5
to 2.0%. More importantly, the charts must be correctly positioned
and regular checks made to ensure the speed of rotation of the drum
is correct. Validation time marks are made on the chart each day by

the site operator thus providing a check against these errors.

Whilst these checks are standard Meteorological Office procedure,
undetected errors can be important - for example an incorrect zero

setting can cause significant errors in low wind speed measurements.

The analysis of the charts is a time consuming and tedious process -
particularly so with those charts which are non-linear at low wind
speeds. An important effect which is taken into account is the

starting speed of the anemometers — rules have been developed to

provide reasonable estimates of low wind speed values. Briefly

summarised they are: (i) if the speed trace for the whole hour is

zero and the direction trace for the hour is either a perfect
straight line or consists of a series of steps then a speed of 0 is
entered; (ii) if the speed trace is zero and the direction trace
shows an oscilating line, a speed appropriate to the anemometer is
recorded (eg 2 knots (1 m/s) for Mk 2 and Mk 4 CGA's); (iii)
otherwise the mean of the trace for the hour is entered. (These
rules are described fully in Meteorological Office (1972)). Another
problem associated with analysis of charts is that of the tendency
for an observer to enter certain speeds, such as those that are a

multiple of 10, more frequently - this was noticed by Smith (1981).

The subject of observer bias in recording wind speed has been
studied in detail by Reed (1978).

For a variety of reasons, but primarily because of the cost of
analysing charts, the Meteorological Office began in 1974/75 to
replace chart recorders by DALE recorders. This system, which is

fully described in Burtonshaw and Munro (1977), logs on a magnetic



tape cartridge the data previously extracted by analysis of charts.
The system is designed to be reliable, to be left unattended for
long periods of time, to operate from a mains electrical supply
(backed up by a standby battery) and to log the data in a computer-
compatible format. To ensure the satisfactory operation of the DALE
recorder it is initially run in parallel with a chart recorder. The
results of the chart analysis and the data taken by the DALE
recorder are compared. When the DALE recorder has given consis-
tently acceptable results without interruption for a period of 2
months it is "accepted"” into service., At this stage the charts
cease to be analysed but are still written and kept so that they can
be used in the event of the DALE recorder failing. As at 1 November
1983 65 stations had been converted to DALE and 49 of these

"accepted" - most of the remainder had only recently been installed
so had only just started their acceptance tests. However, all the

data analysed in this chapter was digitised by the Met. Office from
Anemograph charts.

3.2.3 Quality Control

Once the wind data has been entered into the Meteorological Office
computer either by direct transfer from DALE cassette or by manual
keying, it is checked to ensure each item of data is within the
correct range. Consistency checks are then made, for example by
comparing a value with previous and subsequent values and checking

that the difference between hourly and gust directions is not too

great. According to Bryant (1979) these consistency checks revealed
4 errors per 1000 items in 1969, though doubtless this ratio will

decline as the use of DALE becomes more widespread. The second

stage of quality control compares records of a station with those of

its neighbours and thus detects if the differences deviate from the

historic pattern. Such deviations may be caused by an instrument
fault or by a change in exposure. Bryant describes in detail how
this second stage of control is applied to wind direction data and
points out that only a few stations cannot be so checked because of
either their remoteness or because of the unusual topography in
their locality. Palutikof et al (1984a) describe how the comparison

of 2 long term records revealed the growth at one site of a row of
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Mean wind profiles for hydrostatically neutral air, measured at
Risg with the wind coming from different angular sectors as shown on the
map of Rise@. The surface roughness changes are clearly reflected by "kinks"
in the profiles, the characteristics of which depend on the wind direction.

Figure 3.5 : Transition Layers due to changes in surface
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