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Abstract

The release of carbon dioxide from the burningostil fuels for energy is thought to
be one of the main contributors to increasing dgneese gas concentrations in the
atmosphere. This increase is reported to be ocgusiaversible changes to the
earth’s climate, giving rise to temperature incesaand other consequent alterations

in weather patterns.

Amid growing concern about climate change andnipdct on the world, targets
have been set through agreements such as the Wyotocol and via European
Union and government legislation to force counttees/ork towards decreasing their
greenhouse gas emissions. Increasing the contnibtitat renewable sources make
to energy production is a major part of most cdestrstrategies to meet these

targets.

The UK has arguably the greatest potential for wioder generation in Europe and
the government is seeking to build upon this stiteriyy exploiting the resource
further. The liberalised electricity market infersequirement for private investment
in order to develop the wind portfolio and this tarn requires financial and
economic feasibility. Given the changes in weatb&iterns that are projected to
occur over the course of the coming century, tresiidity that this could change the
UK'’s wind resource, and hence the financial viapibf wind power developments,
must be addressed. Other aspects of how changles wind resource could impact
on the operation of the fragmented electricity eysbught also to be considered in

this context.

This thesis attempts to understand how the cumenkration of climate models
project surface wind climate to change, and seeksidke the model information
relevant at a site level by using statistical ahgisical modelling techniques. The
projected changes indicated by the models are sanadl it has been assessed that
potential impacts on the electricity system, frorjgct feasibility to the potential for

inclusion of wind in the generation mix, will benlited.
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Chapter 1
Introduction

1.1 Thesis background

The challenge of mitigating climate change is dyhdebated matter, both within UK
government circles and also, via the media, irptiidic domain. It is widely agreed that
part of the mitigation strategy will involve changi from mainly fossil-fuel based
power generation to renewable sources of energggailless of what is done now,
however, climate change will proceed throughoutdbmaing century due to past human
behaviour; and given the innate dependence of mamgwable energy sources on the
prevailing climate, it seems sensible to consitderitmpacts of predicted climate change
on such sources.

The aim of this work, therefore, is to analyse itin@acts of climate change on
the wind resource in the UK on two different levdisst, as regards the possible impact
on individual stakeholders within the wind indusamyd, second, in terms of the broader
issue of the development of public policy on enesgurces. Wind power is currently
the fastest growing renewable energy source aedpscted to fulfil a large part of the
UK government’'s 20% 'renewables' target by 2020orter to meet this, as well as
those targets expected to be set in the longer-tenowledge is required about future
wind climate; indeed, is the current government@aning high enough, or could we
place ourselves in a position to exploit the resewignificantly more than presently
anticipated? Do we need, for example, to look tdrahtives and perhaps expand the
mix of available energy sources?

As the lifetime of wind farms is generally in thegion of twenty to thirty years,
ongoing climate change over this period may immacthe financial viability of wind
farm developments and thus their attractivenessitestors. The added uncertainty
arising from anecdotal reports of apparently insiag climate change may increase in

turn the ‘perceived risk’ and make such developmewen less attractive. This project



is intended to address the question at both theldealready referred to, by seeking to
understand the range of potential changes to eramrgut at individual sites across the
UK, and by extrapolating this to an understandihthe aggregate affect on the country

as a whole.

1.2 Project objectives and scope
The project objectives are as follows:

1. to understand the potential sensitivity of wind gowo climate change and to

examine the ways in which this could impact onitfuistry;

2. to determine the current state of knowledge on lsbmate change scenarios
suggest changes in wind power, and to understasdilpe limitations in the

applicability of the research to various industiakeholders;

3. to develop a method of analysis for climate chainggacts on wind power, at

both a macro and a micro scale;

4. to apply the results of the analysis in an explorabf the scale of the impacts
and how these could impinge on future electricignegration from wind in the
UK.

1.3 Thesis contribution to knowledge

The fundamental proposition of the thesis is that:
climate change will impact on wind resources in the in such a way that the
effects will require a change of strategy for thadyower industry.
A thorough analysis of projected changes to thedJKind climate is in itself a new
piece of research. This kind of work has been edrout in the US and Scandinavia, but
the techniques have yet to be applied in a UK caniéaking this wind climate analysis
a step further so as to look at potential changegimd energy output is something that
the US and Scandinavian studies have undertakemeves, this has not been done in
such a way as to comprehend the financial impastuoh changes, or how the levels of

projected change could affect the electricity induat other levels.



A novel method has been developed for using datan fmodels that project
changes in the future climate. This attempts toaané the wind climate information
available from these models and make it more apiplecto wind power analysis. The
work has been completed in a format that will eeghat the methodology can be easily
reapplied with alternative data. It has been dexigio be simple enough to be used by

non-climate experts, whilst not sacrificing anythin terms of the quality of results.

1.4 Thesis outline

The thesis consists of seven chapters, plus appeEsdi

Chapter 2frames the work in the context of both changinghate and an emerging
renewable energy industry. Future projections obgl climate change are presented
along with a discussion of the atmospheric modgltechniques involved in developing
these scenarios. Also discussed is the developmkra renewables sector in the
electricity industry as a result of both climateange and predictions of depletion of oil

and gas reserves.

Chapter 3concentrates specifically on wind power, lookitgts history, the physics of
energy production and integration of wind into #lectricity system. The chapter goes
on to explore the sensitivity of wind power projéofances to changes in the mean wind

climate.

Chapter 4first compares the output of climate model surfawed data (at 10m above
ground level) to reanalysis wind data for a conpretiod and, having established some
degree of success, investigates what the modetgisofjor future scenarios. The second
part of the chapter uses projections of future adea from a higher resolution climate

model to calculate potential changes in seasoreabgrproduction.

Chapter 5seeks to discover whether looking at changes énldéinger-scale climate
factors that ultimately drive surface wind speeals assist with understanding potential

changes at a surface level.



Chapter 6 develops a process for downscaling the largeesciimate factors to

calculate changes at a surface level at a higlsetuton than the model itself.

Chapter 7discusses the results of the analysis of climateéehdata, from the raw
surface data to the downscaled geostrophic windxdimines the potential impacts of
the projected changes for various parts of the witistry and for the electricity
industry as a whole. Finally, the limitations ofetlanalysis are detailed, along with

suggestions for further work.

Appendix Acontains some additional discussion on wind twbgower extraction,
atmospheric stability and the Weibull distributidyppendix Bdetails the construction of
Taylor Diagrams; Appendices C and [present detailed results from the work of
Chapters 4 and SAppendix Econsists of Ordnance Survey maps of the sites imsed
Chapter 6.



Chapter 2

Climate Change

Climate change represents one of the greatestticiesocio-economic and political
challenges for the world in the coming century. eTé¢onsensus reached by the
majority of scientific experts is that anthropogemmissions of carbon dioxide
(C0O,) and other greenhouse gases will cause global iwgron a scale beyond that
which would have been expected under natural wéitiabmoreover, this has the
potential to provoke change all around the glolbkis chapter aims to examine the
science behind the projections of climate changd,the actions of politicians and

the general public in response to this knowledge.

2.1 The science behind climate

The Intergovernmental Panel on Climate Change ()P&&3 formed by the United
Nations Environment Programme (UNEP) and the Woltketeorological
Organisation (WMO) in 1988. It aims to be a diss&tion body, objectively
assessing the latest scientific, technical andoseconomic information on climate
change to make the most up-to-date evidence alaifab policy-makers. It does
not conduct any research itself, nor does it maiecyy and it endeavours to be
unbiased and dispassionate in its approach taiaihtfic theory (IPCC, 2009). The
organisation publishes reports, approximately every to six years, containing
what its panel of experts consider to be the melstvant scientific opinions on all
aspects of climate change and its potential impastsvell as proposing mitigation
and adaptation strategies. The most recent rgpastished in 2007, is known as the
Fourth Assessment Report (AR4); the previous repoblished in 2001 is referred
to as the Third Assessment Report (TAR).

The IPCC is not untouched by controversy. Whitstaims are entirely
honourable, as a UN organisation it is influencedits funding structure. Of
particular note is the interference of the US goweent, allegedly under pressure
from the oil and gas lobby, which prompted the geation in 2002 of the IPCC

chairman, the eminent British climate scientist &bhVatson. Watson was replaced



by Rajendra Pachauri from India, who was thoughbeoless hostile to the Bush
Administration’s policy of climate change sceptinifPearce, 2002). Prior to the
publication of the latest report in 2007, a documerepared by US government
officials was leaked to the media, indicating hdwey wished some details of the
forthcoming report to be altered to suit their jgatar viewpoints (Adam, 2007).

Policy-makers aside, many of the scientists whondb accept the current
widely-held verdict on climate change and anthr@mog forcing are not enthusiastic
about the IPCC either (Pearce, 2006). One grougceptics go under the banner
‘Nongovernmental International Panel on Climate ii@f&a(NIPCC). Some members
of this organisation dispute the human contributiortemperature changes, whilst
others debate the temperature change itself. TMegethey have produced a
significant critique of the IPCC’s fourth assessm@ilPCC 2009). A common
theme is a belief that the IPCC is ignoring newiecgs of work in favour of the
more established theories, and that it is too eidoron political wrangling to be
truly objective.

However, it is important to recognise that the IPC@andate is to take the
balance of evidence into account. The organisatiaimly cannot reject the findings
of the majority of scientists in favour of those afsmall minority who disagree.
Rather, the expert panel members can only takeultkence that they are presented
with, weigh up its scientific and/or technical nmeand support the most likely
theories in an unprejudiced manner. It is witls ihi mind that the rest of this thesis
uses data and information from the IPCC AR4, onbh&s that it is the most up-to-
date and broadly accepted data available.

2.1.1 Definitions

2.1.1.1 Weather and Climate

The term ‘weather’ depicts the state of the EarHtimosphere at a particular time
(AMS, 2009), often in a specific location. The tefttimate’ describes, usually in
statistical terms, the long-term weather conditiong particular area (Le Treet
al., 2007). The energy balance of the Earth is driexternally by the inward and
outward flux of radiation from the sun, and as sty changes in the flux will have

an effect on the state of the atmosphere, andahwgeather and climate.



2.1.1.2 Climate Change

The term ‘climate change’, or ‘climatic change’ iags sometimes called, can be
interpreted differently depending on the situatidie IPCC (2007a) define it as:

...a change in the state of the climate that candkatified (e.g. using statistical

tests) by changes in the mean and/or the variabilitts properties, and that persists
for an extended period, typically decades or lonfgeefers to any change in climate
over time, whether due to natural variability oraa®sult of human activity.

This differs from, for example, the definition giveby the United Nations
Framework Convention on Climate Change (UNFCCC 9800which refers only to
climate change as a direct result of human activitye IPCC definition is clearly
more pragmatic, because when considering impaals agiaptation or mitigation
strategies, it is the compound effects of natum lammankind that will be felt and
that need to be addressed.

2.1.2 Solar Flux

Changes can occur in both the inward and outwalat sadiation flux to the earth,
altering the energy balance. The tilt of the Eartixis and its orbital path could
potentially change the amount of inward solar raaiaincident upon its surface.
There is some scientific evidence that this hasipusly affected the temperature of
the earth (McGuffie & Henderson-Sellers, 1997) th& process is not precisely
understood and modelling is still in progress. ®&a@ommonly cited causes of
changes in solar radiation incident upon the ear¢thsunspots. There is a cycle in
solar activity which has been linked to past clim#éiuctuations, such as the ‘Little
Ice Age’ in the late seventeenth Century, but agéus link is still under scrutiny
and the exact effects have not been absolutelytdiedn(McGuffie & Henderson-
Sellers, 1997). It may be worth noting that nursbafr sun spots are currently at a
low (Phillips, 2009).

Changes to the outward flux of solar radiation, il amount reflected or
scattered by the surface or atmosphere, and thegekan the amount of infrared
heat radiated from the earth have been in recarsy&ibject to more investigation
than the changes in inward radiation. The causésese changes are often divided
into two kinds — anthropogenic, i.e. caused by hunectivity; and non-

anthropogenic, or ‘natural’.



2.1.2.1 Non-anthropogenic effects

The so-called ‘natural’ effects include those doievdlcanic activity and changes in
the ocean circulations. Eruptions of volcanoesseaa mixture of particulates and
gases - typically sulphur dioxide (9O to be released into the atmosphere where
they change the reflectivity, or albedo, of the @phere. A large amount of aerosol
matter in the atmosphere will deflect some of the’'s incoming radiation back out
into space and thus result in a net cooling ef(dtitGuffie & Henderson-Sellers,
1997). There is also evidence that aerosol pastich the atmosphere can induce
cloud formation, further increasing albedo (Dusékl.,2006).

Changes in oceanic circulation patterns are thowghbccur naturally on
scales of years, e.g. the El Nifio phenomenon, ananoch longer glacial time
scales, such as the North Atlantic thermohalineutation (McGuffie & Henderson-
Sellers, 1997). These circulations change the veay is distributed around the earth
by large bodies of water. The changes in heatiloigion cause differences in the

path of atmospheric circulations, thereby altetimgclimate.

2.1.2.2 Anthropogenic effects

Anthropogenic effects - effects originating frone thctivity of humans - on climatic
variability have been studied and modelled in gdeddil in recent years and there is
consequently a large amount of scientific inforrmatavailable. It is considered by
the majority of scientists in the field to be theosh likely cause of substantial
changes in climate in the coming century, withiP€C (2007b) stating that

The understanding of anthropogenic warming andiiegahfluences on climate has
improved since the TAR, leading very high confidencthat the global average net
effect of human activities since 1750 has beencdmearming...

A significant part of the current research dealghwthe greenhouse effect,
something which has been given a lot of attentipithie media in the last ten years
and the increase in which is generally acceptedhleymajority of the scientific

community to be attributable to human activity.

2.1.3 The greenhouse effect

The phenomenon known as ‘the greenhouse effesb-salled because it describes
how particular gases in the atmosphere trap radiatausing a heating effect, much

like a greenhouse. These gases, known collectagthe greenhouse gases (GHGS),



trap the infrared part of the radiation and ardaut, necessary to life as we know it
on earth - for without them the surface would netvsarm enough for survival.

Water is a greenhouse gas, and obviously is aalatamponent of the atmosphere,
along with other GHGs like carbon dioxide. Howewespecially since the industrial
revolution, humankind has been generating incrgakguels of some atmospheric
gases beyond that which existed in the past. Tirothe use of modelling

techniques, scientists are projecting that incngpsinese levels at our current rate

will lead to irreversible and potentially devastgtiheating of the planet.

GHG Anthropogenic sour ce

Carbon dioxide (C¢ Fossil fuel combustion, deforestation
Nitrous oxide (NO) Agriculture and fossil fuel combustion
Methane (CH) Agriculture, landfill

Halocarbons (CFCs) Industrial processes

Table 2-1: Primary greenhouse gases increasing due to anthropogenic activity
(Forsteret al, 2007)

2.1.4 Comparing the different GHGs

Each greenhouse gas in the atmosphere absorbaiigigarticular wavelength in the
infrared spectrum, preventing outgoing solar raoimtfrom leaving the Earth.
Probably the most widely recognised gas in conaectith climate change is
carbon dioxide (Cg. A number of greenhouse gases have been deganlthe
IPCC AR4 as ‘LLGHGs’, or long-lived greenhouse gastue to their long-lasting
effects in the atmosphere. These gases take rigesgbtime to be removed from the
atmosphere and their concentrations can remainfbrglong periods after their rates
of emission have been reduced, e.g. haloflurocaidCFCs).

2.1.4.1 Radiative Forcing (RF)

Generally, the incoming radiation is balanced apipnately by the outgoing

radiation around the globe as a whole. Anythingsogy a change in this balance,
i.e. a net gain or loss of radiative energy, isnedt a radiative forcing. The relative
radiative forcing of various different greenhoussses (and for cooling, aerosols)
can be evaluated, although there remains some aelasato whether there is an



absolute link between radiative forcing and clima¢ésponse to some of these
substances (Forstet al, 2007). Fig 2-1 shows the different radiativecfog effects

of various greenhouse gases and other substanitieshethin error bar showing the
range of uncertainty about the values. The biggestertainty bars appear to

surround cloud albedo - the overall average rafiaatoefficient - and aerosols.

Radiative Forcing Terms

T T T |
| |
| i
Long-lived | :
greenhouse gases : |
| 1
| : !
| Halocarbons |
. o
o Ozone Stratospheric Tropospheric
O ' (-0.05) ' |

= ! '
2 Stratospheric l : i
S water vapour | | !
5 | | ‘
£ Surface albedo Land use Black carbon !
5 | on snow !
T | | 1
!
Direct effect : : [
Total [ [ :
Aerosol | cloud albedo ! | !
effect : : |
| | i
” Linear contrails ' (0.01) ' |
& | ! |

—

S 2 | | |
20 Solar irradiance | | ‘
o) s
Z5 : ' ;
Total net | l
human activities | !

L I L L I

. {
-2 -1 0 1 2
Radiative Forcing (watts per square metre)

Fig. 2-1 Radiative forcing of climate between 1750 and 2005
(Forsteret al, 2007)

2.1.4.2 Global warming potential

Since CQis the predominant GHG, it is used as a measurebasd: the ‘carbon

dioxide equivalent’ (C@eq) of each gas is found by measuring its warnforg
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radiative) effect relative to GO Each gas is given a ‘global warming potential
(GWP) relative to carbon dioxide, calculated frdme tadiative forcing effect of the
gas over a given time period (often 100 years) QPZ007a). The C&£eq of the gas
is then calculated by multiplying its concentrationthe atmosphere by its GWP.
For example, the GWP of methane over 100 year$;i$a2 nitrous oxide it is 298;
and for sulphur hexafluoride it is 22,800 (Forserl, 2007). The total C&eq of
all the greenhouse gases can be found by summgeghter all the individual C&
egs. The C@equivalent is a useful measure for understandiagélative effects of

different gases at different concentrations indtreosphere and comparing them.

2.1.4.3 Carbon Dioxide

Given the evidence that GG probably the worst offender in terms of itsiadiste
forcing potential (see Fig 2-1), it then has topbeven that its concentrations in the
atmosphere are increasing at an unsustainable Faten Fig 2-2 it can be seen that
in the 28" Century, CQ concentrations have been overwhelmingly incredssd
their historical levels, as have those of methamé mitrous oxide, the next two

highest offenders on the radiative forcing index.
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Fig. 2-2 Concentrations of atmospheric carbon dioxi de
(Forsteret al, 2007)

11



Carbon dioxide is released into the atmosphere fnamral processes, such as the
decay of natural matter as part of the carbon cyElg. 2-3). However, IPCC
(2007Db) affirms that,

.. most of the observed increase in global averagmeratures since the mid®20
century is very likely due to the observed increasanthropogenic greenhouse gas

concentrations.

plant
fosadl-fual  land ume pholowynthesis respiration — decay of
burmning y ros|duss

poalogscal resarvolir

Fig. 2-3 The Global Carbon Cycle
(Postet al, 1990)

Burning of fossil fuels to generate energy is stas the primary source, along with
deforestation - which results in less uptake of, ®® plants. Increases in methane
and NO are both due to heavy industrialisation of adtice, with fossil fuel use
also contributing to methane increases. Anthropmgeooling effects due to
emission of aerosol particles - which also meaneased cloud formation causing a
further cooling effect - are not enough to courtethe positive radiative forcing

from the greenhouse gases (Forstaal, 2007).
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2.1.5 What is the evidence for warming?

2.1.5.1 Historical climate records

Investigations of past climate are important inesr understand how all the factors
affecting the climate system link together. Histatirecords of climate variables
provide insight into the degree of natural variatio the past, indicating what levels
of greenhouse gases it may be possible for humdnkiradapt to. Instrumental
records of sufficient accuracy going back more tH#&® years are very few.
However, scientists have developed ‘proxies’ whmbhy signify the state of the
climate at a particular time in the past - suckr@s ring density. These are useful but

it is accepted that these reconstructions arenfialiible.
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Fig. 2-4 Temperature reconstructions
(Follandet al, 2001)

The most famous and widely circulated image ofdnisttemperature change is the
‘hockey-stick graph’ from Manmt al. (1999) cited in the IPCC TAR (Fig.2-4). It

was used by a number of media sources, and al$orimger US Vice-President Al

! Millennial Northern Hemisphere (NH) temperatureaestruction (blue) and instrumental data (red)
from AD 1000 to 1999, adapted from Mann et al. @9%moother version of NH series (black),
linear trend from AD 1000 to 1850 (purple-dasheut two standard error limits (grey shaded) are
shown.
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Gore in his documentarn Inconvenient TrutlfGuggenheim, 2006). The image
was developed using a number of inputs - includoegcore analysis, tree ring
analysis and documentary evidence - to reconstaichorthern hemisphere
temperature time series for the last 1000 yearsrelhas been much controversy
concerning the validity of Mann’s model and the Inogls used to obtain the data; a
number of research groups have run similar stuahelsproduced similar data whilst
others have provided contradictory data in ordeundermine it. The IPCC TAR
reports that several “largely independent” stutli@ge found similar results to Mann,
showing that the 1990s were the warmest decadeseqgbdst 1000 years even though
their results for historical periods varied someivtiae to different reconstruction
methods (Follaneét al, 2001).
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Fig. 2-5 Historic records of temperature, sea level and snow cover

(IPCC, 2007b
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The IPCC ARA4 did not explicitly include the contessial graph (Fig. 2-4). Steffen
(2008) believes this subsequent IPCC report detkstive ‘hockey stick’ issue in a
“refreshingly open and honest way”, by attemptimg ihcorporate a range of
scientific argument on the matter. The AR4 SummfaryPolicymakers (IPCC,
2007b) describes the observed trends over theégdtiry and, in more detail, over
the last 30-40 years - as shown in Fig. 2-5. Tlobal average surface temperature
has clearly shown an increase beyond that experdeimcthe last 150 years; the rate
of this increase is also significant. There isotahle corresponding decrease over
the last 10 to 15 years in northern hemisphere soover in the spring period -
which might of course be expected given the temperancrease. The pattern of
sea-level rise is of particular concern as it ssggée-cap melting at the poles. A
relatively modest increase in sea level could hagwatentially disastrous

consequences for coastal areas.

2.1.6 Modelling the future

The best tools available for the analysis of futdlienate are General Circulation
Models (GCMs), which are complex numerical moddidhe Earth’s atmosphere
and oceans. As well as evaluating investigatiots historical climate patterns, the
IPCC reports have provided a dissemination of thgpwt of many of the most
advanced climate modelling experiments, intendethéixe projections about what
future climate will look like under projected lesedf anthropogenic forcings.

The projected levels of, in particular, greenhogages, are chosen based on a
number of different ‘storylines’. The storylineseadevised by experts who plot
plausible evolutionary paths for the world, demgtia range of combinations of
potential technological and socio-economic develepis that may occur; each of
these could produce different levels of GHG emissid he various storylines were
put together in the IPCGpecial Report on Emissions Scenar{dakicenovic,
2000). The emissions levels corresponding to eddhese storylines are used by
climate modellers to compare different models i same emissions levels. None
of the scenarios is claimed to be any more orllkely than the others; and they are
given equal weighting when considering the rangpasisible changes. Three of the

original six scenarios - corresponding to ‘low’ (Blmedium’ (A1B) and ‘high’
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(A2) emissions (Meehdt al, 2007) - have been chosen to be used as partroject

in which numerous models will be run to the yea@@Llinder the same scenarios,
and will then compare their output (World Climatesearch Programme (WCRP)
Coupled Model Intercomparison Project Phase 3 (@Y)IPThe results from this are

referred to throughout the IPCC AR4 report as thelti-model data set’, or MMD.
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Fig. 2-6 Multi-model averages and assessed ranges f _ or surface warming

(IPCC, 2007D)

The term ‘Global Mean Warming’ is used to desctite change projected in annual
mean surface air temperature. Fig. 2-6 shows ithegied trend in the global mean
warming over the next one hundred years comparéid sunulations run for the

twentieth century. Depending on the scenario, rtteelels project a warming of

between approximately 1.5 and 4°C. The orange tlepicts the scenario if

concentrations of GHGs were held constant at theldeof the year 2000, showing a
slow response time in the climate system, and sige that some degree of
warming will still occur even if this concentratiamas somehow sustained (IPCC,
2007b).
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There are a number of secondary climate factorgesigd by the IPCC AR4

as being likely or very likely to undergo chand#¢eat waves and heavy precipitation

events are very likely to occur more often; tropicgclones are likely to involve

higher peak wind speeds and heavier precipitattmmid-latitude storm tracks will

move towards the poles, changing their naturerimgeof wind speeds, precipitation
and temperature; precipitation is very likely tar@ase in high latitudes and decrease

in subtropical regions; and it is very likely thhe meridional overturning circulation

in the Atlantic ocean will slow down - but it is nyeunlikely to change abruptly
(IPCC, 2007b).
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The models used to produce projections of futunmatke are often run for past

climate, and then compared with the observed recardorder to validate their
results. IPCC (2007b) contains a graphic (Fig) 3hbwing how the model output
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looks when only natural forcings are included ie thodel calculations, and then run
again including both natural and anthropogenicifiggc When the range of outputs
iIs compared to the observed record, it is veryrcksat the results including
anthropogenic forcings are much more similar todhserved data than those with
only natural forcings. The IPCC AR4 used this emaude that it is likely that an
anthropogenic climate response is in progress@ird®CC, 2007hb).

2.1.6.1 Uncertainty

There is uncertainty in both the observed histbacal the projected future climates
from models. Looking first at the observationaterainties in Fig. 2-5, it can be
seen that the uncertainty bouradsthe records of temperature and sea level begin t
converge with time, the more recent observationsgomuch more reliable. Even
within the range of uncertainty displayed on thgesphs for data from 150 years
ago, the witnessed change in the climate variaislestill notably more than the
difference in the upper and lower uncertainty bauntncertainty within the model
projections is less clear and less easy to defamel there are several levels of
uncertainty which must be summed together.

SRES storylines inherently contain uncertainty. Mthit is possible to
understand the particular emissions levels likelyotcur given a particular set of
technological constraints and a particular typeafnomy, trying to put exact figures
on this is not trivial The storylines themselves are based on combirsatain
particular socio-economic circumstances and wodévgovernmental choices which
cannot be predicted with any certainty. The stoed each have equal likelihood, as
it is not possible to put probabilities on the vas scenarios, given the complexity of
the inputs.

Each climate model, whilst based on the same phyaid often on the same
dynamics, is slightly different. Different pararesation schemes — for example,
for cloud processes — resolutions, grids, and sih foontribute to their differences.
The weight of scientific opinion may lie behind om@del or another but in general,
each has to be assumed to be equally accurate. models run under the same
SRES scenario may give quite different future priogms and their outcomes must
be considered equally likely. If three modelsranme, and two produce similar results

with one showing something different, the outcommenf the two similar models is
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believed to be more likely. As the models are pomly data for future time periods,
the intrinsic inability to validate their resultganst observed data means that whilst
some verification and validation techniques attemaptieal with the problem, we

cannot assume absolute certainty.

2.1.7 Climate impacts studies

The latest information from the IPCC cited abovechs as global average

temperature increase, is interesting and usefalgsneral level. However, in terms
of gauging the effects of climate change on vari@ggons throughout the world or

on specific secondary systems such as crop gremtrgy demand and so on, more
detailed data is essential. In order to understaedull scale of data available about
climate change, consideration must be given tontle¢hods by which this data is

generated.

2.1.8 The Atmosphere

2.1.8.1 The structure of the atmosphere

The gaseous composition of the earth’s atmosplse#®% nitrogen, 20% oxygen
and small parts of argon, carbon dioxide and offases - including other halogen
gases, ozone and methane. Water makes up aroubg ¥&tume of the atmosphere
but this is a spatial and temporal average, andiderable variation occurs within
this (Barry & Chorley, 1998).

The atmosphere is constructed of four layers: tbposphere, stratosphere,
mesosphere and thermosphere. The dividing ‘linesvben the layers are known as
the tropopause, stratopause and mesopause. dpusphere refers to the section
closest to the earth’s surface and at the bottothiefayer is a boundary layer where
it interacts with the surface. Fig. 2-8a showsdbales of the various layers and Fig.
2-8b the troposphere containing the boundary layer.

The troposphere is the layer of most interest tdeorelogists, as this is
where most of the weather-causing processes oBaury( & Chorley, 1998). The
boundary layer is of particular interest as thecpsses within it are those which, as
observers perched on the surface, we feel direclye boundary layer can vary in
thickness but is generally around 1km deep andrdresports within it are heavily
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influenced by the earth’s surface, reacting toftreings within less than one houir,
as opposed to the slow reaction of the rest oathesphere (Stull, 1993). The main
feature of the boundary layer is its response ¢oathsorption of solar energy by the

surface - there is a diurnal temperature variatighin the boundary layer that is not

present anywhere else in the atmosphere (StulB)199
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The other key feature of the boundary layer is ulebce, which is
responsible for the irregular perturbations of motiaround the mean flow.
Turbulence within the boundary layer is generatgd &b number of forcings,
including wakes forming downwind from obstacles¢tfon with the ground and
thermally-induced flows as hot air rises from tleund on a sunny day. Turbulent
eddies can vary in size from millimetres to the @idpth of the boundary layer (Stull,
1993).

2.1.8.2 Modelling the atmosphere

In order to understand weather and climate, it égegsary to understand the
processes within the lower atmosphere and how wargystems interact with each
other. The use of models to aid this understandingaramount, as experiments
conducted with the atmosphere are beyond the dureahms of science (Beniston,
1998).

The inward flux of solar radiation to the earththe primary energy source
for the atmosphere. Because the earth has a lgrepldérical shape, the radiation is
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not received equally across its surface; higheelgewf heating occur at the equator
and the heating decreases towards the poles. italgb radiated outwards from the
earth, but this outward flux has an almost constat& over all latitudes. Differing
surface types distributed over the earth also dmrter to the uneven heating patterns
as different surfaces absorb and reflect differanmiounts of solar radiation
(Beniston, 1998). The overall net heating at ttpeag¢or and net cooling at the poles
sets up a temperature gradient, inducing motiohiwithe atmosphere as it strives
towards an equilibrium (Dutton, 1976).

There are many levels of complex motion within #temosphere, at a range
of different scales, with little or no evidencea overall basic north or southward
flow of air, as intuition might suggest. One oétlargest scale motions prevalent in
the mid-latitudes in the northern hemisphereuseaterly flow — i.e. from the west —
known as the polar jet stream. This is indeedésalt of a pressure gradient, caused
by the temperature difference between the highlandlatitudes, but it is not the
sole force acting on the air parcels (Dutton, 1976)

Acting alone, a pressure gradient like this wowsutt in a poleward flow of
air from high to low pressure areas. In additibowever, the turning force of the
earth, the Coriolis force, turns the air to thehtign the northern hemisphere) as it
moves away from the high pressure area. The apeps ‘thrown outwards’ by the
centripetal acceleration of the planet. Becaudghisf observations show that within
the large-scale circulation, air tends to move Ipgréo the isobars, with the low
pressure on its left (in the northern hemisphebeiXton, 1976).

In many cases, especially in the past when comgpupower was very
limited, mathematical models of the atmospherestigating particular phenomenon
tend to assume independence from different scdlesoton, i.e. turbulence models
would not consider the large scale circulation, amck versa (Dutton, 1976).
Beniston (1998) shows how models can be dividea t@mnporal and spatial scales,
which assume a ‘diagonal’ type relationship, i.eempomenon at large temporal
scales tend to vary on large spatial scales, whesewll temporal scale variables
tend to vary on small spatial scales. Howeveralse makes clear that interactions
between scales must be included in all models inpHgsically coherent and

numerically efficient manner”.
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A complete atmospheric model must involve sevemabégs and their seven
equations: pressure, temperature, moisture, dereiy the three orthogonal
components of wind velocity. The equations aremidated by considering
Newton’s laws of motion, the laws of thermodynamacsl the conservation of mass.
They must first be applied to a parcel of air ahént transformed to a fixed
coordinate system where the parcels at all poirgscansidered, giving a rate of
change for the variables in space (Dutton, 1978)ese laws arise from the study of
fluid mechanics and, as such, are accurate anfleceby experiment, and should
enable prediction of fluid behaviour over infiniteme. There are, however,
atmospheric phenomena that appear to behave im-predictable manner and are
often casually referred to as ‘chaotic’ — this rdrue in the strictest mathematical
sense. These factors serve to limit the prediaiwéties of atmospheric models to
small time increments.

Many approximations are applied in atmospheric rnsdeusually
assumptions of particular states, such as zerolematien within the flow. This
produces surprisingly accurate answers at largescat smaller spatial scales, the
approximations are no longer valid. The developnenempirically derived or
statistical relationships for sections of the peoblis required here (Dutton, 1976).
Whilst these relationships are useful in producuadjd solutions, these often are
only applicable in limited situations.

General circulation models of the kind used to stigate climate change,
which operate at best on cell sizes of around XIDkKAometres, are typical of large-
scale atmospheric models in that they use the memqsabf motion with a number of
approximations to resolve the large-scale flowytteen parameterise the smaller-
scale variables in terms of the large-scale factdtss is the best achievable solution
with current computing power. It does, howevemitithe use of the small-scale
information, and the reliance on the quality of fr@rameterisation schemes is not

ideal.

2.1.8.3 General Circulation Models

General circulation models (GCMs) are the most demearth system’ models.
They are three-dimensional models incorporatingratdtions between the land

surface, the ocean and the atmosphere. The maielt represent the dynamics,
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physics and other processes within the atmosphéte avtimestep of around 30
minutes. The dynamics involve all the differenvdis of transport within the
atmosphere and oceans, whilst the physics representaws of conservation of
momentum, mass and energy and the ideal gas later @rocesses involve, for
example, heat fluxes and clouds. The earth isllysdi@ided into grid squares over
the surface, and these are developed into colunthinwhe atmosphere and ocean,
where vertical exchanges between grid squarespiake. Horizontal exchanges can
take place either between grid cells (fixed griddeds) or are represented as waves
in the frequency domain (spectral models) (McGuffielenderson-Sellers, 1998).

Modelling the boundary layer in a GCM is particlyadifficult due to the
very small scale of many of the processes, relatvéhe size of the GCM grid
squares and columns. Processes such as cloudtifumraad surface winds are often
poorly approximated by the low resolution moddlsmits on computing power also
restrict the ability to solve the most complex aspizeric models. The current
European Centre for Medium-Range Weather ForeqagitCMWF) integrated
forecast modelling system runs on an IBM computaility consisting of two
parallel clusters, which have the power to carry 88 trillion calculations per
second (Lynch, 2008). The computational requirds@h a model are scaled at
(1/resolutiony, so, for example, doubling the resolution will uée a sixteen-fold
increase in computing power. General circulatiimate models have increased
their resolution since 1990 from around 500km tstjover 100km, thus the
computing power required is now extraordinarily thig However, the trend in
supercomputer performance is that they double ttwmputing power every 18-24
months in accordance with Moore’s Law (Lynch, 2008) models are able to
exploit improved computing facilities as time pregses.

Direct results from GCMs are not always suitable &@imate impacts
research, due to the restrictions on their resmiutiMany studies, for example Wilby
et al. (1998), Mearnst al. (1999), mention how GCM data is of too low a sgati
resolution for regional climate change impact itigegion. Wilby et al. (1998)
state that GCMs have “uncertain reliabilitgpn. timescales of months or less”. Due
to the local nature and the importance of high wmalpfrequency climate variations,

this restricts the applicability of GCM resultsrggional climate change studies.

23



Running GCMs at higher spatial resolution is theoca#ly possible, but the
processing time required under current conditioakes this impractical - except for
very specific experiments. Thus, downscaling tepnes have been developed that
use the GCM output in some form and increase #slugon to make it applicable to
smaller areas under analysis. A common techniged by impact researchers is the
‘change factor method’ (Wilbet al, 2004) or ‘perturbation method’. This involves
applying lower resolution GCM anomaly data for atipalar variable, i.e. the
change field projected by the model, to a highepldion observed dataset of this
variable. For example, Breslow & Sailor (2002) hased the VEMAP (Vegetation
Ecosystem Modelling and Analysis Project) datasétickv contains historical
observed surface wind climate data on a 10km gudl have applied two sets of
lower resolution GCM-predicted surface wind chaniges. This approach has been
used because there is “more confidence in the giegtichanges in wind fields than
in the absolute prediction of these fields”.

Although the output of their study is now on themsaresolution as the
original VEMAP data, the changes applied were oMG@solution - so realistically
the output data is not physically consistent with briginal data. The method also
assumes that range and variability remain unchagiggithy et al, 2004) and thus
does not really add any information over and abekiat the GCM supplies (Mearns
et al, 2003). Obviously being able to use this technigudependent on having a
reliable base climate dataset at a suitable rasalufor individual ‘site-specific’
information, the GCM output from the grid boxes mesh the site of interest can be
interpolated to the site but this can give a fagisision to the results (Wilbst al,
2004).

A number of different climate downscaling projebts/e been carried out in
the last ten years, in which researchers have takehow resolution GCM output
and attempted to make it useful for small-scaleaoustudies. Two techniques are
prevalent in the literature, namely Statistical(8emi)Empirical downscaling, and
Regional Climate Models (RCMs), also referred to[agmamical downscaling.
Some studies show comparisons between the statistnd dynamical techniques
and discuss the relative merits of both (Meahsl, 1999; Kidson & Thompson,
1998; Murphy, 2000). There have also been someuatra¢ studies, which have

24



collated information on several of the differentthuels that have been used and their
evolution over time (Murphy, 1999). The majoritf the information available is
temperature or precipitation based; only limitedeagach appears to have been
carried out on wind climate.

Three techniques considered more effective thacliaage factor method, in
that they actually enhance the regional informatioom the GCM, have been
described in the IPCC Third Assessment (Gietgl, 2001):

« High resolution/variable resolution Atmosphere GOM&CMS),
* Regional Climate Models (RCMs)

» Statistical downscaling.

2.1.8.4 Atmospheric General Circulation Models

Giorgi et al. (2001) states that the idea behind Atmospherice@énrCirculation
Models (AGCMs) is that the modeller will selectperiod of interest’ from the full
Atmosphere-Ocean GCM (AOGCM) solution and modelatta higher spatial
resolution using the Sea Surface Temperatures (SBifissea-ice distributions from
the AOGCM as boundary conditions, using the samasaéforcing as the AOGCM.
This increases the resolution of results over &ifipearea of interest for a smaller
‘time-slice’. The use of such models, however, baen limited due to cost and
development times. Giorget al. (2001) suggest that they can be used as an
‘intermediate step’ between full AOGCMs and RCMs spatistical downscaling,
whereby the higher resolution output from the AG@&Vused in the downscaling
methods as the AOGCM data would otherwise be. Uhe Climate Impacts
Programme 2002 (UKCIP02) used this technique iir tiealysis of climate change,
using an AOGCM (HadCM3) to develop boundary coodsi to run an AGCM
(HadAM3H), and then taking boundary conditions friita AGCM to drive an RCM
(HadRM3) (Hulmeet al, 2002).

2.1.8.5 Regional Climate Models

Regional Climate Models (RCMs), also commonly nefdrto in the literature as
‘Dynamical Downscaling’, are physical climate maelun at higher spatial
resolution than GCMs, but over a much smaller negjioarea. The driving

conditions for the model — surface boundary coaddj initial time conditions — are
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obtained from a GCM and they work on similar phgkiprinciples to GCMs,
modelling the dynamic response of circulations eltdate variables within a small
area to the large scale forcings from the GCM dHlt&. current published models do
not feed into the GCM (two-way coupling) but thiea has been considered and is
under development (Giorgt al, 2001).

There are many variations in regional climate mgdahd due to having been
developed by many different organisations, they pragluce dissimilar results even
though they may model similar regions (Retnal., 2001). It has been found that
using a single RCM with two different driving GCMsn also produce dissimilar
output (Raisaneat al, 2004; Pryoet al, 2005d).

The advantage of using RCMs to downscale GCM daitéhat they are
capable of producing physically consistent outduhigh enough resolution to be
used in regional impacts studies. However, dughéir complexity, they require
large computational resources and time. They @ \alnerable to perpetuating
systematic errors from the forcing GCM; and withtwb-way feedback, it is argued
that neglecting to account for the effect of regioforcing on the large scale

circulations will affect the accuracy of the outgGiorgi et al, 2001).

2.1.8.6 Statistical Downscaling

The premise behind statistical downscaling techesqis that a finer-scale local
climate variable (predictand) is linked by a cotesis relationship over time to a
large, global-scale circulation factor (predictot)sing historical data to derive this
relationship, the local variable values can beapdfated into the future using the
GCM output for the larger scale factor.

The crucial linkage between the variables can beldped in any number of
ways using some form of statistical analysis. Timptest form of statistical
downscaling is to perform a straightforward lingagression, taking historical
observations of two variables, one the predictatr @me the predictand, and fitting a
line of least squares. In some cases this givesegptable correlation for minimum
effort. Enhancing the linear regression using ipl@tpredictor variables can give
better results (Solman & Nunez, 1999) and usingenaolvanced methods on the data
such as Principal Components Analysis (Huth & Po&pr2005) or Canonical
Correlation Analysis (Busuioet al, 2001) can further increase confidence in the
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output. Going further, some studies have attempteddefine the predictor-
predictand relationship using non-linear analysessas neural networks (Sailet
al., 2000; Trigo & Palutikof, 2001).

A technique referred to as the ‘analog’ methoddsadibed in Zorita & von
Storch (1999). It requires historical large scaieeulations to be classified and
related to a particular local climate. The largals circulations predicted by a GCM
are then sorted into the classification groupsittenalogs’) and thus the local
climate projections can be analysed. Meaetsal. (1999) developed another
weather-typing method which they call “semi-emgiticstatistical”. They used
classified large scale circulation patterns as pérm regression function to obtain
local climate projections with a GCM.

Weather generator methods are commonly appliedowndcaling studies.
They involve using a stochastic weather generatuchvis trained on large scale
atmospheric variables. The weather generator es therturbed by the changes
projected in the GCM and the change in outputdoal variables such as rainfall can
be analysed (Wilbet al.,1998).

The advantages of using statistical downscalingrtiegies are mainly related
to their simplicity. Provided there is sufficienistorical observed data available, it
will usually only require a fairly straightforwandtilisation of statistical theory to
obtain a good predictor-predictand relationship.CMG data from a number of
different models is easily obtained and the retesiop can be applied to it, although
most studies up to now have only used one GCM (Welbal, 2004). The other
distinguishing advantage of this technique is thatin be applied on a site-specific
basis, provided the historical data are availablderive a basic predictor-predictand
relationship (Wilbyet al, 2004). The main disadvantage stems from the tdkiat
because a relationship has existed between thablesi in the past, does not
implicitly mean that an identical relationship wiibld in the future. However, this
issue also applies to Regional Climate Modellingd(a@also GCMs themselves) —
parameterisations that have been assumed may cedgagily hold under conditions
of climate change (Wilbgt al, 2004). Other problems with statistical downsuali
are that models are not transferable between regod that insufficient data can

render them ineffective.
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2.1.8.7 Model Output Statistics (MOS) vs. Perfect Prognosis (PP)

In the process of statistical downscaling, wheratdisthing a transfer function
between two variables, Model Output Statistics (MQ8chniques derive the
relationship using the output of the model as tlegligtor and observed variables as
their predictand. The advantage of the techniguthat by deriving a relationship
between model-generated predictors and observelittaeds, any inherent biases in
the model are accounted for in the relationshiprféet Prognosis (PP), on the other
hand, assumes that the model is ‘perfect’ and, oaceelationship has been
established between an observed predictor and a&enad predictand, this
relationship is directly applied to the model outgar the predictor variable(s)
(AMS, 2009). The ‘change factor method discussedection 2.1.8.3 can also be
applied in statistical downscaling, where the staal relationship is derived
between an observed predictor and observed pradictahe GCM is used to derive
the future change in the predictor variable and ttihange then applied to the
observed predictor dataset. Fig. 2-10 comparepribeesses involved in the MOS,
PP and change factor methods.

Model Output Statistics Perfect Prognosis Change Factor
Control Period
GCM P Observed Observed GCM Observed
Predictor |~ | Predictor Predictor Predictor Predictor
R : : :
\\ 1 ] 1
v : v
\4 Observed Observed : Observed
Predictand Predictand : Predictand
]
;
. 1
Future Period . \'
1
A 4
GCM GCM GCM Observed
Predictor Predictor Predictor Predictor
A 4 A
Future Future Future
Predictand Predictand Predictand

«4—p Verify similarity
— — J Establish relationship
——p Apply relationship

Fig. 2-10 Schematic diagram of MOS and PP technique s alongside the Change Factor

method
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In the case of other studies looking at wind amchaie change, the MOS technique
has been adopted (e.g. Pryral., 2005b), mainly because there is such a large
degree of doubt as to how well the GCMs represhat relationship between

variables, especially with regard to surface winds.

2.1.8.8 Validation of Results

Validating the results of any kind of climate prjen in order to show that they are
reasonable forms a necessary part of the modgdliogess, and provides some level
of confidence in the output. However, conventionalidation procedures involve
checking the results from a model against the &ptugsical values that the model is
trying to simulate, and in a future climate project scenario this is obviously
impossible. There are two ways in which ‘semi-dation’ is carried out for these
models in order to allow some analysis of theircess.

The first is based on an assumption that if the eh@drrectly simulates
current climate, it will be similarly accurate imet future. For GCM data, the results
of a model run for a control period, quite oftere theriod 1961-90, are usually
compared against the observed climate for this;ttheemore closely they reproduce
the observational statistics, the better the madebnsidered to be. For RCMs, the
methodology is analogous (Pryet al, 2005d), but for statistical downscaling the
process is different, due to the observed climataskt having been used to develop
the relationship in the first place.

Many statistical downscaling researchers divideirtiabserved climate
dataset into two sections, a calibration period angerification period (Solman &
Nunez, 1999; Trigo & Palutikof, 2001; Mearasal, 1999), which ensures that the
statistical relationship developed for a participariod of time is at least valid for
one other period of time. This method is commoemvthe dataset is large, i.e. more
than 30 years long (Wilbet al, 2004). Alternatives include cross-validating by
removing a particular month, say, from the calioratdataset and comparing the
output of the model with the actual observationgtiat month (Murphy, 1999).

The second method of ‘semi-validation’ of climateduals is to compare their
output with a different model. Because RCMs amatisgtical downscaling are
evolving simultaneously, many studies have companegput from both methods
with each other, or with a GCM (Murphy, 2000; Meaet al, 1999). Having
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already assessed the skill of the RCM or GCM idicapng current climate, this is
an alternative approach to validating against aahservations, with the caveat that
there is no guarantee of the validity of either elad future projections.

In terms of the measures used to compare climatdel®o either with
observations or with each other, the most obvitaisstics to compare are the means
and standard deviations of the sets of resultsrre@@ion coefficients and the root
mean square error can be used to gauge the suwfaessgression (Wilby & Wigley,
1998; Pryoret al, 2005d). Pryoet al. (2005b) use Taylor diagrams (Taylor, 2001)
to display simultaneously the correlation betwdendbserved and simulated results
and their root mean squared difference. Comparisdnte shapes of frequency
distributions resulting from time series of obséimas with time series from the
models can show qualitatively the detail of thdeddnces in variance, mean, mode
and so on (Pryoet al, 2005b). Qualitative examination of the spatiatt@rns of
climate developed by a model alongside those frdoservations or from other
models provides insight into how the model succ=ss vary over the region of
interest (Raisaneet al, 2004; Pryoet al, 2005d).
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2.2 The Policy Response to Climate Change

In light of the information and scientific conseasan the changing climate, it is the
responsibility of the world’'s governments to takee tlead on mitigation and
adaptation strategies. This section assesseshabkdieen done so far in the UK and

Europe, and what is planned for the coming years.

2.2.1 Economics, Energy and Developing Renewables

There is a well established and inextricable lirdkkween energy and economic
development. A ready supply of relatively cheaprgy allowed those countries
now classified as ‘developed’ to make rapid ecomogains from the start of the
industrial revolution until the late #0century. This cheap energy was provided
largely by coal, oil and later by gas. Growth ireggy-intensive activity now means
that the UK has one of the highest per-capita gnemands in the world. The
Energy Information Administration (EIA) places thiK ninth in terms of overall
energy consumption (EIA, 2006) - energy that copra®marily from the burning of
fossil fuels directly for heat and transport, and électricity generation. The same
source places the UK eighth in terms of carbon ideemissions from this fossil
fuel use. An overwhelming reliance on fossil fbaksed energy forges an
inconvenient link between economic growth and caylaolink that world leaders are
putting their minds to breaking for a number ofs@as, including climate change.

Energy security is generally defined as keepindh@&supply of energy to a
nation without disruption to its economy (L6scleelal, 2009) Maintaining energy
security has been a priority on the governmentandg for many years, in
recognition of the intrinsic link between energyatonomic growth. It is vital that
disruptions to supply are kept to a minimum to awusthe desired level of growth.
Adopting climate change mitigation strategies oftBmands that we reduce our
fossil-fuel-based energy dependence to limit carbmxide emissions and arrest
global warming, but there are concerns about tfeeedf this on economic stability.
Decoupling the economy from energy is unrealig@ne might say impossible, but
the development of carbon-free energy sources gesvan option to remove the
carbon element of energy supply whilst maintaindegired levels of economic
growth.
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The climate change issue has arisen at a point Wiega is also question as
to whether the earth’s natural fossil-fuel resosraee running low (Leggett, 2005).
The exhaustion of these resources would preventfatiyer carbon dioxide being
emitted, but could potentially bring the world tdalt if no other viable sources of
energy were available. Other reasons for energgcurity lie in the political
tensions between big energy users and nationsangs rich in fossil fuel resources.
If, for example, Russia were to shut down its ngas pipeline to Europe, the UK -
without significant new storage facilities - woudé very quickly short of power and
heat for its domestic and industrial users - legdmall sorts of obvious difficulties.
Some indication of the possible disruption has bgigen recently during disputes
between Russia and the Ukraine in January 2009 (HB8@s, 2009).

The DECC (2009d) define renewables as “energydbeiirs naturally in the
environment” and claim that the majority of thesa ke traced back to the sun’s
energy and are thus “inexhaustible”. In the facelimate change and other pressing
energy security threats, most countries, includirlgUK, have their eyes trained on
technological developments in the field of renewadrhergy, hoping that with mass
production and additional technical advances thmyldcbe made competitive with
conventional energy sources. The development digémous renewable energy
resources could provide a degree of energy indepmmdfor the UK and safeguard
the economy from political instability elsewhere.

While fossil fuels remain cheap to extract andnefitheir price will remain
comfortably affordable, despite some price volgtiliMeanwhile, alternative energy
sources - with the uncertainties of a non-estadtisksupply chain, no proven
economies of scale, and high risk investment gjiraée- may seem unaffordable and
out-of-reach. Introducing these alternative enesguyrces requires either forcing
mechanisms from government or for the price ofifdasls to rise above the price of
the alternatives - assuming these are readily adeil Supply-side control of
emissions through the use of renewables is obwouwaslkey factor in the
government’s policy, but demand-side reductions p@yide additional gains, i.e.

improving end-use energy efficiency.
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2.2.2 Climate Change energy policy internationally

There are a large number of projects throughouttbed attempting to tackle the
issue of emissions reduction, simply in order tevent, or at least minimise, climate
change. According to the DECC (2009b) the UK engrglcy is influenced at an
international level from three major sources: thé Ehe G8 and the United Nations

Framework Convention on Climate Change (UNFCCC).

2.2.2.1 G8 - The Group of Eight

The ‘Group of Eight’, or G8, was founded by an or@ six members in 1975; they
were: USA, Japan, Germany, France, the UK and.It@lgnada joined them in 1976,
making it the G7, and finally Russia also becameeamber in 1998. These are eight
of the richest countries in the world; their leadeneet on a yearly basis at G8
summits but work also takes place in the backgrouitiey discuss and develop
agreements mainly on economic issues such as aratidevelopment, but also deal
with security, environmental issues and energy. esEhagreements tend to be
followed through fairly consistently: “compliance particularly high in regard to
agreements on international trade and energy” (B8rhation Centre, 2005).

The G8 presidency fell to the UK in 2005 and fallog a meeting in
Gleneagles, Scotland in June 2005, the GleneatdesoP Action on climate change,
clean energy and sustainable development was dugw(®&8, 2005). This ten-page
document detailed a number of commitments to irseremnergy efficiency across a
number of sectors including buildings and aviatiand increase development of
renewable energy sources and cleaner fossil fudlsalso signalled interest in
furthering and sharing research in various areds iamportantly, reinforced a belief

in a market-led approach to investment in ‘greeschnology.

2.2.2.2 UNFCCC - The Kyoto Protocol

In response to the growing amounts of informati@aming from the scientific

community regarding climate change and its linlotw high rate of fossil fuel use,
the United Nations Framework Convention on Clim&ieange (UNFCCC) was
created in 1992; the aim was to establish inforanaloluntary emissions reduction
targets, ideally to reach pre-1990 levels. ThdipWeed up the voluntary targets with
the creation of the Kyoto Protocol in 1997, whichsndesigned to set legally binding
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targets for emission reduction in each of the dgyadl countries which ratified it
(UNFCCC, 2009c). Due to what were clearly politicansiderations, two of the
world’s largest polluters - Australia and the USAefused to ratify the protocol.
Both were put under international pressure and taised that political advantage
could be had by reversing this decision. Austritially ratified in December 2007
and it is expected that the USA will soon do likesvi

There is still an unresolved issue regarding theeld@ing nations and their
contribution to carbon dioxide levels. When the @8sidency fell to the UK in
2005, the result of a meeting in Gleneagles, her@cotland, was an informal offer
to help the developing nations towards cleaneemgeenergy sources. A UNFCCC
meeting in Bali in December 2007 resulted in a noap of plans directed towards
emissions reductions to pre-1990 levels globalty an action plan for a new target
negotiations process. However, there is still soielgate about the contribution that
developing nations ought to make, with many of deseloped nations aggrieved
that their developing counterparts do not haveifipdxnding targets similar to their
own. There is an argument to suggest that sineedéveloped nations created the
current problem, it is unfair to ask the developingtions to arrest their own
economic development - which hinges on a cheapggnsupply - in order to
counteract damage done by economically betteribfrs.

It is essential that as cleaner, greener, moreaisattle technology is
developed, it is deployed to developing countrietha lowest possible cost. One
particular measure devised to help this happemeiCiean Development Mechanism
(CDM). This was built into the Kyoto Protocol aatlows richer countries to carry
out work in a developing country to reduce emissiget be able to count this
reduction towards their own target. Examples afhsprojects mentioned by the
UNFCCC (2009a) are installation of solar panelsairural area or installation of
more energy efficient boilers. This is a good m@gement for the developing
country, since it boosts the economy in a susté&natanner; but it also lets the
originating developed country ‘off the hook’ forchunk of its own emissions which
may still need addressed. The mechanism has ptemte seen as a ‘cheat’, but
the wealth transfer possibilities that the schenpens up for the developing

countries cannot be denied.
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2.2.2.3 EU context

The Kyoto Protocol contains what is known as a ekarrangement’, whereby the
EU has taken on responsibility for a percentageictdn in emissions which is
spread out in different proportions among its mendtates. The target for the EU
as a whole is 8% below 1990 levels, with, for exEnphe UK committed to

reducing by 12.5% whilst Portugal, for examplealiswed to increase its levels by
27% (DECC, 2009c). This arrangement allows thet&ldssist nations who are on
the border between developing and being developéke-some of the former

communist-bloc countries -and allows them to ‘catphwith older member states in
terms of economic development. The EU memberssite privileged in that they
have the structure already in place to spread tingeln of reducing emissions whilst
still pushing for economic development. Sadly, yndeveloping countries outside
of the EU are struggling to balance their dual ns@df pushing for economic
growth whilst reducing emissions, and must compiete Clean Development

Mechanism (CDM) investment.

2.2.2.4 Emissions Trading Scheme

The European Union Emissions Trading Scheme (E€8am operation in 2005. It
Is a cap-and-trade scheme which requires each rgotmtallocate a particular
emissions level to its industrial G@roducers under what is known as a ‘national
allocation plan’ (NAP). These industries must thether meet the allocation, or
purchase allowances from other industries whichehasme in below their set
allocation (DECC, 2009a). The members have thewomf utilising the CDM to
help reach their targets. The level of allowancessls/ each of the participating
countries is a key factor in determining the magk&te; in the initial phase (2005-
2007) there were more allowances available thare weeded, forcing the price
down to less than €1/tonne of ¢(Bkjaerseth & Wettestad, 2008). There are issues
regarding the differing levels of ambitiousnessdiferent countries, with some,
such as the UK, willing to cap emissions and aledawer permits than its current
emissions level, whilst others handed out more fsrrthan were required
(Skjaerseth & Wettestad, 2008). It is hoped thatrmarket in the second phase of
implementation (2008-2012) will work more effecliyewith more ambitious

emission reduction targets. Further modificatitmshe scheme are planned for the
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2013-2020 period (EU Commission, 2009) with a stibre ambitious emission

reduction target being set.

2.2.3 UK-specific mechanisms

The electricity supply industry in the UK was brokep and sold to private investors
by the government in the early 1990s. The acpant, of a broader privatisation plan
by the Conservative government, was intended tacedhe influence of trade
unions, promote shareholding among the public améiate funding for tax cuts. In
addition, it would allow the markets to determihe price and supply of energy; this
was supposed to provide perfect competition with phice of energy being set at
exactly the level of its economic worth. Howewéere is ongoing debate about how
well the energy market actually operates, and wdrethe competition is actually
imperfect. The other problem is that under condgicof required change, i.e.
emissions reduction - which is likely to be costlthe market does not necessarily
move in the direction of change without governmenéervention, as factors like
climate change are externalities.

The UK has to meet targets for emissions reductioth renewable energy
generation set through the EU and the Kyoto Prét@tong with the less formal G8
agreements. The system of government does not thalsetting of long-term goals
that require significant shifts in attitude partaly simple but after much
deliberation, movement is being made towards hujdi suitable framework for a

significant reduction in emissions.

2.2.3.1 The Stern report

Sir Nicholas Stern, a British government advisarprmmist, and former Senior
Vice-President of the World Bank, was commissiohgdhe government in 2006 to
write a report on how climate change might impactiee economy, and about what
could best be done to adapt to this (Stern, 200. report estimated that many of
the effects of climate change would be felt mostritg in the poorer areas of the
world, i.e. those least equipped to deal with ite Bconomic modelling strategy used
in the report was long-range and attempted to iiadlceaccount the results from the
latest climate modelling scenarios. It came todieclusion that although adaptation

strategies may seem expensive in the short-temvgutd be advisable to invest now,
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as the cost of dealing with climate change latenld/dbe much greater. Stern argued
that climate change could be tackled now in sualayas not to “cap the aspirations
for growth of rich or poor countries” and reduce fikelihood of facing situations

where it was too late to mitigate.

2.2.3.2 Energy White Paper 2007 and Energy Bill 2008

In 2007, the then department of Trade and Indu@¥l)®> published an Energy
White Paper: “Meeting the Energy Challenge” (DT00Za). This was intended to
bring together information on climate change anditazhal energy security issues
and to set out plans for “meeting the challengeThe Paper displayed the
government’s dual intentions: first, to generallyppgort the development of more
competitive energy markets; but, second - by ackedging that the privatised
energy sector might not drive in the direction efiewable energy technology of its
own accord - to develop support mechanisms to $it@uthe instigation of
successful renewable energy development. The demualso stated that Britain
would be aiming for at least a 60% reduction inssians from a 1990 baseline and
that there would be a parliamentary bill to enghed this target was legally binding.
There was a clear commitment in the document toraber of strategies to achieve
this, including investment in carbon capture redeareplacement of the aging
nuclear power stations, energy efficiency measanelsenhancement of the EU ETS.
Arising from a cabinet reshuffle in Autumn 2008,naw Department of
Energy and Climate Change (DECC) was created. sduraed responsibility for
climate change issues from the department of thar&ment, Food and Rural
Affairs (DEFRA), and energy issues from the therpat@ment of Business,
Enterprise and Regulatory Reform (BERR). Bindiaggéts from the EU and Kyoto
means that significant changes are needed in #ggigeneration and transmission
systems. The Energy Bill 2008 was passed in Oct®b@8 as a follow-on from the
Energy White Paper mentioned above. This billeased the UK target of reducing
its emissions from 60% to 80% by 2050; the targeludes emissions from aviation
and shipping - something which had been ignorethast of the preceding target-

setting processes as it was unclear how these dshmulassigned to a particular

% The DTI subsequently became the department ofrgasj Enterprise and Regulatory Reform
(BERR); in June 2009 it became the department afri&ass, Innovation and Skills (BIS)
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country. Because of the late inclusion of the smiss of any ships or aeroplanes
that refuel in the UK in the 80% target, it is kelly that reductions in this area will
feature prominently in the next few years. Focustaad will be on electricity
generation, heating and possibly some domestisjianh

The UK has a current target to meet 15% of its ggneeeds with renewable
sources by 2020 (DECC, 2009d), and with long waitists for grid connections for
new wind farm developments, it looks unlikely to et unless major action in
terms of changes to planning legislation and fugdircentives is taken by the new
department.

2.2.3.3 Demand

Demand for electricity in the UK has been incregssimce the 1970s, although it
appears to have stabilised in the last 5 or sosyése Fig. 2-10), possibly due to
energy efficiency strategies encouraged by goventnoembined with rising prices

and the decline in heavy industry. Somewhat aisascis anticipated in the next 10-
15 years if demand continues to increase - evemoie slowly than in the last few
decades - as much of the ageing nuclear plant isetdecommissioned without
concrete plans for replacement; and many of thero{dnd more polluting) coal

plants are also to be closed down. It is simply alear at the moment where the

capacity to meet expected demand is likely to ctora.
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2.2.3.4 Current renewables in the UK and related targets

In the UK at the moment, on- and offshore wind,n@s and hydro are the most
common renewable energy sources. Including hydreewables meet around 5% of
electricity demand (DECC, 2009d). Looking at tletails of the renewable energy
contributors as shown in Fig. 2-11 and Fig. 2-1M&rahe last ten years wind has
increased its energy vyield six-fold, doubling itergentage contribution to
renewables generation, whilst the total amount yafrén energy has stayed fairly
constant. Biomass generation has tripled, incnga#is percentage contribution
further. Wave power is still very much in the deyghent phase; there is just one
wave power device, Limpet (Voith Hydro Wavegen, 200an oscillating water
column, currently connected to the grid in the Wkt a small number of devices are
being tested with a view to large-scale developrmeamd grid connection. The
Pelamis wave power device (Pelamis, 2009), thoughbe among the strongest
contenders for potential large-scale developmeas @esigned and built in Scotland.
Some of its prototype testing was carried out itkr@y at the European Marine
Energy Centre (EMEC) but the first grid connectafna commercial wave farm in
Europe was in Portugal using three Pelamis devi€esther installations of Pelamis
devices are planned for the Orkney coast in the foéare (Pelamis, 2007).

Tidal power has also received attention recemtlan attempt to harness a
number of potential resources around the UK, buyetsremains largely in the
research and development phase. A major testinfyjecbas been established near
the UK'’s greatest tidal current resource in thetRed Firth, north of Scotland
(EMEC, 2009), where many designs and devices adergning testing. A single
tidal turbine developed by the company Marine uirflurbines (MCT) is in testing
at a site in Northern Ireland (MCT, 2009) and sdarge power companies have
expressed interest in developing this resourcéduart A tidal barrage scheme is also
being considered across the estuary of the RiveerS8ewhich would generate a
relatively large and regular amount of power.

The UK hopes to meet 15% of its energy demand wetlewable resources
by 2020, as part of an EU directive related to megeKyoto targets, and the latest

government report suggests up to 30% of electromtyld come from renewables by
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this time (DECC 2009d). The majority of this iease is currently expected to be
met by massive expansion of both onshore and afslvand power. Debate
surrounds the feasibility of connecting so muchritigted generation to the aging
national grid in such a short period of time; sogogernment investment is needed
to expand the grid’s capability and there is alsesgion about the supply chain and
logistics within the wind turbine industry itselk@brey, 2007). The large-scale tidal
power project, the Severn Barrage, is being sugdess another major contributor;
but the environmental impact of the Barrage is #tenaf critical concern to several
groups and it is currently not known whether thejgut will be approved through

the planning stages.
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Renewables Obligation Certificates (ROCs) are thmary support mechanism for
generation of power from renewable sources in tke Uh the simplest terms, they
are given to generators of renewable energy fopexiic amount of electricity

generated, who can then sell them to one of thignkeed electricity suppliers. The
electricity suppliers must buy enough certificatescover a certain percentage of
their sold electricity, and the percentage hasirisem the instigation of the system
in 2002 - from 3% to a planned 15% by 2015 (BERBQ®). In this way, financial
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support is provided for development of renewablergy directly. An appendix to
the Energy White Paper 2007 covers some proposeshdments to the system,
including providing different levels of support falifferent renewable sources to
encourage success for newer technologies, and ptienoto increase the total
obligation to 20% if required (BERR, 2009b).

90%

@ 1998
| 2007

80% —

70% -

60%

50% -

40%

30% 4

20% 1

- !_.

0% . . T

Wind and wave Solar PV Small Hydro Large Hydro Biomass
Renewable Source

% of total renewable electricity

Fig. 2-12 Percentage of renewables from each source
(BERR, 2008)

2.3 Conclusion

The first part of this chapter discussed the lasegntific information available on
climate change. Much of the information is disseatexd and presented by the IPCC
and from their publications it is apparent that tegority of scientists working in the
field believe that climate change is likely dueataise in anthropogenic emissions of
greenhouse gases. The data for future climate girofes is obtained through climate
modelling, using numerical models of atmospherinatyics and physics combined
with scenarios of future emissions levels to cataihow climate will evolve under
these scenarios. The models project warming torooeer the course of the next
50-100 years plus consequent changes in othertelifaators like precipitation; the

specific changes are often different in differeagions of the world. For many
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climate variables, the resolution of the GCMs i¢ sofficient to provide reliable
localised estimates of future change, and so tgdesi have been developed to
downscale these to provide higher resolution de¢st smaller areas.

In response to the expanding levels of scienitifiormation, action has been
taken governmentally, both globally via organisasidike the UNFCCC and the G8,
and at a national level. The UK has seen rapiaviiron energy demand over the
last thirty years, most of which has been met lsgifduel-based sources which have
contributed substantially to emissions of greenkogases. In the face of climate
change concern, and also potentially dwindlingamitl gas reserves, effort is being
made to encourage a reduction in fossil-fuel deproe and move — at least partially
— to more sustainable energy sources such as rbtemsyvaMany of the renewable
technologies are in their infancy and not immedyateployable; wind energy

currently presents the most mature and economiteslyible option.
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Chapter 3

Wind Power

Wind power has advanced particularly fast in th& laventy years to become an
economically viable and clean alternative to fofsdl-based electricity generation.
Increasing wind generation is an essential pathefglobal drive to reduce carbon
dioxide emissions but changing from a power systbenit on a foundation of large
thermal generators to the more distributed natureviod power generators is
challenging. Knowledge of wind climatic conditions important both at an
investment level and to optimise development sfjiate and it is clear that obtaining
this kind of information is not straightforward. o@pounding the complexity is the
issue of climate change and its potential impactswind power generation - as
already referred to in Chapter 2. In this chapte®, mechanics of wind turbines and
their incorporation into electricity systems areaexned. The available techniques
and databases for analyses of wind climate arei®sstigated. Finally, a sensitivity
analysis is carried out to show the potential intpa¢ wind speed variations on wind

power project finances.

3.1 History of wind power

Wind turbines have been in existence in the wanldome form for at least three
thousand years (Burtagt al, 2001). They were probably first used in a simiay

to water wheels, for grinding grain in mills, anah®e of these types of machine are
still in existence in parts of Northern Europe. ndiills were designed to operate at
relatively low altitude and their blades, normdlbyr, began as simple flat structures;
but they were developed over time into twisteddtmes with an aerofoil-type shape
(Manwell et al, 2002). Historically, wind power was also usedaasneans of
pumping water from the ground, for direct consumptor as a farming irrigation
tool. These kinds of turbines would have beenciity high solidity, low altitude
machines designed to run at relatively low speedénd-driven farming irrigation
pumps are still in use in rural areas of southarmroge and the USA, e.g. Texas.
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The first evidence of electricity generation fronmd power is from around
the late 1800s in the USA; but due to the advaridarge-scale electrification in the
western world, this kind of isolated system becarvhsolete (Burtoret al, 2001).
From the 1930s onwards there are examples of wirtanes for electricity being
developed in the former USSR, the UK, Denmark, €gaand Germany but, due to
the relatively low price and high availability adgsil fuels, serious interest was not
shown until the 1970s (Burtcet al, 2001).

During the ‘oil crisis’ of the seventies, a risipgice drove governments to
invest in research into wind power as an altereativ fossil fuel-based power
generation. A raft of developments led to the aitrials of wind power for grid-
connected electricity generation. A number of giesiwere considered but have
converged on a Danish design of a three-bladeddwtal axis machine - although
vertical axis turbines made a short appearancbenlLS.A. The Californian state
government initiated some of the most favourabtaricial support mechanisms for
wind power development (Manwedt al, 2002) which, in its technological infancy,
was much more expensive than conventional powéus Tt was the first part of the
world to use wind power on a relatively large saaléhe late 1970s and early 1980s,
albeit with quite small — in today’s terms — 100kWachines (Burtoret al, 2001).
The Reagan administration discarded the inceniivabe early 1980s however, as
the oil price stabilised, and the race for wind pogeneration faded (Manwelt al,
2002).

During the 1990s with mounting concern about clamahange and other
energy security issues, wind became more attrativeations keen to establish an
indigenous, independent and clean energy sour@mirk is now considered to be
the country at the forefront of wind technology ed®pment. It is home to both
premier research facilities and a large proporta@nthe turbine manufacturing
industry, and generates a large percentage oleittrieity from wind power. By the
end of 2008, the country with the largest instalMdd power capacity was the USA
with over 25GW; Germany was a close second withoati24GW and the UK was
ranked & with 3.2GW (Danish Wind Industry Association, 2009
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3.2 Turbine power extraction

A wind turbine extracts power from the wind by certing the kinetic energy of the
air parcels moving towards it into kinetic energyits blades. The simplest model
for understanding the process is an actuator dsteinas described in Burtaat al.
(2001). The full derivation of the key equatioagjiven in appendix A.1.

In a situation with no wind turbine, the power iéadale in the air can be found

by considering the kinetic energy, where

KE = 1mU2 (3.1)
2
Power can be expressed as kinetic energy perion@f such that
1 ..,_1 3
==mU°==pAU 3.2
> > PA (3.2)

It is found that the poweR, extracted by the turbine in the actuator disc ehod a
function of densityp, the swept area of the bladég, and the cubed velocity of the
incoming air,U*, such that,

P=F,U, =2pAU%a(l-a) (8.3
wheremis the mass flow rate arais the ‘axial flow induction factor’. We define a
power coefficient,C,, as the ratio of power extracted by the turbinghi® power

available in the air,

C, = prfuia(l_a) = 4a(l-a)? (3.4)
Louia

dC
The maximum goccurs whend—ap =0=4(-a)(1-3a) which givesa = % thus

C._.= 1—3 = 0593 (3.5)

,max”
P 2

This is known as the Betz limit, and infers thahaximum of 59% of the energy in
the air can be extracted by a wind turbine.

The relationship between available power and thecity of the incoming air
to a turbine is cubic, as per equation 3.2. Thiglies that a small change in velocity
will create a proportionately larger change in plogver output from the turbine. Itis
this that makes the study of changes in wind soomapt, as the financial yield

depends heavily on the power output over a givelngef time.
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3.2.1 Power Curve

Wind turbines are set up in such a way as to exthechighest possible amounts of
energy from the wind with the minimum of risk ofléee and an optimum level of
maintenance. A typical wind turbine power curvesh®wn in Fig. 3-2a. They ‘cut-
in’, i.e. begin operation as wind speed rises ab®vam/s and the power output
increases with wind speed until they reach theikimam power output at around
15m/s. The power output is limited to rated powetween 15m/s and 25m/s. The
turbine will shut down, known as ‘cut-out’, in highind situations, usually above
25m/s and will not resume operation until the whnes dropped below a value of
approximately 22m/s. This is referred to as ‘higind hysteresis’ (Horvatlet al,
2007) and is designed to minimise potential danmtagblades caused by the high
wind forces. Some new turbine designs operate gliglatly different control system;
for example, the Enercon E-70 (Enercon, 2009), doéshut down completely when
the wind speed rises above the cut-out speed,ubos its blades out of the wind to
keep its rotational speed lower and minimise danmadfe- see Fig. 3-2b. The blades
can then simply turn back in when the wind speegpsiragain, reducing the yield
losses associated with the cut-out and restarsstdradard turbine.
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Fig. 3-1 Typical wind turbine power curves

(a) Vestas V90 3MW from Vestas (2004); (b) Enercon-type storm control power curve,
adapted from Enercon (2009)

3.2.2 Wind energy production

Calculating the exact energy yield from a wind toebto be installed at a particular
location would requirea priori knowledge of the wind conditions for its lifetime.
This is an impossible task, and so estimates ofikkleéy wind conditions, generally

based on a period of past climate data, are useektimate possible output by
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combining them with the information from the propddurbine power curve. There
are a number of methods currently used, some afiwdie considered more accurate
than others but there is a trade-off between acguaad the difficulty involved in
obtaining the information and/or the time required do so. All methods are

predicated on the underlying physics.

3.3 The physics of wind climate

Large-scale atmospheric circulation is driven byssure gradients, set up by
differing heating patterns across the surface efdarth (as described in Chapter 2).
The wind climate at a given point on the surfacéhis result of a combination of
these large-scale flows and the effects of theosuding topography in the region
(Troen & Petersen, 1989). Referring to Fig. 2-@hmapter 2, the planetary boundary
layer is described as the region of the atmospiéiren the troposphere between 0
and ~1000m above the Earth’s surface. This islaier which interacts with the
surface and activity within the layer can be a#edby the surface properties.

In the upper portion of the earth’s surface boupdayer (600-1000m), the
effects of surface friction on the flow are minimand the flow is said to be
geostrophic. The geostrophic wind speed represeb&ance between the pressure
gradient, which pulls the air from an area of hgghssure to an area of low pressure,
and the turning force of the earth, the Coriolicé as shown in Fig. 3-2a.

It can be calculated from these quantities by,

Vg = f—; Ggi; (3.6)

whereVy is geostrophic windf is the Coriolis parametep, is the air density, and

%is the mean sea-level pressure gradient in thetdire n.

n

In the lower portion of the boundary layer (belowpeoximately 600m), the
topography of the surrounding surface influenceg ftow significantly by
introducing a frictional force (Fig. 3-2b). TroenRetersen (1989) classifies the three
terrain characteristics that affect the wind clienas:

- the surface roughness class,

- the presence of obstacles,

- the orography, i.e. terrain height variations.
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Fig. 3-2 Schematic diagram of wind under geostrophi c and near-surface conditions

(a) Geostrophic wind; (b) Near-surface wind

3.3.1 Surface roughness

The roughness length of a surfazg,is found from an empirical formula for onshore
applications where the surface contains roughnksseats such as vegetation or

buildings,

z, = O'SdXTS (3.7)
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whereh is the height of the roughness eleméhis the cross-sectional area of the
roughness element facing the wind aqgis the average horizontal area available to
each element (Troen & Petersen, 1989). A highdase roughness implies greater
frictional resistance to air flow, caused by haviang element with relatively large

cross-sectional area in a relatively small horiabatea. For an area over water, the

relation,
2
z, = bd‘gL (3.8)

was obtained by Charnock, whdre- 0.014 g is the gravitational acceleration and u
is the friction velocity (Troen & Petersen, 1989Friction over water tends to be
lower than over a land-surface area.

Given a neutrally stable atmosphere (see append®), Ahe wind shear
profile, U(z) (i.e. the variation in wind speed with heigli$)given by the relation,

U2 0 In(iJ (3.9)

ZO

where z is the height above ground level amglis the surface roughness length
(Manwell et al,, 2002). It can be seen that as the surface rasghlength increases,
the parameter on the right hand side becomes smstiefor a given height above
ground level, the wind speed will be lower for &nrwith greater surface roughness
length.

3.3.2 Obstacles

An obstacle in the path of the wind will reduce thimd speed measured close by,
and provide a sheltering effect. The degree obtiadtering effect will be determined

by the distance from the obstacle to where the vgipeled is being measured, the
height at which the measurement is being taken,tla@dheight, length and porosity

of the obstacle itself. In addition, there will &B increase in the wind speed directly
in front of and above the obstacle (Troen & Peterg®89).

3.3.3 Orography

Experimental work has shown that wind speed vani#k changes in the surface

orography, with winds at the top of a hill expeoemy ‘speed-up’. There are also
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small decreases in the speed directly in frontrad behind the hill, although the
experimental work given in Troen & Petersen (19889 shown these decreases to be
smaller relative to the increases at the hill pedke value for the speed-wy$ at

the top of the hill relative to the free streamoadty, is given by,

AS = 2% (3.10)

This relates the speed-up to the height of the lhjland a characteristic length,
whereL is typically half the width of the hill. The cailation for an ‘ideal’ hill in an
otherwise straightforward plane would thereforefaiely simple, but for complex

orographic situations, modelling techniques areiireq (Troen & Petersen, 1989).

3.4 Data for energy production estimates

Wind climate is monitored throughout the UK by tbiK Meteorological Office
(UKMO) using a network of surface-based weathetiasta, data from which are
available at the BADC (BADC, 2009c). The tradibrcup anemometer is the most
common instrument, usually placed on a mast appratdély 10m above ground level
(a.g.). Records are often not complete for ldntetperiods (greater than 30 years),
especially pre-1970 records. Where there are gapasn otherwise continuous
dataset, it is possible to develop small algorithtosnterpolate the data and “fill in’
the missing data, for example in Boehme (2008)arble data can also be used as a
proxy to fill in gaps.

From winds recorded at 10m a.g.l, the data mustchkd to the hub height of the
proposed turbine in order to calculate energy wiel@ihis can be done using either of
two common relations:

1. The power law (Manwelkt al., 2002) relatedJy, the wind velocity at the

desired height, tt;0, the velocity at 10m by

u, :UIO[ZHJH (3.11)
0
wherezy andz are the hub and reference heights. The powemexpm, is
often taken to have a value of 1/7, particularlysdes where the local
information is not known, but this can also be emplly derived from

measurements.
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2. The logarithmic wind profile (Manwelét al., 2002) is more often used in
situations where there is sufficient informationoab the site surface
roughness characteristics. This states tha), the velocity at the required
height,z, is found by,

u(2) :%m(éj (3.12)

whereu' is the friction velocityx is the von Karman constant with a value of

0.4 andg is the surface roughness.

The UKMO anemometers are not, unfortunately, placeda regular spacing
throughout the country. They are often sited iacpt like airports, RAF bases,
academic institutions and harbours. Obtaining textaiaccurate information on the
met stations is also difficult; being so closehe ground the wind records are heavily
influenced by the surface roughness around the madsut this can only be
subjectively assessed by a visit, something notagdwconvenient or possible.
Knowledge of obstacles which affect the flow is meadily available either, and
again must be visually examined by the data ustn dy a site visit. Google Earth
(Google, 2009), MS Bing (Microsoft, 2009) and senifacilities make this somewhat
easier than previously, but perfection is unobfaima they cannot account for
temporal variations in the local flow caused by,dgample, the siting of a temporary
building or the growth of a group of trees clos¢h® mast.

Gathering of wind data in recent years has becomee reophisticated than
use of the simple cup anemometer. The UKMO, vaBhitish Atmospheric Data
Centre (BADC), provide data gathered from wind feo$, which use a swinging
radar beam to create a profile of the wind in @sality throughout the whole
boundary layer (BADC, 2009b). The earliest datailable from one of these
profilers via the BADC is from 1998; there are noata from seven sites but is
limited to six years at most, which is unlikelylte sufficient in a long-term climate
study. SODAR (Sound Detection And Ranging) and ARD(Light Detection And
Ranging) devices use sound and light (often lag@ye scattering respectively to
detect wind speeds over the boundary layer. Thakwn similar principles to radar

devices but are newer technologies and still ptesgme challenges (IEA, 2007).
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Wind speed and direction data can also be calcufaten the position over
time of radiosondes, which ascend via a heliumoballand take measurements at set
pressure levels throughout the atmosphere (BADO9&D Data are available from

1997 to the present but the number of observirigstais relatively low.

3.4.1 Gridded data

Gridded data, that is, where the country has béddedl up into a regularly spaced
grid, will give an estimated mean wind speed — jposkibly direction - for each grid
square. The higher the resolution of the grid, ti@e likely it is that the wind
climate in a given grid square will be represemttdf the climate at a particular
location within the square. These kinds of datase¢ useful for analysing systems
involving the entire country, or a fairly large reg within the country, but are not
suitable for detailed individual site analyses aaléhe spatial resolution is very high.
They may be employed in early feasibility studieswind farm developments, or for
wind power development companies planning long-tetmategies, for example.

For applications where a lower resolution than tesiskilometres is
acceptable, perhaps the most useable source ofcimdte information comes from
‘reanalysis’ projects. There are a number of thbaethe two most commonly cited
in the literature are the NCEP-NCAR reanalysis (l&glet al, 1996) and the ERA40
reanalysis from the ECMWEF (Uppa& al, 2005). The projects use a numerical
weather prediction model with applied boundary dbos based on actual
observations. They aim to develop a regular gddd®mogeneous dataset which
removes potential errors due to changes in, fomgka the calibration of the
measuring equipment. The NCEP-NCAR output is abégél at 2.5° resolution, whilst
the ERA40 data is on a 1° resolution grid.

To support the UK Climate Impacts Programme (UKQIR)ect, the UKMO
undertook an interpolation of the met station datarder to have regular and up-to-
date gridded reference data for climate change ¢trgtadies (Perry & Hollis, 2005).
The dataset was produced at 5km x 5km resolutidnf@nwind, resulted in monthly
mean values for the period 1969 onwards at thislugen for the whole country.

Due to the low temporal resolution, using this dataresource assessment would
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require assumptions about the wind speed distdbutivhich may or may not be
accurate. Nevertheless, this is an interestingsdafar reference purposes.

Wind data from a mesoscale atmospheric model fercthuntry ought to be
ideal, especially since they are run at a relagivegh resolution. However, these
models rely on the quality of the information supe@land the quality of the physics
and dynamics of the model. They thus need to gerausly tested against good-
quality observed data in order to be certain ofrtkalidity. Average mean wind
speed data is available from one of this type ofiehothe Numerical Objective
Analysis of Boundary Layer (NOABL) - which was rwon behalf of the then
Department of Trade and Industry (DTI) at 1km ra8ioh, initialised with met
station data from 1975-1984 (Bureh al, 1992). The model was tested in 1995 as
part of a DTI-funded project investigating diffetewind climate data analysis
methods (Hallidayet al, 1995). The testing showed that the NOABL model
generally underestimated the mean wind as comptrevo other models, and
suggested that this may be due to the lower rasaluf the NOABL model data
relative to that of the comparative models. Boel{g@®©6; 2008) developed another
high resolution dataset for Scotland and found Wian this was evaluated against
the NOABL dataset, the NOABL results tended to ghér; although it should be
emphasised that the dataset in Boehme (2006; 2088)at a higher resolution than
the NOABL data. The UK department of BIS still pides data from the NOABL
model as a first-guess estimate for wind powengjtalong with relevant warnings
about its potential failings (BERR, 2009a). It sripaps worth noting that there are a
number of other atmospheric mesoscale models @laitaut they require extensive

levels of expertise and computing power to run, amedpotentially very expensive.

3.4.2 Techniques for detailed analysis of potential wind farm sites

When considering siting a wind farm, often thetfingoe of data consulted is time
series data from a local weather station - recordealdatabase such as the MIDAS
dataset from the UKMO, which is available commadlgiéand is free for purposes of
academic research). The data has been recordgthédly manually, but the process
is now automated at most stations) at hourly oedhrourly intervals from an

anemometer. This information is useful as an eic of how ‘windy’ locations in
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the vicinity are likely to be. However, as we hawaed already, wind speeds are
strongly influenced by their immediate surroundireysd unless the weather station is
in very close proximity to the proposed wind tusbisite, it is unlikely to have
identical wind conditions. Ultimately, the bestication of the suitability of a local
wind climate is obtained by analysis of long-teratadfrom the particular site, but for
obvious practical reasons this is usually unavéelab

The ‘Measure-Correlate-Predict’ (MCP) method of ireating wind
conditions at a site uses long-term time serieslwleta, such as that from MIDAS, in
combination with some data collectedsitu. Measurements are taken for a short
period, at least six months but often a year, etgbsition of the proposed wind
turbine site, and a relationship between this @datd the data for the same period
from a nearby met station is derived. The yeadstwof data for the site then can be
extrapolated to a much longer period by applying libng-term met station data.
(Burton et al, 2001). Because wind climate does display a lalggree of inter-
annual variability, this method is preferable ttyireg on the year’s site data alone;
but it assumes stationarity - a constant relatignbletween the wind climate at the
two sites - and this cannot ultimately be provermotd over extended periods. The
relationship is subject to uncertainty due to ptgischanges over time at the site, for
example, the growth of trees near to the measunast, or due to a change in the
wind climate itself, such as the typical directibpattern.

An understanding of the three terrain effects #itdr the geostrophic wind
near the surface (see above) has allowed the gewela of a technique for taking
near-surface wind measurements at one site andldteng this information, by
means of subtracting the three influences, to eafled regional wind climate. This
regional wind climate can then be re-applied tcambnhear-surface wind climate at
another point within the region, by adding back tiiree influences for the particular
locality in question (Petersest al, 1998a). Known as the Wind Atlas Method, this
has been the basis for the development of the \Wihaks Analysis Software and
Application Program (WAP); it takes a regional topographical map as inplits
wind speed and direction timeseries at a pointiwithe map, and outputs the likely
wind climate parameters at any other point in ttaprfMortenseret al, 2009). The
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program has been used extensively by wind farmldpees and is well-recognised
within the wind energy community.

WASP does not attempt to produce time series datthéonew site. Instead,
it describes the wind climate in terms of the twarygmeter Weibull distribution and a
directional histogram, commonly known as a winderodt does, however, have the
advantage over MCP techniques of being physicalsetd and consistent, rather than
relying on statistical connections.

3.5 Connecting wind to the electricity network

The electricity industry in the UK was privatisad the 1990s and the system split
into three components: Generation, TransmissionCastlibution. There are a large
number of generating companies, ranging from thaseing small renewable
devices to those running large nuclear plant. faesmission network is divided
into four regional areas and owners: National Godns and manages the
transmission network for England and Wales; Sdot#swer owns the transmission
network for the south of Scotland and Scottish 8odthern Energy for the north of
Scotland, but these are both operated by Natiomial; Glorthern Ireland Electricity
operates both the transmission and distributiowords for Northern Ireland as part
of an Ireland-wide group. The distribution netwamkEngland, Scotland and Wales
is split into a number of smaller regions and isned& and managed by eight
companies in total.

Wind power typically falls into the category of rggation known as
‘distributed’ or ‘embedded’ generation, meaningtttiae to the relatively low power
capacity and likely rural location it is often ca@mted not to the higher voltage
transmission network like a conventional power pldout instead is connected at
medium or low voltage to a distribution network BE, 2001). (In some cases, it
will be connected to the transmission network, ipalarly for larger wind farms.)

The connection of distributed generation sourd®&)(to the distribution
network entails various problems. In the simptesis, the distribution network was
created with the assumption that power would flownt the substation to the
customer load, with decreasing capacity on the pegent as the line feeds out

towards its most remote point. Connection of D@ tpoint towards the end of this
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line, with a fairly high possibility that there wibe more generation than demand,
will result in a ‘reverse’ power flow back towardke substation. There is also
increased potential for power flows higher than riied capacity of the equipment.
The priority for the distribution network operat@®NO) is to ensure quality of
supply for the end users: that is, voltage withémtain limits. Altering the power
flows by adding distributed generation could regultiolations of the statutory limits
on the supply voltage; several scenarios for thesshown in Harrisoet al. (2002).
Maintaining power quality so as to minimise thensignt variations in voltage
experienced by customers is of paramount importéam¢be DNO. Connection and
disconnection of DG can cause temporary curremigds, and thus voltage changes,
on the network. These problems can generally lskeaded by generator design
(Jenkinset al, 2000). In the case of wind power, a problem km@s ‘flicker’ can
occur due to the phenomenon of ‘tower shadow’.s Taiuses a drop in power output
as the turbine blade passes the tower and thegangjthe rotor reduces temporarily -
though it is more common in older wind turbine desi Other periodic variations
can be caused by turbine dynamics as particularatiims and resonances are
reflected in the power output (Burtehal, 2001).

Another issue caused by a high level of DG on ikg&idution network is the
increased current flowing in the case of a faultthwe network; the protection
equipment may need to be upgraded to withstane thigdier currents (Jenkies al,
2000; Harrisoret al, 2002). Protection against this is expected tprogided by the
DNO to ensure a secure and reliable supply of mt#gt for the customer. The
provision of such protection is often based oniti@aal centrally planned schemes,
and the potential for many different permutatiohpawver flows and directions may
lead to complications in the settings for this pobion - with the ultimate possibility
of reduced protection for the customer (Harrisbal, 2002).

Solutions to all these problems need to be fowefdre opening up the grid to
the connection of more renewable power - most ofclwvhs likely to be from
distributed generation. There are a number of grashagement strategies intended to
mitigate infringements of statutory voltage limi{glarrison et al, 2002), and
solutions to the power quality variations causedwigd turbines are detailed in

Burton et al. (2001), including the use of a number of powerctetsic systems.
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Careful choices regarding the location of wind farrand the available grid

connections are also required. Researchers hay®s®d a number of ‘intelligent’

systems that may assist the DNOs in managing higkeeetration of renewable
energy sources, including a change in the conyrstiesns of generators to maintain
local voltage limits when required (Wallace & Kigrs, 2002). The wind turbine

standards as drawn up by the IEC try to addressishige of transient voltage
variations by forcing designers to consider powality in the design stages (Burton
et al, 2001).

Much discussion surrounds the increasing amountdamined offshore wind
power and the possible development of wave and tdaver. Availability of
connections to the grid on land from large offshenad farms are sparse and
generally expensive. They create a need for upgland expanding the network
which, much like the planning issues with wind farthemselves, raise objections on
grounds of spoilt aesthetics; there is, for examfie case of the Beauly-Denny
upgrade plan which is currently undergoing a puinlguiry (SSE, 2009). The ‘least-
cost solution’ favoured by the privatised compargestrolling industry obviously
tends towards the rejection of the more expensolations - such as under-sea
cabling - due to their relatively high cost (bothterms of initial investment and of
ongoing maintenance costs) when compared with atdralerhead cable networks.

Many objectors to high penetration of wind powethe UK cite the obstacle
of ‘intermittency’ and the requirement for large @mts of backup generation for
‘when the wind doesn’t blow’ and demand is peakifige work of Sinden (2007)
showed that whilst the variability of the wind resce is a valid concern when
integrating large amounts of wind power into thil gthe probability of there being
low or very high wind conditions — in which turbs@roduce no power — across the
whole country is very low. The need for a geogreglly diverse portfolio of wind
power generation is referred to in this work as t@puccessful operation. Sinden
(2007) also showed that the daily and annual pettef average electricity demand
tend to show a positive relationship with the daallyd annual patterns of wind
variability, for example, peak winter demand cottes with peak winter wind power
production.
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The issue of wind industry ‘capacity factor’ is mmportant one. The measure
is defined for conventional generators as the ratithe amount of energy output to
the maximum energy output if the generator wasingat its rated capacity over the
calculated time period. Generally, conventionartimal plant will be run at rated
power whenever possible, but its capacity factdirlve most affected by demand and
reliability. For wind generators, the capacitytéads influenced most by the wind
regime under which it operates. Since turbiney @nbduce their maximum rated
power at wind speeds of between about 15m/s ands2%on most sites in the UK —
based on the European Wind Atlas mean wind spdeeséTroen & Petersen, 1989)
— they will, on average, run at lower than rated@ofor most of the time. A typical
average capacity factor for wind turbines in the idksuggested by Sinden (2007) to

be around 30% based on current operational deveofm

3.6 Wind power development in the UK

In the UK in 2008, around 5% of the electricity derd was met by renewable power
sources (DECC, 2009d). The target of ‘20% renevgable 2020’ mentioned in the
previous chapter is largely expected to be met bgrabination of on- and offshore
wind, biomass and potentially a small amount of evawnd tidal, as mentioned in
2.2.3.4. Several issues stand in the way of furtleeelopment of wind power. Some
of these are political issues, such as obtainirapmphg consent, and some are
physical constraints, mainly to do with the agegigctricity network. The most
difficult issue in the whole planning process is #heer amount of time that it takes
to get an application from the initial point to bgigiven consent - or otherwise. The
British Wind Energy Association (BWEA) (BWEA, 2009has been vociferous in
seeking to shorten the time scale and simplifyrdggiirements, and is an important
source of information on how the industry is pragieg. For example, there are
currently 274 wind farms in the planning stages8 1&nsented, 42 under
construction and 218 completed projects (BWEA, 2009

As of October 2008, Britain became the country wiie highest offshore
wind power capacity: 590MW in total (Jha, 2008)r Bffshore development, apart
from the obvious difficulties in siting a large wmstrial plant in the ocean, one of the

most problematic areas is getting a connectionh® ¢lectricity network. As
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mentioned previously, there have been suggestiawted for large, undersea cables
but in a liberalised electricity market, high-cagitions like this are often the least
favoured even if the long-term gain is great. G@apon between potential wave and
tidal operations and offshore wind is a possihilityhere developments in close
proximity would share connections, but these arehvtalked-about with little in the

way of tangible evidence of their happening.

3.7 Wind Sensitivity to Climate Change

Wind as a renewable power source is governed ukimdy the climate which, as
mentioned in the previous chapter, is projectedclypate scientists to undergo
significant change in the coming century. Thera &riking caveat to bear in mind
when considering renewable energy in the contexiiofate change. Going back to
the very first section of this chapter, it was mbtkat climate is driven primarily by
the inward and outward flux of solar radiation. aTlthere will be climate change
relies on the premise that these fluxes will changem the definition of renewable
energy, it is understood that most of the renewsddeurces are governed by the sun.
Consequently, it is likely that in a changing climarenewable energy resources are
themselves vulnerable to change.

Some studies have been carried out into how wirthgro power may be
particularly vulnerable to changes in climate. ri$an et al. (2003) found that
climate change could have potentially adverse tffean river flows, making
hydropower projects financially vulnerable. Resudire available in the literature
from several studies on wind power using empireatl dynamic downscaling of
climate models. None of these involved the UK hhecause of geographical
proximity, results of studies conducted in the Balstates could possibly be
considered indicative of the kind of expected outes in the UK.

Pryor & Barthelmie (2005d) carried out a detailegiestigation using RCM
simulations to predict wind energy availability ov&candinavia and the Baltic states
using RCM output from the Rossby Centre in Sweddre authors conclude that
there is a statistically significant increase iadéd by the model in wind energy
density between 1961-90 and the 2080s, and alse smdence to suggest that the
increases are more substantial in winter. HowevVidre uncertainty of these
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prognoses remains high”. The same authors alsducted work using empirical
downscaling methods. Pryet al. (2005b) finds a negative trend in wind speeds
across the Baltic States using statistical downsgadf a GCM, with most stations
showing a decrease in the 2071-2100 period in gnaegsity; 98 percentile wind
speed; and mean wind speed. In comparing the phatte two studies that concern
the same driving GCM, it was found that the RCMdmted wind speeds tend to be
lower than those from the empirical downscalingit lu terms of the future
predictions they show a general increase in meard 8peeds in contrast to the
decrease predicted by the empirical method.

Pryor et al., (2005a) describes the results of an extension @fetipirical
downscaling method using multiple GCMs. The gentnalings are that “there is no
significant difference between conditions duringd@@065 and 1961-90 based on
the ensemble of the model results” but that threode2071-2100 shows - consistent
with the initial empirical downscaling study - agéit decrease in mean wind speeds,
90" percentile wind speeds and energy density.

Two studies covering the US again give a varyintepa of results. As in the
Baltic, using different GCMs seems to result inydifferent answers. For example,
Breslow & Sailor (2002) used the output of two eiffnt GCMs for future periods
compared to an observational dataset for 1948-1978: Hadley Centre model
suggested insignificant changes in mean wind spgeitie 2050s over much of the
US, whilst the Canadian model showed a reductioh0s15% for the same period.
The authors speculate that this could result irduction of wind power generation
of 30-40% by the 2050s. Segalal.. (2001) undertook a study into wind power in
the US under future atmospheric conditions withreased C@ (corresponding to
projected levels for the 2040s) using an RCM dritgnthe Hadley Centre GCM.
Their comparison was based on control simulatisgiaguCQ levels from the late
twentieth Century, representing present climatedidmms. From the results of the
future predictions, they conclude that over mosttled US, wind power would
decrease by 0-30% on a seasonal basis under tre fatenario, with a few small
areas seeing increases of the same magnitude. aliynihe changes were shown to
be around +/-10%. It is noted that due to theigeitg of the results to the particular

GCM used to drive the model, the results shoulddresidered ‘exploratory’.
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The UK Government has shown an intention to invesavily in wind
generation capacity in the next twenty to fifty gaand it would seem highly likely
that there will be a much higher percentage ofcihntry’s electricity generated by
wind power in the future. Given these two fadtsyould seem prudent to investigate
any potential impacts that climate change may lavéhe wind climate in the UK,
and if so, how serious these impacts might be.

Ultimately, it requires the analysis of climate deb data to understand
exactly what changes may occur and calculate begring on the wind industry, but
a sensitivity analysis should also provide someghitsnto the magnitude of changes
required to make a significant difference to thepscof wind development. It will
also provide an understanding as to what parametghsn an analysis of wind
climate are particularly sensitive to levels of aecy in their calculation. Since the
use of climate model data is likely to introducecentainties, it may be helpful to
know the bounds beyond which the uncertainties inecmore significant than those
imposed by other factors in the analysis.

3.8 Wind power economics

Unravelling the complexities of the UK wind industirom an economic point of
view is not easy. What would seem like a simple-besefit analysis becomes more
convoluted when the context of the entire eledirigeneration and distribution
system is considered, and when different enviroriaigmerspectives are adopted.
Manwell et al. (2002) explains the economics of wind energy & dimgram in Fig.
3-3. Obviously, the costs on the left must be thas the market value of the energy
sold in order that the industry should make a profihe way in which the economic
evaluation to determine the overall profitability carried out is open to many
variations. A simple payback analysis may givaratication of feasibility, but the

level of detail can be increased up to a full tifesle costing analysis.
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‘ Economics of wind energy
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Generating costs ‘ Market value of wind energy
F 3 F 3 F 3
Wind regime Avoided costs Monetarized
; based value environmental
Energy efficiency Y BEafs
Availability F Y
Lifetime
Capital cost
Financing cost Fuel savings Emissions reductions
8N costs Capital savings Reduced fossil fuel use

Fig. 3-3 The economics of wind enerqgy
(Adapted from Manwelét al, 2002)

Considering the cost dependencies listed in Fig). tBe once-off capital costs
for feasibility studies, site assessments, constmic machinery and so forth is
probably the largest single outlay within a projed@the capital cost of wind turbines
has been falling in the last decade and this idigied to continue, with 2020 costs
likely to be between 55% and 70% of current costoftshore developments (Strbac
et al, 2007). The financing costs depend on how thetalas being raised by the
developer, whether through bank loans, currentteaui from investors, and how
much interest and loan fees will be charged overlifietime of the development.
These costs are very project-specific; large pawenpanies would plainly have very
different financing costs for a development thamoenmunity-owned project.

Operations and maintenance (O&M) costs tend to kpressed as a
percentage of the original turbine cost, often 3%-Manwellet al, 2002). For a
turbine cost of £750 per kW, this would suggesigare between £11/kW/yr and
£23/kWl/yr. This is in reasonable agreement witth&tet al. (2007), which finds the
O&M costs per kW per year as varying from £10/kWiyr£20/kW/yr for onshore
wind farms. The costs of O&M for offshore wind hures is significantly more,
thought to be £20 to £25/kW/yr (Strbat al, 2007), mainly due to the extra
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difficulty in accessing the machines. The avallgbiof a turbine represents the
percentage of time that the turbine is ‘available’ produce power. Planned
downtime for O&M reduces availability, but thereaidalance to be struck in keeping
planned downtime at a sufficient level so as toiGVailures that cause unplanned
downtime - which may involve a larger availabiliit in the long term. The BWEA
(2007)suggests that 98% is a reasonable figure for moderth turbine availability.

The wind regime of the project site is clearly paoaint as regards economic
viability, as is choosing an effective turbine. asite with a lower mean wind speed,
the capacity factor of the wind turbine would teade lower than average, reducing
the revenue generated by the turbine. It is ecacadiy beneficial for a country such
as the UK to employ two particular strategies rdey geographic siting of wind
power generation: firstly, to ensure geographicdiity within the system and thus
increase the possibility of having good wind coiodis in at least some of the sites;
secondly, to locate wind farms at sites with thghbst average wind speeds (Sinden,
2007).

Looking at the benefits stream in the diagram ig. B.3, there are two
influencing factors offered for establishing therked value of wind energy. The
first of these, the value placed on the avoidedsgaglates to how building wind
plant can displace the need for conventional plaBecause the ‘fuel’ for wind
energy is free, this can be seen as an avoided ¢dstvever, the non-dispatchable
nature of wind power means that its value to the igrseen as a certain fraction of its
rated power. Manwekt al. (2002) defines the term ‘capacity value’ (refertedn
Strbacet al. (2007) as ‘capacity credit’) as the

...amount of conventional capacity which must bealatl to maintain the ability of

the power system to meet the consumers’ demareifMind power installation is
deleted.

Whilst introducing a wind turbine into the elecitycsupply system can displace an
amount ofenergythat would otherwise be produced by a conventitimaimal plant,

it is not considered to displace its equivalent antoof rated capacity. The

variability of the wind speeds, and the relatividlilty in forecasting these, means
that a given power output at a particular timedsguaranteed, and so only a fraction
of the installed capacity is counted as capaciegitr This, in effect, means that for

each wind power installation, only a certain petaga of the capacity can be counted
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towards meeting power requirements at peak demasguming there is no storage
or demand management system.

The electricity system as it was pre-liberalisatioperated on the basis that
there ought to be enough capacity to provide araex4% above the peak power
demand, assuming that the generators had an alitjlalb 85% and that there may
be an increase in the predicted demand peak (S&bat, 2007). This system of
‘plant margin’, designed with the vast majority @feneration coming from
conventional thermal plant, meant that there whsnaprobability of a power cut to
consumers, hence a ‘secure’ supply. Maintaining #ecurity was deemed an
essential price to pay to avoid the detrimentaksca$ supply interruptions. Since
privatisation, market forces rather than strictulagon are meant to ensure this
security, but it is still considered to be impottaien investigating the integration of
large amounts of renewable energy into the powstesy (Strbaet al, 2007).

There are a number of methods for obtaining thpdcay credit’ for a wind
farm, the standard being based on the Loss of Bvadability (LOLP) index - which
is used to establish the probability of a powerditefJenkinset al, 2000). The level
of acceptable probability is generally regarde®#s at peak demand for the Great
Britain transmission system. Calculating a mordisga capacity value or credit for
wind generation — and other variable power sourted)eing considered but is
somewhat difficult, given the need to comprehendncadence between the wind
resource and peak demand levels.

The second contribution to the market value of wendrgy comes in the form
of its role in preventing emissions from fossil lfgeneration. This environmental
benefit is given a monetary value by many governsekeen to encourage
investment - for example, the Renewables Obliga@ertificates (ROCs) in the UK,
described in section 2.2.3.4. An alternative systised, for example, in Germany is
the ‘feed-in tariff. This pays a guaranteed price electricity generated from
renewable sources, set at higher rates than thteofageneration. It reduces the
investment risk involved in renewables by providprice certainty, and encourages
growth in the sector, especially at micro-generagoale, as the contracts are
generally fixed for long-term periods. Stern (2P@&entions in his climate change
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report that the feed-in tariff system is potenyiatiore successful than tradable quota

systems such as ROCs due to its mitigation of kenigp price risks.

3.8.1 Financing Wind Development

Wind projects in the UK are mostly funded by prevanterprise, often in the shape of
large power companies. They gain an advantage ianégavourable market by the
use of ROCs. Many of the large power companiesabipg in the country since
liberalisation have invested heavily in wind, pnastoly profitably. How much of
the revenue can be attributed to the ROC systeamatear. Given the liberalised
market situation and the commercial sensitivitytlodé information involved, it is
impossible to obtain any information on the finasmad an individual wind power
project, particularly with regard to the marginquied for feasibility.

The output of financial analyses are quantitieshsas ‘net present value’
(NPV) or ‘internal rate of return’ (IRR) which helfp assess the level of risk
associated with investment in a particular proje€Companies will have pre-
determined acceptable levels of risk and correspgnPV or IRR levels below
which they will not be prepared to go in proceedwith a project. Generally, if the
IRR is greater than the discount rate (effectitbly cost of borrowing) this infers that
the rate of return on the project is greater tt@napportunity cost of capital, and thus
Is a sound investment - although caution is ob\oadvisable. Moreover, the NPV
must be greater than zero to ensure that the retuthe investment is positive.

A tool developed by Natural Resources Canadactc4R&ETScreer’ (2009)
enables a financial analysis to be carried out timearetical project so as to give an
indication of its likely profitability. The RETScea software also allows the analysis
of various sensitivities in the project, that isnsidering the impact of variations in

inputs on an output parameter, such as the NPV.

3.8.2 Methodology

An analysis was carried out using the RETScreenwsoé in respect of two
particular cases: the first was a ‘low’ wind siteWittering, Cambridgeshire, with a

mean wind speed of 5m/s; the second was a ‘highdwite on the Scottish island of

! RETSCREEN is a registered trademark of NaturabRes Canada, © 1997-2009
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Lewis, with a mean wind speed of 8m/s. For theebease in each instance, a
Rayleigh distribution and a wind shear exponent/@fwas assumed as in eqn. 3.11.
The projects each involved ten standard Vestas $®OW wind turbines, the
assumed power curve being that embedded in the BE&® software. (*This is
slightly different to that developed in Harris@t al. (2008)). Assuming 98%
availability of the turbines and 10% miscellanedosses, the low wind site has a
capacity factor of 24.5%; the high wind site hasapacity factor of 50.3%. An
identical set of standard assumptions were chasethé project cost variables:
- Feasibility costs £20,000
- Turbine cost £750 per kW
- Engineering and development works £550,000
- Road construction, transmission lines and subsi#if50,000
- Miscellaneous costs £35,000
- Contingencies of 10%, totalling £2,375,500
- Interest paid during construction £1,306,525
- Annual O&M costs of £20/kW plus 10%, £660,000
- Electricity export cost (i.e. sales price), £50/MWith an escalation rate of
5% per annum — includes revenue from ROCs
- Inflation rate 4%, discount rate 10%, project &fé years
- Debt ratio 60% @ 10% interest over 20 years
The first part of the analysis was to find how tmeergy output of each
development would change with variation in assuamgiabout the wind climate. A
+10% and +20% change in the mean wind speed wagdppith the distribution
shape parameter and wind shear exponent held ocbrestd the change in annual
energy output recorded. The distribution shapeamater was then changed to 1.8
and 2.2 with the mean wind speed constant andrteegg output recorded. Finally,
the wind shear exponent was varied to 1/6 and 1it8 the distribution shape
parameter and the mean wind speed constant, agairding the energy output.
In the second part of the investigation, the dafityi of the project NPV was
analysed in relation to variation in mean wind spedgain, the mean wind speed
was varied by £10% and £20% and the new project IdRY the new cost of energy

production recorded in each case.

66



Finally, the project was analysed for its sendiivo variations in wind speed
when compared to sensitivity in other project paetars: capital cost, O&M cost and
the electricity export price. This is similar teetanalysis carried out in Harrison &
Wallace (2005).

3.8.3 Results

Fig. 3-4a indicates the impact of variation in gyeoutput with variation in mean
wind speed. It shows that the low wind site expergs approximately twice the
percentage energy change for a given percentagegeha wind speed. The high
wind site is less sensitive, showing about the saereentage change in energy
output for a given percentage change in wind spelduition would suggest that
given the combination of a Rayleigh distributiordaen typical wind turbine power
curve, the gradient of the relationship would beeper at lower wind speeds, and
gradually decrease as the wind speed increasasoult be expected that given the
cut-out of the power curve above 25m/s, the ina@@agnergy output would begin to
tail off with increasing mean wind speed to a poittere it starts to decrease. It is
highly unlikely, however, that any wind site in th& would undergo these kind of
conditions. It should be noted that the simple ehaged in this analysis does not
include any adjustments for the fact that when raite shuts down as the speed
exceeds 25m/s, it does not restart until the spksedeases to below 22m/s. This
would incur only a very small loss in energy outpnd is included in the general
10% losses calculated in the energy tool part @intiodel.

Comparing the change in energy output caused diffexence in mean wind
speed with that which is incurred by assuming aorirect wind shear exponent (Fig.
3-4c) or distribution shape parameter (Fig. 3-4byves that a 10% wind speed
variation has a much larger impact. The Rayleiggtribution is often used to
describe a wind speed probability distribution iases where time series is
unavailable, i.e., the shape parameter of the Weibistribution cannot be
independently calculated and is thus assumed txqhbal to 2. Most wind sites will
have a shape parameter between 1 and 3 (NaturaufRes Canada, 2005), and a

common variation for the UK is between 1.8 and 2The Rayleigh assumption in
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these situations is not hugely detrimental, givordy a ~3% variation in energy
output in the high wind case, and less in the landvwcase.
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Fig. 3-4 Results of RETScreen analysis

Change in energy output with (a) mean wind speed; (b) Weibull k parameter
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(c) Change in energy output with wind shear exponent; (d) Change in NPV with mean wind

speed
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(e) Change in NPV with a10% change in other project parameters; (f) Change in energy cost

with mean wind speed

The wind shear exponent is used in egn. 3.11 tosp@se a surface wind
measurement to the height of the proposed windrterblrhe assumption of a 1/7

wind shear exponent is generally accepted in atsitn where no information about
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the site roughness is available (Manwetllal, 2002). Changing this parameter from
1/7 to 1/6 creates a 10% increase in energy odtpuat the low wind project, and
decreasing it to 1/8 decreases the energy outp8ey It is clearly important when
carrying out an analysis such as this, thereforenderstand the terrain around which
the measurements of surface wind have been takerthenparticular wind shear
exponent that applies.

Taking the +10% and £20% changes in wind speedstlagir corresponding
changes in energy output, calculations of how tf/Nf a project would change
under these circumstances were carried out; reaudtsllustrated in Fig.3-4d. A
negative NPV means that the project will cost tlewelbpers money rather than
generating it: the bigger the NPV, the more profgahe investment. In the case of
the low wind site, the project’'s feasibility is alty highly sensitive to the wind
speed. Indeed, looking at the actual values ratiear the percentage changes, the
NPV becomes negative in this case with a 10% dnapean wind speed. The high
wind case does not become negative, even with adidgin mean wind speed; but
it is clear that it suffers a profit drop. Lookirag the cost of generating energy in
Fig.3-4f, the non-linear relationship indicatestthadrop in wind speed produces a
greater increase in the cost of generation thaml¢lcecase in cost for a corresponding
increase in wind speed. Again, the low wind ssteniore sensitive to both increases
and decreases in wind speed.

The final part of the analysis, shown in Fig.3-dedates the change in NPV
caused by wind speed variation to changes in NRYseaxh by similar percentage
changes in other project parameters — capital €@&yl cost and the electricity
export price. As per the other parts of the anslythe low wind site is more
sensitive to changes in any of the parameterstti@high wind site. The parameter
which least affects the NPV is the O&M costs sittoey represent such a small part
of the overall budget. The high wind site is refay insensitive to changes in capital
costs, whereas the low wind site, operating on ahmower profit margin, is much
more sensitive, with a 10% increase in the cagibst reducing the NPV by 40% -
although it still remains positive. Reductionstlire electricity export price or wind
speed of 10% both produce changes in NPV of judeu0% in the high wind case,

so are similarly important. In the low wind caa€l,0% drop in export price gives an

71



NPV reduction of 60%, whilst a 10% wind speed dgiges an NPV reduction of
nearly 130% - in this case, rendering the NPV negaand the project no longer
viable. Wind speed is thus the most importantdiagh both cases, but only

marginally more than the export price in the highdwcase.

3.8.4 Conclusion

From the above analysis, whilst it is clear thatdvclimate parameters such as wind
shear exponent and choice of probability distrirutare important and do contribute
to the overall calculated energy output of a prepodevelopment, mean wind speed
is the most important factor to be considered.

In terms of financial considerations, when considg the viability of a
project, it is again clear that variations in costapital and O&M costs are relatively
unimportant as compared to the electricity expadepand the site mean wind speed.
In the case of the UK, a significant proportionvafiation in electricity export price
from a renewable energy source comes from ROCsveMer, this is something that
can be controlled if necessary, by government anv@igment-enforced independent
regulation. The climate is not amenable to conteltainly at a site level; nor is it
easy to predict. As discussed here, it is thukesgédlently sensible to avail of the

best techniques available to analyse its trendgawjdct how it may alter in future.
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Chapter 4

Analysis of surface winds from climate models

Projected changes in various climate variables wumdereasing greenhouse gas
levels can be obtained from general circulation el®@dGCMs) and regional climate
models. As described in Chapter 2, these modebsgiheric physics and dynamics
and combine many levels of expertise to producenasts of future climates under
various scenarios. The skill of climate modelseserally measured as the ability to
hindcast for an historical period for which ther® @& comprehensive set of
observations to compare. Different climate variabége modelled by GCMs and
RCMs with varying degrees of success, with suriacel among the more difficult

parameters to reproduce dependably. In this chagpweface wind climate results
from one GCM and one RCM project are analysedilfirso understand the

shortcomings in their hindcasting ability, and sedly to assess their projections for
future wind conditions. Their outcomes are disedss) the context of potential

changes in wind energy production.

4.1 General circulation models and wind

GCMs are considered to be most successful at moglelimate on relatively large
temporal and spatial scales, as validated with rebgedata for an historical period
(Pryor et al, 2005c). McGuffie & Henderson-Sellg998) suggests that the
boundary layer in general is not able to be fullydelled by GCMs due to the scale
of the processes within the layer being smallen tie resolution of the model grid
in both horizontal and vertical directions. Smadlale processes still have an
important bearing on climate, however, and methadst be built into the model to
account for their effects and interactions withg&rscale processes (Beniston,
1998). Because of the limitations on resolution,M&Cuse parameterisations to
describe and relate the sub-grid scale processes\amts, i.e. described in terms of
other parameters, usually in a more simplistic agn would result from a full
physical-dynamical representation (AMS, 2009). Theuality of the

parameterisations within the model is key to thgpoubeing realistic, but even so,
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inputs to the parameterisation scheme are avertggaslly over 2 to 3° latitude and
longitude, which results in a similarly highly asged output.

In the case of wind, the variability of surface diolimate tends to be well
below the spatial grid scales of most GCMs. Swrfamnd parameterisations usually
involve factors such as surface roughness and apbgr which vary at scales of
metres, rather than typical GCM grid cell size.f&e wind parameterisations using
these kinds of parameters will generalise the windate for a grid cell so much that
it may not necessarily reflect the wind conditi@sany point within it. This is not
necessarily very helpful for resource analysis,clvhs often dependent on localised
wind information or regional variations. Despitestlimitation, it is interesting to
compare the output of a GCM with some higher rdsmithistorical observations in
order to understand the inherent problems, andtifglenhether or not their broad
trend over the UK is accurate enough to allow tteevihg of conclusions from their
future projections.

A number of other studies have considered the duee of GCM wind
results for other parts of the world, with varyidggrees of success. Pryor et al
(2005c¢) found that the UKMO HadCM3 model showeddyepatial correspondence
with the NCEP-NCAR and ERA40 reanalyses but geheualderestimated the wind
speeds over Scandinavia and the Baltic Statessilppsgiue to its low resolution or
“weakness in simulation of pressure gradigntsferring to the predominant driving
factor for wind climate. In terms of projectionsfature wind climates, the authors
use the method of wind indices, whereby the wineeds are normalised by a long-
term mean to eliminate the effects of any systernafis. Despite this, the authors
remain cautious about placing any confidence in@@M output. Their analysis
suggested a slight decrease in the annual windimdéhe south west of the Baltic
and an increase in the north east.

A study using the output of two GCMs for North Ancar(Breslow & Sailor,
2002) found that both the Canadian Climate Cen® () and UK Met Office
(UKMO) HadCM2 models showed some deficiencies presenting the historical
seasonal means averaged over the whole regiors Wids assumed to be due to poor
representation of local topography in the GCMs. thBathan look at the actual

future projected wind fields generated by the GCMg, authors chose to extract
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information about the future anomalies versus #@mebne climate and apply them to
a high resolution observed dataset - known as angh factor’ technique (IPCC,
2004), as discussed in 2.1.8.3. They used anpwmitgion method to map the
baseline and future fields to a higher resolutiod,gand then calculated the future
anomalies on this grid. A dataset containing oles®rlOm wind data, also on this
higher resolution grid, was substituted as the Ibeselimate and the anomalies
applied to it. Their results for the HadCM2 moutelicated very little in the way of
significant change during the twenty-first centuryer the whole region. For the
CCC model, however, results varied by region arad@e; but the broad trend was
towards a decrease in wind speeds. The authoesl ibat the two models were
more similar in their projections for the early paf the twenty-first century than
they were for 2100. This highlights the potentlifferences in climate models
depending on, among other things, boundary comdifiparameterisations and their
representations of large-scale climate patterng;iwtend to cause divergence in the

model results over long time periods.
4.2 Comparing GCM hindcast and reanalysis data

4.2.1 Data

In this section, 10m wind data from a GCM are asedly against data from the
ERA40 reanalysis developed by the European Ceptrdviedium-range Weather
Forecasting (ECMWF) (Kalnay et al, 2005). Rearialysojects, such as ERA40,
use a numerical weather prediction (NWP) modeldove historical climatologies,
with observations applied as initial boundary ctinds and during the model run as
a feedback system. This helps to remove any biafenobserved data due, for
example, to changes in measurement techniques. olitput is a coherent and
homogeneous dataset on a regular ggéBA40 10m wind climate data are available
from the British Atmospheric Data Centre (BADC) arl® latitude x 1° longitude
resolution (Fig. 4-1b) from 1958-2002 in 6-hourimé series (European Centre for
Medium-range Weather Forecasting, 2006).
The GCM chosen was the ECHAMS model (Roeckner, p0@sn the Max

Planck Institute (MPI), which has a relatively higsolution at 1.865° latitude x
1.875° longitude (Fig. 4-1a). The data from thisdelowill be referred to as ECH5
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hereafter. The data are available at daily timpssteom the World Climate Research
Program's (WCRP's) Coupled Model Inter-comparisoojeet phase 3 (CMIP3)
multi-model dataset via the IPCC data distributeamtre (IPCC Data Distribution
Centre, 2005a). Increasing interest in climate eflod), alongside the development
of computer power over the last number of years,lbad the modelling community
to the point where it is now considered best pcacto carry out several ‘runs’ of
each climate model under slightly different corahs and group the outputs together
in what is known as an ensemble (AMS, 2009). THedRnake the results of each
run of the climate model available for researchppaes. For the ECH5 model, two
runs are available at daily temporal resolution &md at monthly resolution; the
analysis here is limited to the two daily runs.

A section of 10m wind data from the 1961-90 peiiad been obtained from
a twentieth Century simulation of the ECH5 GCM famn area approximately
covering the latitudes 49° to 61° north, and lomdgits -12° to 2° east. 10m wind data
from the ERA40 reanalysis project for the samequknver a similar area on a 1°
square grid has been interpolated by cubic splwviasa standard Matlab function) to
the lower resolution ECH5 grid. Because the GCMasg expected to faithfully
reproduce timeseries, but rather will output suwdt the distribution of the values
represents the average wind climate (Pmwtoal 2005b), the daily values for each
month were collected together and the monthly meatendard deviations and

Weibull parameters compared for the entire 30-peaiod.
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Fig. 4-1 Representation of the model grid sizes
(a) ECHS5; (b) ERA40
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4.2.2 Spatial average monthly means

Fig. 4-2 shows that in terms of the overall meantfi® area, the general seasonal
trend of minimum values in summer months and maxinvalues in winter months
is well captured by the ECH5 GCM. The ERA40 meandwspeed for the region
peaks at 8.03m/s in the month of December, wittudanhaving a very similar
result of 8.02m/s. Run 1 of ECH5 also has a maxinuaiue in December of
9.03m/s with January dropping slightly to 8.71nRsin 4 of ECH5 has a value of
8.60m/s in December but reaches its maximum val@6ém/s in January. ERA40
gives a minima of 5.22m/s in the month of July, dad a very similar value of
5.23m/s in June. Both runs of the GCM, reach aitodune, with values of 5.86m/s
for Run 1 and 5.81m/s for Run 4.
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Fig. 4-2 Spatial average monthly means and boxplots
(a) ERA40 and ECH5 Run 1 and 4 monthly means
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Fig. 4-2 cont. Spatial average monthly means and bo___ xplots

(b) ERA40 and ECH5 Run 1 1961-90 boxplot; (c) ERA40 and ECH5 Run 4 1961-90 boxplot

The boxplots drawn in Fig. 4-2b and c give somecatibn of the interannual
variability within the months for each of the datss The 75th and 25th quartile
values mark the top and bottom boundaries of the bad the median value is
drawn as a line within the box. The “whiskers” end to the highest and lowest
values (up to a limit of 1.5 times the interquartiange). The interannual variability
for individual months appears to vary quite subsédlg both between the two runs
of ECH5 themselves, and between these resultshenganalysis data as can be seen
in the boxplots. The variability of the monthly ames is highest for the reanalysis

data in the winter period, from December to Marghayticularly January and
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February where the standard deviation peaks atndrdu m/s. The minimum
standard deviation for ERA40 is 0.35 m/s in JuRain 1 of the GCM captures the
June minimum and shows greater variability thanréamalysis in December, but has
a much lower range in January and February, wiskaadard deviation of 0.6 m/s.
Run 4 does not show a distinctly smaller rangeasfability in the summer months
but does have its greatest range in a winter molRébruary, with a standard
deviation of 0.86 m/s.

Fig. 4-3 shows the mean percentage differenceseesithe ECH5 output
and ERA40 data for each month for the two GCM ruitsboth Run 1 and Run 4
there is a clear and consistent tendency to overatst the mean wind speed in all
months compared to the reanalysis data by betwemmd®5%. April and August
are the months of maximum overestimation with paiage differences versus
ERAA40 of between 17 and 22%. The winter monthBexfember to March show the

lowest percentage differences, ranging from arotutal13%.

25 T T T T
[ |ECH5Run1
I ECH5 Run4 _
20| .
o 15+ M 8
9 _
Q _
o
g - 5 - -
&
S 10¢ e
5 L |

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

Fig. 4-3 Monthly mean percentage differences vs. ER  A40 for ECH5 runs 1 and 4
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4.2.3 Annual mean field

The spatial variance in the annual mean fieldsacheof the datasets is shown in Fig.

4-4. Even when mapped to a lower resolution gridpntour diagram of the ERA40

data gives a better representation of the coafftatte on the wind speed pattern.

Both the ECHS5 fields are very similar in patterrdam mean values but the complex

coastline of the British Isles is not ideally reggpted in the model and so Ireland is

not captured as a separate body of land; simildHg, complexities of northern

England and Scotland are not clearly characterisbd. ECH5 values are, as seen

above, slightly higher than the ERA40 values.
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Fig. 4-4 Annual average mean wind speed 1961-90 (m/ _s)
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Fig. 4-4 cont. Annual average mean wind speed 1961- 90 (m/s)

(b) ECH5 Run 1; (c) ECH5 Run 4
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4.2.4 Taylor Diagrams and correlation fields

A method devised by Karl Taylor (Taylor, 2001) amsed in the IPCC AR4 is a
convenient method for visualisation of several istias used to determine the
success of a model in representing the patterrridescby an observed field, namely
root mean square error, correlation and normalsgtaddard deviation. Pryaat al
(2005b) used this method in their comparison of tmgnmean pressure gradients
and vorticity from several GCMs and a similar agmto has been adopted here. An
exact description of the metrics included in thagdam is given in appendix B.1. In
brief, the x and y axes of the diagram describesthadard deviation of each mean
monthly field calculated from the GCM relative tetstandard deviation of the same
field from ERA40. The radial axis defines the etation between each monthly
field from ECH5 and ERA40. The root mean squareresf the GCM fields, i.e. the
error in the pattern without reference to the mealue, compared to the ERA40
fields is described by the distance of the mongidint from the origin.

As in section 4.1.1.3, considering the twelve meamnthly values for the
whole space, a Taylor Diagram was constructed foe tegion based on
documentation in Taylor (2005) in order to assdsthere was good correlation
between the pattern of monthly means within thd gnd whether or not the mean
monthly fields had similar spatial standard dewiasi in an average month. Like the
Taylor Diagrams of Pryoet al (2005b), each number 1 to 12 in the diagrams
represents a month, where 1 is January, 2 is Fgbet@ Figs. 4-5a and 4-6a show
that for most months in both runs of the ECH5 mothed correlation is quite high, as
indicated by the values also shown in the figutee Tighest correlation for Run 1 is
0.932 in May, and for Run 2, 0.937 in Septemberbdth runs, July has the lowest
correlation, at 0.85 for Run 1 and 0.87 for RunJune and November also show
correlations in the lower range in both runs.

In all months, the standard deviation over theaegvas higher in both runs
of ECHS5 than for the reanalysis data. Examiningdbh&a in Fig. 4-4, it seems the
higher standard deviation in this GCM is causedhyogjreater variability within the
data overall but by a high bias in offshore meandixgpeeds in the GCM to the north

west of the UK - whilst onshore they appear morsilar to the reanalysis. This
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increased difference between this offshore regioth @anshore results in a higher
value for standard deviation in the GCM grid.

The Taylor diagram shows a fairly consistent norseal centred RMS error
in all months, for both ECH5 runs, of approximat@l$. This is difficult to interpret
as the centred RMS error is solely representativeh® pattern error rather than
giving an actual indication of bias (Taylor, 2005)Vhat can be said is that the
pattern error is consistent in all months, and dw#show a tendency to be higher in
any one particular month.

In Fig. 4-5b and 4-6b a contour plot of the R-sqdaralues superimposed on
a coastal plot is shown below the appropriate Tragylmgrams to give some
indication as to how the relationship between tgbimonthly means in the GCM and
reanalysis data varies within the spatial fieldheTmaximum R values of around
0.96 are found in the North Sea area and the southe western offshore region.
Values are minimum in inland Scotland and Irelareching lows of 0.84. 1t is
clear that the match between the ECH5 and reasallaasets is worse in areas
where the coastline and orography is more com@egh as in western and central
Scotland. In offshore areas and over the largg lobdand in southern England, the
data is better correlated than for Scotland andRun 1, for Ireland. A plausible
reason for this is the failure of the GCM resolatim capture the changes in the
surface in these areas. Looking at the mean fledd& in Fig 4-3, averaged over all
months in the 30 year period, it is clear that@@M does not represent the land-sea
changes fully, whereas the ERA40 dataset evenpoiiiied from its originally high

resolution to a lower resolution is more represerdga

83



(@)

c
ke
k& i
>
a
o
@
e]
3
& i
e)
O
N
I
£
o
Z —
(b) 60.62 e 1
0.98
58.76
0.96
L 1094
56.89
L Jo.92
[}
e]
2 55.03¢ - 409
®
=
L Jo.88
53.16|
0.86
0.84
51.29+
0.82
L \h 0.8

49.43 ‘ ‘ :
-11.25 9375 -75 5625 -3.75 -1.875 0 1.875
Longitude

Fig. 4-5 Comparison of spatial pattern correlations between ERA40 and ECH5 Run 1
1961-90

(a) Taylor diagram for UK region for each of the 12 months; (b) R® coefficients of monthly

mean wind speeds over the region
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Fig. 4-6 Comparison of spatial pattern correlations between ERA40 and ECH5 Run 4
1961-90

(a) Taylor diagram for UK region for each of the 12 months; (b) R’ coefficients of monthly

mean wind speeds over the region
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4.2.5 Comparison of monthly fields

Plots of the mean wind vectors over the whole ffeldeach month comparing GCM
output with the reanalysis data are presenteddoh @f the ECH5 runs in appendix
C.1. From Fig. 4-7, it is clear that some monttesraore successfully represented in
the GCM than others, with both runs having largedipancies versus the reanalysis
data in March and April. These differences arentyaan issue of direction, with the
vectors for both these months tending to be rotatedn anticlockwise direction
away from the ERA40 vectors between 40° and 100ie rotation appears to be a
maximum in March in the north west of the domainthwthe angle between the
vectors at approximately 90°, but reducing botth®east and the south. For April,
the angle between the vectors is at its greatest; ®0°, in the North Sea region
directly to the east of England, with the differerreducing towards the west of the
grid in Run 1. In Run 4, the north west cornetled domain shows similarly large
differences in the wind direction as in the NorgraSegion.

January shows similarly poor correspondence wighrdanalysis output but
only in the Run 4 data, with the GCM vector becammore rotated anticlockwise
away from the ERA40 vector towards the north, a@thing a maximum of 90° in
the north west corner. Run 1 shows only a veryllsmogtion of the GCM vector in
the very north west grid point and a small numtepants to the east of northern
England and Scotland.

The UK, patrticularly in western coastal regionspemences predominantly
south westerly winds, and this seems to be wellered by ECH5. The reanalysis,
on the other hand, seems to suggest more of anyestadency. In the ERA40
results of both runs for April there is a ‘dividitige’ between northern and southern
UK in April, where, in the west of the domain, wstb the south of this line are
north-westerly and winds to the north appear sowghterly. This is possibly
because of the location of a typical low centréhtonorth west and high centre to the
south west. Their precise locations cause the appaivergence of wind flow over
the UK. It appears that a similar pattern is nqitaeed by the ECH5 model, with the
pressure centres perhaps in slightly different tioog, so its winds are more

consistent in direction across the domain for mhasth.
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(a) March Run 1; (b) March Run 4
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Fig. 4-7 cont. ERA40 monthly mean vectors vs. ECH5  monthly mean vectors 1961-90

(c) April Run 1; (d) April Run 4
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Wind Roses have been drawn for three locationsyshio Fig. 4-8. One of the cells
represents a region in Scotland, ‘Scot’; one isted in the north east of England,
‘NE Eng’; the third cell chosen is in the southEafgland, ‘'S Eng'.
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Fig. 4-8 Locations for wind rose analysis

Fig. 4-9 shows that the tendency in all of thesc&ibm the ERA40 model is for the
highest frequencies to occur in the quadrant 180%2out the GCM provides similar
representation of this only for the S Eng cell. TMhéeng and Scot cells in ECH5
show the highest frequencies in directions aroubidahticlockwise away from the
highest frequencies of the ERA40 data. The S Eatg éfom the GCM does not
show high enough frequencies of winds in the na&dist quadrant compared to
ERAA4O0 but the other cells have closer patternkigiquadrant.

Two other differences are of note: the first regato the Scot cell, which, in
the ERA40 data shows a very strong pattern of westh-westerly winds and
limited frequencies in other directions. The EQb#tern for this cell has a greater
occurrence of winds between 150° and 200°. Thergkootable difference in the
roses is regarding the frequencies of higher wpekds, greater than 8 m/s. ECH5
gives greater frequencies of these winds in then§ &d Scot cells, which is in
accordance with the findings that ECH5 overestisdite average wind speeds as
discussed in 4.2.2. However, in the N Eng cellAB&® shows more frequent

occurrence of winds in the higher categories. Rigfgrto 4.2.3, the annual mean in
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this region is slightly higher in ERA40 than in EEldnd so it may be attributed to

the issue of grid resolution.

(@) (b)

(©) (d)

(€) (f)

I 18-20
M 16-18
[ 14-16
O12-14
[J10-12
[s-10
[He6-8
m4-6
W2-4
Wo-2

Fig. 4-9 S Eng (a) ERA40 and (b) ECHAMS; NE Eng (c) ERA40 and (d) ECHAMS; Scot (e)

ERAA40 and (f) ECHAMS

Considering just the mean 10m wind speed with mectiobnal information, the

percentage differences were calculated betweemtrehly mean data from the two

GCM runs and the ERA40 data for each month. Thiema of percentage

differences is firstly very consistent in all mostfor both runs, and secondly, very
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distinctive. The image for each month is in appe@i1, but shown in Fig: 4-10 are
two sample months, January and April, from each rdinere are typically three
areas of overestimation by the GCM within the ragiover northern Scotland,
Ireland, and the south of England. In the midsthef is an area of underestimation
over the north of England. The magnitude of therestimates tends to be larger
than that of the underestimated values, reachingaaimum of about 40% in
northern Scotland. The largest value of undereggchwind speed is around -20%.
This explains the regionally averaged wind speeadsutated in section 4.1.2.2 being
in general, higher than the ERA40 averages, asotteestimates outweigh the

underestimates.
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Fig. 4-10 Percentage differences between ECH5 and E RA40 1961-90

(a) January Run 1
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Fig. 4-10 cont. Percentage differences between ECH5 and ERA40 1961-90
(b) January Run 4; (c) April Run 1
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Fig. 4-10 cont. Percentage differences between ECH5 and ERA40 1961-90
(d) April Run 4

The most obvious explanation for this differencdtgra is the grid resolution.
Where ERA40 has a resolution of 1° latitude andgitude, the GCM has a
resolution of almost half that, and struggles tsohee the complex heterogeneous
terrain and coastline which is a dominant featdrhe landscape - particularly in the
northern half of the UK. This results in monthlyngl speed output not resembling

true wind speeds enough to be useful.

4.2.6 Weibull parameters

A different view on the climate data produced by GCM can be taken: rather than
considering the monthly mean fields, the parameietie distribution of time series
wind data can be used as an indication of the nwdelccess. The particular

distribution often used to describe wind speedsasWeibull distribution.
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The two-parameter Weibull distribution is descriimda scale parametek, and a

shape parametek, giving a probability density functigm(U) of:
k U k-1 U k
U)=|—1|—| exp-|— 4.1
pU) (AJ[AJ [{ [Aj} 41

The mean wind speed can be found from the distabuty

U= AF[1+%j 4.2)

wherel(x) is the gamma function such that
N R |
I‘(x)—J'0 et dt (4.3)

(Manwell et al, 2002)

Generally, a highek value will result in a higher modal value of wisgeed but
lower frequencies of winds at very high speeds.ghEr A values will tend to
produce more ‘spread’ distributions that have langages of wind speeds. The
combined effects of variou& and k parameters will result in permutations of the
typical Weibull shape in terms of ‘skewness’ angréad’. Graphical representations
of these combinations are shown in appendix A.3.

The Weibull distribution is reported to be reprdaéme of the hourly wind
speed distribution at most wind sites (Peterse®84ap but a Weibull distribution
fitted to daily wind speeds is potentially diffetan terms of the shape parameter as
time-period averaging will reduce the varianceha tlata. For this reason, daily data
such as the ECH5 data, could not be expected o tevsame Weibuk parameter
as, say, hourly data. The ERA40 data is providesixahourly resolution so the daily
mean for this data was calculated by averagingfdbe daily values. As with the
mean data, the ERA40 data was interpolated to dieerl resolution ECH5 grid
covering the same area as above. Weibull parag¥endk were fitted to the daily

values over 30 years for each grid cell; the redoltk are presented in Fig. 4-11.
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Fig. 4-11 Weibull k parameters 1961-90
(a) ERA40; (b) ECH5 Run 1
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Fig. 4-11 cont. Weibull _k parameters 1961-90
(c) ECH5 Run 4

Due to their close relationship, the Weib&lparameter shows a very similar pattern
to that of the mean wind speed. As with the megmeed, it is obvious that the GCM

representation of the land-sea boundary is pobir in the ERA40 model, and that
it fails to capture as much detail in the pattesnERRA40. However, the general

pattern, although biased high in a similar way teamwind speed, is quite similar
between the two datasets.

With the Weibullk parameter, again, the GCM data does not show ah netail
as the ERA40 results, but the pattern of lowealues over Scotland and northern
England is somewhat alike in the two datasets. [Aok of detail is especially
obvious in the Scottish region where the ERA40 rhetlews a significant drop in
the k parameter to 1.9 in the central Highlands. As lbarseen from Fig. 4-11, a
lower k parameter is indicative of a lower modal wind sheecompanied by higher
probability of very high wind speeds. Overall, th¢eibull parameters are not
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captured as well in the GCM in terms of the spatablution, but do show similar

overall tendencies to the ERA40 model output.

4.2.7 Conclusions of hindcast analysis

For the area 49° to 61° north, and -12° to 2° easgmparison between ECH5 GCM
10m wind data and ERA40 reanalysis 10m wind datdhe 1961-90 period shows
some deficiencies in the GCM. This could potehtiaénder the direct use of the
data for wind energy applications problematic.

Averaged over the whole area, the monthly mearm wpeeds in both runs of
the ECH5 GCM are between 5 and 25% higher thanetifomm the ERA40
reanalysis, with the greatest percentage differém@ammer and lowest in winter.
The R correlation coefficient varies in space, betwees lowest value of 0.84 in
Scotland and the highest of 0.96 in the North Sea.a The R value also shows
variation with season, with the best result in wiater and spring months and the
poorest in the summer.

Looking at the mean monthly fields individuallfete is quite a significant
discrepancy in the vector direction in March andiljpom Run 1 of the GCM, and
March, April and January for Run 4. The vectorstiiese months are rotated
anticlockwise from the ERA40 vectors, to varyingyuees over the whole area, but
tending to be particularly different in the far titowest of the domain. In terms of
the percentage difference in the mean monthly t@&sulvind speeds, the pattern of
change in all months is very similar, with the GQldta from both runs giving an
overestimation of up to 40% in northern Scotland #eland, and a slightly less
severe overestimate in the south west of Englahé. model then also shows an
underestimation of the wind speed in northern Emgylalt is clear there is an issue of
resolution in this result, with the GCM unable &solve the wind climate changes
resulting from heavily variable terrain over theolnof the UK.

The Weibull parameter estimates from the GCM ruw@npared to the
reanalysis data show a similar spatial patterntfier scale parameter, A, but the
lower resolution of the GCM data is obvious, agsdias towards higher mean wind
speeds. Similarly, the shape parameter, k, hasdacation of lower values over the

onshore region as with the reanalysis data, butrd@kelution is simply too low to
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display the detail. The k parameters from the GQNt tend to be higher in general
than those of the reanalysis data, suggesting arloange of wind speeds - perhaps
an indication of its inability to model extreme ditions.

Given the large discrepancies in mean wind speétesaand the fact that the
daily wind speed distributions are not particulangll replicated by the GCM, it
would not be prudent to use the GCM data direatlydtaw specific conclusions
about future surface wind speeds, or indeed admutpbtential impact on wind
energy resources. Examining change fields prajebiethe GCM, however, may
give a qualitative indication as to how mean speets directions might change in
the future. Care must be taken not to assume tphegections are precise and
absolute — for this reason they will not be us@datly for energy calculations,

given the large uncertainties involved.
4.3 Future projections for changes in wind speed

4.3.1 Data

Future wind climate data was obtained from a simgieof the ECH5 GCM carried
out under the conditions of the SRES A2 scenamprésenting ‘high’ levels of
emissions, see 2.1.6) for the twenty-year periogil22100 (IPCC Data Distribution
Centre, 2005b). Both runs of the model for the1t96 period have been used as a

baseline for comparison.

4.3.2 Spatial average monthly means

Taking the spatial average and looking at monthBamvalues (Fig. 4-12a), the
seasonal pattern remains very similar, with theetwvind speeds in summer and
the highest in winter. The percentage change enfdture period was calculated
using both a Run 1 and a Run 4 control period basend is shown in Fig. 4-13.
The greatest changes common to both baselines @ikahd May with values of
around -4% versus Run 1 and -6% versus Run 4. ahdyAugust also have fairly
consistent results from both baselines, of arouhdo--3%. For the remaining
months, the two different baseline datasets givging future percentage changes

but there is an apparent seasonal pattern, with aidee changes in the September
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to February period being positive, and all of thearbh-August changes being

negative.
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Fig. 4-12 Spatial average monthly means and boxplot s
(@) ECH5 Run 1 and 4 1961-90 and ECH5 2081-2100 monthly means (b) ECH5 Run 1 1961-
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Fig. 4-12 cont. Spatial average monthly means and b oxplots
(c) ECH5 Run 4 1961-90 and ECH5 2081-2100 boxplot

It is interesting to note that the future run of HEX; as seen in Fig. 4-12 b and c,
shows a maximum variability for January and Felyuhat comes closer to that of
the ERA40 data for the control period, with a semddeviation of around 1 m/s.
There is a small increase in the standard devitifmm April, May and June
compared with the ECH5 control period data for Ruibut these are similar values
to those seen in Run 4.

4 T T T T T T

[ ]ECH52080-2100 vs 1961-90 Runl
I ECH5 2080-2100 vs 1961-90 Run4

% Change

1 I
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Fig. 4-13 Monthly mean percentage differences for E  CH5 2081-2100 vs ECHS5 runs 1
and 4 1961-90
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4.3.3 Annual mean field

Looking at the results averaged over time in Fig44the overall annual mean wind
speeds for the 2081-2100 period under emissionsagceSRESA?2 are very similar
to the 1961-90 control period, and maintain a \snyilar spatial pattern. The lowest
wind speeds are found in the inland UK region,eéasing towards the coasts.
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Fig. 4-14 Annual mean wind speed ECH5 2081-2100

4.3.4 Future change fields

A calculation of the annual percentage changedoheoint in the grid in the ECH5
model from the 1961-90 period to the 2080s givateagimilar change fields when
Run 1 of the future model is compared with bothtemuns. As shown in Fig. 4-
15, there is a slight rise in mean speed of pertépa or around the Scottish region
using both Run 1 and Run 4 as a baseline. AgRiustl the projection gives mainly
a slightly positive change in the remaining onshareas of between 0 and 0.5%,
whilst against Run 4, a bigger area is affected Bynall negative change of around -
0.5%. There is some indication of a greater deseredfshore to the south and west

of the region.
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Fig. 4-15 ECH5 2080s annual percentage change field vs. ECH5 6190
(@ Run1; (b) Run 4
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The percentage change fields were also calculated month-by-month basis and
are shown for each month in appendix C.2. Thelteeshow that the annual mean
change has ‘averaged out’ a large degree of th¢eqtenl seasonal variation,
especially with regard to the offshore area to nbeth west of the UK. Several

months displayed in Fig. 4-16 give particularlyeirgsting results for onshore areas:

» April — the north of Scotland and to a lesser degithe north coast of

Ireland, show decreases in mean wind of up to 10%.

» July — the north of Scotland shows increases otaup% on the Run 1
baseline, but only around 2% on the Run 4 baselhdst the rest of the UK

experiences decreases of up to 7% on both baselines

» August — there is a notable decrease in mean wgeddsin the south west of
England of around 10% versus the Run 1 baselirkaesund 7% versus the

Run 4 baseline.

» September — compared to the Run 1 baseline, theefpieriod results show
increases of up to 9%, mainly concentrated in tbghnof England and
Scotland. Against the Run 4 baseline, the inceease smaller and more
widely consistent, with most of the onshore Britiskes seeing an increase

of between 3 and 5%.

» December — against both runs, the future resultsvshin increase in the
south east of England of around 4- 6%. From a Rumaseline, Scotland
sees a decrease of up to 7%, whilst from a Run skline, Scotland

experiences a similar level of increase as theafeste UK, of around 4%.
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Fig. 4.16 Annual % Change in wind fields for ECH5  2081-2100 vs. ECH5 1961-90 Run 1

baseline
(a) April; (b) July
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Fig. 4.16 cont. Annual % Change in wind fields for ECHS5 2081-2100 vs. ECH5 1961-90

Run 1 baseline

(e) December

Because both sets of baseline data are fairly stamdj and only one dataset for the
future period has been used, the patterns of fuuaege are reasonably similar from
both baselines. The onshore regions which appeauffer the largest degree of
change are the far north of Scotland and the solutengland. This may relate to

changes in the large-scale pressure oscillatioasdbminate in the region, such as
the North Atlantic Oscillation (NAO) or the Eastléttic Pattern (EAP).

In terms of directional patterns, appendix C.2 shinaw the ECH5 monthly
patterns change in the future period relative t61190 averages. The months that
show the greatest differences against a Run libasmle March and May, shown in
Fig. 4-17, but it is interesting to note that thegse some of the months in which
both runs of ECH5 bore the least resemblance to ZR®&analysis for the control
period. It is difficult to say, therefore, wheth@rnot these changes should be taken

seriously, given that the model showed an inabibtpindcast them accurately.
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Fig. 4-17 ECH5 1961-90 monthly mean vectors vs. ECH 5 2081-2100 monthly mean

vectors
(a) March Run 1; (b) May Run 1
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(c) January Run 4; (d) May Run 4
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Against a Run 4 baseline, those months which shevwgteatest changes are January
and May, with April also showing quite a deviation vector direction. Again,
however, these were months that showed the leastasty with the ERA40
reanalysis - which suggests there is a high degfeagncertainty surrounding the
baseline results in the first instance.

The vector plots also highlight that the area wattiie region of interest that
shows the most propensity for change is the narthedf of the region, and in
particular the north-west Atlantic area. The sifethe vectors, as well as their
direction, is more divergent from the control pdria this area than any other. This
is suggestive of changes in the cyclonic activitych is so dominant in this region;
but it is difficult to tell purely from surface wahdata whether or not this is the case,
or to identify particular modes of change. Itliscapertinent to note that, as with the
individual months which show the most change, thégion was the least
successfully hindcast when compared with the ER&séDalysis. It may be useful to
consider large-scale pressure patterns, such adA@ or the EAP in order to
further understand the changes in this area.

Analysis of the wind roses for 1961-90 and 2081@ftdm ECH5 for the
three locations discussed in 4.2.5 shows some nthanges in the directional
distribution of winds (Fig. 4-18). In all cellsdte appears to be a ‘broadening’ of
the distribution within the south western sector tbé quadrant, with higher
frequencies occurring in a wider range of direaticsectors in this 90° range. There
is drop in the frequencies of winds in the two eassectors as a consequence. The
pattern is broadly similar over each of the threksaconsidered.
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Scot (e) 1961-90 and (f) 2081-2100

4.3.5 Weibull parameters
As mentioned in section 4.1.6, rather than lookinty at monthly mean results from

the models, it is interesting to compare the fregyedistribution of wind speed

output from the models — assuming a good fit tohesbull distribution..
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The A parameter shows much the same pattern as the wiedrspeed, as
would be anticipated, with not much evidence ohgigant change. Fig. 4-19 shows
the annual spatial pattern of the Weibkilparameters for ECH5 in the 2081-2100
period. Thek parameter is also very similar over mainland Briten the future
projection, as in both the control period runs. isTWould suggest no remarkable
change in the modal wind speed or in the rangeind wpeeds experienced - that is,
no increase or decrease in the frequencies of mwe of extreme winds. In the
region to the south west of the domain, includingrge part of Ireland, the contour
showing a value of 2.25 for theparameter seems to cover a larger area, compared
to the same region in both Run 1 and Run 4 forcthrérol period, where the value
shows an increase to 2.3 and 2.35. The magnituideamge for the region is small,
but a decreasing value suggests an increase in frequencies of vahtiggh speeds,
and a tendency for the distribution in this regtonbecome more skewed towards

lower wind speeds.
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Fig. 4-19 Weibull k parameters ECH5 2081-2100
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4.3.6 Conclusions on future changes

The conclusions from these future projections afdvépeeds must be that there is no
indication of a definite change signal in the moolelan annual time scale. There is,
however, rather more variation within individual mies, with winter wind speeds,
already typically high, showing a propensity torgase, whilst the lower spring and
summer wind speeds are inclined to decrease furitier degree and tendency of
monthly changes when averaged over the regions/émoen -6% in April and May
to +4% in September and December. There is fusthgation within the region of
study, with the northernmost and southernmost regi@nding to experience the
greatest changes.

Analysis of the frequency distributions from thentrol period and the future
period shows little change in the Weibull parangefer the majority of the region,
giving no indication of any tendency towards mordess extreme conditions. A
small area in the south west of the region expeesra very slight decrease in the
Weibull k parameter, which might suggest a greateurrence of high wind speeds
but the change is very small and its impact likelype similarly minimal.

There is not sufficient confidence in the resutisstate whether or not this
would have an impact on any wind power productiacilities, certainly not on an
annual basis. It is, however, worth noting thaargdes in the monthly or seasonal
production, whilst not significantly impacting ohet annual energy output of any

particular facility, may affect how wind power isalt with at a national level.

4.4 Dynamic downscaling — using a regional climate
model

Referring back to the description of dynamic dovatisg given in Chapter 2,

regional climate models (RCM), also known as limhiterea models (LAM), are

similar to GCMs, in that they are dynamic physicaddels of the atmosphere; but
they are run over smaller (limited) areas at higle=olution. They are generally
forced at their limits by boundary conditions impd<y a lower resolution climate
model. Two studies using an RCM to provide progedi of future wind speeds are
referred to in chapter 2. Segalal (2001) and Pryoet al (2005a) both stress that the
results are preliminary and highly uncertain.
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The results discussed in the remaining sectionthisf chapter have been
published in Harrisoret al, (2008). The wind speed data from a regional climate
model designed to produce climate simulations far UK region were obtained
through the UK Climate Impacts Programme (UKCIP(2)ilme et al, 2002). The
modelling technique involved the nesting of the KdgdCentre HadRM3, a 50km
resolution limited area model, within HadAM3, anmasphere-only general
circulation model (AGCM) with a resolution of apgnmately 120km. This in turn
was nested within HadCM3, a full atmosphere-oce@MGAOGCM) which has a
resolution of 2.5° latitude x 3.75° longitude —sthiranslates to around 265km X
300km for the UK landmass. The nesting system oveesway only, which meant
that feedbacks from the smaller models were nattitgpthe larger models.

The UKCIP02 work produced projections for futulenate based on four of
the SRES emissions scenarios, corresponding toneadjum-low, medium-high and
high levels of emissions. Outputs from the AOGCMrresponding to these
emissions scenarios were fed into the higher résolunodels. The models were
run to provide simulations of the 1961-1990 confperiod, and then using the
medium-low and medium-high emissions scenarios, dorthirty-year period
corresponding to the end of the twenty-first centurreferred to as the 2080s.
Results were then derived by scaling techniquedvior earlier time periods - the
2020s and the 2050s, and, by further scaling, fier low and high emissions

scenarios for each of the time periods.

4.4.1 Qualitative comparison of RCM with ERA40

A qualitative comparison of the UKCIP0O2 model outfar the control period with
ERA40 reanalysis data (both scaled to 80m a.gdysHirstly, that the RCM has a
slightly higher resolution and could thus be asslintebe better able to represent
wind speed variation within the UK. The annual m&and speed over the UK is
shown in Fig. 4-20 for ERA40 and Fig. 4-21a for REM. Both show a similar
mean speed for the body of land including mostmgl&nd and Wales of between 5
and 7m/s and there is some indication in both dédas a drop in the mean speed in
inland Scotland. Coastal features are better caghtun the RCM, and it does show

some higher speeds in eastern coastal areas; ntlostly are in excess of the speeds
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in near-coastal grid squares in the reanalysis. d&ta directional information was
available from the UKCIP0O2 wind results, and s ttannot be compared with the
reanalysis data. The data is provided as montlelgn®, with no information on time
series at a higher temporal resolution than this,tsis impossible to calculate

frequency distribution parameters.

Fig. 4-20 ERA40 1961-90 Annual mean wind speeds (m/ _s)

(@) i) (b) 3

25

05

Fig. 4-21 Baseline (1961-90) annual RCM data
(a) wind speed (m/s); (b) energy production on UKCIP grid (annual GWh per single turbine)
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4.4.2 RCM future projections for wind and energy

Given that it is of higher resolution than ERA4@malysis data and seems to include
more detail in the representation of UK wind climah the following analysis of the
UKCIPO2 results for wind speed, the baseline clenfatr the period 1961-90 was
taken directly from the RCM. The seasonal meardvgipeed for each of the ‘land’
grid cells was scaled to 80m height using thé"P@wer law, then used to generate
an assumed Rayleigh distribution (a Weibull disttibn with the shape parameter
(k) set to 2). The binned wind speed distributicass then combined with the power
curve of a single Vestas V90 3MW wind turbine (\4s$t2004) (see Fig. 3-1a). For
each speed in the distribution, therefore, thereais associated probability
(frequency) from the binned distribution and an pomit power from a turbine,
allowing a calculation of the energy output ovegiwen period at each speed. The
summation of these provides a baseline estimatedah®energy output for a turbine
in each of the grid cells. A second annual enengiput was calculated using the
projections for wind speeds for the three futureiquks, 2020s, 2050s and 2080s
under each of the four emissions scenarios. Theeptage changes versus baseline
wind speeds and potential wind energy output faheseason are discussed below
for the high emissions scenario in the 2080s, githeat this was the period and

emissions scenario to show the most significanhgbsa.

4.4.2.1 Annual changes

The overall changes in annual wind speed and theeswent projected changes in
annual wind energy output are relatively small wiaeraged over the entire UK.
Seasonally, however, there are some more signifipamjected changes in wind
speed leading to changes in annual energy outptitatbuld be quite serious for the

industry.

4.4.2.2 Winter

In winter, as can be seen in Fig. 4-22, most otremm and midland England and
Wales see an increase in the mean wind speed @R®%-1Northern England,
Northern Ireland and most of Scotland are lesctdte with increases of around 5%.

The most northerly parts of Scotland, however,sséght decrease of up to 5% in
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the mean wind speed. The consequent changes umlaenergy output follow

similar patterns but with greater magnitude thamanges in wind speed. The
southerly parts of the region see an increase ma wnergy of up to 15%, reducing to
5-10% in northern England and Scotland. The naiftiScotland sees a small

decrease in energy production.

(a) 10 (b) 25

8 I20
:l 6 :l 15

14 110

-4 -10

-10 25

Fig. 4-22 Percentage changes in winter by 2080

(a) wind speed; (b) energy production

4.4.2.3 Summer

Referring to Fig. 4-23, summer projections showalip the opposite trends to
winter, with most of the UK seeing reductions inamevind speed of 5-10%, with
parts of western Scotland and Northern Irelandngedécreases of up to 15%. Some
isolated parts such as the north coast of Scotiamtthe south coast of England
show increases in mean speed of up to 5%. In tefmenergy production, the
pattern is, again, obviously similar but more extee The projected decreases in
annual energy output in parts of Northern Ireland #he west of Scotland reach
25%. Northern Scotland and parts of the southngfi&d, conversely, see increases
of 10-15%.
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Fig. 4-23 Percentage changes in summer by 2080

(a) wind speed; (b) energy production

4.4.2.4 Autumn and Spring

Autumn and spring projections for wind speeds aodesponding energy outputs
generally show smaller changes versus the bagblamefor summer and winter. Fig.
4-24 demonstrates that much of the country seesadl slecrease in wind speed of
5%, with a decrease in energy of 5-10%, in autuRarts of northern and western
Scotland show speed increases of 5%, creating gmecgeases of up to 10%. The
whole region is projected to see an increase afrat®% in wind speed in spring, as
shown in Fig. 4-25, giving rise to energy increases-10% in most parts.
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Fig. 4-24 Percentage changes in autumn by 2080

(a) wind speed; (b) energy production
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Fig. 4-25 Percentage changes in spring by 2080

(a) wind speed; (b) energy production
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4.4.2.5 Specific locations in detail

In order to investigate further the different pidgel trends in different parts of the
UK, five disparate locations (see Fig. 4-26) wenesen and their changes in mean

wind speed and annual energy production for eaahtimweere plotted, shown in Fig.

4-27.
Northern
Scotland i

l] Northern

Northern England
Ireland

Wales

Southern
England

Fig. 4-26 Locations for monthly analyses

The changes in the cells located in England andce¥Valllow fairly similar patterns,
with the increases in wind speed peaking at 5-7%eanember and January, falling
fairly steadily to an unchanged mean in July. Asig$september and October are
projected to have decreased mean speeds of 3-83% Neovember similar to July,
experiencing no significant change. The energydpecton trends represent an
amplified version of the wind speed trends, witlaage of £10%.

As noted in the analysis above, the grid cell espnting the north of
Scotland shows a somewhat different pattern to rmab#te rest of the region. The
tendency is for the mean wind speed mainly to esee with only very minor
decreases in January and February. The maximumaise in wind speed of around
5% is projected to be in the months of May, Jund aaly, with October and
November showing increases of 2-3%. These trantbaénergy output increases of
20% in summer and 5% in the autumn.

The exceptional trend in this part of the UK may Imked to the high
dependency of its wind speeds on the North Atla@scillation. This teleconnection
pattern, characterised by a low pressure centre lwetand and a high pressure
centre over the Azores, has a large effect on tihéeewwind climate in the UK. Its
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effects are more dominant in northern and westeotl&d (Corbeekt al, 2007) than
in other parts of the country; and there is somdesce that it will tend to be more
positive in the future under increased greenholwse @missions than in previous
years (Meehét al, 2007).
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Fig. 4-27 Percentage change at five locations by 20 80

(a) Mean wind speed; (b) Energy production
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The cell located in Northern Ireland also bucks geeeral UK trend given by the
model. It displays the opposite pattern to thathe northern Scottish grid cell,
giving minor increases in wind speed in January Belruary with decreases in all
other months. Of particular note are the decrefitees May through to September,
which peak at 15%, giving rise to a decrease imggneutput of almost 35%. It is
difficult to pinpoint why this may be the case, Ithiere is a possibility that the poor
resolution of the model and its failure to capttive coastline sufficiently well has

resulted in an unrepresentative climate.

4.5 Conclusion

On the whole, it was found that the ECH5 GCM brgasdptured the wind climate
of the 1961-90 control period, showing similar meand speeds and directions in
most months to that of the ERA40 reanalysis. B®tim 1 and Run 4 gave similar
results and correlated about equally well with teanalysis data. When averaged
over the region, the monthly mean values were sjigiverestimated in the GCM in
both runs. The projections of change were, whesragged over the entire year,
rather small and unlikely to be of significancethe energy output of a wind farm.
However, changes in individual months were on atgrescale and if they were
expected to occur, could influence strategies withe power industry.

The results of future projections from the HadCm8del were examined
indirectly through the analysis of a regional cltmmenodelling project, which utilised
HadCM3 to provide boundary conditions to a LAM. qualitative look at the
baseline climate from the LAM confirmed its genesimilarity to the ERA40
reanalysis data for the 1961-90 period. Futurgeptions for the 2080s under a
‘high” emissions scenario - similar conditions ho$e examined for the ECH5 GCM
- showed that, like the GCM, on an annual basis pghgected changes were
relatively small, but that individual months shohaages that may prove important.
The investigation of results from specific grid ages also highlighted that the trends
in all parts of the UK do not follow the same patte

Correspondence between the results from the ECEE @nd the RCM was
closer than anticipated. There is fairly good egrent between both models with

regard to the ‘sign’ of the seasonal trends, botigesting that the majority of the
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country will experience a reduction in summer wapéeds and an increase in winter
mean speeds by the 2080-2100 period. Of partidotarest is the difference in
trend shown for the north of Scotland comparedé&southern half of the mainland
UK, which is captured somewhat in the GCM as wslilze RCM, with the GCM
showing a positive change in summer months in #nenbrth of Scotland. Unlike
the RCM, the GCM does not show a negative changeimter in this region —
except against a Run 1 baseline in December —deg ohdicate negative trends in
the offshore area to the north west of Scotland.

When considering these results and in particlilair teffects on wind power
production in the UK, two problematic questionsariFirstly, are the low resolution
data representative enough of wind climate to besefto the industry? Secondly, is
the uncertainty involved in the underlying dynamasd physics of the climate
models - especially when compounded with the umno#st associated with the
resolution issue - too great to allow any realistmjecture to be made from their
projections about the consequences for wind energguction? The answer to
these questions is that there are probably too raangrtainties and the resolution is
certainly not sufficient to enable the data to ls®didirectly in, for example, a
detailed resource assessment. However, they dadpronformation about the
potential scale of projected changes, based onldersssumptions about emissions
scenarios, as well as in-depth knowledge of atmarspiphysics and dynamics. This
kind of awareness is useful from a strategic poinview and opens the door for

further analysis as the models become more sopdiist.
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Chapter 5

The relationship between pressure and wind climate

This chapter aims to use larger scale climate kbesawhich are more successfully
modelled by a GCM as a proxy for surface wind spé&edarder to investigate the
potential for wind speed change in a future undegyolimate change.

The North Atlantic Oscillation (NAO) is introduceahd its possible link with
surface wind speeds in northern Europe discussedlysis is carried out to show
correlation between the NAO and UK wind speeds freanalysis data. The future
trends of the NAO as modelled by a GCM are presentgether with suggestions
as to what this might infer for UK wind climate.

The relationship between regional mean sea-levessorre fields and the
wind climate of the UK is discussed, and a methardtie derivation of geostrophic
wind from pressure gradients is presented. Geaasitowinds from a GCM are
derived for an historical control period and thearrespondence with geostrophic
winds from a reanalysis dataset analysed. Thelsrenodelled by the GCM for
geostrophic winds in a future period are shown #r@ir potential implications for

surface winds considered.

5.1 Proxies

In Chapter 4, it was noted how GCMs use parametesiss to represent sub-grid
scale processes, and how these parameterisationstdalways produce adequate
simulations of surface wind climate at GCM resalnti for the purposes of, for
example, wind energy resource estimation. Therals® some suggestion that
dynamic downscaling of GCMs using regional climatedels (RCMs or LAMS)
with cell sizes of 25-50km, gives too low a reswntto capture the high spatial
variation in wind climates (Pryaat al, 2005d).

For the wind energy industry, the relevant timelesdar consideration of
climate variability at individual sites is aroun@-25 years - the expected lifespan of
a wind turbine or wind farm. Attention is focusgeatticularly on the near-surface

wind climatology - whether time series or projecadtribution - as this can be
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readily used to calculate expected energy productitt is understood that these
kinds of localised wind analyses are highly patécdo individual sites; the mean
local wind climate being very strongly related be tregional topography, terrain and
so forth. In terms of developing a broader viewtld industry and devising a
strategy for exploiting wind power as much as puassitime-scales considered can
be anything from 20 to 100 years. Accurate siecsr wind climates are fairly
irrelevant in this case; rather it is the regioohinate, its spatial variability and
temporal tendencies which are the focus. It maynberesting in light of this to
consider using large-scale climate variability agpraxy for near-surface wind
climate, in order to understand if climate modadsild be indicating broad changes
in UK regional wind climate over the coming centuand if so, what can be done to
best position the wind power industry to make optimuse of the resource.
AOGCMs have been shown to be better at describistprical climate
characteristics on a macro scale, perhaps at hdsdsé kilometres, rather than
factors of the scale of surface winds (Wilbtyal, 2004). Pressure patterns, which
vary on these larger scales, have been used toagertmwnscaled higher resolution
surface wind climate from AOGCMs in a number ofdsts (e.g. Pryoet al, 2005b;
Sailor et al, 2008). As such, they are known to be very closelated to wind
climate. Before embarking on a downscaling pracess methods of analysis of
pressure patterns and their relationships with walithate have been given

consideration in this section:

1. The NAO index — This is defined as the normalisgi@icbnce between a low
pressure centre over Iceland and a high pressurgecever the Azores
(Osborn, 2000). The NAO is known to strongly ieftice the UK climate,
particularly in the winter months, and its futurgokition may provide

evidence of long-term shifts in the climatology.

2. Geostrophic wind is a wind field derived from pnass gradients and is
representative of frictionless balanced flow. Itswaasoned that deriving the
theoretical geostrophic winds from the pressureligrd information may
give more useful information than pressure fieldisne; this is because
calculation of the geostrophic wind vector allowsvious analysis of both

wind speed and direction changes.
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5.1.1 Pressure patterns in the UK

The mean pressure field in the area over northednweestern Europe is dominated
in all seasons by a region of low pressure arogethhd - the ‘Icelandic Low’ - and
a high pressure centre near the Azores - the ‘Azbligh’. These areas move and
vary in intensity, but are normally present in stlasons (Barry & Chorley, 1998).
Areas of low pressure, known as depressions omoogs, tend to track eastwards
over northern Europe. The presence of a fairlyna@ent anticyclone over Siberia
in winter prevents direct eastward movement of diepressions, and they travel
either over the Norwegian Sea, or the Mediterran&aa. In summer the
depressions, which tend to be less intense in timesghs, are able to track due east
as there is a generally low pressure situatedduehst, over Asia (Barry & Chorley,
1998).

A peculiarity in the general zonal flow of depress over northern Europe
can be caused by an area of high pressure ovediBeara, which results in the
diversion of the depressions either north or saiths centre - an effect known as
blocking. The presence of the Scandinavian antieyccauses easterly winds over
Britain as the air moves around it, bringing veotdcair to the region (Barry &
Chorley, 1998).

Lamb (1950; 1977) identified seven primary categorof airflow pattern
associated with particular isobaric patterns ovetaB, each relating to particular
weather characteristics (Barry & Chorley, 1998yedtiencies of observation of the
seven categories change throughout the year, wihterly’ being the most common
annually. The typical isobaric pattern for this eypicludes a fairly intense low
pressure system over Iceland, and a high pressegevath a centre at around the
same latitude as northern Portugal, but around ddyess west of its coast. The
Lamb objective classification system has been &urtbxtended in Jenkinson &
Collison (1977) to include a full range of directéd types and a number of hybrid
weather types, and can thus be applied to anynmedioother weather classification
system which extends to the whole of Europe is ‘Gsswetterlagen’ system,
literally meaning ‘general weather situation’. Tiest recent version is attributed to
Hess & Brezowsky (1977) and it defines 29 distmiciow patterns each lasting at

least 3 days (James, 2007). An objective clasdifin system developed by James
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(2007) to identify Grosswetterlagen types from ERAdanalysis data for the period
1952-2002 found that the three most prevalent typese westerly types: ‘anti-
cyclonic westerly’; ‘cyclonic westerly’; and ‘mainte westerly (block eastern
Europe)’. These three types typically feature mi@ating low pressure area centred
upon Iceland and a high pressure area over ortlligh the west of the Iberian

Peninsula, which together bring strong westerlydsito the UK region.

5.2 The North Atlantic Oscillation

As mentioned in 5.1.1, two of the most prevaleatdees of the north Atlantic mean
pressure field are the Icelandic Low and the Azdfegh. These phenomena are
present all year round, and together their vaiitghs linked with and referred to as
the North Atlantic Oscillation (NAO). The NAO inderefers to the difference
between the mean sea-level pressure measuredtianstibcated somewhere near
the two centres, often normalised by a long-ternraméd&he measuring stations most
commonly employed are in the Azores and Icelant aliarnative cited sites for the
high pressure point are Portugal and Gibraltar ¢@8b2000). An NAO index can
also be derived from the principal component tiraees of mean sea level pressure
at these points - that is, the component withiegression of the two pressure series
that explains the maximum amount of variance (@& Christoph, 1999).

The NAO is, as mentioned previously, detected lisehsons of the year but
Is seen to be more related to climate in northarroge in the boreal winter months
of December, January and February (Osborn, 2008pme studies refer to an
‘extended winter’ NAO index which also includes Novber and/or March (e.g
Osbornet al, 1999). The index typically oscillates betweeousad -3 and +3; a
negative NAO implies a weakening of the low andhhpgessures, whilst a positive
NAO suggests a strengthening of the pressure cer(tdairrell et al, 2001).
Evidence suggests that the strength of the NAO haaye an influence on the wind
climate of the north Atlantic. A swing from the [toge to the negative phase will
produce changes in the mean speed and directithre iregion, according to Hurrell
et al. (2003). Pryor & Barthelmie (2003) indicate thatspioe phase NAO indices
are associated with stronger westerly winds, whisgative indices give rise to

greater ‘meridionality’, i.e. in the south-northretition. This latter study found that
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half of the variability of mean winter wind speedsthe Baltic Sea area could be
explained by the NAO index. The effects of the N&®regional wind speeds in the
UK is not well defined. Siegismund & Schrum (200dynd a correlation of 0.69
between the NAO index and mean winter wind speedba North Sea area, which
lies to the east of the UK, but due to the posibbthe UK landmass to the west and
the Scandinavian peninsula to the east, this remigiht be expected to experience a
different wind climate to that of the UK. One ofetlonly studies concerned
specifically with the UK is the work of Corbelt al. (2007) in which the authors
found a strong correlation between the NAO and blo¢hoccurrence of ‘gale days’
and the occurrence and frequency of south-wesiediging winter in a westerly
location in Scotland. Woolét al. (2002) also identified a very strong relationship
between the NAO and wave height in the north Aitatat the west of the UK, which
is interesting given the strength of the relatiopdietween wind and wave climates.
Two of the studies mentioned above (Pryor & Bdnthe, 2003; Siegismund

& Schrum, 2001) observe that the trend of the NA@ek over the last number of
decades has been increasing, whilst also notirigriean wind speeds in the regions
under discussion have increased. Siegismund &UE&tli2001) define three distinct
types of change in the wind field in the years 13987 over the North Sea area:
two involving increases in the occurrence and isitgrof west-southwesterly wind
directions; and one relating to an increase in nsgmed for southerly winds. They
hypothesise that each of these may be connectédiigtpositive trend in the NAO
index. Pryor & Barthelmie (2003) states that acrease in the annual mean wind
speed over the Baltic region has been caused bhpaease in cyclonic activity,
resulting in higher pressure gradients which imtare due to a higher frequency of
positive-NAO winters.

The trend over the last 30-40 years for the NA@toease is interesting in light
of a possible connection to anthropogenic GHG domss Gilletet al. (2003)
looked at a number of studies using statistical eteotb define whether or not the
last 30 years of the winter NAO have been ‘unusuald whilst some models do
find significant trends in the data, others do n&econstructions of NAO indices
that go back for several centuries show that thheeotiupward trend is not, in fact,

unusual; (e.g. Cook & D’Arrigo, 2002) but cautianstrongly advised regarding the
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inherent uncertainty of these reconstructions, @am@wareness that there may have

been possible external forcings on past climate.

5.2.1 Relationship between the NAO and wind speeds inthe
UK

Following on from the work of Corbedt al. (2007), Pryor & Barthelmie (2003) and
Siegismund & Schrum (2001), it was postulated tlgaten a high degree of
correlation between wind speeds in regions to #s¢ @f the UK with the NAO index
- and in a particular location in western Scotlartdere could be a similarly strong
correlation between mean winter wind speeds inwthele of the UK area and the
NAO index.

For the purposes of the analysis the wind datal®reg are the 10m u
(eastwards) and v (northwards) wind speed vectms fthe ERA40 reanalysis
model (European Centre for Medium-range Weatheedasting, 2006), obtained
from the BADC. The NAO index obtained from Salm&@0@4) has been derived
from station data in Iceland and the Azores. Campamodel data with observed
time series may be seen as contentious, but gsisraed here that the ERA40 data is
reliable enough to be used as a substitute fomrebdalata.

Considering firstly the whole UK area, the meantesirwind speed averaged
over the area 48° to 61° north and -12° to 3" a& calculated from the u and v
vectors for each year in the period 1961-90 andpawed with the documented NAO
index. A plot of the observed winter (DecembeF#&truary) NAO index alongside
the mean ERA40 winter wind speed in Fig. 5-1 appearshow correspondence
between many of the yearly values, and a very arnhgiincreasing trend in each of
the datasets. Fig. 5-2 shows a simple linear ssgye between the two datasets,
which gives an Rcorrelation coefficient of just over 0.5, indigayi that the UK
mean winter wind speeds have a similar relationghip the NAO as those in the

Baltic study region from Pryor & Barthelmie (2003).
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Fig. 5-2 Correlation between mean winter wind spee  d and the winter NAO 1961-1990

The ERA40 mean winter wind speeds for 1961-90 lzeds®@ been analysed on a grid
cell basis, comparing the results for each withwirger NAO index for this period.
A pictorial representation of the’Rorrelation coefficients for the area is shown in

Fig. 5-3, ato c.
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(c) mean v wind

It is clear from this that the highest correlatiom$éh averaged winter wind speeds
are to be found, perhaps unsurprisingly, on théhneestern coasts of the UK and
Ireland. Similarly, Corbegt al. (2007) found that for three sites in Scotland,dhe
in the most westerly location had the strongesttieiship with the NAO. Carrying
out a grid cell analysis for u (westerly) and vuiberly) wind speeds separately, the
correlations, as expected, are higher for u wirthelthan for the mean speed but
show a slightly different spatial pattern, with bogee mainland UK areas having
more consistent Rvalues, of between 0.5 and 0.7. Once more, hawehwewestern
areas of the country tend to have slightly betaredations. For v winds, only a
small area in the northern half of Scotland haslatively high B value of around
0.6, whilst the remaining area has values arouBeD@L, indicating a more tenuous
correlation with this component of wind speed.

These results are in fairly good agreement withb€loet al. (2007), which

suggests that there is a strong correlation betwaeds occurring in the sector 180-
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270° in western Scotland and the NAO index. Irhitbe case of the mean overall
wind speed and the u wind vector, the relationshith the NAO is positive,
suggesting that as the index becomes increasimmgiyiye, the mean wind speed, and
in particular the westerly component, becomes gegon This supports the theory of
both Pryor & Barthelmie (2003) and Siegismund & i&oh (2001) that a more
positive NAO index involves a strengthening of thesterlies. Siegismund &
Schrum (2001) also suggest that the NAO is

...positively correlated to the number of nearly stasiry cyclones centred south

east of Greenland. This may be related to the am@edan southerly wind directions

for the northern North Sea
Together, the results suggest that an increadeeitNAO index will lead to greater
wind speeds in both the eastwards and northwardstiins, something which may
be of relevance to this research later on.

The correlations found in this exercise are notsofficient value as to
generate confidence in the use of the generatedvrlinelation, in a quantitative
manner, to project changes in wind climate undes\anrall climate change scenario.
That said, the link is potentially useful in a dtalve sense, in enabling estimation
of the possible magnitude of projected changes indwspeeds and directions
affecting the whole of the UK area. Given thattapb0% of the variability in mean
wind speed is explained by the NAO index, applaratof the derived relationship
might allow for some insight into future changealbeit that the factors influencing
the other 50% might add to or indeed counteractetthanges. However, it must
first be ascertained whether or not the NAO casumessfully modelled by GCMs,
and whether the future projections of the oscolattan be relied upon.

5.2.2 Modelling the NAO - past

Some debate surrounds the ability of GCMs to captie variability of the NAO.
According to Hurrellet al. (2001), it has been assumed in the past that th@ N
results from a combination of internal atmosphe@riccesses and is thus inherently
difficult to predict. A number of studies have istigated the phenomenon’s
presence in various climate models. Osbetral. (1999) examined how well the
AOGCM HadCM2 was able to reproduce the historiealability of the NAO index.

They found that using present-day radiative fora@agditions,
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...in a temporal sense the simulation is compatikith the observations if the recent

observed trend...in the winter NAO index is ignored
The observed trend, from 1961-90, as shown in Bi#d. was not found to be
reproduced in the control run of the model, andabthors state that this could be
due to either model deficiencies or external fagsimot present in the model, i.e.
increased anthropogenic emissions. Similarly, idlb& Christoph (1999) found
that for a control run of the ECH4 model, no trandNAO index was present,
suggesting that the last 30-40 years have beenaoom

5.2.3 Modelling the NAO - future

The work of Osborret al. (1999) states that different climate models appear
respond differently to anthropogenic forcings andyhilst their results using
HadCM2 suggest a future forcing would lead to arei@sing winter NAO index,
other studies using different GCMs find an incregdirend in the index. A study
primarily concerned with the response of the Ardliscillation (AO) - which is
closely related to the NAO - to increasing greerdgogas concentrations (Gillet
al., 2002) found that the successor to HadCM2, HadCMB8wed a positive
relationship between increasing GHGs and the NAd@®xn They found similarly
“unambiguous” positive relationships in three otl&€Ms: ECHAM3, ECHAM4
and GISS-S. In their paper, Gillet al. (2003) summarise the findings on the
response of the NAO to increasing anthropogeniergreuse gas emissions from
twelve GCMs. Three have a response which is entbesignificant or is dependent
on the definition of the NAO index used; the renrannine models all show the
response of the NAO to the increasing GHG conceatrs to be positive, i.e.
increasing. Given the time lag in the climate systit may be too strong to state
that the NAO index has shown an increasing trener ¢dhie last 30 years due to
increasing GHG emissions but these results araiobrinteresting.

All of the above studies note the differences fowiten various definitions
of the NAO index are used. When station-basea@sdare employed, i.e. mean sea-
level pressure is computed at fixed points oveefithere is an assumption that the
centres of action are stationary over this timenfa It was noted in Ulbrich &
Christoph (1999) that in the ECHAM4 model, the cesitof action moved under the

influence of increasing GHG concentrations, witk tw pressure centre moving
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eastwards. Pintet al. (2009) also found a ‘stretching’ of the northeow Ipressure
centre in the ECHAMS5 model under SRESA1B, companétl its location in the
twentieth Century.

5.2.4 Future NAO trends and wind speeds
Pryor & Barthelmie (2003) analysed the NAO représton in HadCM3, using

surface pressure and temperature fields at twotgoamd compared the probability
distribution of daily indices from 1990-1999 und&RES A2 with similar
information from the NCEP-NCAR reanalysis data3dteir results indicated good
correspondence between the datasets, and suggesHadCM3 does accurately
describe the NAO for the period of analysis. Imig of future changes, they
deduced from their results that for the future @&r2000-2030, the winter wind
climate in Denmark will be very similar to thattbie 1990s.

In an investigation using the ECHAM4+OPYC3 AOGCM|btich &
Christoph (1999) cite a number of studies thaineahthe NAO with the activity of
the Atlantic storm track, and describe how a pesitfNAO index corresponds with a
typically more intense and northerly storm trackhey go on to suggest that the
recent trend of increase in wind speeds in nortti&rrope as well as a tendency
towards more westerly flow could be linked to a enrequently positive NAO via
increased pressure gradients. Thus the increasik(@ iNdex trend evident in their
increased GHG simulation of the GCM is consisteith wimulations of increasing
storm activity and stronger zonal flow in the nowtlantic and over northern
Europe.

Pinto et al. (2009) also refer to the link between north Atlayclones and the
NAO index, with a positive NAO associated with mdrequent cyclones and a
north-easterly movement of the storm track. Inrdgions near the UK, the authors
find that regardless of the NAO index, the ECH5 mloghows an increase in

extreme cyclones.

5.2.5 Using ECHAMS to investigate future changes in ~ the NAO

Bearing in mind that an index derived from two psifixed in space may not be
fully representative of the NAO when using GCM fatyrojections, it was decided

that a station-based index would allow straightfanavlike-for-like comparison with
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that used in the analysis in section 5.2.1. Tloatlons of the weather station at
Ponta Delgada, Azores (37.7°N, 25.7°W) and Stykdishr, Iceland (65.0°N,
22.8°W) (Jone®t al, 1997) were used to identify the grid cells frdme ECHAM5
(hereafter referred to as ECH5) GCM (IPCC Data ribistion Centre, 2005a)
containing these points. The daily mean sea-lpvessure time series data from
1961-2000 was extracted for each of the two gritlscand normalised by the
monthly means and standard deviations from the evipelriod as in Jonest al.
(1997). An NAO index was then calculated for thedel by subtracting the Azores
normalised pressure from the Iceland normalisedsore. The results are confirmed
by Demuzereet al. (2008), who used a similar method to calculaté tHAO index
from the same GCM, and get very similar values.

For the period 1961-2000, the results of the ts@@es are plotted in Fig. 5-4,
alongside the observed index from section 5.2.he Gorrespondence in terms of
time series values is low, but in terms of the pimlity distribution of values, the
two series show some similar properties. Intemghti the minimum (-3.9) and
maximum (+3.6) points in the ECH5 series fall adesof the range of the observed
index used here, which has a minimum of -2.2 andaximum of 3. They are,
however, close to being within the range of anotb&tion-based NAO index
(Hurrell, 1995), which has a minimum of -4.3 andnaximum of 3.4 and so it is

supposed that these values are not impossible.
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Given that ECH5 does appear to produce valueh®NAO index that are within a
sensible range, an NAO index was derived from tloglehfor two future periods:
2046-2065 and 2081-2100 (IPCC Data Distributiont@er?005b). The cumulative
probability distribution (cdf) for these indiceseashown superimposed on the 1961-
90 distribution in Fig. 5-4c. It is here that tthéficulties of using an index based on
fixed points may arise. The cdf for the two futypeziods show a slight tendency to
stretch out in the negative NAO direction, implyiagweakening of the pressure
gradient between the two centres of action. Howesensidering the results from
the ECHAM4 model in Ulbrich & Christoph (1999) wieeit was found that the low
pressure centre moved in future model projectidnspuld be that the weakening
seen in the results here is a result of this mowem&he pressure will naturally be
slightly higher at some radius from the cyclonetagnand thus the gradient from

here to the high pressure centre will be smallérgive a more negative NAO index.

5.2.6 What do these results imply for UK wind clima  te?

There are two distinct problems presented by trayais above. The first is that

because the observed NAO index explains only up08 of the variance in UK
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mean wind speeds, the factors contributing to #maining variance could either
compound or counteract the effects of a changehenNAO regime. The other
underlying influences need to be identified, quedi and the results analysed
simultaneously in order that all possibilities bamined. The level of uncertainty is
too high to permit taking the derived relationshgiween mean wind speed and the
NAO index and extrapolating it into the future L B@CM NAO projections.

The second problem arises from the derivation sthfion-based NAO index
from the future GCM mean sea-level pressure prigjest The literature suggests
that whilst indices based on fixed points are piadiy valid, there is some evidence
that a change in the spatial location of the NA@spure centres may occur under
increasing GHG forcings. It is thus difficult to ake even any qualitative
suggestions based on the station-based indicesalat the future might entail for
the UK wind climate. Suffice to say, the resultenfi this analysis ought to be
interpreted with a great deal of caution.

Ideally, further analysis, perhaps using principainponent analysis of the
sea-level pressure fields, would allow the develepimof a better-defined NAO
index for the future. It is felt, however, thatchese the relationship between the
NAO and UK mean wind speeds is not as strong asnitesly hoped, there is more
to be gained by investigating the relationship lesmvregional pressure fields and

wind climate in more detail instead.

5.3 Geostrophic Wind

The geostrophic wind is a theoretical idea repriésgm balance in atmospheric flow
between the pressure gradient force and the aatielerof air due to the Coriolis
effect as a result of the Earth’s rotation. Theizumtal pressure gradient force
(PGF) drives the movement of air from areas of highspuee to those of lower
pressure, and is expressed per unit mass,

19p

PGF=-— (5.1)
£ on
Where%is the horizontal pressure gradient over a distdn¢endp the local air
n

density (Barry & Chorley, 1998). The Coriolis aleration,a, acts perpendicular to

140



the wind vector, and is proportional to the windoe#ty, V,, and dependent on
latitude, ¢ , such that

a=-2wsingV, (5.2)
whereo is the angular velocity of the Earth a@d sing is commonly referred to as
the Coriolis parameterf, Referring to Fig. 5-5, the geostrophic appraadion
equates these two factors, thereby neglectingrifi@ence of surface friction, such
that the geostrophic windly is expressed by,

1 dp

V, =—— 53
o= £ on (5.3)
op . : : .
where a—pIS the pressure gradient perpendicular to the Viiom (Gordonet al.,
n
1998).
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Fig. 5-5 Schematic diagram of geostrophic wind cond itions

The geostrophic wind is approximated by the windeva the planetary boundary
layer (PBL) where friction has little influence tme flow of air (see section 3.3), and
so can be estimated from observed wind climate da&00-1000m above ground
level (Watsonet al., 2001; McQueen & Watson, 2006). As well as neghectine

effects of friction, the geostrophic approximatessumes linear, parallel isobars. In
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the case of curved isobars, for example due tocloog where air is circulating

anticlockwise around the low pressure centre, drmeomponent in the balance is
required to take account of the inward centripatadeleration of the air as it travels
in a circular path. The wind in this case is reddrto as the ‘gradient wind’. The
climatology of the UK is such that anticyclones gpatticularly cyclones are a
common feature, and at these times the wind witl m® geostrophic. (Barry &

Chorley, 1998). It is considered, however, tha thagnitude of the centripetal
acceleration will be small except in the case afyvdgh velocity winds caused by
extreme cyclones. Barry & Chorley (1998) state thihese are only of

“meteorological significance” when they occur néa equator where the Coriolis

force is low - or in the case of tornados.

5.3.1 How well do the GCMs model geostrophic wind?

Before using geostrophic winds as a proxy for sgfaind climate, it is of benefit to
investigate whether the ECH5 GCM (IPCC Data Distiitm Centre, 2005a)
reproduces the geostrophic wind climate with reabtaaccuracy for an historical
control period. The process of determining thel skd ECH5 in reproducing
historical geostrophic wind fields for the UK retgs comparison of the GCM output
with climate records for a typical 30-year periodften taken in the IPCC
assessments to be 1961-90. Rather than use datalfe small irregular network of
observation stations directly for the comparisaonthis case, it has been decided that
ERA40 reanalysis data (European Centre for Medilang® Weather Forecasting,
2006) would be more suitable - as with the analysesed out in chapter 4. By
interpolating the higher resolution ERA40 data lie tower resolution GCM grid,
results for each of the GCM grid squares coveritg WK can be analysed, giving
consideration to the entire spatial area as oppts@uadividual sites. Watsoat al.
(2001) demonstrated a good degree of similaritywbeh the NCEP-NCAR
reanalysis and observed geostrophic wind data,itaisdassumed here that ERA40

reanalysis will show similar success.
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5.3.1.1 Calculating geostrophic wind from gridded data

Using gridded mean sea-level pressure data, thep@oemts of geostrophic wind in
the x (westerly) and y (southerly) direction, ldbéluy andvy respectively, can be

found by considering the geostrophic wind equatiodirectional form, such that:

o, =-— P (5.4)
fo oy
v, =+ 2P (5.5)
fo ox
op . T, op
Where,a— Is the mean sea level pressure gradient in theegttbn (northward)a—
y X

in the x direction (eastward)ly is the westerly (eastward) ang the southerly
(northward) geostrophic wind, arids the Coriolis parameter (McQueen & Watson,
2006; Gordoret al, 1998).

The value of varies with latitude, and is calculated from egy2.to give,

f=2m sing (5.6)
whereo is the angular velocity of the earth apds the latitude. As the earth rotates
21"in 24 hours, this gives

2n
Ww=—
24* 60* 6C
For simplicity, a latitude of 50°N has been takérirgy constantf = 1.146 x 1¢ s™.

= 727x10°rad ™ (5.7)

For an area approximately 43 to 66° north in latwand -23 to 24° east in
longitude, shown in Fig. 5-6b, the reanalysis puesglata were interpolated using
cubic splines (via a standard Matlab function)h® lower resolution GCM grid.

(a) (b)

62.4¢ 70 "

- ¥ s
T

60 $ ! a L,

2 > 2} 2t

Latitude
a
a
8

. L L . . . . . . . . . . . . .
413125 -1125 9375 7.5 5625 375 -1.875 0 1.875 20 15 10 5 0 5 10 15 20
Longitude Longitude

Fig. 5-6 Regions of interest selected
(a) Small region, 48° to 61° N, -12° to 3° E; (b) Large region, 43 to 66° N, -23to 24° E
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The pressure gradients at each point in the gnicoédh the GCM and reanalysis
datasets were then calculated over distances aofritll boxes in the north-south
direction and =2 grid boxes in the east-west dioactwhich keeps the spacing
relatively similar in both directions in terms oktric measurements. (One degree of
latitude is approximately 111km, while one degrééongitude in the UK region is
approximately 70km.) From the pressure gradieims,u and v geostrophic wind
vectors were calculated as per equations 5.4 &nd 5.

5.3.1.2 Spatial average results

A spatial average of the monthly geostrophic wipéesis for the period 1961-90 was
calculated over the area approximately 48° to @kthnand -12° to 3° east, i.e. that
directly covering the onshore UK area, as showRiq 5-6a. Fig. 5-7a compares
the results for ERA40 data and ECH5 data showirgirtdividual values for each

month in the period.
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Fig. 5-7 Comparison of ERA40 and ECH5 spatial avera __ge monthly means 1961-90
(a) ERA40 and ECH5 monthly means
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Fig. 5-7 cont. Comparison of ERA40 and ECHS5 spatial
(b) Boxplot of distributions (c) Percentage differences in overall monthly means between
ERA40 and ECH5

average monthly means 1961-90

The typical monthly mean averaged over the entiea & fairly well represented in
the GCM compared to the ERA40 dataset, with thegeised seasonal pattern - of
highest wind speeds in the winter months and lowesthe summer - being
adequately reproduced. The ERA40 model has pdak3.43 m/s in December and
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13.55 m/s in January, whilst the ECH5 model pedaks4a20 m/s in December and
falls to 13.53 m/s in January. The lowest monthsbbth models are June and July;
ERA40 gives values of 7.96 and 7.91 m/s for theeJand July respectively, and
ECH5 gives higher minima of 8.72 m/s for June ar@#18n/s for July. Looking at
Fig. 5-7c, there is some indication of a high bias the ECH5 results, which,
excluding January and March, are all between 3 X% higher than the ERA40
results, with an average percentage differenceradiral 7% for these months. A
possible explanation for this, given in Demuzetal. (2008), is that ECH5 tends to
underestimate the MSLP to the north of the Brilsles and overestimate it in the
Mediterranean Sea area - leading to a larger rsmtith pressure gradient, which
results in a higher magnitude of westerly geostiofibw.

The range of mean monthly wind climate variabilitithin the two datasets
appears to be different, as can be seen in theldtogpFig. 5-7c, with the ECH5
model appearing not to capture as broad a rangarability in the mean monthly
geostrophic wind speed as the ERA40 model, paatiyuin winter months. Looking
at the range of values for each month, the reaisalyata has particularly high
interannual variability in the months of DecemhbeMarch with an average standard
deviation of 1.95 m/s; ECH5 has an average standiavaition of 1.52m/s for these
months, and is particularly low relative to ERA40December and January. This
may be simply an issue of resolution, with the GGMable to resolve some of the
extremes either in space or time, but it may alsimtpo a more systematic failure
such as the location of cyclone tracks. Furtherestigation of the spatial
characteristics of the two datasets is required.

5.3.1.3 Temporal average results

A map image of the squared correlation coeffici€R between the GCM and the
ERA40 data monthly means for the period 1961-1946. (5-8) shows that, while
the R values are very high in general, the two datasktaw better similarity in

some areas of the UK than others.
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1961-90

One feature of the pattern appears to be that M & less well correlated to
ERA40 in the area to the north and west of the trgunThis is possibly due to the
location of depressions which regularly track eastls over this region. Their
precise track may not be represented identicallihexGCM as compared with the
reanalysis model.

Taylor Diagrams have been used to asses the suatéss ECH5 GCM in
replicating the geostrophic wind patterns as deffing the ERA40 reanalysis model.
The features described by the graph are discusskdef 4.2.4 and in further detail
in Appendix B. Fig. 5-9a shows that the correlatomefficients for the relationship
between the GCM for the larger spatial region dvel reference data are between
0.82 and 0.96 for the ECH5 model, a fairly accelgtabnge of correlation. July and
November were the months with the lowest corretatioefficient, and the months of
September, October and May had the highest. Tdrelatd deviation is similar to
reanalysis for some months in this region, withnmalised standard deviations for
July, August, September, November and Decembee ¢tos value of 1. June has

the lowest value, at 0.58, and April has a valighdlly higher than one, 1.10.
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Fig. 5-9 Taylor Diagrams for ECH5 vs. ERA40 geostro  phic wind 1961-90

(a) Larger spatial domain; (b) Smaller spatial domain

Fig. 5-9b is a Taylor Diagram drawn for the smatkegion, that is, directly over the
UK onshore area. It is perhaps intuitive thathbws that there is less similarity
between the two datasets for this small sectidncesthe pressure pattern varies on

large scales, reducing the region of comparisomeases the possibility that the
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patterns are different. In terms of correlatiahg, two months of lowest correlation
for this smaller region are July and November, withlues of 0.38 and 0.35
respectively. August and April also stand outha tliagram for the smaller region,
both having normalised standard deviations of Jah@ 2.26 - suggesting higher
variability within the region in these months tharERA40.

5.3.1.4 Monthly mean whole field results for ECH5

Given the differences in the datasets when averagsdace and time as discussed
above, more detailed analysis of the mean montlelgs for the area above is
required. Taking solely the mean resultant gepsiwind speed first of all, Fig. 5-
10, a and b, shows the worst performing monthsy amd August, in terms of
percentage difference relative to ERA40.

Both months show areas where ECH5 has significawgr-estimated wind
speeds over north western Scotland by up to 30%e ifages for the remaining
months are in appendix D.1. They show that forwirger months, ECH5 typically
produces geostrophic wind speeds within £10% of ERAalues. The tendency in
most months is towards over-prediction in the imma@donshore UK region, with
January and March predominantly under-predictedwas manifest in the spatial
average statistics in section 5.3.1.2.

In terms of regionality, the GCM appears to showsel correspondence to
ERA40 in the Midlands and South than the North.isThight perhaps be because
the western seaboard region, particularly in theheon half of the country, is very
sensitive to the location of cyclones in the ndktlantic region, whilst the Midlands
and south are less affected by their precise logatiSeasonally, averaged over all
cells, the GCM does much better in the winter ment®ne possible explanation for
this is that the wind climate tends to be driven lasger-scale forcings in these
months, such as the NAO, and which are well-reptesieby the GCM.

Because it is both wind speed and direction thato&rdirect concern in this
work, observed fields are compared with those medddy the GCMs in terms of
their u and v vector components. The mean morftélgt of the geostrophic wind
vectors for the 1961-90 period was calculated fribra daily averages for each
month. For most months of the year, the GCM fidlwsk broadly similar in both
magnitude and direction to those from the ERA4Aaéssis dataset. For example,
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in Fig. 5-11 are two examples of two months witinlyasimilar fields - January and
November, and two with obvious differences - Magstd April: (graphics of the

remainder are provided in appendix D.1).
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Fig. 5-10 Monthly mean percentage differences ECH5  vs. ERA40 1961-90
(a) July; (b) August
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Fig. 5-11 Geostrophic wind vectors ERA40 and ECH5 1961-90

(a) January; (b) November
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There is clearly a difference in the underlyinggsigre pattern in the cases of March
and April - as was the case in Chapter 4 with thefase winds. Further
investigation of the mean pressure patterns (sge5-12, a to f) shows that in the
ECH5 model, the pressure field pattern for Novenibaimilar to that in the ERA40
model. This gives very similar geostrophic windctegs at all points within the
region of interest. However, in March, the low m@® area present in both datasets
in the north west of the domain extends furthertlsan the ECH5 model. The high
pressure area in the south of the region is codfiveeastern points in the ECH5
grid. The resulting pressure pattern creates @ lmarvature of the geostrophic wind
vectors in ECH5 which is not evident in the ERA4ftad A map of the March
pressure field for the larger region shows this endearly: the difference in the

location of the low pressure centre causes thatiami in wind vectors over the UK.
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Fig. 5-12 Monthly mean pressure patterns from ERA4 0 and ECH5 (Pa)
(a) ERA40 November; (b) ECH5 November; (c) ERA40 March; (d) ECH5 March
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Fig. 5-12 cont. Monthly mean pressure patterns fro m ERA40 and ECH5 (Pa)

(e) ERA40 March — larger region; (f) ECH5 March — larger region

There is evidence to suggest from all of the amalygat the spring wind climate is
not captured satisfactorily within the smaller myiof interest. The other seasons
would appear, however, to be more successfullyessmted. These results tally with
the results of Demuzeret al. (2008), which found “an anomalous low pressure

system” to the west of the UK in spring months.

5.3.1.5 Wind roses

Geostrophic wind roses have been drawn for thriekeogtls identified as ‘S Eng’ for
southern England, ‘NE Eng’ for north-eastern Endland ‘Scot’ for Scotland (see
Fig. 4-8 for locations). As shown in Fig. 5-13, theare some differences in the
directional distribution of winds from the two daéds, but they show broadly similar
patterns. The ECHS5 roses for the Scot and N Eflg sleow a small offset relative
to the ERA40 roses of around 10° for the three rfresjuent directions, but the NE
Eng roses are otherwise very alike. The ECH5 8is# shows lower frequencies of
winds in the north west quadrant and higher freqigsnin the south east quadrant
than the ERA Scot rose. The S Eng cell shows soore obvious differences in the
two roses, with the ERA40 rose having lower frequesiin the north and south west

sectors but higher frequencies in the eastern istwia the ECHS rose.
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ERAA40 and (f) ECHAMS

5.3.1.6 Weibull Parameters

An important statistical measure used in the disiomsof wind climate, as discussed
in Chapter 4, is the wind speed probability disttibn. It has been shown that the
distribution of the mean wind speed at many sitesvell approximated by two-
parameter Weibull distribution (Manwebt al, 2002). Calculation of Weibull

parameters enables the description of a wind cémathout relying on timeseries,
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and in the case of winds at turbine hub height, lbanused to estimate energy
production at a site - as was shown in ChapterChviously, the distribution of
geostrophic winds is not useful for energy productiut it does allow a discussion
of the variance and spread of the wind speeddamiagion.

The four map images in Fig. 5-14 show the spatracteristics of the
Weibull A andk parameters in the two datasets. Phparameter pattern from the
ECH5 model closely resembles the pattern from igaisa but appears to have
generally higher values. Thkepattern is less well matched between the two nspdel
there is an area of lower value situated over thréhern half of the UK in both, and
lower values to the northeast and southeast cqrbatsthe pattern to the western
half of the region is less similar.

The Weibull parameters calculated from daily meandwspeed values for
each grid point show further evidence of the baagards higher wind speeds in the
GCM - as mentioned in 5.3.4. The distributions tbaste highek parameter values,
which reflects a difference in the frequencies afds at various speeds. Appendix
A.3 demonstrates plots of typical Weibull probdbiliensity plots for various values
of k, with a constanf parameter of 5m/s. As can be seen, the distabuiecomes
more ‘normal’ as thé value increases, and that the mean value tentls tagher
whilst the high wind speed frequencies in the “tail the distribution reduce.
Physically, this bias toward higher modal and mgaostrophic winds reinforces the
theory that ECH5 over-estimates the mean sea-lpvessure gradients (from
Demuzereet al, (2008), as noted in 5.3.1.2). The higheparameter is also
indicative of having lower frequencies in the uppend speed ranges than those
from the ERA40 reanalysis data; this is potentigliggestive of lower spatial and
temporal variability and an inability to capturetrexne values - something seen in

previous parts of the analysis.
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5.3.1.7 Comparison with other studies

Pryor et al. (2005a) carried out a study using a selection \a# f6CMs, and show
using Taylor Diagrams that most capture the medmesaof pressure gradient over
Scandinavia well, but all show an underestimatibrthe spatial variability of the
pressure gradients when compared to the ERA40 Iyesgmadata. This might be
expected, given their lower spatial resolution, amtches the outcome in the work
presented here. In another similar study (Prgbral, 2005b) the authors found
slightly better correspondence in their study betnwgressure gradients from a
different reanalysis dataset, the NCEP-NCAR reaimslyand those output by the
predecessor of the ECH5 model, ECH4 - over a regfosize approximately 20°
latitude and 30° longitude around Scandinavia dmed Raltic Sea; but they found
similar results to those above when comparing wariGCMs with the ERA40
reanalysis data. They did, however, calculate gressure gradient in a slightly
different manner to this work, taking the maximunmadient between the adjacent
grid point in any of the eight directions from tgad point in question, whereas in
this study the calculation was computed in the ® gndirections and then the
resultant calculated from these two vectors.

Demuzereet al. (2008) carried out a comparison of the ECH-5 GCiththe
ERA40 reanalysis mean sea-level pressure. Theg asslightly longer control
period than was applied in this work - 1961-200énhd a larger but similar spatial
domain of 27.5°W-27.5°E, 15-85°N; and they chose th5°x2.5° reanalysis
resolution rather than the higher 1°x1° resolutised here. Their main finding with
regard to the skill of the GCM was that, for theain question, only the October-
April season was adequately represented with réspebe ERA40 reanalysis; the
model output for the summer months did not showigeht similarity with this
baseline. Comparing the results found here dydotlthose found in Demuzest
al. (2008), the autumn and winter months are, on gegraetter than the spring and
summer in both pieces of work. The primary concerreach study is slightly
different, and the studies differ in the spatiaiom under consideration, but given

these dissimilarities, the results are compatible.
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5.3.1.8 Conclusions on comparison

The analysis in this section has shown that foratlea 48° to 61° north and -12° to 3°
east in particular, the ECH5 GCM replicates soméhefmain features of the mean
monthly geostrophic wind climate as defined by BR®A40 reanalysis for the period
1961-90.

Firstly, the value of the resultant monthly meamavin the GCM averaged
for each month over the thirty-year period matcteesvithin an average of 6% for
the autumn and winter months, and an average of fbt%he spring and summer
months. The month with the greatest difference Magust, and that with the least
difference was January. With the exception of Janaad March, the GCM values
are greater than those from the reanalysis datee ifiterannual variability for each
month is less in the results from the GCM tharhmreanalysis model, notably in the
months of January, February and March.

Considering the relationship spatially, the areanshg the lowest correlation
in the monthly mean geostrophic wind between the datasets is the north west,
with an R value of 0.89. The Rvalue is highest in the south and east, with \&lue
of around 0.95. By taking each monthly field indivally and comparing them using
Taylor Diagrams, it was shown that when the aredeumronsideration was larger,
the spatial patterns were more highly correlatesiith similar levels of standard
deviation and low RMS error. For the smaller regidirectly over the UK, the
patterns were not so well correlated in some monthith correlations dropping to
less than 0.4 in the months of July and November.

Examining the individual mean monthly fields motesely, the months with
the maximum percentage differences between thdsfiate July and August, with
April also showing areas with large differencesheTwinter months tend to show
lower differences over the whole region, with thellands and south tending to be
better than the north. Including direction in tealysis, subjective consideration
shows that the vectors for March and April are thenths which appear most
different in the two datasets over the whole ofghwaller region. The other months
show differences only in parts of the area, whildter parts appear fairly similar.

When the pressure patterns for March and Aprilex@amined, it is clear that the
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location of a low pressure area is not the sante@anGCM as in the reanalysis data,
which results in a different wind vector pattern.

The A parameter of the Weibull distribution from bothtakets shows a
reasonably similar pattern, with the GCM havinglsliy higher values — as might be
expected given its tendency to produce slighthhbargmean wind speed values. The
k parameter field from the GCM, whilst showing solikeness in the spatial pattern,
generally has lower values; this indicates a highean speed with a smaller range
of variability.

Taken all together, the results of the comparisemveen ECH5 and ERA40
geostrophic wind vectors indicate that whilst th€ENG is relatively successful at
representing the wind field in the autumn and wim®nths, it is less so in spring
and summer months; this agrees with Demueeral. (2008). The reason for this
may lie in the drivers for UK wind climate, which winter is strongly related to the
large-scale pressure oscillations. Summer windatie may be more locally driven,
and thus ill-captured by the low resolution of BEM. The wind speeds manifest in
the GCM tend to be higher than those from the rgaisadata, and are less variable
both temporally and spatially. The tendency towan@her wind speeds is a result
of an overestimation in the north-south pressuradignt, whilst the reduced
variability could be the consequence of low spagablution, or the inability of the

model to represent extreme features of the climate.

5.3.2 The Future geostrophic wind patterns

Using geostrophic wind as a qualitative indicator $urface wind, assuming the
surface wind will follow similar patterns to the agtrophic wind, the geostrophic
wind data from the ECH5 GCM for the future perio@82-2100 (IPCC Data
Distribution Centre, 2005b) is analysed for sigrafit changes.

In general, the changes forecast by the GCM forstgephic winds 2081-
2100 show smaller differences than the differeneéwvben the GCM 1961-90
hindcast and the ERA40 data for the same periogbrfet al. (2005d) used this to
suggest that further analysis of the climate matigh was needed, with the clear
suggestion that it is not an accurate enough reptagson of current climate.

However, adopting the ‘change factor’ approachhaf PCC (Wilbyet al, 2004)
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would suggest considering the projected changesalor applied to a more reliable
baseline climate - and not the baseline data (P@jlgiven by the GCM. In this
instance, patterns throughout most of the gridsceliggest a strengthening of the
seasonal pattern of wind speeds in the UK, withheiases in winter wind speeds and
decreases in summer. This is reasonably consigiéimtwhat was shown using the
change factor method with an RCM in Chapter 4s Worth recalling that this RCM
was unrelated to the GCM used in this section,sand correspondence of results is
of note.

The most basic analysis, given that at this pdietrhain concern is general
country-wide trends, is to look at the monthly neaveraged over all grid cells.
Comparing these side-by-side for the 1961-90 argilZ100 periods (Fig. 5-15a
and b) the future results are suggestive of verglischanges in the average monthly
means, with the typical winter/summer pattern baiogsistent in both periods. In
terms of levels of variation with the monthly vadutor each year, the future data
shows an increase in the standard deviation imtheths of December and January;
this, interestingly, brings it closer to those thyed in the ERA40 data for the 1961-
90 control period, as seen in the boxplot of Figh5
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Fig. 5-15 Comparison of ECH5 spatial average monthl v means 1961-90 and 2081-2100
(a) 1961-90 monthly means
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Fig. 5-15 cont. Comparison of ECHS spatial average  monthly means 1961-90 and 2081-
2100

(b) 2081-2100 monthly means; (c) Percentage differences in overall monthly means between
1961-90 and 2081-2100

Fig. 5-15c is a chart of the percentage differenngbe monthly means. In accord
with the general trend found for the surface windthe RCM as seen in Chapter 4,
there is evidence of a strengthening of the sedgmattern of geostrophic winds.
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Decreases of around 1% to 5% in the spring and srmmonths and increases of 2%
to 4% in the autumn and winter months are evidevith the exception of December
which shows a small percentage decrease.

The patterns of change within the region for eacmtim of the year show, as
for the spatial means, the differences in the &ttlmate are generally smaller in
magnitude than the difference between the rearsalyaia and the 1961-90 GCM
data. The patterns for four of the months (Julygést, November and December)
are shown in Fig. 5-16. The two summer months spasticularly large changes in
the mean geostrophic wind speed but these monges stiowed notably high
differences between ECH5 and ERA40 data for thdrobperiod, however. The
winter months, by contrast, showed more modestgméage changes in the mean
speed, whilst also showing correspondingly low edéhces between ECH5 and
ERA40 data for the control period.

» July (Fig. 5-16a) - this month has a particuldasge region in the southern
half of the domain showing a decrease in the meastgophic wind speed of
between 8 and 12%, whilst the change shifts to ipecgositive in the
northernmost part of Scotland. The offshore regmrihe north of Scotland
undergoes increases in the mean speed of up to 8%.

» August (Fig 5-16b) - the largest decrease in thammpeostrophic wind speed
throughout the year of 16% is found in the veryteamf the domain in August.
As with July, the changes become less negativesitrag north, and become
positive (increasing by 2-4%) for the northernmuestt of Scotland.

» November (Fig. 5-16c) — the most notable changaisimonth occurs offshore
to the north east of Scotland, where the mean spemeases by 8-12%.
Onshore, the changes are mostly positive over ofdse UK, with a maximum
increase of 8-10% in the north of Scotland. Thetlsai England experiences
small decreases of between 0 and 4%.

» December (Fig. 5-16d) — changes in December arelynsinall, ranging from a
4-6% decrease in mean geostrophic wind in the noitBcotland to a 2-6%

increase over most of England and Wales.
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Considering the vector plots of the baseline 196 vthd field and the future 2081-
2100 as modelled by the ECH5 GCM, two of the montiz appear to show the
greatest differences between the two periods avenrsin Fig. 5-17. For May, there
is clearly a change in the mean pressure field shighthe cyclone turning the wind
anticlockwise in the north west of the region is Inager as strong or there is a
change in its location. In November, the wind apeto be turning more
anticlockwise in this region and increasing in shesuggesting the presence of a
stronger or more easterly located cyclone in tiallty.

The data for the three cells, with locations ascdesed in Fig. 4-8, was
processed into wind roses using the control peaiwdl future GCM data to highlight
any changes in prevailing direction or wind stréasgin any particular direction.
From Fig. 5-18, there appears only to be very slgtanges in the overall annual
pattern of wind directions, consistent with the mioy-wide results presented above.
Interestingly, however, an additional small frequemf very high speed winds —
between 40 and 45 m/s — appears in the plots foENdEand Scot that is not present
in the 1961-90 rose. In both cases, this is ordg@nt in the sector 255-265°.
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The WeibullA parameters for the future climate data in Fig7a-Ibok fairly
similar in range and spatial pattern to the conpetiod — see Fig. 5-13c. Tle
parameter field (Fig. 5-19b) keeps its general ighgtattern compared with the
ECHS5 baseline (Fig. 5-14d) but tkevalues are typically lower, particularly in the
south east of the domain. Thevalues for the future period are closer to those
calculated from the ERA40 reanalysis for the cdnperiod, suggesting more
skewing of the distribution towards the lower wspkeds and a higher probability of

occurrence of extremely high wind speeds.
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5.3.2.1 Summary

In summary, the future projections for the 2081@2X&riod as modelled by the
GCM show a slight strengthening of the seasonatiiattern, with changes for the
region as a whole in the range of +5% in the autameh winter months and -5% in
spring and summer. Particular areas within thedbkw larger changes than these,
however, particularly in the southern UK in the soen months — where a decrease
in wind speeds of over 10% is projected — and morthareas in the spring and
autumn months. Winter tends to show smaller antemonsistent changes over the
whole UK. Analysis of the wind vectors shows thasenths with the most
deviation from the baseline climate are May and é&fober. These changes appear
to be precipitated by a change in the location ofdone to the west of the region.
The Weibull parameters were calculated from bbé GCM baseline and
future climates. Whilst thé (scale) parameter pattern over the country loaky v
similar for both periods, thie(shape) parameter shows a not insignificant deerga
all areas of the UK. This brings tlkevalues into a similar range as those from the
ERA40 1961-90 data, and is suggestive of a Weibigtribution which is more
skewed to the lower wind speeds, but also givestgrefrequencies of winds at
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higher speeds. This may indicate more extremeitions; but the result is highly
uncertain and needs further investigation.

Considering these results with reference to thedwimdustry, it is not
possible to convert directly from a percentage geam geostrophic wind to a
percentage change in surface winds - becausékelg that even a highly simplified
linear relationship will not pass through the amigiequiring a constant term in the
equation. Even so, a 4-5% change in wind speetticpotentially, result in a 12-
15% change in the energy output of a wind turbiwera particular time period.
This represents a significant amount of revenugeteither lost or gained. The wind
speed changes, averaged over the whole region anraral basis do not amount to
more than around 4%, a figure unlikely to have mbelaring on the finances of
wind farm operators working in a high wind speetd.si Seasonally, wind farms
located in the south may suffer from fairly largeanges in energy output,
particularly summer decreases. The potential gtheming of the seasonal pattern
would have the greatest impact not on wind farm enarbut on capacity and grid
planning. There may also be some indication of angk in the Weibull shape
parameter of the wind speed distributions, whichl@aonerit further investigation.

In order to assess whether the projected changgsastrophic wind climate
will have a proportionately different impact on fawe wind climate, it is necessary

to conduct some form of downscaling, and this &ltdsith in Chapter 6.
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Chapter 6

Downscaling GCM wind climate projections

Chapters 4 and 5 focussed on interpreting projestfoom climate models in terms
of the UK wind climate as a whole, giving some aadion of how wind climate in
the region may evolve into the next century. Itswdemonstrated that there is
potential for reasonably significant change, pattidy at a seasonal level; but due to
the low resolution of the models, some form of dsealing is required in order to
understand how this would impact at the point wheenearticular wind farm was
located. This chapter aims to address this bygusoth a physically-based method
applied to climate model data, and an empiricalnoet The analysis is carried out
by comparing results for an historical control pdrivith actual observation records

from met station sites, and by examining projedtedre changes for the sites.

6.1 Why is downscaling necessary?

Knowledge of wind climate conditions at individusites is important at various
levels within the wind industry. Developers obvilyusely on determining the wind
climate at their proposed site in order to secnvestment and maintain profitability
over its lifetime. Given that the lifetime of a dern wind farm is expected to be in
the order of 25 years, climate change is probablyas important a consideration
for, for example, project feasibility studies, asight be for hydropower which has
a much longer expected life. It would thus be premhantly large-scale developers,
such as the major power generators, who would havimterest in high resolution
information from climate change scenarios that Ipeyond the predicted life of a
wind farm. This information could be relevant faveélopment strategies and long-
term plans - perhaps for gaining an understandingvteether current sites have
potential to be re-developed with updated equipraetite end of their lifetime, or if
they ought to be decommissioned and sold on.nAlai process of investigation of
finances and profitability as that which might bedartaken for a feasibility study
might be engaged for this purpose.
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Furthermore, site-level wind climate informationakrelevance to electricity
network companies at both transmission and digtghulevel. The UK’s ageing
network infrastructure requires much in the wayneestment in the medium-to-long
term, especially to provide the greater flexibilitgeded to enable the connection of
renewable sources of generation like wind. Awasengf potential changes in the
wind resource at specific locations in the next®Q00 years facilitates the making
of more sensible decisions for network upgrading extensions. As an interesting
by-product, not specifically related to wind powganeration, there are also issues
surrounding thermal management of network infrastme that require site-based
knowledge of wind climate since it can act as alingosystem for components.
Consideration of thermal management in the cont#xiclimate change, with
projections of increasing temperatures, will regqudetailed knowledge of wind
climate as an input to thermal models.

Chapter 4 included the results of an investigatioto the 10m wind as
calculated by the ECHAM5 GCM. The analysis showeat, whilst the GCM
successfully matches some of the characteristicthefsurface wind climate as
manifest in the ERA40 reanalysis - such as thecgjgeasonal pattern of mean wind
speed over the UK — the model generally overesam#te mean wind speed by
around 10-20% compared to the ERA40 data. A furiksue was that of the
resolution of the data; the approximately 2° grgiares are far from sufficient to
capture the large degree of spatial variabilityhaf surface wind climate in the UK.
Compared to the - still fairly coarse - 1° resalatof the reanalysis, it was clear that
the GCM was unable to distinguish the complex teraad coastline of the country.

In Chapter 2, some of the current methods for dmaling GCM output were
discussed, namely dynamic downscaling in the fofmfAGCMs or RCMs, and
statistical downscaling. Using the output of aisagl climate model to dynamically
downscale a GCM dramatically improves the resotytas evident from the second
part of Chapter 4; and it is possibly the ideal deealing method, relying as it does
on tangible physics and dynamics rather than eogbirmethods or statistics.
However, the running of the models requires a lamgpait in terms of computer
resources, time and climatological expertise. TREMs are also themselves
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currently limited to a resolution which may noteifisbe sufficient to capture the true
wind climate at a specific site.

Chapter 5 showed that, relative to data from tRA&D reanalysis model, the
ECHAMS GCM is more capable in terms of capturingntidy mean values of
geostrophic wind as derived from the large-scakssure field, as compared to its
ability to model surface winds. The relative spatiamogeneity in the geostrophic
wind field means the low resolution models can poed more adequate
representations, as compared to surface winds Wgh spatial variability. The
geostrophic wind climate is not immediately apdieafor wind energy resource
applications, as it represents wind speeds far elmwrent turbine hub heights.
However, the application of some form of downsaaltechnique to the GCM
geostrophic wind field could provide an acceptabled less resource-intensive
alternative to an RCM and, depending on the metiey@loped, could allow detailed

analysis at a site level.

6.2 How does geostrophic wind relate to surface win ~ d?

Geostrophic wind, as discussed in Chapter 5, reptesvind speeds where friction
has little or no influence on the flow, and so prximated by wind speeds above
the planetary boundary layer, some 600-1000m abgowmend level. The relationship
between geostrophic wind speed and surface windedspe known as the
‘geostrophic drag law’. The drag law is a physicakationship, considered to be

constant in time, and is defined as:

G=U—D\/(In( u” j—A] +B? (6.1)
K f [z,

where: G is the geostrophic wind speed, is the friction velocity;x is the von

Karman constant with a value of 0;is the surface roughness length; @nandB
are dimensionless constants. The paramétexadB within the drag law equation
are often empirically derived, and may vary by.gditere they are given values of 1.8
and 4.5 respectively, following the work of TroerP&tersen (1989).

The change in the mean speed from geostrophiarface level is accounted
for in the drag law, but the direction of geostrigpivinds are also different to those

of surface winds. In theory, the direction of theface wind and the geostrophic
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wind are related by a relationship defined by Ekmamiginally for oceanography

(Tennekes & Lumley, 1972) - where the offset of tgostrophic wind vector

relative to the surface increases exponentially vagight. Since the wind in the

lower boundary layer is slowed by friction with tlserface, its decreasing speed
reduces the Coriolis force. The unchanged presgtadient force is no longer

balanced by the weaker Coriolis force and so thiase& wind vector tends to the left
of the geostrophic wind, as shown in Fig. 3-2b.nfTekes & Lumley, 1972).

Given a certain geostrophic win@, using the geostrophic drag law with an
iterative function to solve the equation to fine tiiction velocity,u’, allows the use
of the logarithmic profile to calculate the windeggl at any height above the surface
as in egn. 3.25,

U(2) :%m(éj (6.2)

This relationship assumes neutral atmospheric lgjaland for unstable or stable
atmospheres, must be adjusted as described in digpe2.

Analysis of the relationship between geostrophindvand friction velocity
(using a small sample of GCM geostrophic wind datd applying the drag law)
shows an almost linear relation, breaking down atlyery low geostrophic wind

speeds.
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Fig. 6-1 Approximately linear relationship between surface and geostrophic winds
using the geostrophic drag law and logarithmic prof ile
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What this means regarding the mathematics, isttteatomponent of the drag law
involving the log ofu” is dominant at low speeds, whereas the componentving

u as a linear coefficient becomes dominant as tleedspncreases, causing the
connection to appear almost linear. The relatifgnéletweenu” and U is linear,
given a particular height and roughness lengtlih@dog term in the profile equation
will be constant for these chosen parameters. These factors result in the
relationship between geostrophic wind and 10m veihd given constant roughness
length being almost linear, except at very low sise@s shown for a sample of data
in Fig. 6-1. This is similar to the relationshipuhd using observations in Hasse
(1974).

Further analysis has been conducted to establéshnearity of the relationship
between ERA40 geostrophic and surface winds, asguthat because the model has
assimilated observations it is a fair approximatmmeality. For the grid square with
its centre at 53° north, 0° west, a simple plathef six-hourly data (Fig. 6-2a) for the
first six months of the year 1990 shows a cleamegtion between variations in the
two variables. The scatter of the surface and tggasic wind data for the period
1981-90 is shown in Fig. 6-2b. A linear regressimalysis gives an¥orrelation
coefficient of 0.85, which is acceptably high. écend grid square, centred at 55°
north, 2° west, gives very similar results (Fig3)6-with a slightly higher Rvalue of
0.88. Table 6-1 gives the regression coefficiamis R values for 1961-70, 1971-80
and 1981-90 for the two sites and confirms a reasiynconsistent and strong linear

relationship over time.
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Wittering R? Constant term Gradient

1961-70 0.82 1.08 0.35
1971-80 0.82 1.03 0.35
1981-90 0.85 1.04 0.35
Boulmer R? Congtant term Gradient
1961-70 0.88 0.96 0.40
1971-80 0.88 0.87 041
1981-90 0.89 0.94 041

Table 6-1 Relationships between surface and geostro __ phic winds over time

The table shows for each site: the time period of analysis, the R? value for this period, the

constant term in the derived linear relationship and the gradient of the line.

6.2.1 Change in Weibull parameters with height

The frequency (or probability) distribution of wirgpeeds tends to follow a two-
parameter Weibull distribution, as discussed irptdis 4 and 5. Some consideration
must be given to the frequency (or probabilityxmlsition parameters when carrying
out downscaling of geostrophic winds. If the doealed information is to be used
as input to a wind power calculation, it is liketyat a Weibull distribution will be
assumed. However, although the equations 6.1 ahdiéscribe the relationship
between geostrophic wind speed and the surface wp®d, they do not give
consideration to the relation between the Weibaltameters of geostrophic and
surface winds or any change in the parametersiveight.

The scale parameter of the Weibull distributidn,is closely related to the
mean wind speed. As the height of interest inagathe mean wind speed will
likely increase, and thu& is also likely to increase. Justasal. (1978) uses the
power law as in eqgn. 3.24 to derive tAgparameter at a heiglatbased on thé

parameter at heiglates, by replacing the mean speed with Ayparameter as follows,

A2 = A, [ZiJ (6.3)

ref
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where
_ 037-0.088In A

Zref
1-0.088In
10

The shape parametek, is more closely linked to the variance of the

(6.4)

distribution. Increasing height results in an e@ase in thek parameter, up to a
certain point (around 100m) when it then begingléarease again (Justes al,
1978). The relationship derived in Jusaisal. (1978) to determine the changekin
with height is given as,

Zref

1-0088In" -
k(z) =k, . (6.5)
1-0.088In-~
10

This, however, is only correct up to a certain heiggherek begins to decrease
again. Peterseet al. (1998a) depicts the variation of WeibAllandk parameters of
wind speeds with height, witA increasing on a log scale (as described above) fro
10 to 1000m, whilstk forms a curve, increasing from 10m to 100m anchthe
decreasing up to 1000m. Interestingly, khealue at 1000m is lower than the value
at 10m.

6.3 Downscaling methodologies

In this section, some potential downscaling techeggare investigated with a view
to obtaining future changes in site-specific swfadnd climate from GCM data. It
aims to exploit the relationship between geostrojpinid surface winds to establish if
it is possible to use the relationship to enhamee dccuracy of wind data from a
GCM - to make it more applicable on a site-by-ditesis. The primary data of
interest is the typical monthly mean wind speedaath site over a long period of 20-
30 years.

Two routes have been taken, one of which is based known physical
connection between the variables, and another whities on developing an
empirical statistical relationship between the gemhic wind and the observed
wind climate at the site. The outputs of the dowafiag techniques for an historical
control period are compared and contrasted agdmestobservational record for
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seven sites, and the method considered most ajgfor each site used to create a
future profile for the wind climate at that locatio

A further downscaling method has been investigatethg wind climate
analysis software (WAsP) which models the physiekdtionship described above in
a more sophisticated fashion. The results are eoedpagainst the other two more
simplified techniques to see if any value is adidgdhe enhanced modelling skill of
the software.

6.3.1 Site descriptions

To illustrate, seven sites have been identified hlaae a suitably long time series (at
least 15 years) of observed wind climate data ah Hbove ground level (a.g.l)
within the period 1961 to 1990. See Fig. 6-4 fddka map showing the locations.
The Ordnance Survey maps (Ordnance Survey, 200®heofegions surrounding
each site are in appendix E.

1. Boscombe Down, Wiltshire: Located at 51.161° Naatid 1.753 ° West.
The site is situated in a region of flat terrainaat elevation of 126m,
mainly surrounded by green pasture but quite reantairfield. The time

series of observed data runs for the full contesiqud, from 1961-90.

2. Boulmer, Northumbria: Located at 55.421° North arf West. The site is
at 23m elevation and situated approximately 2knmfithe coast, in the
vicinity of a helicopter landing pad and quite neaseveral buildings. The
surrounding land is a mixture of grass and aralps: Data are available
from 1975 — 1990, a relatively short period but thesest match to the
1961-90 control period possible.

3. RAF Wittering, Cambridgeshire: Located in an RAFfieid at 52.611°
North and 0.459° West, at an elevation of 73 medles/e sea level. It lies
in a fairly densely populated area, with a gregbeoportion of the
surroundings covered with buildings than in thevfmes two examples.
There is some grassland and agricultural land énwiinity, and also a
number of banks of trees. The longest period oabigedata is from 1969-
1990, and thus corresponds slightly better with1861-90 control period
than the Boulmer station.
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4. Fort Augustus, Inverness-shire: Located at 57.288th and 4.719° West
at an elevation of 42m in the Scottish highlandisis near an electricity
substation, the only building in its immediate wity. The surrounding
land is largely forested and the station lies adolirbkm from a river and
3km from a large loch. Unlike the previous thréesswhich were flat, the
surrounding terrain in this case is a steep rivalley - which could
potentially cause problems for wind climate analy3ihe period of data
used is January 1969 — October 1989.

5. Eskdalemuir, Dumfriesshire: Located at 55.312° Namd 3.206° West at
242m elevation in somewhat undulating terrain ia thiddle of a fairly
dense forest. There are some small buildings gesnd it is just over half
a kilometre to a small river. Data used are fa fhll control period of
1961-1990.

6. Turnhouse, Midlothian: Located at 55.951° North &M847° West at 35m
elevation in the middle of a fairly major airporthere are a large number
of surrounding buildings and roads, some trees farttier beyond this,
some agricultural land. The data were availabletf® entire control
period of 1961-1990.

7. Cairngorm, Inverness-shire: Located at 57.124° INartd 3.644° West at
the top of a ski run in the Cairngorm mountainsaraielevation of 1090m.
There is one small building nearby, and the tersanies from grass in
summer to snow in winter. Data were available frédmgust 1968 —
December 1990.

6.3.2 Wind climate data

The ECHAMS daily mean sea-level pressure data Her geriod 1961-1990 were
extracted at 1.8° x 1.8° resolution for the UK (lPMata Distribution Centre,
2005a). The pressure data were interpolated t@laehispatial resolution of 0.5° x
0.5° (as with the NCEP-NCAR data used in Watsoral. (2001)), using a cubic
splining function from the Matlab statistics toakoThe resulting grid is shown in
Fig. 6-4. The interpolated pressure data were toewerted to geostrophic u and v

wind speeds as with the work in 5.3.1.1. Where GOWh data are referred to as
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ECH5 hereafter, this is ECHAMS daily mean wind spextracted for the period
1961-90 over the UK region at the original 1.8° x8°lresolution with no

interpolation.
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Fig. 6-4 Interpolated 0.5° Grid and Met Stations

ERAA40 reanalysis six-hourly mean sea-level pres&r&961-90 has also been used
in this chapter for comparison purposes, extraciédl’ x 1° resolution and
interpolated by cubic splines to the same 0.55% @rid as the ECH5 data (European
Centre for Medium Range Weather Forecasting, 2008)e six-hourly data were
averaged into daily time steps to make it directynparable to the GCM data, and
converted to geostrophic u and v wind speeds &s3ii1.1. ERA40 10m mean wind
speed data were employed in the work at the ofigliax 1° resolution, again
averaged from six-hourly samples into a daily ageraalue for each grid point over
the 1961-90 period.

184



The observed wind climate data as used in thisysivere met station data —
known as ‘MIDAS’ data — (UK Meteorological Offic@006) which, for some of the
sites detailed above, were available for the foility years of the analysis period,
1961-90. Some stations only had available data f&worter time within this period;
but these were long enough to be considered seiftito represent the regional wind
climate. Mean wind speed and direction informatware obtained at hourly
resolution for as much of the 1961-90 period as aaslable for each site. They
were processed using a Matlab function which etilishe time stamps in the data
files to average the 24 hourly readings for eachideo one mean wind speed and
direction value. There were unfortunately some mgs$ourly values in both speed
and direction for all the sites; these were ignoretthe daily averaging process.

6.3.3 Method 1 - Linear regression

Given the pseudo-linear relationship between gepbktc and surface wind speeds
contained within the geostrophic drag law, as destrated in section 6.2 above, a
simple linear regression between the two varialblesld be expected to reveal a
strong correlation. Using observed surface winds \geostrophic winds from a
GCM requires the use of the MOS technique — i.evithg a relationship using the
output of the model as the predictor and observadables as their predictand
(2.1.8.7) - to compensate for any inherent biashem model. This ought to give
reasonable results for the control period, paridylas the data being considered are
twelve month time series of typical monthly meamsd defined time period, rather
than data with a higher temporal resolution. Howgetreere is a crucial caveat to be
borne in mind when carrying out statistical dowhisgcausing future data projected
by climate models: that the statistical relatiopshderived for the control period
cannot be certain to apply in the future state.thia case the underlying physical
relationship - the geostrophic drag law - is comstand proven. It would be fair,
therefore, to expect that the strong relationshquial persist in the future - unless
winds unrelated to the geostrophic wind, such asehdriven by thermal factors,
became more common in the UK. This cannot, of smuve ruled out and so caution

must be applied when considering any results.
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To implement this downscaling method, a typical nthty mean was
calculated for each of the twelve months from thenenumbered data points, i.e.
every second time step, in the 1961-90 controlgogefiom the met station and then
from the even-numbered GCM geostrophic wind daiatpat the 0.5° grid square

corresponding to the met station site. For a limegression such that=mx+c,

wherey is surface wind and is the geostrophic wind, the regression coeffiien
and ¢ were calculated. The *Reorrelation coefficient was calculated to give an
indication of the similarity of the two datasefBhe regression coefficients were then
applied to the monthly means, calculated from ttid-oumbered data points of the
GCM geostrophic wind data, to derive a new 10m wiflemonth time series. This
was then compared with the 12-month mean time ser@culated from odd-
numbered data points in the observed time sefiegse results are denoted ‘Lin Reg
Geo’ in the figures for each site.

There is a possibility that physical modellingiit the GCM itself, especially
in the case of more homogeneous terrain, may veebditer than the simple linear
empirical relationships derived between model gepsic wind and observed
surface winds. The derivation of a second linegragsion relationship, but this time
between GCM 10m winds and observed surface windg mafact, give superior
results, and this will also be investigated for tase study sites. The method is
identical to that described using the geostrophiedwbut with GCM 10m wind
substituted for geostrophic wind. This relatiopsbbviously does not have the same
physical basis as that derived using geostrophnclywhut it compensates empirically
for the error involved in the GCM parameterisatiohisese results are denoted ‘Lin

Reg 10m’ in the figures for each site.

6.3.4 Method 2 - The geostrophic drag law

Applying the established physical relationship besw geostrophic and surface
winds, i.e. the geostrophic drag law, directly emsgtrophic wind speeds should give
a good approximation of a site-based wind climateyided the correct value for
surface roughness length is used and that the assmndB parameter values are
correct; but the relationship does neglect the raiygographical features that affect

wind climate, such as obstacles and surface etevati
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It would be anticipated that for simple sites, vehtire surface roughness length
iIs the dominant factor affecting the wind climatedas fairly consistent over the
surrounding land, the method will be reasonablycsssful at capturing the features
of the observed wind climate. Further complicating issue, however, is that rather
than using observed geostrophic wind, it would berded that model data be
employed. The method is predicated on the climaddel faithfully representing the
real geostrophic wind over the time period undensoderation. The intrinsic
assumption is that the model is capable of reptegethe large-scale wind climate
accurately - so in this section the testing ofrtlael against observed data becomes
particularly important. As with the method descdbe section 6.3.3, the model may
actually successfully invoke a number of the swfafactors itself in its
parameterisation scheme; and the 10m wind mightadty represent the site wind
climate more successfully than the model geostopimd, so an alternative model
using GCM 10m winds will also be included.

A typical monthly mean observed wind speed wasutaied from met station
data for each of the twelve months by groupinghibigrly data into monthly datasets,
as with method 1 (6.3.3). This was then compardti wurface wind datasets
generated from the GCM geostrophic wind for theiqued961-90, and the GCM
10m wind climate. These results are shown as ‘E@M5in the figures for each site.
For comparison, the same data were generated fer phriod from ERA40
geostrophic and 10m winds. For each of these datatieme series have been
extracted for the grid cell in which the observatgites are located, and averaged to
give twelve monthly means. These results are shasviERA40 d/s’ in the figures

for each site.
6.4 Control period results

6.4.1 Boscombe Down

An important note on this site is that it is siedt the very boundary between two
of the interpolated 0.5° grid squares of the GCNMhis may pose a problem whereby
the most representative GCM geostrophic wind coaldually be from a
neighbouring cell, rather than the one in whichriet station is specifically located.

Since this problem could equally well arise in egpof all sites not precisely in the
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centre of a grid square, a rule has been appliat data for each site must be
compared with GCM geostrophic wind from the grick b which it is located, no
matter how close to the boundary.

6.4.1.1 Method 1

On an annual basis for Boscombe Down, the geostrapihd regression (‘Lin Reg
Ge0’) performs marginally better than the 10m wiadression (‘Lin Reg 10m’) in
terms of the difference between the actual (‘Miylasid derived wind climate. The
R? result is 0.7945 for the geostrophic regressiah aslightly lower 0.7897 for the
10m regression. Fig. 6-5 shows the performanaaoh model on a monthly basis
alongside the original ECH5 10m winds (‘10m ECHihd it is clear that the pattern
over the year is very similar using all three detas which would be expected,
given their close relationship. The maximum d#feces in the region of 9% are
shown in the months of March and April, whilst thest predicted month is August,
with a difference of 1% in the geostrophic modedl aearly zero in the 10m wind
model. The mean absolute percentage error (MARE) the year, i.e. averaged so
that the negative values do not cancel out thetipesir vice versa, is 4.94% for the
geostrophic model and 5.1% for the 10m model, ssigge that a slight
improvement in the result has been obtained by d4s8ipg the model

parameterisations and using the geostrophic wind.
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Fig. 6-5 Boscombe Down Method 1 — Linear Regression
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6.4.1.2 Method 2

The first attempt at this downscaling technique wasgied out using a roughness
length of 0.03m, which is slightly higher than fdain grassland - to account for the
presence of surrounding roads, buildings and treefrtunately this gives a very
poor result, with a derived surface wind much higtan the observed wind. The
second attempt used a roughness length of 0.1m Fég, ‘ECH5 d/s’) - which
might be expected for a region surrounded by aju@l land (Boehme, 2006). The
second value is more successful in terms of minngishe difference between the
downscaled geostrophic wind values and the obserakeks; but in both cases, the
ECH5 10m data (‘ECH5 10m’) taken directly from timeodel more closely
resembles the observations. Going a step furthdrusimg a roughness length of
0.2m to downscale the geostrophic wind data redtlcespercentage difference
between the downscaled values and the observeds/éfig. 6-6b); however, this is
possibly a false improvement as the elevation efsite or the influence of obstacles
may impact on the wind speeds as well as the raegghhength, and given its
situation, a value of 0.2m is probably not readistiEven at this, the GCM 10m
climate is still a better representation of theestsed climate, and nothing has been
gained by using geostrophic wind.

The original ERA40 10m data (‘ERA40 10m’) are dabsially lower than the
observations, indicating perhaps either a systenhatr bias in the reanalysis model
or simply that the surface parameters assumed enntlbdel are too different
compared to the actual values at this specific sithe process of downscaling the
ERA40 geostrophic wind data using the drag law waittoughness length of 0.1m
(‘ERA4O0 d/s’) gives monthly mean values closertte bbservations than the original
ERA40 10m data. Neither the value of 0.1 or eveh hanaged to produce a
monthly mean wind climate which resembles the oleskclimate as closely as that

developed using a linear regression method.
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6.4.1.3 Site summary

The observed data for this site shows mean winddspfr the months of March and
April that are higher than those hindcast by theleho The ERA40 model appears to
capture this better than the GCM (Fig. 6-7), presoim due to its assimilation of
observed data; but it still shows a slight decreagdarch which is not apparent in
the station data. The results for March and Ajprileach of the downscaling models
are particularly erroneous as a result of this @ssuNovember also shows a
consistently large error, with all the models estimy higher winds than observed.
Overall, for the Boscombe Down site there is natimto be gained by using a
downscaling technique, as the GCM 10m wind datanset be just about as
accurate. Over a year, the differences in monthihd speed cancel out to less than

1%, so that an annual energy estimate derived theniGCM data would suffice.
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Fig. 6-7 Boscombe Down - Summary of differences in derived and observed datasets

6.4.2 Boulmer

6.4.2.1 Method 1

The regression models at this site appear to parfpiite well (Fig. 6-8). The R
value for the 10m regression is slightly better0a8931, than the geostrophic
regression which had an’Rf 0.8843. The mean absolute percentage difference

based on the monthly means gives a very slighttiebeesult for the geostrophic
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model, at 4.13%, and the 10m regression coming) 4n1%%. As with the results for
Boscombe Down, the pattern of error in the monthgans is similar in both models
over the year. The month of maximum error in bo#ises is March, where the
models give an underestimate of approximately 1@¥td the most successful
months appear to be September and November: the mOdel gives errors of
around half a percent and the geostrophic model dmslmost zero error for
November and 1.2% for September. In the caseeobény small errors, there is less
consistency between the models in terms of undepverestimation, but they do

show similar directions for the larger differences.
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Fig. 6-8 Boulmer Method 1 — Linear regression

6.4.2.2 Method 2

In a similar way to Boscombe Down, the geostrophind downscaled using a
roughness length of 0.03m is less successful tmanusing 0.1 (Fig. 6-9a), but both
attempts show greater differences than that gestenating the original GCM 10m
data, despite the lower resolution. As with thes@&wonbe Down site, increasing the
roughness length to 0.2m (Fig. 6-9b) gives a lopecentage difference between the
downscaled data and the observed data, but asBeghombe Down, this is most

likely false, as all the characteristics of the gibint to a lower roughness value.
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The ERA40 data for this region is biased slightighhrelative to the raw observed
data at the site, and as with Boscombe Down, appeabe more different to the
observations than the GCM. Again, downscalingERA40 geostrophic wind data
using the geostrophic drag law with a roughnesgtkervalue of 0.1m is an

improvement versus the ERA40 10m data.

6.4.2.3 Site summary

For the Boulmer site (Fig. 6-10), there does nensdo be any obvious merit in
choosing the geostrophic drag law downscaling optger the GCM 10m winds.
The 10m data shows lower percentage errors vetssenged in most months - the
exceptions being May, June and July, where the doalimg performs better.

Neither the downscaling or the ECH5 10m data tatteectly is as good a
representation of the observed mean monthly wimdateé as that obtained by linear
regression. The linear regression with geostrophias is, to a very slight extent,
better than that with the 10m winds, and both asenall improvement on using the
raw GCM 10m data.

In terms of the seasonal pattern, the met statada shows a relative peak in
March and lows in August and October. The Marchkpis better captured by the
downscaled geostrophic wind than the ECH5 10m winad,is still underestimated
by 10%. Both the regression models perform wowsettie March peak than the

GCM 10m wind and the downscaled geostrophic winth @rrors of around 16%.
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6.4.3 Wittering

6.4.3.1 Method 1

The results of the linear regressions for Witterng shown in Fig. 6-11. Thée Ror
the geostrophic regression was 0.766, and 0.725hdéalOm regression, indicating a
marginally better result for the geostrophic windlhe percentage difference in the
annual average wind was also very slightly betterthe geostrophic model, and
similarly, in terms of MAPE the geostrophic moded detter with 3.56%, as against
4.05% for the 10m model. As anticipated, the pattd difference over the year is
very similar in both models. February, March anatiAwere the worst performing
months in terms of matching the observations, &ithaverage absolute percentage
difference of 7.37% in the geostrophic regressioth 288% in the 10m regression.
May, June and November were the best predicted mapatwveraging at 0.53% and
0.47%, for the 10m and geostrophic models respagtiv
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Fig. 6-11 Wittering Method 1 — Linear regression

6.4.3.2 Method 2

As with the previous two sites, the roughness lerngt0.03m causes the downscaled
geostrophic wind values to be much too great amestienate of the monthly mean

wind speeds, while a value of 0.15m gives a redafter to the observed winds than
the original GCM 10m wind climate (see Fig. 6-12).
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The downscaled model is very similar to the origih@m GCM data in January,
February and March, performs more poorly in ApMay and June, but then
outperforms it in the later six months of the year.

Ignoring the observed data for a moment, and lapkinthe downscaled geostrophic
and original data from the GCM together, it appehas this roughness length value
has resulted in the two values for each month amve, particularly for the spring,
summer and autumn months, the values from botlséistare very close. This might
suggest that the GCM uses a similar roughness Hefagt this grid square to
parameterise the surface wind data from the lacgéesvariables. The value of
0.15m seems realistic, given the site descript@nall the datasets for this site, the

ERA40 10m most closely replicates the observations.
6.4.3.3 Site summary
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Fig. 6-13 Wittering- Summary of differences in deri__ ved and observed datasets

For the Wittering site, all of the downscaling misdésee Fig. 6-13) are an
improvement over the GCM 10m data, with the linesgressions performing best.
The geostrophic linear regression is marginallydseghan the 10m linear regression,
but the differences are quite small.

The observed records indicate a particularly lovameind speed in February,

which rises again in March and April rather thamtawuing on a downward trend;
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this is not apparent in the GCM data, and ERA4@ dabws only a very slight rise
in March. The annual range over the twelve monthBans is also smaller in the
station data than hindcast by the models - as suateby the flatter yearly profile.
This is more ably represented by the regressionelsothan either the drag-law

downscaling or the ECH5 10m data itself.

6.4.4 Fort Augustus

This site is particularly interesting as the obserwind climate is peculiar for two
reasons: firstly, because it displays an invereassnal pattern, not typical for the
UK, and secondly because it has a relatively lovameind speed. Both factors are
likely to be a result of the met station locationai deep valley, surrounded by very
mountainous terrain. The sheltering effect of tes will reduce the mean wind
speed significantly; in fact, Troen & Petersen @P8nention this station in

particular as being in a highly sheltered position.

6.4.4.1 Method 1

As with the previous sites analysed, there is \itthg to separate the results of the
two linear regression models (see Fig. 6-14). Rhealues and MAPEs are 0.5151
and 6.17% for the 10m regression and 0.4838 an8%6.1or the geostrophic

regression. The geostrophic model seems to perfam slightly better on the

annual average figure. Monthly patterns are, ggesry similar in both models. The
biggest errors of around 15% are found in August ldovember, with January and
March also poor, with errors in the region of 10%he most accurately predicted
months are February plus the summer months of dndeJuly. Both regression
models go some way to re-creating the invertedosedgattern of the data, which

the raw GCM 10m data clearly does not.
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6.4.4.2 Method 2

This particular area of the UK has very heterogasderrain, varying at some points
over scales of metres. Consequently, the paraisaien scheme within a model
like the GCM, which is limited to the resolutiontbie model, is unlikely to represent
any of the terrain within the cell due to the agang process. The slightly higher
resolution ERA40 10m wind data does go some wayepwesenting the slightly
lower wind speeds in this region, but the GCM 10atadsuggests there should be
much higher mean winds (see Fig. 6-15). This mayde to the average elevation
within the model grid square being set relativeighlh whereas this particular met
station is positioned in a valley at quite low elBon, in the lee of a westerly hill.

Using a roughness length of 0.1m gives the dowrdc@&CM geostrophic wind
similar values to the model’s 10m data, whilst agliness length of 0.4m makes the
downscaled ERA40 geostrophic values closer to tRA4D 10m figures, possibly
indicating the particular levels of roughness lénggt in each model. Applying the
roughness length of 0.4m to the GCM downscaled atknbrings it nearer to the
ERA40 values.
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6.4.4.3 Site summary

What the results in this section show is that therendeed, a difficulty both in
modelling the wind climate and possibly also witle bbserved data. The observed
wind speed values are low for this region, and sh@easonal pattern inverted from
what might be expected for the rest of the coudnyd what is evident from the
analysis of the other sites). A closer inspectibthe data shows an unexpectedly
high proportion of ‘zero’ readings - which could biher a quality issue with the
data itself, or the result of a sheltering effecbther terrain feature, or both. Either
way - and it is impossible to tell which it migheé b this suggests further analysis
might be required to fully ascertain the reasons.

There does appear to be some advantage in usindotlescaled geostrophic
wind over the GCM 10m wind, but the linear regressnodels outperform both by
quite a large degree. It is clear, however, thatd is still some way to go towards

understanding the true wind climate at Fort Augsistu
6.4.5 Eskdalemuir

6.4.5.1 Method 1

The comparison between the two linear regressiometsofor Eskdalemuir is
inconclusive (see Fig. 6-16), but both are morecsssful at representing the
observed climate than the GCM 10m model. Thed&ue for the geostrophic model
is 0.7134, and a slightly superior 0.741 for thenlthodel. The MAPE for the
geostrophic model, however, is 4.8%, whilst the I@odel gives a slightly higher
error of 4.97%. In terms of the annual averagerethe geostrophic model shows a
very minor improvement. The months that are |sastessfully predicted by both
models are March and July, with errors of 11%, sthihe best months are April and

November, both giving errors of between 0 and 1.2%.
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Fig. 6-16 Eskdalemuir Method 1 — Linear regression

6.4.5.2 Method 2

Both the ERA40 and ECH5 10m model results for Ekkdair (see Fig. 6-17)
produce higher mean wind speeds than the obsesuggjesting that they do not
account for a high roughness length caused byrémsepce of the surrounding trees.
Using a value of 0.1m for the geostrophic downscaljives results which, for the
ERA40 data are very similar to the model’s 10m atitpincreasing the roughness
length to 0.4m gives better results compared to dhserved data; indeed the
downscaled GCM data is closer to the observatibas the GCM 10m values. In
reality, the roughness length should be much hidbemheavily forested regions,
possibly around 0.8m. This would reduce the medelvind speeds below the
observed, but the elevation of the site is readgrfagh, and thus might be expected
to undergo a correction for this.
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6.4.5.3 Site summary

As in the case of Wittering, all of the downscalmgdels are an improvement here
on using the ECH5 10m winds directly, as there Seente a systematic high bias in
the GCM - probably due to the rough forested seriacthe vicinity (see Fig. 6-18).
As with other sites, a relatively low February amdgh March wind speed in the
observational record is not successfully represetg the models, giving quite
significant errors in these months. The observad dnplies an annual low in the
month of August, whereas the model would suggese¢ &s$ the low month - which
causes a further pattern of error in the downsgathodels.
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Fig. 6-18 Eskdalemuir - Summary of differences in d __erived and observed datasets

6.4.6 Turnhouse

6.4.6.1 Method 1

The results for Turnhouse (see Fig. 6-19) are sdmewdisappointing, with R

values for the even-numbered data of 0.5577 foig#ustrophic model, and 0.5953
for the 10m model. However, taking the percentdifferences when the model is
used to predict the odd-numbered data, the MAPEates a fairly good result, with
a value of 3.24% for the geostrophic and 3.21%Her1lOm winds. The March value
is under-predicted by 11% in both models, and Augiso does badly, with an 8%
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overestimate in the geostrophic regression and aov&estimate in the 10m
regression. The best months were February fogéostrophic model, with an error
of close to zero, and September for the 10m modé&l av0.39% error. The fact that
the equation derived for the even-numbered datat@oivhich appeared to be fairly
poor, gives a reasonably good result for the oddbared prediction indicates that
the relationship is not consistent, and perhapshimlze significantly different
depending on the data set used to condition it.
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Fig. 6-19 Turnhouse Method 1 — Linear Regression

6.4.6.2 Method 2

Referring to Fig. 6-20, the 10m winds taken dineclfom the models are a
reasonably good representation of the observed blatdhe seasonal pattern appears
more strong than in the observed data, with highieter and lower summer winds.
A roughness length of 0.3m brings the ECH5 dowmstajeostrophic wind to
similar values as the model 10m data but this haswaen stronger seasonality
pattern. The ERA40 data seasonal pattern is stroagain; a roughness of 0.1m
gives good summer results but much too high inevjnvhilst a roughness of 0.4m

makes winter more realistic but the summer valaégdo far.
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6.4.6.3 Site summary

The relatively flat profile of the observed windeggls at this site is somewhat
reflected by the GCM 10m data itself, more so tbgnthe drag law downscaled

geostrophic wind which does not present an imprardgron the model surface wind.

The linear regression models, however, do provideee adequate representation of
the annual profile, minimising the differences qu#uccessfully for most months

(Fig. 6-21). March and August display the biggesors in the regression model,

probably for similar reasons to the Eskdalemuie,sithere the wind speed has a
peak in March and a low in August that are not ckepi in the model results.
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Fig. 6-21 Turnhouse - Summary of differences in der ___ived and observed datasets

6.4.7 Cairngorm

6.4.7.1 Method 1

R? values for the two regression models at Cairngarencalculated at 0.8933 and
0.8889 for the geostrophic and 10m models respagtivAs shown in Fig. 6-22,
annual average errors are marginally smaller fer geostrophic model, but the
geostrophic model MAPE is 6.16% compared to the MAPE of 6.05%. The
worst predicted month in both of the models is Aprwith an 11% error in the

geostrophic regression and a 14% error in the Eyression. Several other months
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as generated by the models show errors of aroudf, Avhilst those with common
minimum errors are January, and July. The 10m ialde shows a minimum error

in June, whilst the geostrophic model does not.
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Fig. 6-22 Cairngorm Method 1 — Linear regression

6.4.7.2 Method 2

The extremely high elevation of this observatiompavould be expected to have a
strong bearing on the wind climate by inducing aespup effect, resulting in an
increase in the mean wind speeds; but this islgleat captured by the 10m model
winds, as the models will have assumed a loweraaeeheight for the grid square.
The roughness length in the models may also notrdmesentative of the
comparatively smooth terrain around the site, vgittow present for around four
months of the year. A value of 0.01m would be d¢gpifor grasslands, but snow
would give a lower value due to its relative smoets (Boehme, 2006). Fig. 6-23
shows results using both these values, and it easseén that there is not a great deal
of difference, but that, particularly for the GCMtd, the summer mean speeds are
quite close to those observed. In winter, theyndb increase by as much as the
observed values, however, and so it is likely tthat site elevation needs to be

accounted for.
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Fig. 6-23 Cairngorm Method 2 — Drag law

(a) zo =0.01; (b) zo = 0.005
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6.4.7.3 Site summary

The extreme elevation of this met station site eesdit particularly prone to
modelling difficulties, particularly at lower resmions; it would not be expected that
the GCM would be representative of wind speedsatheight at which these were
recorded. Consequently, all the downscaling methad seen in Fig. 6-24, show an
improvement in the reproduction of the monthly meand speeds compared to the
10m data, as the GCM vastly underestimates theires@vailable at this level.

One interesting point is that the observed anmaabe is greater than that
modelled, with a tendency towards higher winterkgeaThe downscaling methods
are all most successful for the May-August perimd,fail as the winter extremes are
not captured. As with the other sites, the regoessiodels perform best of all the
downscaling methods, with the problems being thlerkaay-March-April pattern,
and some smoothing of an uneven trend in the Autononths.
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Fig. 6-24 Cairngorm - Summary of differences in der __ived and observed datasets

6.4.8 Conclusions on downscaling methods

Drawing from this analysis of downscaling methoti® clearest point is that the
GCM hindcasting, for March values in particularfleved. This may be linked to
the discussion in Chapter 5 of the failure to attfyecapture the mean pressure

pattern for this month, resulting in projections lofver mean wind speeds than
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actually observed. However, the observations fostnof the sites appear to suggest
an unexpected pattern whereby the mean wind spaéd Hetween January and
February, and subsequently rises in March. The E®RA40 reanalysis data goes
some way to capturing the relative gain from Febyda March at some of the sites,
for example, Turnhouse, but the distinctive patterthe observations is not fully
recreated. The origin of this pattern is currenthgclear, but it appears not to relate
completely to pressure patterns. It is not refldatither in the GCM geostrophic or

surface winds.

Site 10m ECH5 Lin Reg 10m Lin Reg Geo ECH5 d/s
Boscombe 4.71% 5.10% 4.95% 5.43%
Down

Boulmer 6.39% 4.17% 4.14% 7.05%
Wittering 9.02% 4.08% 3.59% 7.33%
Fort Augustus 109.63% 6.20% 6.20% 67.35%
Eskdalemuir 14.20% 4.97% 4.79% 10.13%
Turnhouse 5.83% 3.20% 3.23% 10.20%
Cairngorm 35.57% 6.04% 6.14% 9.19%

Table 6-2 Summary for each site

Table 6-2 shows a summary of the annual mean aksp&rcentage errors versus
MIDAS data using the original GCM 10m data, lineagression with both 10m and
geostrophic wind (method 1) and using the drag(laethod 2). At some of the sites,
the ECH5 10m wind data is relatively successfuteépresenting the monthly mean
wind speeds, but in a number of them, such as Bemjlan improvement is made by
using a simple linear regression to empiricallyreor for differences. In the cases
where the GCM 10m winds are not a good depictiothefobserved mean monthly
wind speeds, downscaling the geostrophic wind usiegdrag law can enhance the
result, but this is generally not as successfulttes linear regression model.
Downscaling using the drag law alone does not adctr factors influencing the

wind speeds - such as elevation and atmosphehdista and by using a regression

to build these into the relationship empiricallye tresult is stronger.
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6.4.9 The Wind Atlas Methodology - WAsP

As an extension of the geostrophic drag law mettestribed above, the Wind Atlas
methodology attempts to go further, by correctinganly for surface roughness, but
also by applying corrections for orographic effeetbut in a physically-based
manner rather than empirically. This methodolagjapplied using the Wind Atlas
Analysis and Application Program (WAsP). The methiavokes the three factors
affecting surface wind climate described in 3.3 ahdwn in Fig.6-25, whereby wind
deviates from geostrophic flow due to the influermfe surface roughness, the
surrounding orography and the presence of obsta®gsemoving these influences
from observed wind data collected from a typicarmometer at 10m above ground
level, a so-called ‘regional’ wind climate is demgéd which is strongly related to
wind speeds far above ground level. Similarly,egional wind climate can be
applied to develop a site-specific surface windnealie by addition of the three
influences (Troen & Petersen, 1989).

WAsP was developed by Risoe National Laboratorip@mmark as a tool for
analysis of local wind climate, and is used by mavigd farm developers and
consultants to assess the wind resource at sitl. leGiven the conditions of
relatively homogeneous terrain and topography, WissR useful indicator of the
potential wind resource. The idea behind using WAsR downscaling tool is that
by inputting the geostrophic wind output of a climanodel as the ‘regional’ wind
climate or wind atlas, the corresponding surfasellevind climate at a detailed site
level can be understood.

The WASP program takes time series wind data ad iswpd ‘cleans’ the data to
remove the site-specific influences, producing andwirose and a frequency
distribution histogram for each of the sectors Ire trose, to which Weibull
parameters are fitted. The ‘clean’ data is prexklat a standard range of heights -
typically 10m, 25m, 50 m, 100m and 200m - and roegis lengths - typically Om,
0.03m, 0.1m and 0.4m. WASsP then has the facititgaiculate power density from
the data, using the frequency distribution; and i§ provided with turbine power

curve data, it can generate expected annual epeoglyction figures for a site.
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Fig. 6-25 The Wind Atlas Methodology
(Troen & Petersen, 1989)

The advantage of this methodology over the prevames is that it can account for
not only any projected changes in the mean winagdpbut also changes in the
Weibull parameters of the distribution. These dextare important for estimating

the power output from wind turbines, as descrilvesgeiction 6.2.2.

6.4.9.1 Comparative studies

The WAsP method of downscaling the output of clenaiodels has been employed
in a number of other projects, in which the datab& downscaled have either
originated from a mesoscale model or from the tesoil reanalysis models. The

outcomes of three such studies are discussedsiisdistion.

KAMM/ WAsP

The Karlsruhe Atmospheric Mesoscale Model (KAMM) sveun for this study
(Franket al, 2001) in a statistical-dynamical manner. This ngethat the surface
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climate variables to be modelled by the system vdetermined in terms of their
relationship to the large-scale forcing, plus soswgface parameters. Various
situations of large-scale climate were run in thedet and the surface variables
measured. The large-scale climate was then diegsifto frequencies of occurrence
of these various situations and the mesoscale wiogy calculated from this. The

authors remark that for most wind energy applicetion mid-latitude regions,

concerned primarily with moderate and high wind, ithain parameters required for
modelling surface wind are geostrophic wind plusraie height and surface

roughness length; but they refer to other pararseserch as temperature and
atmospheric stratification as potential inputs.

The modelling process by which the KAMM output veasipled to the WAsP
model was numerically and statistically complex} bu simple terms, involved
generating a mesoscale wind atlas for a partiawgion using KAMM, and then
inputting this wind atlas to WAsP, which downscalled output at various locations.
This was then compared with data from met statidhsy carried out the modelling
procedure for four regions: Denmark, Ireland, NerthPortugal and Galicia, and the
Faroe Islands. Overall, the conclusion was that dbmbination of KAMM and
WASsP produced more accurate predictions of locahdwclimate than simple
interpolation of the KAMM data.

One particularly interesting issue encounteregearoom the choice of map
size for input to the WAsP model. Maps with a drd@meter, 5-10km, produced
errors in the orographic model, where the speedeaffects of hill were
underestimated. This impacted on the wind turbmergy calculations, resulting in

under-prediction - particularly in areas wheretéreain is particularly complex.

POWER
Predicting Offshore Wind Energy Resources (POWERY hhe objective of

determining the potential offshore wind resouraeshie seas around the European
Union (Watsonet al, 2001). They calculated geostrophic wind fromeanalysis
mean sea-level pressure dataset, interpolated-byliic splining from 2.5°x 2.5° to
0.5°x 0.5° resolution, and then applied WAsP to temstrophic wind data to

downscale it to surface level. The study founddycorrespondence between the
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downscaled output from WAsP and observational datslable for a number of

offshore sites.

Aladin/WAsP

This work (Horvath & Horvath, 2006) was similar timeory to the KAMM/ WASsP
model coupling, whereby the output from a fairlglhiresolution mesoscale model
was input to the WAsP program in the form of a oegi wind atlas, but using a
different mesoscale model, Aladin, and considerihg region of Croatia. The
variable from the model used as input to WASP Wasaind at 850hPa geopotential
height, assumed to be geostrophic.

The authors discuss the relationship between gggst wind and surface winds
in the region, and in particular the effect of Bariads, common in this area. These
winds, which typically occur in the down-slope dtien of mountainous regions, are
thermally driven, and will not be captured by tle®sgtrophic flow. The observations
at surface level, however, will include Bora winds.

They found that using WAsP to downscale mesosaabstgophic winds resulted
in significant differences in mean wind speed coregao actual observations. The
study concluded that due to the prevalent effett8ava winds in this region, the
WASsP model with geostrophic winds from a mesosoabtelel as input was simply

not suitable.

Short-term modelling with an NWP

Landberg & Watson (1994) applied WAsP to outputrfra Numerical Weather

Prediction (NWP) model which was forecasting 36risahead for a grid cell of size
50km x 50km. The objective was obtaining a betteal short-term wind forecast at
a particular site. The NWP model output for gemstic winds at various heights
was trialled and found to give rather poor reswlteen compared with observations,
whereas the model wind at a height of 137m seemedfér the best results, and so
it was this wind that was selected to be inpuh®o\WAsP model.

The technique was applied over a large sectionestern Europe, and results
indicate that using WAsSP was a substantial impramnover some more simplistic
methods in most of the locations in the north vadghe domain, that is, in the UK
and Ireland region. The authors describe a nurabsources of error, which fall
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into two primary categories: modelling and dataoddlling errors cover factors such
as the assumptions in the WAsP and NWP models, ékaeutrally stable
atmosphere. Another important model issue is twather WAsSP nor the NWP
model account for mesoscale winds such as thosetaubermal effects. Data
problems result from errors or inconsistenciehadbservational data, for instance,
caused by equipment or by changes at the measursiteenIn order to correct this,
two empirical-statistical MOS technique have beepliad — one a simple linear
correlation and the other a neural network. Batiggmed well but due to the added
complexity of the neural network there was foundbéono advantage in using it over

the simpler linear correlation.

Conclusions from comparative studies

What do these studies suggest about the potewtialding WAsSP to downscale
climate model geostrophic wind data? The most@miwissue is the resolution of
the climate model used for input: in both the prtgavhich use mesoscale models as
input to WASP, the resolution of the input dataud-10m grid squares. The GCM
geostrophic wind data is in grid squares of aroR@@km x 150km, approximately
1.8° x 1.8°, well in excess of the ideal. Howevere POWER project used
reanalysis data on a 2.5° x 2.5° grid as inputenelewer resolution than the ECH5
GCM - and used a simple bi-cubic interpolation seleo bring it down to 0.5° x
0.5° resolution. Their successful results usingrpolation suggest that this is, in
fact, a reasonable method to use. Geostrophic wioels not show as much
variability on a spatial scale as surface windyel as it is by the large-scale
circulation and is relatively immune to the infleenof surface features. The fact
that the POWER project was limited to offshore vgimdight suggest, however, that
that the method may be more suited to studies whersurface conditions are more
homogeneous, such as over the sea. The possddiycountering winds which are
thermally driven is more likely onshore, and thadih/WAsP study found difficulty
with this. In the mid-latitudes, i.e. in the UK, mds such as the Bora are less
common (with the possible exception of the mourmtas Scottish Highlands and
around the coasts) and geostrophic flow will actofor a great deal of the

variability in surface winds.
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6.4.9.2 Site Data

Orography and roughness data

For the WASP process, height, obstacle and roughihesgth information are

required in order to transform the met station data regional wind climate, and to
downscale the wind atlases to a turbine site withengrid box for each case study.
Due to the difficulty in representing obstacles waately, particularly over such a
long time period, this was neglected at all but sve. Height contour data for the
region surrounding the location were extracted fidigital Ordnance Survey maps
(Ordnance Survey, 2009) and was processed using/ke® map editor to reduce
the resolution of the lines to 50m.

Surface classification data were obtained from @@RINE land-surface
maps (European Environment Agency, 2007) at 200solugon in raster files.
These were input to the ArcGIS software and coedeitom raster files to ‘polygon’
shape files. They had to undergo a further transftion to ‘polyline’ shape files
with each line taking on the surface classifica@inibutes to the left and right of the
line as part of its attribute table. The ‘polylifdes were converted to WASP-
recognisable roughness lines in ascii format, usingArcGIS script (Gonzalez,
2008). For each classification value, the corredpan roughness length was
identified using the table referred to in Boehm@0@), and the classification values

converted to these roughness lengths using the W#egiPeditor.

Note on temporal resolution of data

The temporal resolution for modelling wind speesitrabutions in WASP is ideally
hourly or, if available, sub-hourly. This ensuthe best capture of the full range of
wind conditions at a site and avoids the ‘averagiofy extremes in the full
distribution. A reduced temporal resolution whitre data are obtained by averaging
over periods longer than one hour would be expetde@duce the variance of the
data, with corresponding implications for the disition parameters.

Unfortunately, obtaining climate model informatia this level in a useable
format is not possible via the current IPCC chasnahd daily data is the best
available temporal resolution in the binary ‘netddfrmat which can be processed
relatively straightforwardly in a Matlab functionln order to account for this, and
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ensure that the comparison between the GCM outplibbserved data in the WAsP
model is ‘like-for-like’, the observed hourly dafeom met stations have been

averaged over a 24 hour period.

6.4.9.3 WASP processing

Due to time and technical constraints in proces#iegdata via the WAsP software,
only four out of the seven locations have been yseal as ‘case studies’. The
advantage of using the wind atlas methodology, Wlknalyses not just the mean
wind speed but also the frequency distribution pesters, is that it will take full
account of any future changes in wind speed ranmgeanance modelled by the
GCM. Ideally, WAsP performs best when the regiomald climate input is over a
smaller area; but because geostrophic wind is basegl as the ‘regional’ wind
climate, it is expected to vary less and WAsP ghatllerefore, cope relatively well.
Three methods of modelling in WASP have been teskaeally, it would be possible
to input the model geostrophic winds into WAsP hasle WASP create a wind atlas
applicable to the region of the model grid cellowéver, this is not possible with
version 9.1 of the software and so some alternatina@e been tested and are detailed
in this section. The first relies on developingiad atlas by applying the drag law
to the model geostrophic winds independently of WAsThe second uses the drag
law to downscale the model winds to the maximungleabove ground level that is
acceptable to WAsP and this is then input to WAsRaa observed wind climate.
The third method tested takes the GCM 10m wind dpelrectly as an observed

wind climate for a site within the grid cell conoed.

Pre-prepared regional wind climate — WASP process 1 (WP1)

WASP is designed to take time series of wind dataarticular height and location,
and, using the location terrain and orography, sfia@m this into generalised
frequency distribution and direction information forange of heights and roughness
lengths for the local region. This regional windormation is stored in a format
known as a ‘wind atlas’. Given that the data fro @M could be considered to be
already generalised for the region of a grid bax,imitation wind atlas can be
created directly from the time series of geostroptind using the geostrophic drag
law (egn. 6.1) and the logarithmic wind profile fe®.2) to calculate the time series
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of mean wind speed at 10m height with a range ofnoess lengths. Using Matlab,
Weibull parameters have been fitted to the 10m tsmaes for each roughness
length, and then scaled to a range of heights usmgirically derived laws from
Justuset al. (1978) discussed in section 6.2.1.

In Fig. 6-26, the scaling laws are shown to givailgir results forA andk
parameters as WASP itself, for roughness lengtherdhan the first one in the atlas
(because of an assumption that the first value wallover water (Nielsen, 2009)),
and for heights up to 100m. Above 100m height,léiwes do not hold, and thus the
choice of values in the prepared wind atlas isricstl. Given that the purpose of
this study is assessing wind energy resources oasadagoughness length of close to
Om is fairly irrelevant, as are heights over 10(&o;ignoring the zero roughness
length and not calculating values for heights ol@m is not considered to be a

major drawback.
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Drag law and logarithmic wind profile time series — WASP process 2
(WP2)

To use WASP itself to create a wind atlas usingsggephic wind data is not possible
with the current version (9.1) of the software. witl only accept the use of wind
speeds input as observed time series at up to d@dght. Given that observed wind
approaches geostrophic conditions at heights varfiom 600 to 1000m above
ground level, inputting a geostrophic wind at 20@muld clearly not give good
results. The alternative, therefore, is to usege@strophic drag law and logarithmic
profile to scale geostrophic wind to a height somere between 10 and 200m using
a characteristic surface roughness representatitteeaegion, chosen here to be the
roughness length in the prevailing directional gecand input this to WASP as
observed time series at the site. Using a sinMlatlab function as in the previous
method this process was carried out for a heigi208fim, with a roughness length
chosen by considering the roughness rose as peelsentVAsP when the roughness
map for the region was input.

GCM 10m winds — WAsP process 3 (WP3)

As a point of comparison with methods using thesgrephic wind, the 10m wind
data were extracted from the GCM and, in a sinfdahion to the previous method,
the time series input to WASP as an observed wimdate, located at the chosen

site.

Observed and future wind climates

In order to assess how realistic the wind atlase®ldped using the three techniques
actually are, data from a met station at daily liggan for a similar time period was
loaded into the WAsSP program for the same locatadeaned by the software to
remove any site-specific effects, and used to ge#eean alternative wind atlas for
the region. A third set of wind atlases was thenegated for the region using the
2081-2100 time series of daily winds from the iptdated GCM data.

Reference conditions for all wind atlases

The wind atlases contain wind distributions foreference roughness lengths and 5

reference heights above ground level. The pattestaling the Weibulk parameter
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is such that whatever the first roughness lengieigo, it does not follow the pattern
as described in eqn. 6.3 by Jusaisal (1978) as it assumes an offshore profile
(Nielsen, 2009). For this reason, it was leftles default value of Om, and only the
results for 0.03m, 0.1m and 0.4m were considefidte heights were chosen as 10m,

25m, 50m, 80m and 100m. The roses of Weibull patara have 12 sectors each.

6.4.9.4 Boulmer WAsP Method

It was deemed appropriate for Boulmer to carry amtanalysis using the WAsP
software. WASP uses a measure called ‘ruggedndsg’iror RIX, to determine how
successful its results are likely to be based enslbpes of the terrain within the
region being analysed. The presence of slopedegrdaan 0.3 (height divided by
base length) is likely to cause errors in the oytpad thus it is advisable to check
before carrying out any calculations. The RIX did this region shows that most
cells fall into an acceptable category, where theuwnt of terrain with a slope
greater than 0.3 is low, and flow separation wilt accur. The met station is located
in an acceptable cell, so provided the site chasgredict for is also in a low RIX
grid cell, WASP is believed to give reasonable ltesn such areas.

Results from the wind atlases derived by the th&&sP processes plus the
met station data are shown in Fig. 6-27. WP1 sdengsve a consistent difference
of around 15% in the mean wind speed and 50% inptiweer density. Because
Boulmer is in close proximity to the sea, it iselik that coastal effects on the
stability profile which is not explicitly accountédr by WAsP (Watsort al, 2001),
may influence the mean wind speeds; hence this afilag will not be representative
of observations. The results from WP3 (withouerpblation to higher resolution)
tend to slightly underestimate the mean winds uad 1-2%. This is less of an
underestimate than the geostrophic downscaling P2Wnvhich gives mean wind
speeds of 5-6% less than observations. WP3, haweverestimates the WeibwI
parameter by 6-8%, whilst WP2 typically underestesaby 3%. The combined
effect of these errors results in WP2 giving podensities of around 12-15% lower
than observed, whilst WP3 gives slightly betteuesl around 10-13% lower than the

observed.
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Fig. 6-27 Boulmer WASP results

(a) Mean speed at 80m; (b) Power density at 80m; % Differences compared to observed data

in (c) % mean speed at 80m; (d) power density at 80m

Clearly, at this site, the original GCM 10m windhthte seems - rather unexpectedly
- to represent the observed wind climate with reabte skill. There is a degree of
error, amounting to around 10% in the calculatibpawver density at 80m, but for
the purposes of change analysis over long peribdsmight not be as big an issue
as it would obviously be in a feasibility study f@mwind development. The process
of downscaling using geostrophic wind and WAsSP exds a somewhat similar
degree of accuracy, appearing to perform betteapturing the daily variance, but
not quite so well at representing the mean windedpe In this case, it would
probably be advantageous to use both methods Igsemaf future data, in order to

minimise the error in the overall calculations.
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6.4.9.5 Wittering WAsP Method

Like the Boulmer site, the met station for Wittgyirs located in a cell with an
acceptable RIX value and so provided the predictitmis also in a suitable cell, the
results can be considered to be free from issuesedaby flow separation.

Results for the Wittering site (Fig. 6-28) showatthecause of discrepancies in
the Weibull k parameter, there are inconsistencies in the pattef mean speed
differences and power density differences. WP Iopers better than at the other
three sites, perhaps due to the location beindgrdan the coast and in a region of
fairly homogeneous terrain, so that coastal andrtakeffects are minimal. WP1 is,
however, still poorer than WP2 and WP3 in termsewbr across all heights and

roughness lengths, and should probably be discdunte
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Fig. 6-28 Wittering WASP results

(a) Mean speed at 80m; (b) Power density at 80m; % Differences compared to observed data

in (c) % mean speed at 80m; (d) power density at 80m

WP2 shows a fairly consistent underestimate ofntiean wind speed of around 7%
at turbine hub height, but very seriously undeneates the Weibulk parameter by

25%. This compensates for the mean wind speed somewhat in the power
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density calculation, resulting in figures within 28 observed at 80m. WP3
overestimates the mean speed by 7%, but perforrtter bgith the k parameter,
coming within 4% of the observed value. Howevkese small errors are reflected

in a difference of over 20% in the calculated podemsity compared with observed.

6.4.9.6 Eskdalemuir WAsP method

The RIX calculation shows that, like Boulmer andttéfing, the measurement site is

in an acceptable cell. It does, however, haveghdrivalue than for the other two

sites.
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Fig. 6-29 Eskdalemuir WASP results
(a) Mean speed at 80m; (b) Power density at 80m; % Differences compared to observed data in

(c) % mean speed at 80m; (d) power density at 80m

As Fig. 6-29 shows, at Eskdalemuir the downscatihtihe geostrophic wind obtains
a result for both wind speed and power density nalaber to the observed data than
the GCM 10m wind climate itself. The imitation wliratlas, as per the other sites,
does not perform consistently over all heights emeayhness lengths, only giving a
result close to the observed data at 0.4m rougheegsh. The 200m downscaled

model wind climate generally overestimates the meard speed by 9% at 80m
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a.g.l. whilst the 10m climate overestimates by moare - up to 23%. The 200m
atlas also only gives an 11% increase in the Weklbylarameter, whilst the 10m
atlas has a Weibull k parameter 40% greater thaergbd. These result in the 200m
atlas overestimating power density by 15-16%, wthik2 10m atlas overestimates by

over twice this - between 34 and 38%.
6.4.9.7 Turnhouse WAsP method

This station is located near to Edinburgh and hasldngest period of useable data
from 1961-1990, so corresponds exactly with thel19® control period extracted

from the GCM. The RIX at this site was acceptablEhe mast itself is located

among several buildings, but only two of theseddrsignificant height - around 7 to

10m. These have been included in the analysis abstacle group. The CORINE

roughness information suggests a roughness lefi@l®2m, chosen as typical for an
airport, but due to the presence of several clogerise buildings, the roughness
chosen to downscale the GCM geostrophic wind dat200m was 0.3m. The

remaining downscaling was carried out by WASP fitsgith the obstacles present
and the site roughness and elevation contoursoasded by the map.

The results, given in Fig. 6-30, are quite simitaterms of percentage error to
the results for the Boulmer site. In terms of me&and speed, WP3 outperforms
WP2, but WP2 obtains marginally better resultstfer Weibull k parameter. The
mean wind speed discrepancy for WP2 is around 6Biistwfor WP3 it is just 2%.
The differences in Weibull k parameter are largevith WP2 typically
underestimating by 8-10% and WP3 overestimatin@{yl%. The effects on the
power density calculation mean that WP2 underestéisnéhe available power by
around 10%, while WP3 has a very small error haregion of 1%.

As with Boulmer, it is probable that coastal effeon the wind climate which
are not accounted for by the simplified wind atshnique employed in WP1 have
resulted in the method giving errors of up to 21%the mean wind speed, and

consequent errors of up to 70% in the calculatedepaensity.
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Fig. 6-30 Turnhouse WASP results

(a) Mean speed at 80m; (b) Power density at 80m; % Differences compared to observed data

in (c) % mean speed at 80m; (d) power density at 80m

6.4.10 General conclusions on success of downscalin g

The downscaling methods attempt to demonstratebduse a climate model relies
on a particular value of a surface parameter ssato@ghness averaged over a large
area to derive a 10m wind climate, the output matylbe applicable to every site
within the grid square area. The GCM 10m data rhayyever, be acceptable for
sites where the actual conditions match those dedun the GCM. The drag-law
downscaling method tries to exploit the fact thgttéking control of the surface
roughness length parameter and deriving a 10m walinthte from the model output
of geostrophic wind, the data could be made momicgble to an individual site
where the conditions are different. In these cdbesdata shows relatively good
correspondence with observed data for a controloper What the drag-law
downscaling process cannot account for, howevethesother local factors that
impact on surface wind climate, such as elevationorder for the model to be more

successful, these need to be included.
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By carrying out a simple linear regression betwésn model data and the
observed data, many more factors affecting the wanel accounted for - but
empirically rather than explicitly - so it is impbkle to define the physical nature of
the relationship between the two variables. Theksionships, whether carried out
using 10m model data or geostrophic wind, are naimger than those developed
using the drag law, and are generally also bettan tusing the GCM 10m data
directly. The results come tagged with the afomaimeed caveat: that these
empirical relationships are subject to future cleang

Over the four sites analysed using WASP to evaltraeeffects of all the local
factors including surface roughness, two of theBoulmer and Turnhouse - have
shown promise with regard to using climate modéh da investigate future changes
in the wind climate at specific locations. In bdtlese cases, however, it would
appear that the GCM 10m wind climate is more swgfoésat representing the
observations at a particular site on an annualsb#san data generated using
geostrophic wind and a downscaling process. Thsgladvsuggest that the model is
capable of capturing climate where the site coodgiare similar to those assumed in
parameterisation of the model.

The third site, Wittering, is not as well predictedterms of mean wind speed
using the GCM 10m climate, and very badly represgbim terms of the Weibull k
parameter in the downscaling method. It is cléat the model fails to a degree
here. One must be cautious when reapplying thisother sites; a thorough
investigation must be completed and the model catapared with observed climate
information in order to have any confidence in ftv@jections of future climate
obtained.

The final site, Eskdalemuir, is not as well pregicfor mean wind speeds as
Boulmer and Turnhouse, and the Weibull k parameteaalso overestimated to a
relatively large degree. This site is interestingywever, because greater success is
obtained by using the geostrophic wind, downscabe@00m and input to WASP,
rather than taking the 10m wind directly. Thigpiebably attributable to the terrain
in which the site is located, a heavily forestegaamwhich will not be accounted for
by the GCM. By bypassing the GCM parameterisatithe WAsSP model using

method 2 improves the result.
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6.5 Future projected climate

An investigation has been undertaken using the doaling methods described in
6.3 with future climate projections from the ECHS5CKA. The statistical
relationships found using linear regression asathod 1, and the drag law using the
most successful roughness length from method 2 waeplied to the GCM data for
the period 2081-2100. The future projections wemagared with the control period
(1961-90) data derived by each method and the p&rge changes calculated.

In order to understand the potential significant@my changes, the difference
between the GCM output for 1961-90 and the obsewiad speed was taken as an
error bound either side of the predicted valuesTdrror bound is not probabilistic,
but merely intended to give an indication of thalsmf any future changes in the
context of the original model errors. The futurampes were considered for the most

successful downscaling method at each site indahe&egt of these errors.

6.5.1 Boscombe Down

The pattern of change for the 2081-2100 periodsscadl the downscaling methods
and the GCM 10m winds is very consistent for thtis, svith all methods showing a
similar direction of change in each month. The thighmeans show a tendency to
rise by around 4 to 5% in the winter months andgodrg a similar amount in May,
June and July. August shows a slightly bigger ekes® in the region of 8-10%.
Over the period of a year, the changes projectedllbsnodels are between -0.4%
(10m linear regression) and -2.13% (drag law dowaiirsg), but all are negative.
Because the ECH5 10m was shown to be the mosessfat representation of
the observed climate for this site, Fig. 6-31 shdts original results with the
average error bounds (in black) and the future EC6tA results with the same error
bounds (in red). This shows that the months wkieeefuture results fall outside of
the error bounds for the control period are Julygést and December. In all other

cases, the future data is within the control pedaodr and may not be significant.
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Fig. 6-31 Boscombe Down future projections

(a) % Differences vs. 1961-90 data for each downscaling method; (b) Current and future

projections and error bounds using ECH5 10m data

6.5.2 Boulmer

The direction of projected change using the difien@odels is less consistent for
Boulmer (see Fig. 6-32) than for the Boscombe Dew®. When the changes are
small (less than 3%), some models show an incnebse others a decrease. This is

probably a non-issue, however, due to the smallnihade of the changes involved.
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In the case of larger changes, the models show mmmeistency, with the most
significant deviations from the control period rigswccurring in July, August and
September. July and August results show decrezskestween 6 and 10% whilst
September mean speeds increase by a similar améweraged over the year, the
total change is between -0.28% (drag law downsgpland +0.78% (10m linear
regression).
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Fig. 6-32 Boulmer future projections

(@) % Differences vs. 1961-90 data for each downscaling method; (b) Current and future

projections and error bounds using linear regression of ECH5 geostrophic wind data
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Taking the geostrophic linear regression resuitdhich had the lowest error for the
control period - and comparing the control periedults and their associated mean
error (black) with the future results and similaroe bounds (red), confirms that the
most seriously affected months are July, August September. The red line falls
outside the error bounds of the control period @atdese points, suggesting change

beyond the error in the original model.
6.5.3 Wittering

The results for the Wittering site show quite ayéadegree of inconsistency in the
direction of change - whether positive or negatiyarticularly where the change is
5% or less. The months with consistent changhermean speed are January, with
an increase of 2-3%; December, with an increase5%o; July, with a decrease of 3-
8%; and August, with a decrease of 4-12%. Ovelyde, the changes work out at
between -1.28% (drag law downscaling) and +0.4286<gophic linear regression).
From the geostrophic linear regression resultstgdoin Fig. 6-33, the future

results (red) reach outside of the error boundshencontrol period data (black) in
February, March, April and August. There is a iegilon of the original observed
February low/March high pattern in the future dathjch was not replicated in the
linear regression model data for the control perimat which seems to have been
activated here, indicating there is potential fitihex a significant change, or that the
control period showed an anomalous February/Maettep which will not persist

in future.
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Fig. 6-33 Wittering future projections

(@) % Differences vs. 1961-90 data for each downscaling method; (b) Current and future

projections and error bounds using linear regression of ECH5 geostrophic wind data

6.5.4 Fort Augustus

Given the relative lack of success in obtainingfuiseesults from either the GCM
10m data or the drag law downscaling method, d@fifittle surprise that the future
results look very inconsistent. It is probablythedight of this to consider only the

linear regression models, as these were much meocessful.
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All of the monthly changes are within £+4% of thentrol period results, when
the geostrophic linear regression is examined, estggy very little in the way of
significant wind speed changes at Fort Augustusoking at Fig. 6-34, the red line
showing future data does not ever stray outsidetiee bounds of the control period
data (in black); it is thus fair to suggest thalyorery minor changes in mean wind
speed may be evident in the future. The annuahgdhaprojected using the
regression models is around -0.5%, and so is Uglicehave a discernable impact
on wind power production.
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Fig. 6-34 Fort Augutus future projections

(a) % Differences vs. 1961-90 data for each downscaling method; (b) Current and future

projections and error bounds using linear regression of ECH5 geostrophic wind data
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6.5.5 Eskdalemuir

The results for the Eskdalemuir site (see Fig. psBdw some small inconsistencies
in the direction of changes, when the changes rarthe region of +1% or less.
Otherwise, there is a similar monthly pattern orofpe to that seen at the Boulmer
site.
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Fig. 6-35 Eskdalemuir future projections

(@) % Differences vs. 1961-90 data for each downscaling method; (b) Current and future

projections and error bounds using linear regression of ECH5 geostrophic wind data
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January and February show small increases in meahspeed of around 2% and 2
to 4% respectively, whilst November shows a sligligger increase of 3 to 4%.
The biggest increase, however, occurs in Septemideere three of the models
project a rise of 6 to 8% in the mean wind spe€&te geostrophic linear regression
indicates a slightly smaller increase of around 4%uly and August both have
decreased mean wind speeds in all the models ofebat 3 and 7%. The overall
changes for the year are less than 1% in all ofrtbdels analysed.

The geostrophic linear regression had the smatiestrol period errors for
Eskdalemuir, and its projected changes are the mosdest of all the models. The
future value never steps outside the error bouhdseocontrol period data, but does
come close to doing so in September.

6.5.6 Turnhouse

As for the previous sites, when the projected changre less than 1% for
Turnhouse, the models do not all agree on the tthreof change (see Fig. 6-36).
There are several months, however, where the cbamlge larger and more
consistent. January, February, October and Novem@beshow small increases in
mean wind speed of between 1 and 4%. Septembenojscted to increase by a
larger degree, around 4 to 8%. April and May slewy small decreases of 1 to 2%,
and July and August show larger decreases of 240 The overall change over the
year is small, with all models giving results adehan 1%.

The 10m linear regression shows only one monthte®aber, where the future
results fall outside of the control period errouhds, indicating that in most months,

it is not possible to be confident about the siziture changes, other than that they
are likely to be small.
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Fig. 6-36_Turnhouse future projections

(@) % Differences vs. 1961-90 data for each downscaling method; (b) Current and future

projections and error bounds using linear regression of ECH5 10m data

6.5.7 Cairngorm

The model results for the future period for ther@gorm site (Fig. 6-37) are broadly
consistent in their monthly patterns, except, a@oree where the changes are very
small. There are three months with relatively ¢adgcreases in the mean wind speed
— April, 5-9%; May, 3-5%; and December, 3-7%. TEhare also three months with
fairly large increases — September, 10-12%; Octo®&%; and November, 4-9%.
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These serve to produce overall annual changes 6%, which are small but

greater than at most of the other sites.
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Fig. 6-37 Cairngorm future projections

(a) % Differences vs. 1961-90 data for each downscaling method; (b) Current and future

projections and error bounds using linear regression of ECH5 10m data

The 10m linear regression model suggests that o1 dfvthe months — April and
September — the future results fall outside ofdbwetrol period error bounds, so that

the magnitude of change is greater than the emr¢he@ model. This could indicate
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some confidence that there will be an impact irs¢henonths, albeit reasonably

small.

6.5.7.1 Conclusions on futures using simple downsca ling

Table 6-3 shows a summary of the annual mean aespkrcentage differences
(MAPE) for the 2081-2100 period versus the dataioled for the 1961-90 period
using the GCM 10m values, linear regression witthkdd®m and geostrophic wind
(method 1) and using the drag law (method 2). firtagority of the changes are
small, and in all cases, smaller in magnitude tianerrors in the models developed

for the current period (see Table 6-2).

Site 10m ECH Lin Reg 10m Lin Reg Geo Drag Law
Boscombe 3.81% 4.10% 3.81% 4.97%
Down

Boulmer 2.51% 3.54% 2.96% 2.88%
Wittering 2.92% 2.19% 3.63% 3.97%
Fort Augustus 3.24% 2.10% 2.13% 3.48%
Eskdalemuir 2.68% 2.31% 1.83% 3.03%
Turnhouse 2.68% 1.34% 1.23% 3.39%
Cairngorm 2.87% 4.52% 4.80% 3.42%

Table 6-3 Summary for each site

6.5.8 WASsP Case studies (futures)

In order to assess any potential changes in wimdate indicated by the GCM, the
same three WAsSP methods as above have been cawiedor the two more

successful sites, Boulmer and Turnhouse, using E@#t for the period 2081-2100.

6.5.8.1 Boulmer, Northumberland
The results for the WASP processing of data froi@120100 for all of the methods

when compared with data from 1961-90 show verielith the way of significant
change for this site (see Fig. 6-38). Considetirggresults at 80m height and 0.1m
roughness length, i.e. which would apply to a teelplaced in this region, there is a
very slight increase in the mean speed of underusttg the GCM 10m climate
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directly. The method which uses derived 200m oleewind climates results in a
even more slight change, this time a decreaseeanmwvind speed.

Both WP2 and WP3 show a small decrease in the Wéilparameter of just
less than 1% for WP3 but a rather more signifiekb®o for WP2. The combined
effects of these changes give a fairly consistesjepted increase in power density at
the site of between 3 and 4% versus the methodglibas.
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Fig. 6-38 Boulmer Future WASP results

(@) Mean speed at 80m; (b) Weibull k parameter at 80m; (c) Power density at 80m; %
Differences compared to observed data in (d) % mean speed at 80m; (e) Weibull k parameter;

(f) power density at 80m
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The changes projected here are, in both casest tbae the differences between the
modelled and observed climate. Prgoil. (2005d) suggest that it is difficult to use
results like this with any confidence, given tha thagnitude of the error is greater.

6.5.8.2 Turnhouse, Midlothian

(a) Bcurrent (d) oWP2

o future 10% BWP3

(b) Py (e) aWP2
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(©)

Power density (W/msq)
8888888 3

Fig. 6-39 Turnhouse Future WASP results

(a) Mean speed at 80m; (b) Weibull k parameter at 80m; (c) Power density at 80m;
Differences compared to observed data in (d) % mean speed at 80m; (e) Weibull k parameter;

(f) power density at 80m
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Both sets of projected wind data for the site atnhouse, using WP2 and WP3,
show only very minor changes (see Fig. 6-39). W&l2utates a projected increase
in the mean wind speed at 80m of around 0.1-0.2BstWwVP3 gives an increase of
0.2-0.4%. The change in Weibull k parameter in tegion given by both WP2 and
WP3 is around -2%. The consequent increase in paleasity in the region is
approximately 2% calculated using WP2 and 2.6% qus¥P3. Neither sets of
projections are potentially significant, and, arellvwvithin the error in the model

calculated for the control period.

Conclusion on WASP futures

Of the locations analysed for future changes, eeithow any large degree of
change on an annual basis; without doing the WA®#yais on a monthly basis it is
not possible to tell whether the monthly changes @nsistent, or if the annual
change is the compound effect of some positivesamae negative changes.

Trying to identify precisely why the differencesisbetween method 2 and
method 3 is difficult without access to the undeddymodel - so as to carry out
controlled experiments. It is clear, firstly, thidwere are factors employed in the
ECHS5 climate model that are not accounted for leydimple use of the drag law;
and, secondly, that the use of WASP introducedhéurfactors that may or may not

be more accurate.

6.6 Conclusions

The methods detailed in section 6.3 for obtainymcdal monthly mean wind speeds
from a GCM at site level proved to be fairly reasiole for most of the sites tested.
Errors were generally around £5% per month, buléerto average out over the year
to give much smaller errors. Some months showegkitgerrors, particularly March,
which seems to be poorly represented by the GCM deanonstrated in previous
chapters. In general, the linear regression mqui®rmed more successfully than
the drag-law downscaling and the GCM 10m data takeattly from the model, but
in some cases the GCM itself was a better repratent

Examining the future projections from the GCM gsthe downscaling models
highlighted in most cases a pattern of change sterdi with that found in the RCM

in Chapter 4, with winter mean speeds increasing anmmer mean speeds
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decreasing. At a number of the sites, however,ctit@nges were relatively small
compared to the error calculated in the modelsther control period; so it is not
possible to be confident about these changes.

The main deficiency in these models is their failto take account of the wind
speed distribution. They only provide an analysdithe mean wind speed, rather
than the variability, and so it was not possiblexamine the changes to this aspect
of the wind climate projected by the GCM. To gsame insight into variability, the
WASP software was used to investigate some ofdsiesites. It was established that
the linear regression models were more succedséu the use of the geostrophic
drag law, as they may empirically account for mafeiencing factors than the drag
law. WASP was chosen for its ability to includer®oof these other factors in the
analysis, alongside surface roughness.

The WASsP analysis provided, in the form of a ‘wiatlas’, the annual mean
wind speeds, Weibull k parameters and power demsity selection of standardised
roughness lengths and heights. Compared to the wailas generated from the
MIDAS station data, the mean wind speeds foundguéine derived GCM 200m
wind climate tended to be within £10% of observethe mean wind speeds found
using the GCM 10m winds varied more, from -2 to %25This, of course, is only
representative of the four sites tested, but irndg#ghat more research is necessary to
establish if using the GCM 200m winds could giverenoonsistent results. It was
shown that there was quite a large discrepandyanifeibull k parameters in respect
of all the datasets, which - combined with the wamed errors - gave significant
differences in the power density calculations.

In terms of future results, the Boulmer study appdo provide similar results
to the other downscaling methods, with very mirtwargges anticipated for the future
period. Analysis of the data for Turnhouse showsiedlarly slight changes in future
conditions. Whilst the use of WASP is interesting this situation, and could
potentially give benefits above the use of regmssif monthly mean wind speeds -
such as estimates of variability - it is uncleath& moment whether or not the results
are any more successful than the statistical doalingcmethods. It is possible that
using WASP in conjunction with time series fromigher resolution RCM may be

more appropriate, and further research in this waad be worthwhile. Meanwhile,
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it has been shown that the linear regression ofthipmmean wind speeds gives
credible enough hindcasts, rendering them in tmeesarder of usefulness as the
regional climate modelling results discussed ini&a4.
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Chapter 7

Conclusions

This chapter summarises the findings of this thasts discusses the implications of
these findings for the generation of wind powethe UK, both in terms of long-

term financial viability and of the potential impaon the management of the
electricity system. Some suggestions are made psdsible strategies for dealing
with the repercussions of climate change on windgrogeneration; and plans for

further work are outlined.
7.1 Discussion of results

7.1.1 Sensitivity of wind to changes in wind climat e

The sensitivity of the financing of wind power t@gsible changes in the wind
climate was discussed in section 3.8. It was faimatl in comparison to three other
factors - capital cost, operations and mainten&@&éM) costs and electricity export
price - the net present value (NPV) of a wind popmject was more sensitive to
variations in the mean wind speed. Consideringexample site where the wind
speed is relatively low, perhaps on the threshblt@at might be considered viable,
a 10% drop in wind speeds will result in a dropapproximately 20% in energy
output. In the circumstances of the particulajgobmodelled, this forces the NPV
into the negative region, and hence renders it ¢etely untenable. For a site with
probably one of the highest potential mean windedpeexpected in the UK, a 10%
fall in the mean wind speed would result in a 2@duction in NPV which, whilst
not undermining the feasibility of the project, i@dwbviously reduce profits. By
the same token, a similar rise in the mean wincedpeould generate a similarly
proportionate increase in profits.

Looking to the wider issue of actual energy csgigs with both relatively
high and low mean wind speeds show greater cositséty to decreases in the
mean wind than to increases; thus a 10% reduationean wind speed will result in
an increase in energy cost of between 10 and 3M8%reas a 10% increase in the

mean wind speed will decrease energy costs by appately 5 to 15%. In a
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situation where wind power is expensive comparedcdaventional thermal or
nuclear power, either of these scenarios would lasignificant impact on a number
of aspects of the industry, from individual projéotinces to public acceptance.

When considering wind energy outputs it is neagssa take account not
only of mean wind speeds, but also of the varigbiiif the wind - that is, its
frequency distribution parameters. Based on thpec&y Weibull distribution (as
described in Chapter 4), the A parameter is stsorglhted to the mean wind speed,
whilst the k parameter is more related to the saeshdeviation. A lower k parameter
will result from a distribution more skewed towardsver wind speeds and which
extends further, giving low frequencies of highanavspeeds. Changes in the k
parameter also have the potential to affect eneuggut. As shown in section 3.8.2,
however, varying the value of k between 1.8 a2do2ly changes the energy output
over a year by £ 1.7%. This suggests that unlegddure variation is greater than
10%, it is unlikely to cause any major problemspmject finance. However, this
does not take account of other factors that maynleenced by a change in k
parameter. Although the Weibull k parameter is tiw preferred indicator for
extreme conditions, a change in the k value ateansight loosely indicate an impact
on parameters sensitive to changes in extreme womditions - like maintenance
costs for example.

Another issue meriting attention is that of thpamty factors of wind power
developments. The government’s aim of increashey gercentage of electricity
generated from wind power has knock-on implicaticies the design and
management of the entire power system. Wind isooisly not given full capacity
credit for the installed power, but is instead otad’ as a percentage of this, which
will be related to its likely capacity factor (s€e5). The capacity factor of a
development is a major contributor to developmeatigions. Significant changes to
capacity factor figures as a result of changeshm mean wind speed, must be

accounted for in capacity planning.

7.1.2 Direct use of GCM surface wind projections

Using a General Circulation Model (GCM) to analyd®anges in surface wind

climate is unlikely — at the current stage of moeblution — to give the optimum
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results due to their poor spatial resolution coragarwith the spatially
inhomogeneous nature of wind climate. Until theohetson markedly improves, it is
difficult to verify the accuracy of the models coanpd with observed data.
However, it is worth investigating how realistic@therwise the hindcast results of a
GCM are when compared with observed or validatedlehalata, in order to
understand if any useful information can be gledneoch the future projections thus
generated.

An analysis of the 10m wind climate from the ECHBI&GCM for the period
1961-90 alongside 10m winds from the ERA40 reamalysr the same period
showed that the GCM captures some - but not dllth@ general characteristics of
the typical monthly mean wind climate in the UKheTlarge-scale spatial pattern is
represented, but the low resolution of the modelearly incapable of capturing the
coastline with acceptable precision. The GCM hasnaency to over-estimate the
mean wind speed when compared with the ERA40 rgsisalthis is potentially
indicative of either having chosen different suefaparameter values in the
parameterisation scheme to obtain the wind speeds large-scale climate features,
or from a difference in the pressure gradients weezhlculate the geostrophic wind
speeds. Seasonally, the model appears to overéstthma mean wind speeds most
severely in summer, and least in the winter monthseason for this may be that the
large-scale climate factors used in the parametesis scheme are perhaps less
dominant in summer months, when thermally-drivemdsi not included or not
modelled sufficiently in the scheme may play a tgeaole. The annual temporal
variability is thus underestimated, as shown byWsbull k parameters calculated
from the daily time series; these are consistenityer than those calculated from
comparable daily averaged time series from the HR#&énalysis data. The results
from two runs of the GCM for the control period wetompared as part of the
analysis in Chapter 4, and these both showed Ig &amilar pattern in the hindcast -
with just a few exceptions.

Based on the hindcast analysis, it is clear thatfature projections from the
model can, at best, be interpreted as a qualitatinggestion of what may occur in
future, but possibly would not be good enough fodedailed study - such as a

resource assessment. The indications for futuenmend speeds are that there will
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be little in the way of perceptible change by tf@82-2100 period. The spatial
pattern remains fairly consistent and most of therage monthly changes are within
5% of the control period mean, with a tendencyntease in winter months and
decrease in summer. Looking at the changes itygieal monthly patterns over the
UK shows that most activity appears in the nortlstwever Scotland and its Atlantic
coast, where some of the increases and decreasesttaer more significant than the
regional average. There is no indication of changehe annual Weibull parameters

from the model, except for a very slight decreasthé south west of the region.

7.1.3 Regional climate model surface wind projectio  ns

Dynamic downscaling of GCM output using a Regio@dimate Model (RCM)
increases the resolution of the results, and thaald make the surface wind climate
results more applicable at a given location. Therea reasonable degree of
correspondence between the output for the futuieg€¢2081-2100) from the RCM
analysed in section 4.4 and the results from thel&A@5 GCM, with an emphasis
on seasonal changes — increasing mean speedster and decreases in summer. It
Is possible to make more confident inferences abpatial changes using the RCM
data than from the GCM output due to its higheoliggn. The very north and west
of Scotland are again shown to be most likely tdargo significant change, but with
the two regions showing contradictory changesis tifficult to determine whether
these changes are an artefact of the model, aiwsrdo alterations in the pattern of
large-scale influences.

Because of the increased resolution of the resuitsvas considered
reasonable to use the changes in projected futesnmind speed to calculate the
potential changes in seasonal energy outputs. Fn@snit is clear that even small
changes in mean wind speeds can affect the oufpautwand turbine; and although
these results are perhaps still not of a high elm@agolution to be directly applicable
to a particular site within one of the grid celteey suggest modelling at higher

resolution may be prudent given the magnitude efcddculated effects.

7.1.4 Using large-scale climate as a proxy for surf  ace wind

The parameterisation of surface wind climate frargér-scale climate features as

part of the GCM modelling process means that thasbeen an intrinsic averaging
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process carried out, particularly relating to scefalevation and roughness. Without
access to the background detail of the model, itifScult both to define its
limitations and consequently to apply any sort ofrections. It was considered,
therefore, that going back to the large-scale dinfeatures - particularly mean sea-
level pressure - may also provide more insight tttemn GCM calculated surface
winds as to the driving forces behind any changewind climate, and be more
indicative of the shape of these future changesindJthe large-scale climate as a
proxy for the surface wind would begin a downsaglprocess whereby a lesser

degree of averaging could be applied.

7.1.5 The North Atlantic Oscillation

The North Atlantic Oscillation (NAO) was considereals a possible proxy,
representing the variation in the large-scale di@mienown to affect the UK area.
However, there are two problems with the use of N to explain UK wind
speeds, as identified in Chapter 5. Firstly, thenqomenon really only influences
climate in the winter months - perhaps extendingdweer November and March -
thus leaving no way of analysing the summer monthke second problem is that
the analysis shows that the NAO only explains 53%he variance in winter wind
speeds. This leaves half of the variance unexgiiiand when analysing the effects
of climate change, would be unaccounted for if &0 were used as the only
proxy.

The NAO is commonly derived from a station basetki or in the case of a
model, an index obtained from two grid squareshe vVicinity of the stations.
However, there is some evidence to suggest tha¢ $88Ms project a movement in
the centres of action of the NAO. This would netdzcounted for if a station-type
NAO index was being extracted from the model, asstiations are at fixed locations.
Deriving an NAO index using a statistical methodpisssible, but given the two
issues highlighted above, this was not believetea credible route on which to
continue. It may, however, be useful to investgather large-scale pressure
patterns and oscillations which may be more stypngllated and which may act in

all seasons.

249



7.1.6 Geostrophic wind

With the NAO only explaining some of the varianece WK wind climate, it is
possible that the local, regional pressure fields/ provide more reliable insight.
The geostrophic wind is derived from the mean seallpressure gradients over a
defined distance of latitude and longitude. Whempared to the geostrophic wind
derived from ERA40 reanalysis, the ECHAMS geostiophind climate showed
more similarity than the similar comparison of sig winds carried out in chapter 4
In terms of typical monthly means averaged overrdgion, the GCM showed a
slight overestimation relative to ERA40, with tlegdest discrepancies being in the
summer months. This is presumably when the gegasitroinfluence on surface
winds becomes relatively less dominant. The sintyan spatial patterns of mean
speeds over a fairly large region was very higduceng in likeness as the region
was shrunk and focussed towards the UK landmdssad shown in section 5.3.1.4
that this is due to a mismatch in the location oégion of low pressure to the north
and west of the UK. The variation in geostrophiondvspeeds in the GCM is lower
than that manifest in the reanalysis winds, indngp possible failure to capture the
extremes of climate.

In terms of what geostrophic wind projections segjgor the future of the
UK wind climate, there is a similar indication ofimmer decreases and winter
increases as was evident in the surface wind grorex - with most regionally
averaged changes in the region of £5%. The spaaidérns of change show slightly
fewer examples of extremes than those of the sariamd. The Weibull k
parameter shows a more spatially consistent dexrisas was projected using the
surface wind data.

Overall, this part of the investigation has conkd that the surface wind
climate is strongly linked in the GCM to the geogptric wind, and that the future
changes calculated from the surface wind projestiadicate a ‘trickle-down’ effect
from the large-scale wind climate. This providegoad basis for using geostrophic
wind for downscaling, bypassing the GCM’s attemptparameterise surface wind

speeds within a low resolution grid.
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7.1.7 Site-level results — control period

It is difficult to make the assumption that, undenditions of change, any empirical
or statistical relationship established for therent period will endure in the same
manner into the future. It may be ‘safer’, at teagthin the large uncertainties
already present in climate modelling, to base twrscaling technique on physical
relationships determined from established laws, shiggests that a form of ‘dynamic
downscaling’ might be preferable. In practice, @ymc downscaling is more
difficult than statistical downscaling in terms m@quirements for computing power
and expertise; and so using a linear flow modeé IWAsP may be a good
compromise - it is not dynamic, but nor is it dtsicempirical since it is based on
physical relationships between upper-boundary laffew and surface wind.
Unfortunately, it is limited in its capability inr@as of very heterogeneous terrain,
particularly with large variations in elevation aindforested regions.

Two other simple techniques were applied to GCMdnadata to begin with:
one which developed an empirical relationship betwenonthly mean observed
surface winds and the GCM data; and one which @lsedgeostrophic drag law
applied to geostrophic wind - calculated from GCNkegsure fields - to derive
monthly mean surface winds. Both new datasets w@mgared with observed data.
The drag law model corrects geostrophic wind farfeme roughness effects, but
neglects other influencing factors such as atmaspiséability and elevation. The
results from this downscaling method are also arilted by an inherent error within
the model itself, as a result of which it does ootrectly estimate the true mean
geostrophic wind climate. The empirical regressioodel corrects, by means of a
‘black box’, for all the factors that influence gage wind and any implicit model
error, and thereby gives smaller errors when coethbén the observations for the
control period. In all but one of the cases aralyshe regression models were
superior to using the GCM 10m winds directly, wizsréhe drag law methods were
only better for three out of the seven sites - ¢hwgth particularly complex site
locations.

Using WAsSP to model the ‘regional wind climate’'ing site data and
comparing this to a regional wind climate create®dAsP from both the GCM 10m

data and GCM geostrophic wind downscaled to 200rthbydrag law, it was found
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that at only two sites did the mean wind speedsiftbe GCM data come within
+5% of those from observed data. The rest shoaegkl discrepancies, suggesting
that either:
» the sites were not well modelled in WAsSP - partielyl for the heavily
forested area in Eskdalemuir (see 6.4.9.6);
= or that the GCM did not present a good represemtaif the site conditions
within its parameterisations, and so WAsP will haverected for a different
set of site parameters;

= or, finally, that the GCM climate was too far renadvfrom reality.

7.1.8 Site level results — future periods

The results of the analysis using all of the teghas employed reinforce the findings
of the previous chapters. Because the work isdbaseannual rather than seasonal
data, the changes projected in mean regional suwawl speeds are generally small,
and consequently the annual energy output chang@eby Ifor wind farms are
minimal. On a seasonal basis, drops in summer mhomeans and increases in
winter monthly means could have significant impiicas for the management of
electricity supply.

The change in the Weibull k parameter is highlightd the sites where
WASP analysis was carried out as a potential ptontfuture change. It may
tentatively suggest an increase in the frequencgxafeme winds, but analysis of
mean wind speed frequency distributions is not thest reliable means of

investigating this aspect.

7.2 Financial implications of results

From the sensitivity analysis carried out in Cha@geit was clear that the project
economics of wind power generation are susceptiblehanges in wind climate.
However, the changes in wind speed at various ai@snd the country, as analysed
in Chapter 6, are quite small on an annual basid, v@ould create only a small
change in overall energy output at a wind farmagéd in these locations. To show
this, the mean annual energy output for a singtbine at each site has been
calculated for the control period, and for the fatperiod, and the percentage change

derived.
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Taking the model for each site in which the snsallerror was present (as
more confidence is attached to the calculatioritofre change using these results),
only three of the seven sites, Boscombe Down, Tausé and Cairngorm, show

future energy outputs that are beyond the erra barthe control period data.
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-1.5%
-2.0%
-2.5%
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% Change annual energy output

Boscombe Down Turnhouse Cairngorm

Fig. 7-1: Future change in energy outputs at three sites based on change in annual

mean wind speed

Even then, the percentage changes are small, garigpm -2.75% at Boscombe
Down to +1.5% at Cairngorm. Using these chandes,same RETScreémodel
with the same parameters as used in Chapter 3dmsdpplied for a wind farm of
ten turbines at each of these three sites, foeptemnd future conditions. This model
assumes a constant average sales price for eilgctier the year - including the
value of Renewables Obligation Certificates (ROCE)e two main points of
comparison used in Chapter 3 were the project NitWtlae cost of energy.

One of the three sites, Turnhouse, which has atively low mean wind
speed, has a project NPV in current conditions ithah fact, negative, with the cost
of energy production higher than the export cogtith a small rise in the future
mean wind speed, the NPV rises to a positive figanel the cost of energy falls by
about the same percentage as the energy rise,catols%. However, the proximity

' 1 RETScreen is a registered trademark of Naturab&ess Canada, © 1997-2009
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of the figures to the breakeven point means dowldtrne cast on the viability of this
particular site for a wind farm development.

The Boscombe Down site showed the largest poteatiange in energy
output - a fall of 2.76%. The cost of energy prctchin rises by a similar percentage
in response. In terms of the project NPV, it appéa affect the more sensitive area
of the curve, with the NPV falling by over 27%. dtill remains feasible, but the
equity payback time increases from 9 years to 8/

The third site, at Cairngorm, is a rather obsalnm@ice of location for a wind
farm - very remote, at high altitude, limited irgteucture - but is interesting due to
its very high mean wind speed. If it were possiloldocate a development in the
area, a small increase in energy output by theoéttte 2£' Century of 1.35% would
make a relatively minor change to the project NP¥Z.27% and no difference to the
equity payback period which stays at a very lowy&8rs. The cost of energy would
fall by 1.13%, similar to the percentage increasenergy output. Because the site
would be so highly profitable anyway, it is muckdevulnerable to small changes in
the mean wind speed.

If we were to model the changes from the RCM datd in Chapter 4 for the
grid boxes in which these sites are located, dmyresults for Boscombe Down fall
outwith the error bounds on the model calculate@mwbompared with met station
data - some of these errors are, incidentally, Jarge. The Boscombe Down
results project an increase in energy output oB%.7similar in magnitude but
opposite in direction to the empirical downscalregult. This results in an increase
in the future NPV of over 30% and a reduction ia tost of energy generation of
3.6%.

Using the WAsP model of the Boulmer and Turnhosises, a turbine has
been added to the model at the location of thesta¢ion and the mean wind speed at
the site calculated. WASP calculates the annuaiggnproduction (AEP) as well as
the mean wind climate; but there is a slight digsarey between this and the energy
output calculated by RETScreen (due to a differend¢be assumed power curve), so
for consistency, the RETScreen values of energy leen used. The variations in
Weibull k parameters have been included in theysmal There are some differences

between the results as calculated using the twierdifit WAsP methods, but in
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general, none of the future changes using eithethodeare as large as the
differences between the model climates and theinaiignet station data. The
changes in financial parameters for the futureqokexiersus the control period are
small for both sites, with the largest change beairtyop in the NPV of around 6% at
Boulmer using WAsP method 2, caused by a fall inuah energy output of around
1.6%.

The conclusion based on this kind of limited ‘ibdgy’ study for a potential
wind project is that very little can be expected dbange in the parameters
considered at the sites investigated here in tix¢ 5@ 100 years. Of course, this
kind of analysis neglects the dynamic nature oftalgty prices in the UK and their
relationship to demand. Prices tend to be highegtmes of peak demand, and
currently that means the winter months, when anhEmperatures are lowest and
daylight is at its minimum. An increase in wintaean wind speeds could increase
revenue for wind generators during this period.e Plotential shortfall in summer
revenue due to dropping wind speeds would probabklyrelatively less than the
winter gain, due to the lower sales price during tberiod, creating an overall
positive situation for the wind operators. Howeveome other factors must be
accounted for in considering these scenariosiyfjrfte implications of changes in
wind generation capacity at peak times for fosséifgenerators are not clear, and
this could further affect prices; secondly, withnkdent temperatures projected to
rise, it is possible that the current winter peaklémand could become smaller, or at
some point could even move to a summer peak asrtkfoaspace cooling grows;
thirdly, the current system of financial supportthe form of ROCs contains a
certain degree of variability in the price obtairngt certificate, and the system itself
may also be subject to alteration. Without a dyrmamarket model, it is not possible
to arrive at firm conclusions about the seasoniging effects, but the possibilities
certainly merit further investigation.

The simple feasibility study described here dows account for any
interannual variations in income, which may be ofme importance. There have
been some fairly major fluctuations in oil pricas recent years, resulting from
political and economic instabilities, and thesesdily affected gas and oil prices in

the UK. As a portion of the electricity supply % depends on oil and gas, the
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costs of traditional generation must rise with milces. If oil - and natural gas -
reserves are indeed in decline, it might be expethat the price would tend to
increase further in the coming decades. This wquit generators of renewable
power in a much more competitive position, andshle price of a unit of electricity
would rise year-on-year, potentially combating dogses resulting from small

changes in the resources.
7.3 Implications of results for the electricity ind ustry

7.3.1 Wind power generation

The results outlined here show that on an annuasptine models indicate no certain
discernable change in the energy output from a \pimaer production site over the
next 100 years. In terms of the implications fog finances of an individual wind
farm operator, there is probably little concerntémms of overall viability of a
project, particularly as climate assessment is mgg@nd projections are really only
necessary within the lifetime of a development,agalty put at 20-25 years.

Most of the analyses, whilst not returning ideaiticalues, showed a typical
pattern where mean wind speeds are projected ltenfaummer and rise in winter
(although some anomalies to this trend were fopadjcularly in the RCM results).
As discussed in section 7.2, this pattern couldehawm interesting effect on the
pricing mechanisms for wind, but establishing tesponse of the market to these
changes would require in-depth economic modelli@ganges in the demand pattern
with a rise in ambient temperature would introddcether complexity to the
modelling problem.

In terms of changes in the optimum locations fandMarms, these are also
likely to see little in the way of perceptible clgan Troen & Petersen (1989)
suggests that current mean wind speeds are higltiee inorthern half of the UK; this
is already reflected in the higher installed cagyaof wind generation in Scotland
compared to England (BWEA, 2009). The analysiswface mean wind speeds
over the whole UK area using the GCM and the RCMw&d similar annual
patterns for the future period as for the contrefigd, and so it is likely that the

north-south difference will persist.
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7.3.2 Network operators

The network operators in the UK are already unaenes degree of pressure with
regards to wind power development. Connections @i rwind farms to the
distribution network, in particular, are difficuidb manage with variations in power
flows already causing difficulties. In a situatisere the variability of the resource
may be increasing, as with a decreasing k valuerettmay be even more
management difficulties arising. Reliability ofetmetwork could potentially be
affected due to more frequent occurrences of higii wpeeds, causing greater fault
levels and higher maintenance requirements.

One point that requires further modelling is thergase in winter wind
speeds and how that might impact on the abilitynetfivork operators to manage
large power flows - especially those on the distitn network, with an increasing
number of wind farms, all with high energy outputr fa number of months.
Curtailing generation from wind farms is sometingest of distribution network
management strategy, albeit fairly rare. It is apemsive option, as the operators
will still require payment for ‘non-produced’ elecity; and so an increase in the

potential for this situation to occur may requirdifierent management method.

7.3.3 Wind power strategy and targets

The UK intends to meet a large proportion of iteceicity demand using wind
power, the incentive being the meeting of emissimeduction targets. Currently,
demand is highest in winter, and a rising mean avinvind speed would be
beneficial in meeting the higher demand in thesgogs, thus assisting in the
reduction of the country’s carbon emissions leveln an annual basis, it does not
appear that it will be any more or less feasibleneet the wind power production
targets in future.

The current winter peak/summer trough electriceyndnd pattern may itself
be altered by rising ambient temperature arisiognfclimate change. The present
requirements for space heating in winter may redauwt coupled with increasing
prosperity, the desire for summer space cooling Imegin to smooth the winter
peak/summer trough pattern. Whilst a falling windemand coupled with greater

wind supply could ultimately drive down the pricé @lectricity, an increasing
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summer demand would be particularly problematichwa smaller wind power
contribution. It would lead to greater requiremeimisdespatchable balancing plant,

such as gas or coal, and drive up costs - not tdiorecarbon emissions.

7.4 Strategies for dealing with changes

The primary strategy at this stage for those botarésted and concerned must be
further investigation of climate impacts on reneleadnergy resources together with
additional research into the other potential cleneltange impacts on the electricity
system, predominantly demand changes. Sophidlicatelelling of the wholesale
electricity market under conditions of increasedsemal variability is necessary to
understand the impact on revenue streams for vand bperators. Since the impact
is unlikely to aggregate into a serious changeifgtiine revenue, the strategies
required will be focussed on gaining understandofg the fluctuations and
management of the finances, with the expectatiahtthese will ‘iron out’ over the
longer term.

Ever-increasing accuracy in forecasting technigbe#y on a relatively long
time-scale - of, say, a week - and hour-by-hourdigted data for demand and
weather conditions will assist in the operatiornha electricity network in periods of
high stress. Long-term, network managers may nee@nalyse ‘worst-case’
scenarios in order to forecast the potential fawoek problems. With regard to
these longer-term analyses, it is likely that tkid ef climate models will increase in
the future, making these impact assessments mawade and potentially more
straightforward.

The obvious answer in terms of maintaining the nexsinomic electricity
supply is ‘storage’, whereby high wind conditiong &xploited to produce excess
electricity which is then put aside for use durilogv wind periods. The UK
currently employs two pumped hydro storage faesitbut Boehme (2006) found that
even under current conditions, further capacity @nable greater exploitation of
non-despatchable renewable electricity sources.eanyl then, an increase in
disparity between wind generation in different segswould enhance the case for

developing more storage capacity. The developmeft additional grid
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interconnectors between the UK and countries itheon Europe could also act as a
balancing system as a result of the diversity ofdaglimates across the continent.

It will be the combination and interaction of thbhaages in both energy
supply and demand that the industry will, direatyindirectly, be burdened with. It
is important that there be a full understandinghofv the interaction will occur
before mitigating strategies can be developed aploged. There is of course a
danger that the risk could be over- or underesenhat the individual effects are

considered in isolation from each other.

7.5 Limitations of the work

7.5.1 Resolution

This work has considered two main sources of ckmetange information: the
ECHAM 5 GCM and the UKCIP0O2 RCM. In both cases tiesolution of the
gridded data is low for wind resource analysis psgs, given the high spatial
heterogeneity of wind climate. Whilst the griddeata gives an indication of the
average conditions across the area enclosed wili@ncell, it is not necessarily
representative of any particular site as the lscatoundings contain so many other
influencing factors. This was seen when lookingitg data and comparing with the
grid box data directly derived from the GCM in Cteap6. The RCM goes some
way to increasing the resolution of its driving GCbut is still limited to 50km grid
squares.

The downscaling methods applied in Chapter 6 wlesegned to analyse the
wind resource at specific sites rather than onic lggsis. The sites were chosen to
represent as diverse a range of wind conditionssamebunding terrain as possible,
but do not all lend themselves to being potentialddfarm sites for various reasons.
The conclusions are very specific to these indiaidsites and it is not possible to
confidently state that other sites in their videst would undergo similar future
changes; and thereby they are only a hypothetszapgshot’ of the projected UK-

wide impacts of climate variation on wind power.
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7.5.2 Models

There are a growing number of GCMs and RCMs beiegelbped by different

organisations globally and it would be interestinglook at the range of different
results produced by more than one model. Currest jpractice for climate change
analysis and impacts studies is to employ the ebkemodelling technique, using a
large number of runs of each model, and to analysegesults from more than one
climate model. The results are processed to assigrobability distribution over a
range of values for the output parameters, rathan & single deterministic value.
Unfortunately, limited access to multiple model suand time restrictions have
prevented this work from using ensemble output famnither climate models; and so

it is not possible to assign probabilities to tasults of this work.

7.5.3 Variability

There may be some significant changes to the mtera variability of energy
output over time. This would be important to depelrs and financiers, as the
income of a site will fluctuate year by year; whifet a problem in the long-term
this could cause financial pressure in the shomteMost of the downscaling work
in this thesis has focused on monthly, seasonalaandial mean wind speeds over
20-30 year periods, but there is a requirementnierstand the variability within
these figures between different years. Analysis tlid Weibull distribution
parameters give some insight into intra-annual almlity, but the analysis was
limited due to large differences in model and s#sults, and also by the lower
temporal resolution of model output compared toeoled data.

7.6 Further work

This study has uncovered a number of interestisgli® that could be pursued in

further work.

7.6.1 Probabilistic modelling

Over the last number of years, the probabilistidhmé of climate modelling has
begun to emerge as ‘best practice’ when carryingirapact assessment. Using a
number of runs, preferably from several independdéintate models, would allow

the projections of future change to be expressetiatilistically, depending on the
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outcome of the various model runs. Applying teishinique to the work contained in
this thesis would no doubt increase the reliability the results, and possibly
introduce a number of different future scenarioscfansideration.

7.6.2 Weather typing

Experience of the many techniques of climate doaiisg has led to the conclusion
that ‘weather typing’ perhaps offers the most atlwgeous approach. Classification
of the large-scale circulation patterns and idgmg the surface-level climate
features that correspond to these would provide ¥iexible data that could be
applied in many different climate impact investigas, not just to wind power
resources. It would also enable a more scenageeb@pproach to be adopted,

where different outcomes are studied alongside fiagential.

7.6.3 More site analyses/seasonal analyses

The site downscaling technique was applied inwusk to only a limited number of
sites, so it was not possible to develop from tleesepresentative view of the entire
country. Potentially, more sites could be includesing the method for different

types of region, in order to understand the broadpacts across the country.

7.6.4 Extremes analysis

Given the decreases identified in the Weibull kapagter values across the country,
an analysis of the extreme wind speed distributionay also be merited.
Alternatively, an analysis of long return-period nds may provide similar

information on the change in extreme wind climatethe future.

7.6.5 Combined renewable supply and demand modellin g

The electricity supply system is very dynamic wihrying levels of feedback in
operation, and the ability to model the impactsnafeasing renewables penetration
in the system, coupled with a changing demand lprao$i thus required. Under
climate change conditions, it is likely that alhesvable resources will be vulnerable
to alterations in output; this needs to be captumemtder to plan effectively. Further
to this, consideration must be given to the ecowoeffects of the combined

potential changes and interactions.
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7.7 Overall conclusions

Wind power is a fast-growing contributor to the geation of electricity in the UK,
and due to the relatively plentiful supply of winshould be a financially sound
investment at many locations around the countryhe Tilemma over choosing
suitable datasets for wind resource analysis satufe of any current development
project, as there are a limited number of suitaderces, particularly at high
resolution. This problem can be circumvented sonawly using techniques such as
measure-correlate-predict and the wind atlas metgg; but these rely heavily on
good quality observations, which are not easy taiab Introducing climate change
into the discussion involves further data dilemmas, even the most recent
generation of climate models are limited to a sppatsolution far from ideal for
wind analysis. Downscaling techniques all comehwiaveats and inherent
difficulties, and so the uncertainties in all ars&ly are high. It may be that best- and
worst-case scenario analysis could be more beakfar an integrated study than
relying on model results. In this way, preciseneite data is not required but rather
some limits on the range and distribution of vaealwhich can be used to derive the
worst outcome possible and model the electricitgteap’s response to this.
Knowledge of probabilities of various outcomes wbhe a useful extension to this,
in order to conduct risk-impact studies.

The initial parts of this work focussed very muoh investigating the
information available from climate models at a gah&/K-wide level. The first step
was to examine how alike or otherwise the moded datompared to other datasets
for a 30 year historical control period; secondhg magnitude and range of potential
future changes was established from the modelfdatée end of the Z1Century.
Using a GCM 10m dataset, 10m data from an RCM,dmrtved GCM geostrophic
winds, all the models tended to show only smalhges in annual mean wind speed
over the whole country - in the region of +5% belthe 10% threshold defined in
the sensitivity study as critical. This would riégo fairly small changes in energy
output from wind farms if it were to be the actoatcome.

To try and gain more insight into effects at indual sites around the UK,
two very simple techniques were applied, one inwmglva physical relationship
between geostrophic and surface winds, and the atlderived empirical transfer
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function between model and observed data. The @@Mmeterisations themselves
- i.e. the GCM 10m winds - were found to be supgdananost cases to the simplified
physical relationship, except in regions where td@ain was very complex. In
general, the empirical model was superior to béth GCM 10m data and the
physical relationship, as it compensates for bbéhlarge-scale model error and the
failure to parameterise the wind successfully;thete is no guarantee that the same
empirical relationship will persist into the futureLooking at the projected future
changes with the empirical models showed only venyor changes in mean wind
speeds, again unlikely to have much impact on divislual wind farm operator.

A third downscaling method was introduced for -$#eel analysis, which is
an extended version of the physical relationshsmaithe wind atlas methodology in
the form of WAsSP software. This type of analysesvearried out for four sites, and
was shown to give reasonable results for only thihv@se. Under future conditions,
results showed very modest changes, in a similagerato the more simple
downscaling methods.

The results from the downscaling were used toycaut a ‘before and after’
project financial analysis, to establish whethey antical changes would occur in
the parameters necessary for project viability.lyQme of the sites experienced a
change that could be described as ‘critical’, wharsmall drop in energy output
placed the site on the borderline of feasibilittyor that one site, it is not feasible
under current conditions to locate a wind developintigere; but with a small change
in future energy output, it may turn out to be m@mductive. Wind project
economics is clearly sensitive to what might se&m ininor changes in the wind
climate, but in the majority of cases, the impatdsved from the modelling carried
out here are not large.

Other impacts at a seasonal level may cause nfoae gssue under future
conditions. A tendency for the mean wind speedde further in winter and fall
further in summer - that is, an exacerbation ofréegnised seasonal pattern - is a
feature of most of the analyses in the majority l@fations. This may have
implications for electricity network managementtearms of, for example, dealing

with large power flows in winter on the distributioetwork. If the temperature rises
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in line with model projections it could also combiwith changes in seasonal
demand pattern to create a capacity gap in the summanths.

What is most important to understand about the anpaclimate change on
wind power is the combined effect of a number drafing conditions, rather than
looking at individual changes in isolation. Win@éngration has such different
characteristics to energy supplied by traditionahtcalised fossil fuel or nuclear
plant that there is at this stage a great needcli@ange to manage the intended
increase in its contribution. Climate change adtisar of further uncertainty to this
already precarious system, and it would be a nestelken developing a long-term
strategy, if no consideration were given to thesgmbty of different conditions in
the future.

The original hypothesis of the work was that clienelhange impacts on wind
resources would necessitate a change of stratetheiwind power industry. From
the results of a limited analysis of climate moidgll data and a discussion of
economic effects it appears that the magnitudengfsaich change is likely to be
relatively small, and be unlikely - as the sole aujing factor - to require any
strategic adjustments to maintain the economic iNabof the industry. The
potential changes to average capacity factors #omihd power would be expected
on the basis of the results found here to be mihirBame issues surrounding
seasonal pricing may require adjustments by ind&fid operators, and in
combination with other impacts caused by a changiimgate, could result in a need
for mitigating strategies. Further work is reqdir®® ascertain how the impacts
would interact and to develop actions needed toemddootential problems.
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Appendix A

Al Wind Turbine Power Extraction — Actuator disc m odel

The following derivation of the key equations isapted from Burtoret al (2001).

N, — -

Streamtube Actuator disc

Fig. A-1 Actuator disc model
(Burtonet al, 2001)

Mass flowrate within an air flow is a function dfet air density A), the cross-

sectional area of the streamtuldg) @nd the flow velocity) such that,

m=pAU (A1)
The concept of continuity states that mass flownateconstant throughout the
streamtube, and thus,

PAU, =AU, =AU, (A2
The velocity change induced by the actuator disuerimposed on the free-stream
velocity as a proportion of the incoming velocity.§, using the terma, the axial
flow induction factor: the extra velocity changeegual to a U,.. This gives the
velocity at the disc,

U,=U_-U_a=U_(@-3a) (A3
There is no net force acting on the system as guisounded by air at constant
atmospheric pressure, therefore the force causrageaof change in momentum of

the air is entirely due to the pressure drop owerdisc, so the momentum equation
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Fo=m(U, -U,) o).
can be written as:

(P = ps)A = (U, -V, )AL, a-3) (A5)
Bernoulli’'s equation states that, under a steaate stor any two points within a fluid
where there is no work done on or by that fluicg @mergy in the flow is constant.
Hence, the sum of the kinetic energy, the statesgure and gravitational potential

energy is constant,
%,OU2 + p+ pgh = const (A.6)

Applying Bernoulli’'s equation to the upstream-dsection and again to the disc-

downstream sections of the streamtube gives,
l 2 — l 2 +
Elooouoo +poo+loooghoo_§pdud +pd+pdghd (A'7)
and
1 2 - _ 1 2
EmUd+m+pwm—§mUW+m+pwm (A.8)

We can assume constant density and no change hreiflet of the system, so that

= pg = pw, andh,, = hg=hy,

SR P = U, R (9

SRR = e (A10)
Subtracting 3.9 and 3.10 gives,

Ps ~ Pq =%p(Uf, -U;) (A.11)
Substituting back in for the pressure drop in eignas.5,

@p(ui —umj/x =(U. -U,)oAU. a-3) (A12)
Therefore,

U,=@-2a)u, (A.13)

Rearranging 3.5 to show the force on the air cabyeithe actuator disc in terms of

Uw, gives:
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(Pg = P)A =2pAU a(l-a) (A.14)
Power is the rate of work done by the force, e force times the velocity at the
disc,

P=FU, =2pAUZ a(l-a) (A.15)
In a situation with no actuator disc (i.e. windlune) the power available in the air

can be found by considering the kinetic energy,rehe

KE :%mu2 (A.15)

Power can be expressed as kinetic energy perion@f such that

P=%mu2=%pAu3 (A.16)

where mis the mass flow rate as given in 3.1. We defippwaer coefficientC,, as

the ratio of power extracted by the disc to the @oavailable in the air,
3 —
- 2PAV.a078) _ 4o a) (A.17)

C
1 3
EpUmAd

p

dC
The maximum Goccurs whend—ap =0=4(-a)(1-3a) which givesa = % thus

16

C > =0593 (A.18)

p,max—

This is known as the Betz limit, and infers thahaximum of 59% of the energy in

the air can be extracted by a wind turbine.
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A.2 Atmospheric stability

The temperature of air in the boundary layer changéh increasing height from the
earth’s surface, with the rate of change often lesd as the ‘lapse rate’. For an
individual air parcel within the boundary laters wertical motion depends on its
particular temperature. A parcel warmer than timeosinding air will have a lower
density and will move upwards, whilst a parcel eodhan its surroundings and
consequently a higher density will move downwartiéhen the parcel has the same
temperature as the surrounding air, no verticalionois observed. The thermal
effects on wind speeds in the boundary layer arscrdeed by defining the
stratification of the atmosphere as stable, unstabheutral as given in Burtat al,
2001:

Unstable

A large degree of surface heating, for examplendudaytime, results in a more
rapid temperature decrease with height. High teatpees near the ground can
cause an air parcel to increase in temperature hande it will rise. It undergoes
adiabatic cooling as it rises, i.e. the pressumadses and the volume increases but
there is no heat energy added or subtracted frarsystem. If the parcel does not
reach equilibrium temperature with the surroundag it will continue to rise.
These updrafts lead to large-scale turbulent edalek there is a relatively small

change in the mean wind speed with height.
Stable

When the rising air undergoing adiabatic coolingpdrto a lower temperature than
the surrounding air, its upward motion will be ailegd and it will fall again. This
will tend to occur when the temperature profile hwiteight is more vertical, i.e. a
less rapid decrease with height. The change imm&ad speed with height is often
large in these cases, where the turbulent motiodorsinated by surface friction

effects.
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Neutral

In a neutral situation, as the air cools adiablyicas it rises, it attains similar
temperatures to the surrounding air and an equihirs reached. The dominant
effects on the wind are the surface friction arel@oriolis force.

Wind shear profile

In the neutral case, the wind shear profile is gibg the logarithmic relation as in
3.11. In unstable or stable atmospheres, theitbgac profile must be adjusted by a

factor to account for stability effects such that,

U(z) = %{m(é] —t//(fﬂ (A.19)

wherey is an empirical function and L is the Monin-Obukhiength, related to
surface temperature and heat flux (Troen & Peterk@89). Peterseat al (1998a)
shows how the wind speed profile with height chang&h atmospheric stability
(Fig. A-1); stable conditions give a more constslope than the unstable conditions,
which show a much greater change in the first featres followed by a much slower

change from 10m to 60m. The neutral profile fitba@tween the two conditions.

60
50 -
40 -
13
% 30 +
o
? 20
10 1 —— stable
—— unstable
neutral
O T T T
6 8 10 12

Wind speed (m/s)

Fig. A-2 Wind speed profiles at varying height
(Peterseret al, 1998a)
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A.3 Weibull distribution parameters

The Weibull distribution parameters A; the scale parameter arkl the shape
parameter — combine to produce differently shapexdbability density functions.
For a distribution with a constakt parameter of 2, Fig. B-2 shows the result of
varying A between 3 m/s and 10 m/s. The largerAhelue, the higher the modal
value of wind speed in the distributiom is very closely related to the mean wind
speeds, so a site with a high mean wind speedchawi a high value @k

0.35r
—e— A=3m/s
03 A =5m/s
' A=T7m/s
0.25
2
2
§ 0.2
[a)]
P
8 o015
Q
<)
o

0.1

0.05

Wind speed (m/s)

Fig. A-3 Weibull distribution with constant k=2
(Adapted from Manwelét al, 2002)

A similar exercise, but this time keeping tBeparameter constant at 5m/s and
varying the value ok between 1.25 and 3, is shown in Fig. B-3. Lolwealues tend
to result in distributions that are ‘skewed’ to tlwsver wind speed region of the
graph but which have ‘tails’ that extend furthevigg low frequencies of extreme
wind speeds. Highek values give distributions that appear more likgéyaical

normal distribution with less skewing and shorteist
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Fig. A-4 Weibull distribution with constant A =5m/s
(Adapted from Manwelét al, 2002)

Various combinations oA andk are presented in Fig. B-4. It is clear that thera
wide range of possible Weibull distribution shapiest result from the typical wind

climates found in the UK.
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0 ‘ .
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Wind speed (m/s)
Fig. A-5 Weibull distribution with varying A and k parameters
(Adapted from Manwelét al, 2002)
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Appendix B

B.1 Taylor diagrams

The Taylor Diagram was devised by Karl Taylor (Tayl2001) as a means of
graphically comparing climate datasets. It canubed with model output and/or
observations and allows quick analysis of how vt datasets correspond with
each other. In Taylor (2005) the author descrimes, given two variables, ind f,
defined at N points in time or space, i.e. eitlmetime series or a spatial field, three
statistical measures of correspondence can belatddu— correlation coefficient,
root mean square difference and standard deviatiand the results displayed in a

Taylor Diagram.

Correlation coefficient, R:

1 -, -
NZ(fn_ f)(r,—r)
— n=1
R= 0.0 (B.1)

r

where f, r and o , o, are the means and standard deviations ,o&rfd ¥

respectively.

Centred pattern root mean square (RMS) differefate,

1

E'= EZNZ[(f -7)- -r)]} (8.2)

n

The three statistics are related such that,
E*=0?+0°-20,0R (B.3)
which follows the cosine rule where,

c® =a® +b* - 2abcoss (B.4)

This allows the three statistics to be represegtmimetrically as in Fig. B-1. When
comparing the ECHAM5 GCM (‘test field’) and the ER® data (‘reference field’),

287



the standard deviations are normalised by the atdndeviation of each month of
ERA40 data, so that the ERA40 data points are awahyhe red circle point on the x
axis having a normalised value of one. The ceastrdIpattern RMS errors are also

normalised.

Y
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S

03

QO Correlation of test

c
i)
k<
>
)
@)
2
© .
S Changein field with reference
S Standard field
& 1 i
kel Q‘g
O .
N Point
© representing
£ st field 09°
2
05F
RMS Error 9
9
Point 0
representi
0 ‘ reference |
o3 .
0 o5 €4 7 15 2

Normalized Standard Deviation

Fig. B-1 Example Taylor Diagram

A Matlab function was written to create bespoke IdayDiagrams for this

application.
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Appendix C — Surface Winds
C.1 Comparison of ECHAMS with ERA40 1961-90

Fig. C-1: Run 1, percentage differences in monthly mean wind speed
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Fig. C-2: Run 2, percentage differences in monthly mean wind speed
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Fig. C-3: Run 1, monthly mean wind speed vectors
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Fig. C-4: Run 4, monthly mean wind speed vectors
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C.2 Comparison of 2081-2100 with 1961-90 for ECHAM5

Fig. C-5: Future percentage differences in monthly

mean wind speed (Run 1 baseline)
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Fig. C-6: Future, percentage differences in monthl v mean wind speed (Run 4

baseline)
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Fig. C-7: Future, monthly mean wind speed vectors

(Run 1 baseline)
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Fig. C-8: Future, monthly mean wind speed vectors (Run 4 baseline)
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Appendix D — Geostrophic winds

D.1 Comparison of ECHAMS5 with ERA40 1961-90

Fig. D-1: Percentage differences in monthly mean wi___nd speed
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Fig. D-2: monthly mean wind speed vectors
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D.2 Comparison of 2081-2100 with 1961-90 for ECHAMS5

Fig. D-3: Future, percentage differences in monthl

y mean wind speed
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Fig. D-4: Future, monthly mean wind speed vectors
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Fig. E-1: Boulmer
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Fig. E-2: Boscombe Down
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Fig. E-3: Cairngorm
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Fig. E-4: Eskdalemuir
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Fig. E-5: Fort Augustus

Note: The wind monitoring station at the Fort Auigisssite no longer exists (current
view shown zoomed-in in the top right); howeveroler version of the Ordnance
Survey map for the region shows the location oftimometer during the years for
which measurements were obtained (bottom right).
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Fig. E-7: Wittering

369



