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List of acronymsand abbreviations

AMP
AWC
BLRA
BSDA
CAMS
CCDeW
Defra
EA
EPA
ET
ETo

EU FIRMA

FAO
GDP
GIS
IN
IWR
Kc
LTA
MAFF
NSRI
OFV
Ofwat

P

PET
pcc
PSMD
RAM
S

SIC
SMD
SSRC

UK
UKCIP
UK CIPO2

UK CIP98

UKMO
UKWIR
uS
VBA
WRZ

Asset Management Plan (areview of water prices)
Avallable water cgpacity (mmv/m of soil)

Brewers and Licensad Retailers Association

British Soft Drinks Association

Catchment Abstraction Management Strategy

Project acronym: Climate change and the demand for water
Department for Environment, Food and Rura Affairs
Environment Agency

Environmenta Protection Agency

Evapotranspiration

Reference evapotrangpiration (mm/day)

European Union funded project on Freshwater Integrated
Resource Management with Agents (ends February 2003)
Food and Agriculturd Organisation (Rome)

Gross Domestic Product

Geographical Information System

Irrigation needs (mm)

Irrigation water requirements program

Crop factor in evapotranspiration caculations

Long term average

Minigtry of Agriculture, Fisheries and Food

Nationd Soil Resources Indtitute (Cranfied University)
Ownership - Frequency - Volume

Office of Water Services (The economic regulator for
the water industry in England and Wdes)

Precipitation

Potential evapotranspiration

Per capita consumption

Potentid soil moisture deficit (mm)

Resource Assessment Methodol ogy

Spray irrigation

Standard Industria Classfication

Soil moigure deficit (mm)

Soil Sciences Research Centre formerly Nationd Sail
Resource Ingtitute

United Kingdom

United Kingdom Climate Impact Programme
Nomenclature of United Kingdom Climate Impact
Programme climate change scenarios produced in 2002
Nomenclature of United Kingdom Climate Impact
Programme climate change scenarios produced in 1993
United Kingdom Meteorologicd Office

United Kingdom Water Industry Research

United States

Visud Basic Applications

Water resource zone
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Units of measurement

In addition to standard Sl units, the following terms are used:

ha hectare

hamm hectare-millimetre
(avolume equivaent to 1mm depth over 1 ha, which is 10 ).

I litres

I/n/d litres per head per day

d day

ppm parts per million

tcm thousand cubic metres ( = 1 megditre, Ml)
t tonne

MI Megditre=1tcm

Definitions

(Agronomic) Irrigation need

Averageirrigation need
Design dry year irrigation need

(Agronomic) Optimum need
Economic optimum need

Volumetricirrigation demand

The total annua depth of water needed on a given crop,
taking into account the typicd irrigation schedules
recommended in England and Wales, and locd soil and
climate conditions.

The irrigation need averaged over a defined time period.
The 80% non-exceedance need, i.e. meeting the need in
80% of years (caculated satisticaly over adefined time
period).

Defined to be the design dry year irrigation need.

The optimum need (as above) modified to take into
account the margind on-farm costs and benefits.
Thetota volume of water required for agiven
area/region. (average/dry year and agronomic/economic
as appropriate)
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Executive Summary

The Climate Change and Demand for Water Revisited project (CCDeW) revidts and updates
the benchmark study by Herrington (1996) and takes advantage of new data sets, regiond
coverage of demand projections and new methodologies for climate impact assessment.
Domedtic demand, indudrid and commercid water use and irrigated agriculture and
horticulture are included in the CCDeW sudy. Leskage was excluded from the CCDeW

sudy.

This report presents the outcome of an extensve UK research programme concerning:
demand forecadting; demand management; sendtivity of demand to dimatic vaidions and
sources of risk and uncertainty.

While the CCDeW sudy focuses on demand, dimate change uncertainties feed into supply
sde and demand estimates of water requirements. Therefore, the report’s conclusons should
be seen as one dement in the dynamic management of the supply/demand baance over the
course of the next twenty years and beyond (see Section 9). Clearly, the extent to which water
consumption will be influenced by cdimate change depends upon the sendtivity of different
sectors to specific aspects of climate change as well as potential behaviourd and regulatory
changes, in part related to different socio-economic and dimatic futures.

M ethods

In determining the potentia impact of climate on demand a range of modds were employed.
Modds were sdected varioudy for ther ability to provide ingghts into the relevart aspects of
water demand in a specific sector and their compatibility with avalable data The modes
include datigicd andyss for domestic demand (see Chapter 3), expert judgement combined
with ddidicd modds (for indudrid and commercid demand, see Chapter 4), dynamic
gmulation (including domestic water use in Chapter 3 and crop water requirements in
Chapter 5), dynamic optimisation (for land use, see Chapter 5) and agent-based socidl
smulation (to explore behaviourd changes, in Chapter 7).

Common to the assessment in each sector is the use of current UK Climate Impacts
Programme's climate scenarios (UKCIP, 2002) and the Environment Agency water demand
scenarios (Environment Agency, 2001a, b) based on the socio-economic reference scenarios
developed under the Foresight “Environmental Futures’ framework (DTI, 1999).

The UKCIP dimate scenarios are based on a range of globa greenhouse emisson scenarios
and climate sengtivities. The four scenarios are developed from the Hadley Centre's globd
cimate modd, utilisng the high-resolution regiona climate mode runs for the 2080s. Four
scenarios are presented representing Low, Medium-Low, Medium-High and High globd
emissions of greenhouse gases.

The stience behind climate change is developing rgpidly and the Intergovernmenta Panel on
Climae Change concduson that anthropogenic climate change is inevitable appears
increesngly robust (IPCC, 2001). However, the avalable climate change scenarios do not
provide probabilistic projections of the future cimate of the UK and many uncertainties
reman as to the timing and extent of cdimate change Deficdencies reman in understanding
likely changes in the frequency of extended periods of high temperatures and droughts, which
are the mgjor concern of the water industry. The projections made in the CCDeW assessment
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are likdy to prove reatively robust for gradud mean changes. However, they do not
adequately capture the risks and uncertainties associated with extreme events (see Chapter 8).

The potentid impacts of climate change have been reported relative to the EA reference
scenarios of future water demand. The four EA scenarios detal how plausible socio-
economic conditions (described in the Foresght scenarios) could result in plausble,
increesng and decreasing, outcomes for water demand over time (see Section 2.1). For al
sectors, the ‘choice of reference socio-economic scenario has a larger impact on the
forecasted results for the 2020s than the direct impact of climate change. This suggests that
innate uncertainty in future climate and socio-economic conditions remains a congraint on
more precise projections.

Results

The reaults of the study are presented for each Environment Agency Region. The results are
expressed as a percentage changes from a “without climate change’ demand scenario that
dlows water resource practitioners to gpply the results to their own projections of demand.
The results gpply to average demands only (with the exception of agriculturd demand which
are for desgn dry year), dthough some comments on the potentia impacts on pesk demands
areincluded in the report. A summary of the results across the regions is shown below.

Domestic demand

For domestic demand, the socio-economic reference scenarios indicate a range of future
demand in 2024/25 between 118 to 203 |/hW/d, compared to 162 I/nW/d in 1997/98. The
additiond impact of mean climae change on domedic demand is a modest increase in
average annua demand, up to 1.8% by the 2020s. For the 2050s, the climate scenarios
indicate an increase of 1.8%—3.7% above the soci0-economic scenarios (see Section 3.4).

The effect of climate change on domestic demand is not gppreciably different across the eight
regions of England and Wales.  However, in water resource zones where the micro-
component compodgtion of water demand is markedly different, the impact of climate change
will differ. See for example, Table 3-9.

The gudy suggests that domedtic demand will be sengtive to the interplay of warmer
cimates, household choices regarding water-usng technologies and the regulatory
environment. The CCDeW project developed an agent based socid smulation mode to
explore these interactions. The mode revedled that an increased frequency of drought could
provide the catalyst for the adoption of water saving technologies and associated reductions in
demand, or dternatively if the presumption of entittement to a private good were to exceed
the willingness to conserve water during periods of drought, increased frequency of drought
could lead to consumers increasng their demand beyond the high reference scenarios.
Criticdly the modd identifies the extent of community interaction and paticulaly the
mimicking of neighbour behaviour as a key determinant of the uptake of new water saving
technologies. Neighbourly interaction dso determines the extent to which households are
influenced by policy agent exhortations to use less water in times of drought — closdy knit
communities gopear to be less impressonable The findings dthough purdy quditaive,
suggest key socia determinants of future water demand (see Chapter 8).
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Impacts of Climate Change by Component of Water Demand
For Selected Marker Scenarios

Domestic demand

2020s 2020s 2050s
Low Medium-High Medium-High
Alpha
Beta 14-18% 27-3.7%
Gamma 0.9-1.2%
Delta 1.0-1.3%
Industrial/commercial demand
2020s 2020s 2050s
Low Medium-High Medium-High
Alpha 1.7-2.7%
Beta 1.8-3.0% 3.6-6.1%
Gamma 1.8-2.9% 2.0-3.1%
Delta 1.7-2.7%
Agricultural demand
2020s 2020s 2050s
Low Medium-High Medium-High
Alpha 19%
Beta 19% 26%
Gamma 18% 19%
Delta 20%

Industrial and commer cial demand

Among the indudrid/commercid sectors senstive to dimatic varigtions, soft drinks, brewing
and leisure are likey to have the grestest impact on the overal requirements for public weater
supply.  Climate change impacts in industry and commerce ae likdy to be higher in
percentage terms — up to 2.8% in the 2020s — than the impacts on domestic consumption (see
Chapter 4). The impacts do not appear notably different across the scenarios. In contrast to
domestic demand, there do appear to be differences between the regions, attributable to the
different mix of industria/commercid sectorsin each region (see Tables 4-3 and 4-9).

Agricultural and horticultural demand

Climate change could affect irrigation water use via changes in plant physiology, dtered soil
water baances, cropping mixes, cropping peatterns that take advantage of longer growing
seasons, and changes in demand for different foods (see Chapter 5). The survey of irrigation
of outdoor crops in 2001 confirmed that water use for irrigation is currently growing at 2%-
3% per annum, and provided a new basdine for the demand modelling (see Section 5.3).

Agrodimatic zones defined by soil-moisture-deficits will move northwards and westwards in
the UK as a reault of climae change. By the 2020s, centrd England will experience
conditions gmilar to those currently typical of esstern England, and by the 2050s eastern,
southern and centrd England will have irrigation needs higher than those currently
experienced anywhere in England (see Section 5.5).
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The climate change impacts (including changes in demand for water by crops, effects of CO;
enrichment, and expected irrigation use) moddled in this study indicate increases in irrigation
use of around 20% by the 2020s and around 30% by the 2050s (see Section 5.7). The impacts
are region specific, with expected changes relative to the basdine, ranging from a decrease of
4% in the North West to an increase of 24%-25% in the Thames region.

L eisure sector demand

The andyss of potentia impacts of climate change on the leisure sector has been limited by
the paucity of higoric data from which to establish rdationships between climate variables
and consumption (see Chapter 6).

Summary: England and Wales

The total impacts for England and Wales appears to be on the order of 2% for 2024/25, based
on the Beta reference scenario and Medium-High climae scenario (see Section 9.2). The
regiona impects vay from 1.3% in the North West to 3.9% in the Anglian region, where
Spray irrigetion is a mgor factor. By the 2050s, increased climate change leads to grester
impacts—perhaps afurther increase of 1-2% in the regiona impact of climate change.

Impacts of Climate Change on Demand for Water in England and Wales
For the Selected Marker Scenarios

Climate change
EA Reference L ow Med High Med High(2050s)
Alpha 1.4%
Beta 2.0% 3.8%
Gamma 1.8% 2.0%
Delta 1.8%

Note: The shading in the 2050s cell indicates a rough estimate of the total regional effect of climate change on
water demand. The EA reference scenarios are limited to 2024/25 and the CCDeW project did not project all
components of demand to the 2050s.

Guidance and further assessment

The smplest guidance for using the CCDeW reaults is to apply the regiond impacts reported
here to the entire water company area.  For example, the impact in the 2020s for domestic
demand is between 0.9 and 1.8%, depending on region and scenario.  An additiona factor in
headroom of, say, 1.5% would be judtified. More detailed caculations are possible, based on
the micro-components of demand, but may not be judified by the reaively modest climate
impacts shown above. In the case of irrigated agriculture, the relatively larger impacts (on the
order of 20%) may judtify additiond estimates a the water resource zone level.

Improved underdanding of climate change impacts on demand is as important as for
groundwater and hydrology. A continuation of present monitoring systems, especidly for a
sample of households, key industries and irrigation, is essentia.  The lack of data on industria
and commercid use is a mgor condrant. Detaled dudies of specific dynamics are
warranted, in particular the willingness and ability to reduce demand during periods of water
shortage. The next mgor assessment should adopt a risk methodology employing
probabilisic scenarios of dimate change, including dimatic variability and extremes, and
linking climatic episodes to redigtic responses by key users.
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Part |: Introduction
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1 TheCCDeW project

The Climate Change and Demand for Water (CCDeW) project has undertaken a
review of climate change impacts on water demand, revigting and going beyond the
benchmark study by Herrington (1996).

In this chapter of the report we outline the need for this work by looking a past
dudies of climate impacts on demand and their current place in water resources
planning; present the aims of this study; and provide an overview of the project and
the structure of this report.

1.1 Background—water demand and climate change

In the UK, outputs of UK Water Industry Research (UKWIR)/ Environment Agency
work by Nigd Arndl (Arndl, 1998) have provided a base for most assessments of the
potentia impact of climate change on water resources (supply). Based on this study,
and others it is widdy acknowledged that anthropogenic climate change will affect
the quantity of water that is avalable to a growing and increesngly urbanised and
affluent population in the United Kingdom (UK) (UK Climae Impacts Review
Group, 1996; TWUL, 1998). However, less work has been conducted to determine
how this population’'s demand for water for household use, industry and commerce,
agriculture and leisure will be impacted by climate change.

At a globd levd, the IPCC (2001) has projected that climate change is unlikely to
have a large impact on indudrid and municipd demand for waer but may
subgtantialy increase the demand for irrigation water. However & a nationa scae in
the United States, researchers Richard Vogd, William Moomaw and Paul Kirshen at
the Nationd Centre for Environmental Research (Voge et al., 1999) examined the
|mpact of climate change on weter resources and found that:

US climate rdated trends in water supply and shortages were region specific.

Domestic use of water showed no nationd trends in relation to climate or

household wedth, but when data was andysed regionaly domestic water

demand was sengtive to price and cdimate.

Much of the variability in projections as to how climate change will impact on

water demand can be explained by inter-regiond differences.

This research points to a need for the study of specific climate change impacts on
loca or regiond water demand. However, rdaively few of these studies exist and no
definitive methodology for undertaking such a study has been deveoped, though
much can be leant from Arndl et al., (1994), Arnel (1996, 19993, b) for existing
water supply studies, and Downing et al. (2000); Environment Agency (1997) (1999);
Fenn and Kemlo (1998); Wade et al. (1999); Weatherhead and Knox (2000) for water
demand studies.

In the academic literature, the REGIS project (Holman et al., 2002) has looked at the
impacts of water resources in the North West of England and in East Anglia This
includes annud river flows groundwater recharge and water qudity but no mention is
made of the impact of climate change on demand other than as input to the socio-
€CoN0oMiC Scenarios.
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The need for regiona studies of water demand and supply under climate change in the
UK was highlighted by regiona consultations that were co-ordinated by the UK
Climate Impacts Programme (UKCIP). For example in a report on the Suth Eadt it
was dated: “There is no doubt that one of the grestest chdlenges for the South East
will be bdancing the supply and demand for water. The area has the highest demand
for water per head of any other area in the UK. During the summer of 1995 three of
the water companies in the South East imposed redrictions on water use, including
hosepipe bans. By the 2080s, the dry conditions experienced in 1995 will occur more
frequently” (Wade et al., 1999). Wade and colleagues proceeded to say that demand
for water increases condderably in hot summers, and that the management of water
demand through water metering, the use of water saving devices, restrictions for some
uses (golf courses and car washes) and increased awareness amongst the public to use
water efficiently, will become more important.

To date, mogt of the regionad assessments of water demand in the UK have been based
on results in the Herrington report (Herrington, 1996) or related papers. Herrington
(1996) examined potentid climate change impacts on specific sectors, and reached the
fallowing conclusons:

- Impact on commercial air-conditioning: It was assumed that objections to
water-based systems could be overcome. Estimated increases of 0.1% - 1.3%
of then nondomestic public water supply consumption. Objections to water-
based systems have not been overcome in the ar-conditioning indusry and
consumption in this sector islikely to fall.

Golf courses. An increase in the number of golf courses was anticipated and a
9%-20% increase in irrigaion water required over the “no climate change
scenario” was projected for the 1992-2021 period.

Agriculture and horticulture Edimated increese of ~ 12% over the “no
climate change demand” scenario. This sector represented ~ 7% of non
domestic total.

Domestic demand: Herington looked a persona showering, lavn sprinkling
and garden use. The proportion of households watering gardens was estimated
to rise from 70% to 75% given generd warming. Non-metropolitan demand
(South and East England) expected to increase to 178.4 +/- 17.8 litres per head
per day (I/h/d) by 2021 without climate change, and to 1856 +/- 18.6 I/h/d
given a1.1°C warming by 2021.

Non-domestic sports and recreation: Estimated increase of ~ 4% over the
“no climate change demand” scenario, but sector represented <1.5% of non-
domedtic total demand.

Although in the UK, programmes such as Envirowise (formely Environmentd
Technology Best Practice Programme (ETBPP)), the Watersave Network and
initiatives from the Environment Agency Nationd Waer Demand Management
Centre (NWDMC) have investigated water consumption from the perspective of
national water conservation and water use efficiency, work in the water industry has
focussed more specificdly on how to account for climate change in the supply-
demand balance.

Detailed projections of water demand are required by the utility companies as part of
ther forward planning, by regulators who evduate industry performance and by
environmentd managers who plan for sustainable development (see for example Rees
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and Williams, 1993). Projections are aso of interest to end-users who may wish to
caculate or adjust their consumption.

In company plans, supply and demand are reported in separate tables, and climate
change can be factored into both supply and demand. However, the emphasis in the
plans is on underdanding and managing risk.  Typicdly, water companies have
adjusted headroom - the safety margin between supply and demand — to reflect the
increesed  uncertainty regarding climate change, rather than relying on projected
impacts for both supply and demand. Notably, however, a few water companies have
based ther draegy on more detaled andyss usng published information or
conducting specific dudies of ther own. Mid-Kent Water MKW) for example have
goplied neurd networks to mode incrementa changes in weather variables and track
the associated change in per capita consumption (pcc) and a study by Southern Water
investigated the correlation between pesk domestic demand and a number of dimate
vaiables including ranfal and temperature (Bdl and Parker, 2001, persond
communication). Results of many of the other company specific dudies are not
widdly available, but knowledge of the outcomes gained by members of the CCDew
project team have informed this study.

In the period since the second Asset Management Plan (AMP2) review of water prices
in the UK, the water industry has undertaken a structured programme of research and
devdopment to improve the basis for water resource planning. Some of the
methodologies emerging from past UKWIR and Environment Agency Research and
Development programmes (for example the demand forecasting methodology
(UKWIR/NRA, 1995), the assessment of groundwater yields (UKWIR, 1995) and the
impact of climate change on water resources (Arndl, 1999) provided the basis for
condructing the building blocks with which current water resource plans were
compiled. Others research studies conducted (for example the economics of demand
management  (UKWIR/Envirorment  Agency, 1996), the assessment of outage
(UKWIR, 1995) and the assessment of headroom, (UKWIR, 1998)) were more
concerned with how the various dements of supply and demand management were
put together to develop parts of the plan. The overdl structure of the plan was set out
in the Agency’s Water Resources Planning Guiddine (Environment Agency, 1997).

Whilgt the output from the recent research and development projects has provided
some important advantages over the previous agpproaches, their application in water
resource planning has drawn attention to some important practicd and theoretica
issues. These include two joint UKWIR/Environment Agency projects. the firg on a
unified methodology for the determination of deployable output from water sources
(UKWIR/Environment Agency, 2000) and the second on critical period groundwater
yidd (UKWIR/Environment Agency, 2001). The latter project consdered the
potentid impact of climate change on groundwater resources. It is noted agan,
however, that though some of the reports ded with water demand and some with the
impacts of climate change, none have related the two to each other.

For the current asset management planning round, the Environment Agency has
rdleesed a Draft Water Resources Planning Guideine (Environment Agency, 2002,
avalable on www.environment-agency.gov.uk). The work presented in the CCDewW
report will be reviewed by the Agency with the am of identifying and agresing
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appropriately what may need to be done by companies to ensure water resources plans
account for the latest indications of climate change impacts.

1.2 Aim and scope of the CCDeW study

The CCDeW project sysematicdly ams to evduate the impacts of climate change on
water demand from domestic uses, industry and commerce, and agriculture and
horticulture.  Impacts on leisure and recregtion are covered, but with less systematic
trestment. The study:
Explor& the dynamics of water demand, using diagnogtic datistics and expert
opinion.
Investigates the historical sensitivity of water demand to climatic variations,
Compares the impacts under current scenarios.
Includes different non-climatic reference scenarios.
Evauates key uncertainties, based on a range of socio-economic and climate
scenarios and uncertainty in the underlying assumptions.
Includes stakeholders and water experts in the desgn and review of the
andyss.

These features go much further than the methods and data available in Herrington
(1996) and condtitute a ggnificant step towards a “dae of the at” climate change
impact assessment. The results of CCDeW will feed into the on-going water resource
planning process.

1.3 Overview of the CCDeW project and final report

The CCDeW project began in July 2000 to review the work conducted by Herrington
(1996) and update the methodologies and findings consdering new data, updated
UKCIP cdimae scenarios (Hulme et al., 2002), and demand scenarios developed by
the Environment Agency (Environment Agency, 2001b).

A seering group made up of decison-makers from the water industry, Defra, UKCIP,
the Environment Agency and Ofwat played an active role in guiding the project team
in their work and making recommendations regarding the structure and content of the

find report.

The project has dso drawvn on input from the wider waer community in two
workshops, the first to focus the project work plan and review recent research on
climate change and water demand and the second to discuss specifics of the technica
aspects of the models and methodol ogies salected by the project team.

This find report is intended to incdlude sufficient detall to be useful to water resource
managers but remain accessible to aless specidised audience.

The report isdivided into three main parts.
Pat | is an introduction that provides the background, describes related
research and work and details the means by which data used in this study was
procured and generated.
Part Il describes the impacts of climate change on the four sectors (domedtic,
industry and commerce, agriculture and horticulture, and leisure). In
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acknowledgement of the fact that readers of this report will be divided in terms
of ther interests, sectors have been andysed and presented independently.
Each chapter stands aone with its appendices, in order that individuds can
read each sector report in isolation. This inevitably means that there is some
repetition within the full report, specificdly concerning the use of scenarios
and methods.

Part 111 presents the regiona impacts of climate change across the components
of demand and brings together issues of confidence and robustness, cross
cutting synthess, guidance for the use of the CCDeW assessment, and
recommendations for further research.

A lig of contributing authors and the project steering group members is given a the
end of the report.

The first phase of the CCDeW project was presented to the Chartered Ingtitute of
Wae and Environmental Management (Downing et al., 2001). The paper provides
an inventory of the components of water demand and a discusson of their sengtivity
to cdimate change (Table 1-1). The ratings were subjective and quditative, but
indicated the mgor sendtivities and priorities for research. While total domestic
demand was projected to be farly leve for the next decade (Environment Agency,
2001b), risng demand for garden watering and changes in bahing habits were
projected to increase demand for water and be particularly senditive to climate change.

The find column in Table 1-1 refers to the indirect impacts of climate change. For
example in the domestic sector, with warmer wegther people may wish to spend more
time in ther gardens, and have fountains to cool patios by eveporaion. Alternatively
of course, society may place a higher vdue on water consarvation, which would
restrain such non-essentid, discretionary water use.

Indudtrial demand for water is decreasing in mogt of the UK, due to higher efficiency
and reductions in heavy manufecturing.  Within the indudtrid sector the market for
beverages is likdy to be affected by warmer weather as consumers drink more
packaged drinks.

Electricity production requires weater for cooling, with some returns to surface water
bodies. Accordingly an increase in demand for ar conditioning - which will increase
the demand for dectricdl power - will increese the non-consumptive demand for
water.

Demand for water by agriculture is srongly influenced by nonclimatic factors
including the reative price of crops, marketing drategies and consumer demands.
Irrigated agriculture is currently expanding, largely in response to market demands for
high qudity produce and to reduce the risk of losses from drought. If consumer
preferences were to change with warmer weather, so that people de more vegetables
and sdlads for example, demand for irrigated crops would incresse. These crops in
turn would need 10% to 20% more irrigation water than at present, to compensate for
the forecast changes in evapotranspiration and rainfal by 2025 (Weetherhead et al.,
2000). Edimating the changes in waer demand by agriculture is, however,
complicated by the possbility of higher yidds and improved water use efficiencies
due to the projected higher atmospheric CO, levels, both of which are expected to
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reduce demand. Climatic change may aso enable farmers to grow these crops in less
water stressed regions of the UK, or lead to the introduction of new crops. In addition
the agricultural sector is influenced by climate change impacts and responses outside
the UK; water shortages in southern Europe for example might lead to a greater
production of irrigated vegetables indgde the UK.

The leisure sector could be strongly influenced by climate change as people partake in
more outdoor recregtion. Intuitively, the use of outdde recredtiond facilities is
expected to increase from a winter low through the spring, reaching a pesk in summer
and then fdling back to a winter minimum. The main uses of public waer supplies
for outdoor leisure activities are:

irrigation of golf courses (though this may be through direct abstraction rather

than treated mains water)

irrigation of gports pitches to creste and maintain “ playability”

privete svimming pools

Other outdoor water based leisure and recreastion uses natural or man-made water

bodies such as lakes, reservoirs and gravel pits, so gpart from showering and washing
facilities there would be no additional demands on public water supply.

Table 1-1. Sensitivity of water demand to climate change

Medium sensitivity
, High sensitivity, climate an important element in seasonal or annual demand
Blank Not sensitiveto climatic variations
Note:  There are significant variations within each component of demand, especially for

manufacturing. Same scale refers to feedbacks in secondary consumption.

Trend Sensitivity to Secondary
climate change (indirect) impacts
Component (direct impacts)
Domestic
Bathing + ?
Other indoor -
Garden watering + | |
Agriculture
Irrigated crops + ? !
Processing - ? ?
Industrial/commercial
Beverages + ? |
Energy ? ? ?
Manufacturing - ? ?
Services + ?
Leisure
Golf and parks + | ?
Water centres, pools + ? ?
Environment
- Rivers, lakes ? ? ?
- Wetlands ? ? ?
Key:
+ Increasing trend - Decreasing trend ? Uncertain trend
? Low sensitivity, minor component of overall demand
?
1
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Such secondary impacts of climate change are pat of the context of the CCDeW
project. The project methodology takes some of them into account through the use of
socio-economic  reference scenarios and  behavioural moddls of  climate-induced
responses. However, the main focus of the assessment is the direct impacts of dtered
weather. Chapter 2 sets out our methodologicd framework, with further details in the
subsequent sectora chapters.
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2 Project methodology

The relationship between climate and water resource supply and demand is complex
(see Figure 2-1). The main am of the CCDeW project is to look specificaly at the
relationship between climate sysems and water demand — the links between the three
boxes with heavy outlines in Figure 2-1. The extent to which demand for water will
be influenced by dimate change varies in accordance with the sengtivity of the
different uses of water to specific changes in cdlimate.  An increase in the number of
wam summer days will, for example, afect consumption of soft drinks, while an
increase in mean temperature and lengthened growing season is expected to increase
agriculture' s need for irrigation.

To capture the impact of climate and socio-economic change on water demand, the
CCDeW project has divided water demand into four distinct sectors: domedtic,
indugtrid and commercid, agriculturd and horticulturd, and leisure.  Water demand
in these sectors has been further disaggregated into micro-components for household
demand, industry and commerce sectors (based on the Standard Industria
Classfication (SIC, 1992) for industrial/commercial demand and crop categories for
agricultural demand. Leisure demand includes aspects of these three components and
the analyd's summarises the impacts for lelsure activities.

A range of models was used across the project to capture the impact of climate change
on demand in each of the sectors. Models were chosen for their compatibility with
avalable data and for their proven ability in smilar andyses. The modds thar
validation and use are described in this report (see Part 2, Chapters 3 1o 6).

Climate changes, and ther impacts, will vay spdidly across the UK and will unfold
over time agangt a background of socio-economic change that will colour their extent
and importance. Common to dl of the analyses conducted for CCDeW are scenarios
of future climate change and socio-economic development—the upper row in Fgure
2-1. Of course, responses to climate change will mitigate the firsg-order impacts—the
links dong the left Sde of Figure 2-1.

This section provides the background and methodology related to the use of scenarios
and the development of basdine data in the CCDeW work. Methodologies for the
different sectors are dso briefly introduced before the section is concluded with a
discusson of congraints and uncertainties associated with the gpproach.  Definitions
of key terms can be found in Box 2-1.
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Socio-economic driving forces
(EA Foresight Scenarios):

- Demography Climate Change Scenarios
> - Economy - UKCIP 1998
- Land use - UKCIP 2002

- Culture

- Infrastructure
Climate sylstem:

Policy: - Mean changes
T - Regulation - Variability
> - Investment - Extremes
- Environment (abstraction) - Scale

- European water directive

Stakeholder decision making:
- Business strategy
- Attitudes toward risk
- Planning guidelines

|
|
|
b DEMAND : SUPPLY
|

|
SUPPLY/DEMAND BALANCE I
- Scarcity :

- Risk |
|

|

|

|

|

RESPONSES
- Uncertainty

L

Solid boxes with heavy lines (blue) are the main focus of CCDeW project.

Solid boxes with light lines (green) are covered in the socio-economic reference scenarios.
Dashed boxes show components of demand that are not directly part of the CCDeW project,
but are covered to some extent in the guidelines on using the results to stakeholder planning.

Figure2-1. Simplified schematic of climate change and water demand
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2.1 Useof scenarios

The future is uncertain. Scenarios are plausble, interndly consistent, descriptions of
possble futures. Scenarios can be predictive but in most current scenario exercises
they are used to outline various future ‘posshilities as opposed to ‘probabilities. In
this way, scenarios can be ussful in planning as they provide a ‘wind tunnd’ for the
testing of drategic plans agang different possble futures (Ringland, 1998). Strategy
testing exercises generdly involve a range of scenarios to check the robustness of a
plan under different conditions.

This project ams to improve exising scenarios for future water demand through
condderation of how these scenarios could be affected by possble climate futures.
These improved scenarios will then be of grester use to water managers in ensuring
that ther supply and demand management plans will be robust to a greater range of
possibilities.

The water demand and climate scenarios used are described in the following sub
sections. The Environment Agency reference scenarios provide demand forecasts
developed for the Environment Agency’s water resource drategy and make varying
assumptions about the components and micro-components of demand.

2.1.1 Environment Agency reference scenarios for water demand

In 2001, the Environment Agency produced four scenarios for future water demand
for ther Water Resources Strategy for England and Waes (Environment Agency,
20013, b). These scenarios present projected water demand for each water-consuming
sector under socio-economic conditions described in the UK Foresght scenarios
(DTI, 1999). Quantitative vaues are given for household, non-household and leskage
components of the public water supply demand and agriculturd spray irrigetion,
primary industry and manufacturing components of direct abdraction demand for
each Environment Agency Region and each water company (as agpplicable) for the
reference years 1997/98, 2009/10 and 2024/25.

The UK Foresight Programme was begun in 1994 to identify future chalenges for the
UK, bring together diverse expertise to meet these chdlenges and encourage public
debate about the future (www.foresght.gov.uk). The Environmenta Futures
programme, in paticular, ams ‘to inform and dimulaie debate among businesses,
regulators and Government depatments about the environment and to encourage
them to develop draegies and policies that will prove robust to a range of
environmental futures (DTI, 1999). The programme developed four scenarios for a
future United Kingdom differentiated broadly by their different assumptions regarding
future socid vadues (consumerism to community) and governance (globdisdtion to
regiondisaion). In broad terms the four socio-economic scenarios can be described
as.
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Box 2-1. Key definitions

The baseline (or base year) in this report refers to present conditions—for ingance the
1997/98 water demand presented by the Environment Agency as background to its analyss
of demands for the Nationd and Regional Water Resource Strategies (EA, 2001b). We dso
refer to basdine data—a time series of observed climate or demand data, for instance
monthly vaues for 1971-2000.

Scenarios are plausble, internaly consgtent descriptions of possible futures. We use two
sets of scenariosin thisreport:
Climate scenarios refer to potentid future climatic conditions, here we use the recent
UKCIP02 scenarios.
Socio-economic scenarios refer to potentid socid, economic and political futures
without the effect of climate change teken into account—in this report we use the
Environment Agency scenarios of future water demand. In the agriculture chapter we
refer to an additiond socio-economic scenario, cdled the trend scenario. We refer to
the socio-economic scenarios as reference scenarios whether it be the Environment
Agency socio-economic scenario or the agriculturd trend scenario.

The impact of climae change is the difference between water demand in a reference
scenario with and without climate change. That is, climate change impacts are estimated for
the same future time period (e.g., the 2020s) and not againgt the present (the baseline).

Provincial Enterprise Scenario: a future in which the nation dtate disengages
from international and economic sysems of governance. This is a low wage
and low invesment scenario with little concern for socid equity. Environment
is perceived as low priority despite increased pressure on natural resources.

World Markets Scenario: a future in which a highly devdoped and
integrated world trading sysem generates high levels of economic growth.
Although persond affluence rises, there is little concern for socid equity and
low concern for the environment, particularly among the lesswell off.

Global Sustainability Scenario: a future where globa inditutions play a
central role in resolving socid and environmental problems. High leves of
invesdment in  ressach and devedopment result in innovative clean
technologies that benefit the environment.

Local Stewardship Scenario: a future dominated by regiona and locd
systems of government. Working a the loca leve, environmentad problems
are resolved through collective action.
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Table 2-1. Assessment of influence of each scenario on the key drivers of demand

Component  Driver of demand Influence by scenario
Alpha Beta Gamma Delta
All Cost of water Very high High Medium Medium
Household Changesto persona Large increase Large increase Smadl decline Smdl decline
demand washing use
Garden watering Increase Increase Sow decline Moderate decline
Miscdllaneous Moderate decline High growth High growth Moderate decline
Efficient technology Small decrease Moderate increase Increase Increase
Regulations particularly Slow decline Decline Rapid declinetolow  Slow declineto low
effectson WC cistern volume flush WC volume flush WC
volumes, power showers
and garden watering
Metering Very variable Moderate High Moderate
localy
Industry and  Economic growth 15% 3% 2% 1%
Commerce
Output of manufacturing Increase Decline Decline Decline
industries
Employment in business Decline Increase Increase Increase
services
Water-use minimisation Low Mixed High High
activity
Greening of business Low Low High High

activities
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Spray Reform of national and Increase UK Removal Full reform Increase national &
irrigation international agricultura government regional support

policies support

Role of supermarkets and Continued role Expansion Redign position Margind role

food processing firms

Crop quality premium High Very high Medium Low

(potatoes)

Drought tolerant crop Low uptake Low uptake Very high uptake High uptake

varieties

Organic production Low Low High Very high

Irrigation efficiency Medium High Very high High

Source: Environment Agency (2001b)
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In their Scenario Approach to Water Demand Forecasting the Environment Agency
(Environment  Agency, 2001b) uses the indicators from the Foresght socio-economic
scenarios to assess potentid levels of future demand in light of changing water technology,
economic growth, demographic change and consumer atitudes. The assessments of impacts
of socio-economic change on components of water demand are given in Table 2-1. These
extended water demand scenarios are labdlled Alpha, Beta, Gamma and Ddta to distinguish
them from the Foresght scenarios to which they correspond namely Provincia Enterprise,
World Markets, Globd Sustainability, Loca Stewardship respectively.

The CCDeW project has used the Environment Agency implementation of Foresight
‘Environmental Futures  scenarios as the basdine of future demand againg which potentid
climate change impacts will be assessed. More specificdly, the public household demand
scenaio for public water supply, the industrid and commercid demand scenario for public
water supply and direct abdtraction and the spray irrigation scenarios for direct abstraction
were used as basdines for climate impact assessment on household, industrid/commercia
and agricultura/horticultural demand, respectively.

Note that for agriculture and horticulture, the Foresight and Environment Agency scenarios
ae devdoped further from those given above to describe characteristics specific to
agriculture.  The socio-economic reference scenarios gpplied in the agricultura andyss are
described in more detall in Chapter 5. The agriculturd andyss dso includes an additiond
reference ‘trend projection’ scenario. (See Section 5.6.2 for additiond details.)

2.1.2 UKCIPO2 climate change scenarios

There are two main uncertainties surrounding the future of dimae change: the amount of
greenhouse gases that will be emitted; and the reaction of climate systems to the accumulated
concentrations of GHGs. Greenhouse gas emissons can be monitored and anticipated under
various socio-economic futures but the specific responses of globd and locd climate systems
are unknown.

To address these two areas of uncertainty, the UKCIP climate change scenarios (Hulme et al.,
2002)) wee used in the CCDeW proect (www.ukcip.org.uk/climate scen/~
cimae scenhtml). UKCIP socio-economic scenarios for greenhouse gas emissons are
based on the Foresight Environmental Futures Programme (corresponding to the Environment
Agency water demand scenarios) with increased pecificity in factors rdaed to emissons.
Emissons were then used as input to congrain the Hadley globad climate modd (GCM) of the
amosphere, induding a dynamic ocean circulation modd. The cimae sengtivity to the
emisson scenaios is generdly estimated to range from 15 to 45 °C. The result of the
UKCIP scenarios is estimated for arange of parameters related to globa climate change.

The project has used the UKCIPO2 climate change scenarios after initidly testing methods on
the UKCIP98 (Hulme and Jenkins 1998) scenarios. Table 23 summarises the differences in
carbon dioxide concentrations and globa average temperature changes between the 1998 and
2002 scenarios. The four UKCIPO2 scenarios yield a range of globd warming by the period
2071-2100 (referred to as the 2080s) of 2.0°C and 3.9°C. The absolute levels of warming are
dightly higher than in the UKCIP98 scenarios, with a range from 1.1°C to 3.5°C, dthough
this new range is dightly narrower. Hulme et al. (2002) provide more information on how the
scenarios were produced and the differences between the two sets.
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Table 2-2. Global climate change estimates for three future 30-year periods centred on the
decades of the 2020s, 2050s and 2080s and for various scenarios. Results for the UK CI P98
scenariosar eshown for comparison with the UK CI P02 scenarios (temper atur echangesarewith
respect to the 1961-1990 aver age)

2020s 2050s 2080s

UK CIP02 DT(°’C) CO,(ppm) DT(°’C) CO,(ppm) DT(°’C) CO, (ppm)
Low 0.79 422 141 489 2.00 525
Medium-Low 0.88 422 1.64 489 234 562
Medium- High 0.88 435 1.87 551 3.29 715
High 0.94 437 2.24 593 3.88 810
UKCIP98

Low 057 415 0.89 467 1.13 515
Medium-Low 0.98 398 152 443 1.94 498
Medium- High 1.24 447 2.11 554 311 697
High 1.38 434 244 528 347 637

The UKCIP provided data for a range of climatic variables from the UKCIPO2 database, at
both 50km and 5km resolutions. For each scenario, a 50km resolution, the UKCIPO2
database included rainfdl, temperature, relaive humidity, radiaion and wind speed. These
were used in moddling for dl the sectors. The agriculturd moddling study was dso based on
information in the 5km databases, in spite of problems regarding the avalability of certan
climatic parameters when working at this resolution. 50km databases were used to verify the
5km database for selected variables.

The UKCIPO2 database provided climate change data for three time dices (2020s, 2050s, and
2080s) and for four core emissons scenarios (Low, Medium-Low, Medium-High, and High).
The UKCIPO2 scenarios express future change relative to ether a modd smulated trend
(50km resolution) or an observed trend (5km resolution). For the 50km database, future
changes are expressed as anomdies to the smulated 50km trend; for the 5km database, future
changes are expressed as absolute values relative to the observed database. The Met Office
aso provided 5km (observed) resolution data relating to a 1961- 1990 long term average.

The uncertainty inherent in dl climate change forecast scenarios is discussed in Chapter 8.
The use of UKCIP scenarios, however, introduces specific limitations that need to be
understood if the findings of this report are to be gpplied judicioudy. The UKCIPO2 scenarios
are based on a nested modd agpproach and rely heavily on emisson leves (Hulme et al.
2002). The ocean-amosphere HADCM3 experiments provided the boundary conditions to
drive a high-resolution modd of the globd amosphere (HADAM3H). The outputs of these
experiments in turn provided the boundary conditions to drive the high-resolution regiond
modd of the European amosphere (HADRM3). The subgtantial computing costs associated
with this method required that model smulations be limited to the periods 1961-90 and 2071-
2100. The UKCIPO2 scenarios were generated using a scenario that projects emisson levels
for the 2080s. Based on modd outputs for this marker scenario, the backcasting technique of
“pattern scading” (perturbation of the respective global average temperature changes for the
different periods) is used to obtain scenarios for the 2020s and the 2050s. Using this method,
the change in emissons for the 2020s over the basdine period is negligible, making
asessments of generd cdimate change impects for the 2020s paticulaly difficult.  The
limitations of this scenario-based method might explan some of the low level of impacts,
relaive to background variability, projected for the 2020s in some of the forecasts contained
in this report.
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2.1.3 Creating scenarios of climate impacts on water demand

The CCDeW project evauated the combined impact of socio-economic change and climate
change on water demand. This was done by andysing the impact of climae scenarios on
water demand scenarios. However, as there are four Environment Agency scenarios for water
demand and four UKCIP climate change scenarios, a totd of 16 scenario permutations could
have been gpplied in each impact sector. Clearly this would have involved considerable
computer ime and a bewildering array of results. It was decided that a core set of scenarios
be sdected to represent the expected range in results and a reasonable digtribution of risk in
England and Waes. Table 2-3 identifies these marker scenarios.

The Beta Environment Agency scenario (see Table 2.3) reflects a Stuation in which water
demand is expected to increase in generd and so represents the highest expected change to
demand caused by socio-economic trends by the 2020s. The choice of Low and Medium-
High cdimae change scenarios is to give a range of climae changes, from those where
emissons ae redricted to a farly high emissons scenario. The focus of the project on the
2020s reflects the Environment Agency’s water resources drategy of meking 25 year
projections (Environment Agency, 2001).

As indicated, the project methodology involved extending the reference scenarios of water
demand from the EA (Alpha, Beta, Gamma and Ddta) through the 2050s for the three sectors
of water demand. Where necessary, the reference scenarios were extended beyond the EA
planning horizon of 2024/25. This was done for dl three components of demand for the Beta
scenario through the 2050s.  All four scenarios of domestic demand were extended through
the 2080s for congstency in the modelling framework (see Chapter 3).

Reaulting scenarios of water demand under climate change are expressed as percentage
change from the associated reference scenarios.

Table 2-3. Marker scenariosfor all sectors. The 2020s indicates the mean of atime slice for
2011-2040 and the 2050s for a time slice from 2041-2070.

UK CIPO02 Climate change scenarios

EA None Low Medium- Medium- High
scenarios Low High
Present Base year
(1997/1998)
Alpha Reference 2020s
Beta Reference 2020s, 2050s
Gamma Reference 2020s 2020s
Ddta Reference 2020s

2.2 Basdinedata

2.2.1 Creating socio-economic and climate data sets

The Environment Agency’s water resource planning database was made avalable to the
CCDeW project and this provided the basdine data for the anadyss of potentid incrementa
impacts on reference scenario demand.  The database includes a detailed inventory of the
micro-components of domestic demand by resource zone (some 125 for England and Wales),
commercid and industrid sectors by company and micro-components of Spray irrigation by
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region and is therefore suitable for presentation a the regiona level. This database (of linked
gpreadsheets) has been used in conjunction with an ArcView database of water resource zones
and regiond boundaries.

The 125 water resource zones used in the Environment Agency scenarios have been
condensed to 52 zones for the purpose of assgning climate change scenario values. Some of
the amdler zones have been combined to form larger zones and their data aggregated. A table
showing the relationship between the origina water resource zones and the CCDeW zones is
shown in Appendix 2-A. The boundaries of the eight Environment Agency Regions, and the
125 water resource zones were provided in digital form. The boundaries of the aggregated
CCDeW zones were derived from these data (see Appendix 2-B).

The key dimae varigbles of interes to the project were temperature (monthly maximum,
minimum and mean), precipitation, radiaion, potentid evapotranspiration, relaive humidity
and wind speed. Monthly data were adequate as this was the resolution of most of the
demand time series available to the project.

Daly dte data from weather dations have been used in both the domedtic and agriculturd
moddling work. These were made avalable, under licence, from the British Atmospheric
Data Centre archive. The daly data were processed into monthly mean temperatures and
precipitation totals.

The UKCIP 5km gridded climatology (historicd monthly-means) has been summarised by
resource zone to provide a conssent basdine climate time series for further andyses. The
basdine data at 5km resolution, were made available by the UK Meteorologica Office but the
scenarios were avalable at the regionad mode resolution of 50km. The standard basdline is
mean 1961-1990 vaues but monthly 5km resolution data were made available for the years
1961 - 2000.

The Environment Agency’s water resources planning database was linked to the UKCIPO2
50km resolution climate change scenarios produced by Atkins. The UKCIPO2 50km
resolution raw data for mean temperature, maximum temperature, minimum temperature and
precipitation were downloaded from the UKCIP webste, imported into ArcView and
converted to a 50km grid. Each variable was caculated as an area weighted average of its
water resource zone. The output files were imported into Microsoft Excel usng Visual Basic
for Applications. (Thisdata set isavailable from the project team.)

For this project, the mean changes in the climate variables for the 2020s (2011-2040) and the
2050s (2041-2070) were used. These relae to changes from the average of the modd
smulated basdine period, 1961 to 1990. In most cases data at the 50km-grid resolution
provided a suitable model input. However in order to caculate potential evapotranspiration
for the purpose of moddling agriculturd and garden water use, the Skm-grid monthly time
serieswas required as amode input.

Potentiadl evapotranspiration was cdculated usng the FAO Penman-Monteith method
(http://www.fao.org/docrep/ X 0490E/x0490e06.htm).  The parameters required for  the
cdculation of potentid evapotranspiration (i.e. temperature, radiation, wind speed and
humidity) were available for the 5km basdine, 50km basdine and 50km future scenario time
sies. However for the Skm future scenario time series, the variables of radiation and
humidity were not provided in the UKCIPO2 scenarios. Radiation and vapour pressure
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therefore have been derived, usng exising and published gpproaches. A detailed explanation
of the methodology is provided in Chapter 5.

Where input data required for the Penman Monteith caculation was unavailable, the Blaney-
Criddle method (Doorenbos and Pruit, 1992) of cdculating potentid evapotranspiration was
used (at the gte level only- see Chapter 3). The Blaney-Criddle method has a much smpler
data requirement and was conddered to be aufficiently accurate for cdculaing garden
watering requirementsin a soil water balance modd.

In summary, monthly precipitation, mean, minimum and maximum temperaiure were
cdculated for 52 zones for the control modd run and for the climate change scenarios
namdy Low, Medium-Low, Medium-High and High emissons scenarios. These were further
subdivided into the component water resource zones for andyss with the socio-economic
scenarios. These data are available for interested parties. Potential evapotranspiration was
caculated a both the 5km and 50km scae for the control modd run and the climate change
scenarios.

2.2.2 Datafor input and validation

Higtoric data on domestic demand were obtained from water company records ether at the
household level or for groups of properties (such as control zones). The most suitable means
of reating avalable domesic water consumption data to climate varidbles is by means of
pand surveys that include consumption monitors. Where the data can be related to key
household characteridtics, it is possble to cdibrate demand models. The project was
provided with data from water companies in key regions, namely: South West, Southern
(especidly the control areas), Thames, Three Valeys, and North West. This data has been
used as a means of vdiddaing modds that smulate current climate and socio-economic
conditions and to identify links between climate variables and demand.

A survey of irrigation of outdoor crops in England and Wales in 2001 was undertaken as part
of this project. The results formed the irrigation water demand database required for the
asessment of sengitivity of agricultural and horticulturad demand to climate change.

The man source of dealed hidoric time series data on indudrid/commercia  water
consumption is derived from meter readings and company hilling records Water companies
ae not required to disinguish between indudrid/commercial sectors in ther regulatory
returns to Ofwat and the Environment Agency. However, monthly indudtrid/commercid data
were provided to this study for the period from 1998/1999 to 2000/2001 for various water
resource zones (WRZ) in the south of England. Andyss of the data has dlowed some
generd observetions about the sengdtivity of certain indudtria/commercid sectors to dlimate
to be made.

There are no consumption data specificaly related to leisure faciliies Data on consumption
in the leisure sector has had to be gleaned from various sources. The breskdown of indugtria
commercid consumption into the sectors identified by the Environment Agency (Table 4-4)
does not identify the leisure sector (SIC code O) on its own. Consumption in this sector is
included in the “other” category.
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2.2.3 Modéling Overview

A range of models has been developed within the project:
Statisticd analyss for sdected areas where household, enterprise or land parcd data
are avalable. Such andyses have been developed by severa water companies (eg.
Southern Water research on pesk demand). These contribute to the diagnostic
evduation ad mode cdibration of the domedic demand moddling work. A
datigticd redionship has adso been devdoped to modd the sengtivity of industrid
and commercia water demand to average temperature.
Dynamic smulation modds have been used to capture the sengtivity of monthly
domestic demand to present climatic vaiaions, and the extenson to future climate
change. Such models incorporate the water industry methods (ownership-frequency
of use-volume), dlowing direct manipulaion of changesin the structure of demand.
Complex physcd modds have aso been used to andyse the spatid and tempora
sengtivity of irrigaion waer needs to future climate conditions and to invedigae
regiond irrigation water demand under the new scenarios.
A multi-agent smulation model, being developed for the EU funded FIRMA project
(http:/ffirma.cfpm.org/), has been incorporated into the project. This model provides a
means of exploring assumptions regarding the interaction of consumer attitudes,
adaptation to climate change and demand management (see Chapter 7).
Expert judgement underpins the andyds, especidly the interpolation from modd
results to the find database at the regiond level.

Condderable effort was devoted to involving stakeholders and collecting data on present
water demand. The analyss is condructed a a reatively fine scale (the water resource zones
or gridded soil-water modelling) in order to provide aggregated estimates of climate change
impacts at the regiond leve.

2.3 Constraints and Uncertainties

There are condraints and uncertainties in the CCDeW methodology. This type of anayss
requires projections of future climate change and socid, economic and inditutiond
conditions, dl of which become increesngly uncertain as the spatid and sectora resolution
and the period of the projection increase.

The Environment Agency reference scenarios which have been applied in the sectord
andyses, ae exogenous to the sudy, meaning that the incrementa effect of climate change
does not feed back into changes in the ownership of water gppliances. We illugtrate some
plausble behavioura responses to climate change usng an agent-based smulation modd (see
Chapter 7).

The dimae scenarios do not include changes in the frequency or magnitude of extreme
events - neither the variance nor the probability of large scade climate anomdies are dtered in
the assessment. We provide someinsght into such uncertainties in Chapter 8.

The results pertain to the regiond level, dthough water companies plan a the water resource
zone levd - in Chapter 9 we suggest how to relate the CCDeW results to current water

planning.

Further refinement of the methodology, not leest combining the impacts of climate change on
supply and demand, are warranted to provide robust guidance to water plannersin the UK.
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2.4 Appendices

24.1 Appendix 2-A. Water resour ce zones and corresponding CCDeW units
EA Region  Water Company Water Resour ce Zone CCDeW Unit
Anglian Anglian Eastern 9
Anglian Anglian Northern 29
Anglian Anglian Western 32
Anglian Cambridge 4
Anglian Essex and Suffolk Hartismere 2
Anglian Essex and Suffolk Hartismere 38
Anglian Essex and Suffolk Northern & Central 38
Anglian Essex and Suffolk Blyth 33
Anglian Tendring Hundred 22
Midlands Severn Trent Staffs & Telford 25
Midlands Severn Trent East Midlands 26
Midlands Severn Trent Severn 34
Midlands South Staffs 27
North East Hartlepool 24
North East Northumbrian 36
North East York 5
North East Y orkshire DaedGWzZ 6
North East Y orkshire East SWZ 7
North East Y orkshire East GWZ 8
North East Y orkshire GridlSwz 31
North West North West Calide 16
North West North West Eden 18
North West North West Integrated System 30
North West North West Keswick 43
North West North West West Cumbria 43
South West Bournemouth & W Hants Alderney 37
South West Bournemouth & W Hants Stanbridge 37
South West Bournemouth & W Hants Hde 37
South West Bournemouth & W Hants Kngpp Mill 37
South West Bristol 33
South West South West Roadford 15
South West South West Calliford 19
South West South West Wimblebdl 20
South West Wessex South 3
Southern Folkestone & Dover 23
Southern Mid Kent Stansted 41
Southern Mid Kent Burham 41
Southern Mid Kent Maidstone 41
Southern Mid Kent North Down 41
Southern Mid Kent Canterbury 41
Southern Mid Kent Ashford 41
Southern Mid Kent The Wedd 41



CCDeW Final Report Page 24 07/02/2003
Southern Mid Southern Southern 42
Southern Portsmouth Portsmouth 4
Southern Portsmouth Gosport 44
Southern Portsmouth Waterlooville a4
Southern Portsmouth Bishops Waltham v}
Southern Portsmouth Bognor Regis a4
Southern Portsmouth Chichester vV}
Southern Portsmouth Horndean v\
Southern South East Medway 45
Southern South East Mid Sussex 45
Southern South East Eastbourne 45
Southern Southern Sussex North 10
Southern Southern Kent Medway 11
Southern Southern Sussex Hastings 12
Southern Southern Kent Thanet 13
Southern Southern Sussex Coast 14
Southern Southern Ide of Wigth 17
Southern Southern Kingsclere 39
Southern Southern Andover 39
Southern Southern Broughton 39
Southern Southern Hants South & Winchester 39
Thames Mid Southern Northern 42
Thames North Surrey 21
Thames Sutton and East Surrey  Sutton 46
Thames Sutton and East Surrey  East Surrey 46
Thames Thames Guildford 1
Thames Thames South East London 47
Thames Thames Thames Valley 47
Thames Thames Lee Valley 47
Thames Thames Henley 48
Thames Thames Slough/Wycombe/Aylesbury 48
Thames Thames Kennet Valley 48
Thames Thames South Oxfordshire 48
Thames Thames Swindon 48
Thames Thames North Oxfordshire 48
Thames Three Vdleys Rickmansworth 49
Thames Three Vdleys Watford 49
Thames Three Vdleys Hatfield 49
Thames Three Valeys Iver 49
Thames Three Vdleys Harlow 49
Wales Dee Valley 40
Wales Dee Valey 40
Wales Welsh Llyswen 50
Wales Welsh Brecon Portis 50
Wales Welsh Vowchurch 50
Wales Welsh Rhondda 50
Wales Welsh Cynon 50
Wales Welsh Grwyne/Cwmtillery 50
Wales Welsh Talybont 50
Wales Welsh Upper Lwyd 50
Wales Welsh South East Gwent 50
Wales Welsh Rilleth 50
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Wales Welsh Ross-on-Wye 50
Wales Welsh Monmouth 50
Wales Welsh Whitbourne 50
Wales Welsh Hereford Conjunctive-Use 50
Wales Welsh Leintwardine 50
Wales Welsh Elan - Builth 50
Wales Welsh Pontdticill - Heads of Valey 50
Wales Welsh Sluvad/Court Farm/Llwynon 50
Wales Welsh South Pembrokeshire 51
Wales Welsh North Pembrokeshire 51
Wales Welsh Tywi Conjunctive Use Zone 51
Wales Welsh Mid & South Ceredigion 51
Wales Welsh North Ceredigion 51
Wales Welsh North Eryri-Y nys Mon 52
Wales Welsh Lleyn-Coastd Meirionnydd 52
Wales Welsh Dyffryn Conwy 52
Wales Welsh Capd Curig 52
Wales Welsh Dolwyddelan 52
Wales Welsh Tywyn-Aberdyfi 52
Wales Welsh Abergynolwyn 52
Wales Welsh Dolgdlau 52
Wales Welsh Blaenau Ffestiniog 52
Wales Welsh LIwyngwril 52
Wales Welsh Betws-y-Coed 52
Wales Welsh Clwyd Coasta 52
Wales Welsh Bda 52
Wales Welsh Corris-Pennal 52
Wales Welsh Dinas Mawddwy 52
Wales Welsh Alwen Dee 52
Wales Wessex North 28
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2.4.2 Appendix 2-B. CCDeW climate zones as applied in the CCDeW study
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Part |1: Sectoral analyses
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3 Domestic demand

3.1 Introduction

This chapter presents estimates of the impact of climate change on domestic water demand.
The methodology follows the overal project design, usng reference scenarios of future
demand from the Environment Agency and climate change scenarios from UKCIP to describe
“percentage change’ impacts a the regiond levd.

The andlyss, and chapter contents, follows a sequence of steps.
Characteristics of domestic demand are described (section 3.2).
The methodology is presented in section 3.3. The stepsare:

0 Compile basdine and scenario data.

0 Represent locd impacts of climétic variations on domesic demand in a
dynamic smulation model (CCDomestic). This model was run for a sample of
water resource zones where detailed demand data were available. The mode
was vaidated againgt historica data, but only to alimited extent.

o Cdibrate the CCDomestic model to the EA reference scenarios in order to
incorporate these underlying scenarios of water demand (ownership-
frequency-volume) in the assessment of future climate impacts.

0 Scde up the water resource zone results to the EA regiond leve usng
datitical regressons.

Results from the CCDomestic moddl are presented for the selected WRZs and at the
regiond leve, indicating the impacts on the most sengitive micro-components.
Conclusionsrevigt Herrington and note the present uncertainties.
Further discusson regarding uncertainty, guidance in interpreting the results and suggestions
for further monitoring and research is found in Part 111 of this report (Chapters 8 and 9).

3.2 Characteristics of demand

An understanding of the nature of domestic demand for water can be obtained by examining
information on household ownership of gppliances, the frequency of ther use and the
volumes of water that they use.

Herrington (1996) described the different components of domestic demand as the “micro-
components of demand” and summarised the components of domestic demand for the South
and Eadt, see Table 3-1 bdow. Herington's projection for the south and east 2001
corresponds fairly closdy to the EA base year edimae of some 162 I/h/d in 1997/98.
Herrington acknowledged that patterns of house ownership and occupancy would influence
domegtic demand for water, but relied on only one projection of future water demand without
climate change. His reference forecast for the south and east for the 2020s, 178 I/h/d is in the
middle of the range of Environment Agency scenarios for the same regions.

Among indoor micro-components, two have been changing for a decade or more. Toilets
have become more efficient following requirements for low flush toilets. On the other hand,
new showers tend to use more water, and more people are having both showers and baths.

The magor trend in outdoor micro-components is greater watering of gardens.  More
households are using hose pipes and sprinklers.  Gardens are more expensve—with designs
and plants that require more water during warm and dry weether. These dructurd trends in
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ownership, frequency of use and volume of water used per use underpin the mgor differences
between the EA scenarios.

3.3 Methodology

Fgure 3-1 shows the overdl approach adopted in this chapter, indicating links between input
data sets, modelling and outputs.  Following sections provide more detailed notes on the dte
model and regiond estimation techniques.

3.3.1 Linking demand datato regional impacts modelling

The methodology takes advantage of data and models at three scales:
At the dte scale, eg. a sample of water resource zones (WRZs), empirical data on the
micro-components of demand are avalable and can be linked to climéatic variaions,
using adynamic Smulation modd.
The Environment Agency Water Resources Strategy is based on estimates for WRZS,
which roughly correspond to the intermediate spatia scale of gridded climate data and
scenarios of climate change.
The output of the assessment is a sat of estimaes of climate change impacts at the
Environment Agency Regiond scae.

The fird sep involved compiling the input data st (first two rows of the chat). Severd
water companies made available data on domestic demand ether at the household level or for
regions (such as control zones). Some water company estimates of the sengtivity of demand
to climatic variations were presented at CCDeW mestings.

Table 3-1. Domestic demand for south and east (1976-2021) litres/capita/day). South and east
composed of Southern, Thames, South West and Anglian EA regions, taken from Herrington.
Bottom lines compar e the Environment Agency scenarios for total domestic use for the same
regions.

Component 1976 1991 2001 2011 2021
WC use 36.0 355 34.9 34.3 33.6
Personal washing 335 46.5 51.2 56.6 61.6
Clothes washing 135 21.7 21.4 20.7 22.0
Dish washing 10.2 11.8 111 11.0 11.0
Waste disposal unit 0.1 0.4 0.8 11 15
Car washing 0.7 0.9 11 13 15
Lawn sprinkling 0.1 25 4.3 6.6 8.7
Other garden use 1.1 3.8 4.8 59 7.2
Miscellaneous use 25.8 23.9 25.6 28.5 313
Total domestic use 121.0 147.0 155.2 166.0 178.1

Environment Agency reference scenarios 1997/1998 2024/5
Alpha 161.7 202.6
Beta 161.7 198.7
Gamma 161.7 1331
Deta 161.7 117.6

Sour ce: Herrington (1996) p. 34; Environment Agency Excel database (2001).
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Site Grid WRZ EA Regions
New UKMO UKCIPO2
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time series from gridded average for
water companies climatology; 2020s, 2050s
for selected sites monthly average Tm, P, ETo;
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Notes. Boxesin solid lines are data sets. The heavy linesindicate model analyses and the dashed
lines show thefinal deliverables.

Figure 3-1. Climate change scenario methodology for domestic water demand modelling
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Table 3-2. Selected water resource zones indicating demand data availability and sites with
historic climate data

Company Resour ce zone Climate site Company
pcc data
Thames Water South Oxfordshire Oxford Yes
Three Valeys Water Resource zone 2 Rothamsted Yes
South West Water Calliford Penzance Yes
North West Water Integrated system Knutsford Yes
Northumbrian Water Keilder supported Durham No
Dwr Cymru- Welsh Water North-Eryri-Ynys Mon Anglesey No
Southern Water Hants South & Winchester ~ Southampton Yes

The man impact andyds indrument was a dynamic smulaion mode of domestic demand
(CCDomesdtic). Empiricd-datigtical relationships were explored in the firsd phase of the
project.

Seven dtes were sdected for the dte modeling, representing the diversty of regiond
stuations (Table 3-2). The sdection of WRZs was based on the avalability of historic climate
data and corresponding per capita consumption (pcc) data.

For each resource zone, the Environment Agency estimates of current ownership, frequency
of use and volume-per-use for the micro-components of domestic demand have been
extracted. Monthly climate data for a nearby dation was obtaned from the British
Atmospheric Research Centre.  For some of the dtes, pcc data were available to test the
plausibility of the modd estimates of senstivity to present climatic variations.

The Environment Agency Water Resources Strategy is based on estimates for WRZSs, which
roughly correspond to the intermediate spatial scde of gridded climate data and scenarios of
climate change.

Spatid climate data were obtaned for the UKCIPO2 climate scenarios (see
www.ukcip.orguk) and for the UK Met Office basdine dimatology. Atkins interpreted the
climate scenarios for eech WRZ and Cranfidd interpreted the new basdine climatology a
WRZ levd.

The Environment Agency Water Resources Strategy database includes 125 WRZs. For each
WRZ, the present water demand is estimated for a standard set of micro-components (Table
3-3), usang the industry- standard ownership, frequency and volume (OFV) methodol ogy.

In most cases the model assumes that ownership and frequency change over time. The
edimated volume of water used for each event, however, only changes when new technology
isintroduced (as in water-saving toilets or power showers).

The drategy projects the components of demand for eech WRZ to the 2020s for four
reference scenarios (Table 3-4). This WRZ database is centrd to the CCDeW methodology
for the domestic sector. It represents the basdine of future demand without climate change.
To match the time scae of climate change, the reference demand was projected beyond the
Environment Agency 2020s horizon (see below).
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The output of the project is a set of esimates of climate change impacts at the Environment
Agency regiond scde.  The methodology required scding up from the dteWRZs to the
regiond leve.

The lower tier in Figure 3-1 shows the andyticd steps. At the dte leve, a sysems dynamic
model, CCDomestic, was run (described in more detal below). The purpose of the
gmulaiion modd is to take the annua OFV edimates and include ther (monthly) sengtivity
to climatic variations by changing the frequency of use (but not the volume-per-use). The
output of the modd is a time series from the 1980s to 2100 for each dte and for the micro-
components of domestic demand that are likely to be sengtive to climatic variations.

The output of the CCDomestic mode was datisticaly evauated to prepare a set of transfer
functions. The data avalable in the WRZ level database served as inputs to these functions.
The trander functions were then used to predict sengtivity to dimate change for dl WRZs—
for four reference scenarios and four climate scenarios.

The find sep involved the aggregation of the results from the 125 WRZs to the Environment
Agency Regiond leve (the main lower right box).

3.3.2 Climate data and scenariosin the CCDomestic model

The UKCIPO2 climate scenarios contain estimates of changes (from the modd control run)
for mean monthly temperature and monthly precipitation. The results of the dudy ae
presented for the eight Environment Agency Regions, but because some of the andyss has
been conducted at WRZ scae, the CCDeW database needed to contain climate data a both
scdes. Some of the WRZ, especidly in the South East and in Wades, are rdativdy smdl.
Given the way in which the 50km data were themsdaves estimated it was decided to creste a
smndler number of CCDeW zones made up from a number of complete WRZ. This reduced
the number of WRZs for which the Agency had conducted its domestic andysis from 125 to
52 (see Appendices 2A and 2B, above). The UKCIPO2 climate scenarios were downscaled
to this resolution (see Chapter 2).

The CCDomestic modd can be run in two modes. For the period from 1971 to 1999 (or the
latest year of recorded weather data) the modd was run in a higoricd mode. That is, the
actud, observed monthly cdimae data were used in the CCDomedtic smulations.  This
proved useful for vdidation purposes—to compare the output of say the 1990s with recorded
water use at aWRZ (expressed as pcc) or company region level.

The second mode was to smulate 1981 to 2100, a a monthly time step, usng a generated
time saries of climate data (mean monthly temperature and precipitation). The wegther
generator followed the form:

T=Tm+R+Ts*R+dTm

Where T ismonthly temperature
Tm isthe average monthly mean temperature for the historical record
R isarandom number from adistribution with mean 0 and standard deviation of 1
Tsisthe sandard deviation of mean monthly temperature (Tm)
dTm isthe change in mean temperature for the given UK CIP0O2 scenario.
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The UKCIPO2 climate change scenarios (Low, Medium-Low, Medium-High and High)
included edtimates of mean monthly changes for each time period. These incrementd
changes were used to generate time series of climate change. Since reliable estimates a the
monthly level were not provided in the UKCIP scenarios, inter-annud vaidbility in dimeate
was not changed. The moddled impacts of climaie change are the smulation results with
cimae change, minus the gmulation results for the generated dimate without dimate
change.

This gpproach provided a consgtent treatment of weather in the CCDomestic mode—the
reference scenario was generated in the same way as the scenarios of climate change.

The higorical and generated time series were dmilar.  Figure 3-2 shows the cumulative
digributions and x-y corrdaions for mean monthly temperature for the Rothamsted-Three
Vdleys gte. A dight difference in the extremes is gpparent, dthough the mean vaues are
vay dmila. By compaison, the cumulative digribution for the High dimate change
scenario is clearly warmer (but shows a dmilar cumulaive didribution, only with a higher
mean vaue).

It should be emphasised that the gpproach to generating climate time series does not include
any changes in the future varigbility of climate. Nor is there any perdstence in westher from
one month to the next. As indicated in Figure 32, the limitations are not likely to be serious
for farly smal changes in climate (as expected in the 2020s) and for mean changes over a run
of years (as in the average of the 2020s). However, concerns for future risks of extreme
monthly weether or for runs of hot summers followed by dry winters cannot be rdiably
evauated using this gpproach.

3.3.3 TheCCDomestic modd

Table 3-3 shows the components of domestic pcc used in the Environment Agency analyss
and the corresponding components encoded in the CCDomestic smulations. It was assumed
that most of the components of domestic demand were not sendtive to cdimaic variaions.
For ingance, dish washing, clothes washing and water used in direct heating were assumed to
be less dgnificantly dtered by warmer weether than activities such as garden watering and
bathing. These non-sendtive micro-components were grouped in one category in the modd.

Their vaues are taken from the Environment Agency reference scenarios and not affected by
climate change.

The modd was forced by the Environment Agency’s OFV edimates. Since the Environment
Agency reference scenarios do not correspond to the model stat and end years, additiond
estimates of OFV were required. From the 1970s to 1997/98, OFV estimates were backcast
usng plausble assumptions. However, it should be noted that data on gppliance ownership,
frequency of use and volume are not necessarily reliable for the 1970s and early 1980s.
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Figure 3-2. Monthly scenariosof climatechangefor Rothamsted (ThreeValleysWRZ 2), based
on UKCIPO2 High scenario, for mean monthly temperature (left) and precipitation (right)
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Figure 3-3. Comparison of historical and generated monthly temperature for the Rothamsted-
ThreeValleysWRZ. Thedataarefor 1970— 1996 (obser ved) and 27 year sgenerated from the
observed mean and standard deviation. Left shows the cumulative distributions—each time
seriesisordered from lowest valueto highest and plotted. Theaveragevaluesin the middle of

thecurvesaresimilar, although thegenerated serieshaslower and higher extremes. Theupper

curveisfor the High climate change scenario, from the 2020sonward. Thefigureon theright
plotsthe two ordered time series against each other, showing the high correlation.
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Table 3-3. Components of domestic demand

Environment Agency CCDomestic
Component Demand  Micro-component Component Micro-component
Car washing 0.7 Car washing Car washing
Garden watering 6.1 Sprinklers— garden use  Gardens Sprinklers - garden use
Other garden Other garden
Personal washing 33.3 Bath Bathing Bath
Shower Shower
Power shower Power shower
Hand basin
Miscellaneous 131  Miscdlaneous Miscellaneous
. : Not sensitive  Manual clothes
Clothes washing 14 Manual clothes washing o climate washing
Washing machines Washing machine
Dish washing 7.7 Dishwasher Dishwasher
Dish washing by hand Dish washing by hand
Toilet use 25 Toilets Toilets
Direct heeting 01  Direct heating Direct heating
systems

Note: Demand is % of household total estimated for 1997/98.
Sour ce: Environment Agency (2001b).

Table 3-4. Foresight scenarios used in the Environment Agency Water Resour ces Strategy

Water Environmental issuesand priorities Values UK GDP
demand (pa)
Alpha Sable Low priority placed on the environment. Individuaist 1.5%
(Provincial Low levels of investment creating
enterprise) sgnificant environmental problems
Beta Increases Environmenta improvement not a Consumerist 3%
(World priority. Emphasis on issues which
mar kets) impact on the individud or local area
Gamma Declines  Sustainable development accorded high Conservationist 2%
(Global political priority. Resource use efficiency
sustainability) drives policy
Delta Declines  Sustainable development closaly Conservationist 1%
(L ocal integrated into all areas of decision
Stewar dship) making. Effective community action

resolves loca environmenta problems
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OFV projections beyond 2020s were aso made. These are extensons of the scenarios
developed by the Environment Agency. In many cases, the vadues in 2020s had reached a
plateau or not been dtered a al (often volume is unchanged), in such cases the 2020s vaues
have smply been extended. In other cases the trend—of increasng or decressing vaues—
has been extrapolated, dbeit with farly conservetive changes. The rdatively consarvative
approach means that the scenarios for the 2050s represent a continuation of climate change
againg areference OFV that closdly represents the 2020s.

In addition, the model used the Environment Agency estimates of population. However, dl
of the results are presented as per capita consumption (in I/n/d), so population growth per se
does not influence the model results.

3.3.4 Impact sectors. the micro-components of demand

This section describes the cdculation of domesic demand, and its sendtivity to climatic
vaiations, in the CCDomestic Smulation modd.

The indoor micro-components that are sendtive to climate change include an adjusment to
the frequency of use, based on accumulated degree days. That is, in prolonged warmer
wesether the frequency of car washing, bathing and some miscellaneous uses are assumed to
increase.  Degree days represent the accumulation of time a which temperature is above a
threshold of 10 °C. For example, a month with a mean temperature of 15°C and 30 days,
would have 150 degree days. {(15°C — 10°C) * (number of days in the month)}. Table 35
shows the average degree days for 1961-1990 and the degree days when temperatures are 2°C
warmer. This increase in degree days, for example the 50% increase in May with warming of
2°C, is tesed for corrdation with water demand for persond washing. The assumed
behaviourd link is that with warmer weather people perspire more, leading to an increased
frequency of washing.

The redionship between degree days and frequency of use involves a smple assumption
(Figure 3-4 shows a dylised redionship). As degree days accumulate, frequency of use
increases, by up to 25% in this example. The relaionship between degree days and frequency
of use varies somewhat between the stes where the modd was run—it is one of the means to
adius the modd sengtivity to dimatic variaions. Fgure 3-4 dso shows examples of the
degree day curves from the CCDomestic modd for Three Vadleys. Note that the mode does
not change the volume of water use, and the ownership of agppliances is not linked to the
climate scenarios.

The method for estimating garden watering is based on soil moisture deficits.

The water balance componert follows a generic model developed by the Food and
Agriculture Organisation (1986), by which the monthly climate data are trandated into a soil
water baance for agiven month (t):

Available soil water (t) =

Available soil water (t-1)
+ Rainfall (t)
- Adjusted Potential Evapotranspiration (t)
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Table 3-5. Example of degree days for a temperature threshold of 10°C

Month Temperature Degree Days DegreeDayswith Increasein
Average Average +2deg C Degree Days
Jan 39 0 0
Feb 39 0 0
Mar 58 0 9
Apr 81 15 75 400%
May 116 112 174 56%
Jun 148 249 309 24%
Jul 16.8 335 397 1%
Aug 163 285 347 22%
Sep 139 165 225 36%
Oct 108 93 155 67%
Nov 6.7 0 18
Dec 4.8 0 3

Note: Averages are for the period 1961-1990. Degree days are calculated for each month (e.g., July 1971)
then the average is taken for the 30-year period. This results in different estimates of the monthly average
degree daysthan if the climatol ogical average (shown in the Table for information) is used.
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Figure 3-4. Conversion of degree days to increased frequency of use. Top left: idealised
relationship; others are from the CCDomestic model for Three Valleys. Middle row:
per centagesincreasein frequency of bathing (left) and car washing (right); Bottom row: factor
applied to frequency of garden watering (Ieft) and per centage changein miscellaneous demand.
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Potential  evapotrangpiration (ETo) was caculated according to the Blaney-Criddie method
(described in Doorenbos and Pruit, 1992) and provided as an input in the modd (see
Appendix 3-A). The Blaney-Criddle method was used due to the lack of al of the variables to
use the Penman-Monteith formula (see Chapter 2). ETo was adjusted for garden water
demand by using the standard coefficients for a mixture of shrubs and grass. Coefficients
range from 0.8, in winter months when little growth is expected, to 1.1 a the height of the
summer when plants require more water than in the reference ETo. Rainfdl in excess of ETo
or gregter than the water holding capacity of the soil (assumed to be 50 mm in the root zone)
is log to runoff or groundwater. The soil water deficit is the accumulated difference between
the plant requirements and the amount of water available.

For climate change dudies, the ETo was further adjusted to include the savings expected by
higher CO, concentrations. Experiments, field studies and detailed modd results indicate that
plants are likely to use less water with higher CO, concentrations as they will be better able to
regulate transpiration through lesf somaa  In this andyss, a farly modest water use
efficiency factor has been assumed - 15% for 2050, scaed from 1960 (when CO;
concentrations were 250 ppm, compared to 350 in the 1990s).

The potentid soil-water demand for garden watering was modified to reflect household
behaviour.  Ownership of watering devices was teken from the reference scenarios
Sprinklers and other devices (e.g., hosepipes and by hand) have different profiles of use. It
was assumed that sprinklers would be used to meet up to 60% of the cdculated demand while
other devices would achieve only a 30% efficiency (in the case of the Southampton modd;
these parameters are adjusted dightly to tune the modd to the EA reference scenarios as
discussed below). The modelled water use for gardens was further congtrained by seasona
factors were that indicate the likdihood of households to apply water in given months,
ranging from no watering in December to February to 2.0-25 times the soil water deficit in
June to August (again for the Southampton Site modd).

Other outdoor uses include paddling pools and car washing. Both micro-components are
sengtive to climatic variaions but are very minor proportions of total domestic demand.  Pool
demand was included in the CCDomedic miscdlaneous component. Redively little
sengtivity to climatic variations was incorporated, usng the degree day approach. Car
washing demand also follows the degree day approach noted above.

3.3.5 Modd validation with historical demand data

The CCDomesic modd edimates the sengtivity of domestic water demand to climdtic
variations. It does not include overt demand management, and the CCDeW project reports
estimates of the effects of climate change on unconstrained demand.

For severd dtes, data sets on actua consumption were available and sufficient to provide a
rough vdidation test of the CCDomestic modd. For the vdidation exercise, the modd used
hisgorical dimate data The goproach is illudrated in the following figures, usng the Thames
Water region as an example. The result for the Thames Water region is postive, athough
relatively week with an R of about 0.15 (Figure 3-5).

A smilar example is shown for Three Vdleys. The time series of seasond demand from 1996
to 1999 (Figure 3-6) shows smilar behaviour, dthough the spring pesk in 1997 (a drought
year) is notably displaced in the CCDomestic model to the late summer and autumn.  Figure
3-7 indicates a poor correlation between the observed and modelled demand in the spring
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through autumn. The corrdations for two other regions are shown in Figures 3-7 and 3-8.
Strong corrdations are gpparent in the Southern region for summer and both summer and
winter for the Colliford areain the South West region.

These comparisons of observed and moddled demand have some limitations. The available
time sries are genedly limited to a few years, and sometimes for large regions (as in the
Thames Region). The modd does not included detailed data on each micro-component and
its change over time (eg., ownership of power showers). Actua demand is often regtricted
(erther voluntarily or not) whereas the mode portrays unconstrained demand.

However, the results indicate that the CCDomestic model appears to capture a representative

degree of sengtivity to present dimatic variaions If anything, the modd is likey to be too
conservative and underestimate the effect of extreme events on demand.
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Figure 3-5. Comparison of modelled and obser ved seasonal demand for ThamesWater region
for 1977-1997. The data annual anomalies (difference between the annual domestic water use
survey and the linear trend in the time series). The observed data (x-axis) are from Thames
Water. Themodel data (y-axis) arebased on Oxford climatedata. Drought yearsin 1977, 1982-
84 and 1997 have been removed from thetimeseries. Theregression and correlation areshown.
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Figure 3-6. Comparison of modelled and observed seasonal demand for Three Valleys Water
region for spring through autumn, 1996-1999. Thedata ar e seasonal anomalies. The observed
data (x-axis) are from Three Valleys Water. The model data (y-axis) are based on Rothamsted
climatedata. Thelinear regression (not shown) showsno appar ent correation between thedata
sets.
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Figure 3-8. Comparison of modelled and observed seasonal demand for South West region, for
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for thetime series). The observed data (x-axis) arefrom South-West Water, from the Colliford
water resource zone. The model data (y-axis) are based on Penzance climate data.
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3.3.6 Modd calibration to EA reference scenarios

Once the modd vdidation a the Ste level was completed, the CCDomestic mode was
cdibrated to the Environment Agency reference scenarios for a sdection of water resource
zones. The cdibration exercises used the generated reference climate—that is the projections
from 1981 to 2100 without climate change. The purpose of the cdibration was to ensure that
the mode replicates as closdly as possble the EA reference scenarios—induding the
CCDomestic modd’s trandation of the impact of cimatic variations on demand but not
including the additiond changes from the greenhouse gas emissons scenarios of dimate
change.  The cdibraion generdly involved dtering the degree day-frequency curves
described above.

Table 3-6 compares the EA Alpha scenario (top panel) with the CCDomestic model
smulations (the middle pand), showing the difference between the two in the bottom pand.
While each dte modd was cdibrated agangt the range of reference scenarios, the
correspondence with the Alpha scenario is typical. The totd difference for the present and
2020s is quite smal—under 2% d per capita consumption.  The match is somewhat lower in
2100 (but the climate impacts are relatively greater then too).

The largest resdud eror is in car washing, but this is a very smdl component of demand.
More important is the bias toward overestimating the demand for garden watering, by over
10% in the 2020s. However, the largest micro-component sendtive to climatic varidions,
bathing, maiches iswell cdibrated in the modd.

With the cdlibrated models for each sSite, dl combinations of reference and climate change

scenarioswere run. This Ste-level data base was then used to scale up to region-wide
edimates of the impacts of climate change.

Table 3-6. Calibration of CCDomestic simulation to Environment Agency Alpha scenario

EA Alpha, I/h/d 2000 2020s 2100
Garden 15 19 21
Car 1 2 2
Miscellaneous 17 21 23
Bath 39 78 73
NonClimate 93 82 76
Total 165 202 195
Mode, I/h/d

Garden 16 22 23
Car 1 2 2
Miscellaneous 17 21 24
Bath 40 79 77
NonClimate A 81 75
Total 168 204 200
Difference (%)

Garden 5.2 116 75
Car 74 -25.0 -9.9
Miscellaneous 13 12 26
Bath 19 0.9 5.6
NonClimate 12 -11 -1.7
Total 1.8 1.1 2.6

Note: Results for South Oxfordshire water resource zone. NonClimate refers to the other micro-components not
sensitive to climate variations, taken from the reference scenarios.
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3.3.7 Scaling up from the selected water resour ce zonesto the EA regional level

The dte reaults, for seven Stes, four reference scenarios and four climate scenarios, were
archived in a database. Extrapolation to the remainder of the 125 WRZs in the database was
achieved through a st of regresson eguations. While a number of datigticd tests were
conducted, ardatively smple set of equations achieved satisfactory correlations.

The best predictors were:

- Environment Agency reference scenario, where Alpha=1, Beta=2, Gamma=4 and
Deta=3.
Ratio of garden watering demand to totd demand in 2020s, without climate change.
Ratio of persond washing to tota demand in 2020s without climate change.
Totd per cgpita consumption.
Mean annua temperature change (in °C) for the Medium-High UKCIPO2 scenario in
2020s.
Mean annud precipitation change (in mnvymonth) for the Medium-High UKCIPO2
scenario in 2020s.

Regresson equations were caculated for each of the marker climate scenarios—Low and
Medium-High scenarios of climate change in 2020s and the Medium-High scenario in the
2050s. The resulting equations are shown in (Table 37). Each of the equations accounts for
a reasonable proportion of the variance - with corrdations of 0.6 to 0.8. Including the tota
pcc in the equation (as an absolute value some two orders of magnitude grester than the
predicted changes) improved the corrdations but, counter-intutively, resulted in negdive
coefficients for bahing and temperaiure. The rdatively higher intercept for the 2050s
scenanios is taken into account by the negeative coefficient for garden watering.  Further detalls
of the datistical equations are found in Appendix 3-C.

These equations were then used to estimate climate change impacts for each of the WRZs, for
esch Environment Agency reference scenario and climate scenario.  Since the impacts are
amog indisinguishable between the Alpha and Beta scenario and between the Gamma and
Dédta scenarios, the results have been grouped together.

Table 3-7. Regression equationsto extrapolate from site to regional climate change impacts

Climate impact Intercept EA  Garden Bath Tm Pr  Tota R°

L ow 2020s 147 0.27 192 252 -198 025 001 079
M ed-High 2020s 2.03 0.27 1.35 -338 -214 026 001 o081
M ed-High 2050s 6.00 0.62 -2.16 -1043 -502 083 003 061
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34 Modd Results: Climate change impacts on domestic demand

To ensure appropriate inference from the modeled results it should be remembered that:
The reference case is the projection of domestic demand following the OFV scenarios
from the Environment Agency Water Resources Strategy with a generated climate that
issmilar to the present.
The climate change impact is the difference between the modd results for the
reference case and those for a generated climate having the same mean changes as the
UKCIPO02 scenarios.
The results are presented as the percentege difference between the two smulations of
the CCDomestic modd, for the same time period.
The results presented here are for a five-year average, centred around either 2025 or
2055. Thisremoves some of the variability inherent in usng a generated climate.

The possble combinations of results are the four Environment Agency reference scenarios
(Alpha to Ddta) x the four UKCIPO2 scenarios (Low to High) x sdlected time periods. As
agreed with the project steering group, results for ‘marker’ scenarios are presented, namely:

Gamma reference scenario, Low climate scenario, 2020s

All four reference scenarios, Medium-High climate scenario, 2020s.

Beta reference scenario, Medium-High climate scenario, 2050s.

The reaults a the dte levd ae presented firg and include a description of the rdative
contribution to the totd changes in pcc for the climate-senstive micro-components.  The
results are then *scaled up’ to the regiond level.

341 Atthesitelevel

The dte results are the bass for extrapolating to the other water resource zones and
agoregating to the Environment Agency Region level. The desgn of the CCDomestic mode
facilitates running al combinations of the reference and climate change scenarios.  In fact, the
results confirm the selection of marker scenarios.

For the 2020s, the results are farly condstent between Environment Agency reference
scenarios and climate scenarios (Figure 39). Climate change implies an increase of about 1%
in total domestic water demand. The variaion across reference scenarios is greater than
between the climate scenarios. For example, in south Oxfordshire the two reference scenarios
with higher per capita consumption (Alpha and Beta) imply a climate change impact of about
1.5%, while the more environmentdly oriented scenarios (Gamma and Deltad) suggest impacts
of lessthan 1%.

For the 2050s (Figure 3-10), the effects of climate change are larger - across the sites and
scenarios, results range from about 1.5% to over 3.5%. Agan, the difference between the
reference scenarios is more noticeable than the difference between climate scenarios.
Appendix 3-B provides mode estimates for each of the seven Sites.

The proportion of the dte-level (or water resource zone level) changes due to individud
micro-components is shown in Table 3-8, Caution should be gpplied in interpreting these
results - the modd is designed (and to the limited extent possible, vdidated) to yidd estimates
for totd per cgpita consumption. The caculations by micro-components provide greater
detall and redism, but not necessarily accuracy. Nevertheless, some insight into the nature of
the impactsis gained by exploring the micro-component sengitivity to climate change.
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For the four sdected WRZS, the impact of climate change in the 2020s is 1.2% - 1.7% for the
Beta scenario (which has the largest dimate impacts) and 0.8% - 1.0% for the Delta scenario
(typicdly with the smdlest impacts). The contribution of garden watering to these totd
impacts is on the order of 25%-30% for the Beta scenario and 15%-20% for the Deta
scenario.  Note that garden watering decreases strongly overdl in the Deta scenario (as does
totd pcc). Most of the impact is through increesed bathing - baths, showers and power
showers. The frequency of bathing is assumed to be able to increase, by up to 40% for baths
and 60% for showers. In the Environment Agency reference scenarios, the frequency of use
of baths is up to 0.3 baths per person per day, with showers and power shower frequency of
0.4 and 0.6 showers per person per day (these are for the Beta scenario).

The figures for the 2050s follow the same pattern, with bathing accounting for an even greater

proportion of totad demand. (The decrease in demand for Integrated System reflects an
abnormally wet year in the smulated wegther for this period.)

Table 3-8. Contribution of micro-componentsto WRZ impact of climate change

Beta Delta

2020s 2050s 2020s 2050s
South Oxfordshire
Garden 29.8% 18.1% 17.3% 6.2%
Car 4.1% 5.4% 2.6% 3.5%
Misc 0.4% 0.4% 0.4% 0.7%
Bath 65.7% 76.0% 79.7% 90.0%
Total 1.7% 3.1% 1.1% 2.0%
Three Valleys
Garden 33.3% 21.7% 20.8% 7.7%
Car 3.7% 5.2% 2.9% 3.5%
Misc 0.5% 0.5% 0.8% 0.7%
Bath 62.4% 72.6% 75.8% 88.1%
Total 1.7% 3.1% 1.0% 1.9%
Integrated system
Garden 23.7% -2.2% 12.8% -0.6%
Car 3.7% 6.2% 2.2% 3.2%
Misc 0.7% 0.6% 1.1% 0.8%
Bath 71.9% 95.5% 84.0% 96.6%
Total 1.2% 1.9% 0.8% 1.5%
Kielder
Garden 27.3% 14.9% 16.3% 4.8%
Car 3.7% 4.9% 2.5% 3.1%
Misc 0.5% 0.6% 0.6% 0.7%
Bath 68.5% 79.5% 80.7% 91.3%
Total 1.5% 3.0% 0.9% 2.0%

Notes: Climate scenario isthe MediumHigh, although relative contributionis similar for all of the climate
scenarios. Total isthe WRZ pcc for the climate scenario as a percentage increase from the Environment Agency

reference scenario.
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Figure 3-9. Selected siteresultsfor reference (Alpha-A, Beta-B, Gamma-G and Delta-D) and
climate change (Low to High) scenarios, for 2020s. The selected WRZs ar e south Oxfordshire
(Thamesregion), Three Valleys (Anglian region), Integrated System (Northwest) and Kielder
(Northeast). The other sites used have a similar range of results.
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Figure 3-10. Selected siteresultsfor reference (Alpha-A, Beta-B, Gamma-G and Delta-D) and
climate change (Low to High) scenarios, for 2050s. The WRZs are asfor above.
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3.4.2 Attheregional level

Across the regions and climate scenarios, the impacts in the 2020s are in the range of 1.3% to
1.8%, increasing to over 3% by the 2050s, for the Alpha and Beta scenarios (Table 3-9).
There is reatively little difference between the regions—a maximum spread of less than 0.5%
in the climate impacts in the 2020s.

The Gamma and Ddta scenarios imply lower cdimate change impacts - of the order of 1% for
the 2020s, with a range across the regions of +/- 0.25%. The 2050s scenario shows higher
impacts, but gill sgnificantly less than for the Alpha and Beta reference scenarios.

Frm edimates of the proportion of the regiona impacts dtributable to individua micro-
components are beyond the scope of this project. However, the CCDomestic smulation
model uses micro-components to build up a picture of total per capita consumption, and
results a the dte leve are shown above. In Table 310 regiona estimates of the proportion of
the total impact for garden watering and bathing are shown. While these are based on the Ste
level results, they are rounded off and adjusted to represent a consstent view across the
regions and time periods. In paticular, we fed the impacts of garden watering are somewhat
under-represented in the modd. The differences between the climate scenarios are relatively
smdl and are grouped together for the reference scenarios.

Table 3-9. Regional estimates of climate change impacts on domestic demand, % change

Alpha and Beta Reference Scenarios

Region L ow 2020s M-High 2020s M-High 2050s
Anglian 1.45 1.83 3.04
Midlands 171 1.83 3.68
North East 1.36 148 3.04
North West 131 1.43 2.97
Southern 133 1.45 292
South West 1.26 1.39 2.81
Thames 1.26 1.37 2.67
EA Wales 134 1.45 2.79
Gamma and Delta Reference Scenarios
Region L ow 2020s M-High 2020s M-High 2050s
Anglian 1.00 1.28 218
Midlands 1.19 1.10 2.30
North East 1.00 1.13 2.10
North West 1.04 1.08 211
Southern 0.99 1.07 181
South West 0.97 0.95 1.92
Thames 0.87 1.02 2.05

EA Wales 0.93 1.06 2.05
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Table 3-10. Percentage of total climate impact due to garden watering and bathing

Alpha and Beta Reference Scenarios

Region 2020s 2050s
Garden Bathing Garden Bathing

Anglian 35 60 25 70
Midlands 25 70 15 75
North East 25 65 15 75
North West 25 70 15 75
Southern 35 60 25 70
South West 25 70 15 80
Thames 30 65 20 75
EA Wales 25 70 15 80

Gamma and Delta Reference Scenarios

Region 2020s 2050s
Garden Bathing Garden Bathing

Anglian 25 70 15 80
Midlands 15 80 10 85
North East 20 75 10 85
North West 15 80 10 85
Southern 20 75 10 85
South West 15 80 10 85
Thames 20 75 10 85
EA Wales 15 80 10 85

3.5 Conclusion

Herrington employed a range of datisticd modeds corrdaing climatic varigbles with demand
for water in southern England as observed during the 1970s and 1980s. We have relied
primarily on dynamic smulation modds cdibrated for a range of water resource zones. We
included severd datidical explorations as wdl as socdd smulation results that indicate
quaitative responses to dimdic variations and water scarcity. Clealy the dynamic
gmulation modd is more consavaive than detidica corrdations  For ingance, the
regresson equations developed from data on demand from South West Water indicate an
increase in demand of 7% (winter) to 21% (summer) for the 2050s (i.e, a temperature
increase of 2.3°C) (see Appendix 3D). In contrast the smulation results for the South West
region show an increase of about 3% in the annud average for the 2050s. The dynamic
samulation tracks changes in the micro-components of demand (which is difficult to do in
regresson equations) and assumes some dampening of the dadicity of demand to dimetic
vaidaions. For example, a maximum number of showers or baths per week is assumed and
garden watering is not assumed to occur dl year round even if the temperaiures are relaively
warm.

The trestment of climate change has aso improved. Herrington assumed the word-case
scenario, while the CCDeW project benefited from two rounds of forma GCM-based
scenarios under the UKCIP.  However, there are subgtantia limitations to the UKCIP
scenarios, especidly for the 2020s (as discussed in 21 above). A move toward fully
probabilistic scenariosis arequired next step.

The CCDeW project is built upon a basdine and projections at the water resource zone level.
This provides improved assessment of regiond water demand—Ilagdy missng from the
Herrington benchmark. However, there is rdatively little soread between the regions in the
impact of dimate change—a range of less than 0.5%.
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Neither CCDeW nor Herington are able to provide definitive etimates of the impacts of
cdimate change (over the course of the next two decades or more) for individud micro-
components. However, the CCDomestic Smulation model uses micro-components to build
up a picture of total per capita consumption. Most of the modelled impacts is attributed to the
increased use of baths, showers and power showers and are based on the assumption that the
frequency of bathing is likely to incresse. The agent based socid smulation moded (reported
in Chapter 7) indicates that an increased frequency of drought coud trigger long-term
reductions in demand through adoption of water saving technology. Or, consumers might
increese ther demand beyond even the high reference scenarios if the presumption of
entitlement to a private good exceeds willingness to conserve water during periods of drought.

The CCDeW results are primarily oriented toward long term demand and its sengtivity to
mean changes in climate. However, peak demand and demand management are important for
water planning. We come back to the issues of uncertainty and extreme events in Chapter 8.

Table 3-11 summarises the main uncertainties in the domedtic assessment. The CCDewW
results are primarily oriented toward long term demand and its sengtivity to mean changes in
cdimae. The edimates may wel be conservative. For example, pesk demand (triggered by
hot and dry years) and demand management (part of the regulatory toolkit) are important for
water planning but neither are intringc to the CCDomestic modd. We come back to the
issues of uncertainty and extreme eventsin Chapter 8.

Table 3-11. Summary of uncertaintiesin domestic demand assessment

Under estimate climate impacts Overestimate climate impacts
Lack of changes in extreme events Effect of regulation or prices not included (e.g.,
Frequency of use capped in S-shaped during droughts)
relationship to degree days Adoption of water-saving technology
No behaviourd link between climate and Climatic triggers applied at the monthly scale
ownership of appliances whereas peaks in demand are often only for a
Use of garden watering to cool the few days
environment not included Smaller households may reduce congtraints on

water use (e.g., more appliances per person)

Biasuncertain

Soil-water deficit drives garden watering
Relationship to climatic variables other than temperature (e.g., humidity)
Metered use might encourage conservation (through awareness and pricing) or peak use (with
increased willingness to pay for water)
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3.6 Appendices

3.6.1 Appendix 3-A. Basdline data and calculation of potential evapotranspiration
Precipitation: Datafor the modeled present day climate (1961 to 1990) are givenin
mm/day.

The change with respect to the modelled present day climate is given as a per centage.
Temperature: Datafor the modelled present day climate (1961 to 1990) are given in °C.
The change with respect to the modelled present day climateis given as °C.

Potential  evapotranspiration (ETo), has been edimated usng the Blaney-Criddle method (see
Doorenbos and Pruit, 1992), a relaively smple approach that relies on temperature data, a
measure of sunshine hours and an adjusment factor which depends on minimum relative
humidity, sunshine hours and daytime wind estimates.

ETo (day) = p (0.46 Tmean +8)
Where ETo s potentia evapotranspiration,
p is percentage of annua sunshine hours, calculated by |atitude,
Tmean is mean temperature.

Daly ETo is multiplied by the number of days pe month to cdculae monthly ETo.  p-
Coefficients for the mid-high latitudes are given in Table 2-5 below.

Table 3-12. M ean daily per centage (p-coeffcient) of annual daytimehoursfor different latitudes

Month 1 2 3 4 5 6 7 8 9 10 11 12 Ave
Latitude North Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec Ave
South July Aug Sept Oct Nov Dec Jan Feb Mar Apr May June Ave

60° 015 02 026 032 038 041 04 034 028 022 017 013 027
55 017 021 026 032 036 039 038 033 028 023 018 016 027
50 019 023 027 031 034 036 035 032 028 024 0.2 018 027
45 02 023 027 03 034 035 034 032 028 024 021 0.2 027
40 022 024 027 03 032 034 033 031 028 025 022 021 027

35 023 025 027 029 031 032 032 03 028 025 023 022 027
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3.6.2 Appendix 3-B. Site level results

The following tables report the dte modd (CCDomestic) results. The Reference columns of each table are the Environment Agency scenario for
the present (2000) and as projected to 2025, 2055 and 2085, in |/i/d. The middle columns shows the smulation results for the Low and
Medium—High scenarios of climate change (from the UKCIP2002), in I/hW/d. The differences between the climate change and reference case are
shown in the right-most columns, in %. The table header includes the water company, resource zone and climate gtation. Summary resuts for dl

scenarios are shown in Table 3.10 for dl climate change scenarios.

Table 3-13. Three Valleys, Resour ce zone 2, Rothamsted

Reference Climate change, Low Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085

Alpha
Garden 16.5 29.7 32.6 39.2 30.8 34.3 40.8 3.8% 5.2% 4.1%
Car 11 1.6 1.6 1.6 17 18 19 5.2% 11.1% 18.3%
Misc 30.4 38.0 39.4 1.6 38.0 39.4 19 0.0% 0.1% 18.3%
Bath 435 72.6 71.8 40.6 74.6 75.2 40.6 2.7% 4.7% 0.1%
NonClim 88.0 77.1 74.6 71.6 77.1 74.6 77.2 0.0% 0.0% 7.8%
Total 179.4 219.0 219.9 225.6 222.1 225.2 233.1 1.4% 2.4% 3.3%

Beta
Garden 15.8 32.6 36.6 44.2 33.8 38.5 46.1 3.8% 5.2% 4.1%
Car 11 2.3 25 25 25 2.7 2.9 5.3% 11.0% 18.2%
Misc 30.4 37.7 40.4 25 37.7 40.4 2.9 0.0% 0.1% 18.2%
Bath 43.2 78.8 78.5 43.7 81.0 82.3 43.7 2.7% 4.8% 0.1%
NonClim 88.1 67.5 63.1 79.1 67.5 63.1 85.4 0.0% 0.0% 7.9%
Total 178.6 219.0 221.1 230.7 222.5 227.1 239.2 1.6% 2.7% 3.7%

Gamma
Garden 16.5 24.3 25.9 31.9 25.2 27.2 33.2 3.7% 5.2% 4.1%
Car 11 11 11 1.3 11 13 15 5.4% 11.0% 18.2%
Misc 30.1 26.8 25.7 1.3 26.8 25.7 15 0.0% 0.1% 18.2%
Bath 42.6 43.1 40.2 25.7 44.1 41.9 25.7 2.3% 4.2% 0.1%
NonClim 87.6 585 53.1 38.0 58.5 53.1 40.6 0.0% 0.0% 6.8%
Total 177.9 153.9 146.1 148.5 155.8 149.3 152.7 1.3% 2.2% 2.8%
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Delta
Garden 16.5 7.3 4.3 4.7 75 45 49 3.6% 5.1% 4.0%
Car 1.0 0.6 0.6 0.6 0.6 0.6 0.7 5.7% 10.9% 18.5%
Misc 30.2 23.7 21.6 0.6 23.8 217 0.7 0.0% 0.1% 18.5%
Bath 42.6 40.0 37.2 21.6 40.9 38.7 21.6 2.3% 4.1% 0.1%
NonClim 87.9 62.3 56.9 355 62.3 56.9 37.9 0.0% 0.0% 6.7%
Total 178.2 133.9 120.5 117.9 135.1 122.3 120.6 0.9% 1.5% 2.3%
Reference Climate change, Med-High Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 16.5 29.7 32.6 39.2 30.8 33.9 40.0 3.9% 4.1% 2.0%
Car 11 1.6 1.6 1.6 17 1.8 21 5.7% 14.7% 30.5%
Misc 30.4 38.0 39.4 1.6 38.0 39.4 21 0.0% 0.1% 30.5%
Bath 43.5 72.6 71.8 40.6 74.8 76.3 40.6 3.0% 6.3% 0.1%
NonClim 88.0 77.1 74.6 71.6 77.1 74.6 80.4 0.0% 0.0% 12.3%
Total 179.4 219.0 219.9 225.6 222.4 226.1 235.7 1.6% 2.8% 4.5%
Beta
Garden 15.8 32.6 36.6 44.2 33.8 38.1 45.1 3.9% 4.1% 2.0%
Car 11 2.3 25 25 25 2.8 3.2 6.0% 14.6% 30.5%
Misc 30.4 37.7 40.4 25 37.7 40.4 3.2 0.1% 0.1% 30.5%
Bath 43.2 78.8 78.5 43.7 81.2 83.5 43.8 3.0% 6.4% 0.2%
NonClim 88.1 67.5 63.1 79.1 67.5 63.1 89.0 0.0% 0.0% 12.5%
Total 178.6 219.0 2211 230.7 222.8 228.0 242.3 1.7% 3.1% 5.0%
Gamma
Garden 16.5 24.3 25.9 31.9 25.3 27.0 325 3.9% 4.1% 2.0%
Car 11 11 11 1.3 11 1.3 17 6.1% 14.5% 30.5%
Misc 30.1 26.8 25.7 1.3 26.8 25.8 17 0.1% 0.1% 30.5%
Bath 42.6 43.1 40.2 25.7 442 425 25.7 2.6% 5.6% 0.1%
NonClim 87.6 58.5 53.1 38.0 58.5 53.1 42.0 0.0% 0.0% 10.7%
Total 177.9 153.9 146.1 148.5 156.0 149.6 153.7 1.4% 2.4% 3.5%
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Delta
Garden 16.5 7.3 4.3 4.7 7.5 4.5 4.8 3.8% 4.1% 2.0%
Car 1.0 0.6 0.6 0.6 0.6 0.6 0.8 6.4% 14.5% 30.5%
Misc 30.2 23.7 21.6 0.6 23.8 21.7 0.8 0.0% 0.1% 30.5%
Bath 42.6 40.0 37.2 21.6 41.0 39.2 21.6 2.5% 5.4% 0.1%
NonClim 87.9 62.3 56.9 35.5 62.3 56.9 39.3 0.0% 0.0% 10.5%
Total 178.2 133.9 120.5 117.9 135.2 122.8 122.0 1.0% 1.9% 3.4%
Table 3-14 South West Water, Colliford, Penzance
Reference Climate change, Low Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 9.9 12.9 13.7 15.4 13.2 14.2 16.1 2.9% 3.8% 4.9%
Car 1.1 15 1.6 1.6 1.6 1.8 2.0 6.5% 13.7% 22.1%
Misc 34.9 44.6 46.1 1.6 44.6 46.1 2.0 0.0% 0.1% 22.1%
Bath 40.2 70.6 72.7 46.2 72.9 77.7 46.2 3.3% 6.9% 0.1%
NonClim 69.9 62.4 60.7 72.4 62.4 60.7 79.5 0.0% 0.0% 9.7%
Total 156.0 192.0 194.8 195.1 194.8 200.6 203.3 1.5% 3.0% 4.2%
Beta
Garden 9.9 12.9 13.0 13.7 13.2 13.5 14.4 2.9% 3.8% 4.9%
Car 1.1 1.6 1.9 2.4 1.7 2.1 29 6.4% 13.5% 21.9%
Misc 349 44.1 454 2.4 44.1 45.4 2.9 0.0% 0.1% 21.9%
Bath 40.2 75.6 79.4 45.3 78.1 85.0 45.3 3.3% 7.0% 0.1%
NonClim 69.7 56.2 53.3 80.3 56.2 53.3 88.3 0.0% 0.0% 9.9%
Total 155.8 190.4 193.0 193.3 1934 1994 202.5 1.6% 3.3% 4.8%
Gamma
Garden 16.5 23.9 25.7 29.8 24.6 26.7 31.2 2.9% 3.8% 4.9%
Car 1.1 1.1 1.2 1.3 1.2 1.3 1.6 6.5% 13.6% 21.7%
Misc 30.2 26.8 25.7 13 26.8 25.8 1.6 0.0% 0.1% 21.7%
Bath 40.9 43.6 39.9 25.7 44.9 42.4 25.7 3.1% 6.3% 0.1%
NonClim 87.6 58.5 53.1 37.8 58.5 53.1 41.2 0.0% 0.0% 9.1%
Total 176.3 154.0 145.6 146.3 156.1 1493 151.5 1.4% 2.5% 3.6%
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Delta
Garden 9.9 31 25 3.8 3.2 2.6 4.0 2.9% 3.6% 4.8%
Car 1.0 0.6 0.6 0.6 0.7 0.6 0.7 6.9% 13.5% 21.6%
Misc 34.8 29.7 27.1 0.6 29.7 27.1 0.7 0.0% 0.1% 21.6%
Bath 40.1 41.8 38.1 26.1 43.1 40.4 26.2 3.0% 6.2% 0.1%
NonClim 69.8 52.7 48.4 35.8 52.7 48.4 39.0 0.0% 0.0% 9.0%
Total 155.6 127.9 116.6 1135 129.3 119.1 117.1 1.1% 2.2% 3.2%
Reference Climate change, Med-High Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 9.9 12.9 13.7 154 13.3 14.1 15.8 3.0% 2.9% 2.7%
Car 11 15 1.6 1.6 17 1.9 2.2 7.4% 18.4% 36.1%
Misc 34.9 44.6 46.1 1.6 44.6 46.1 2.2 0.0% 0.1% 36.1%
Bath 40.2 70.6 72.7 46.2 73.2 79.4 46.3 3.6% 9.2% 0.2%
NonClim 69.9 62.4 60.7 72.4 62.4 60.7 83.3 0.0% 0.0% 15.0%
Total 156.0 192.0 194.8 195.1 195.1 202.2 207.1 1.6% 3.8% 6.1%
Beta
Garden 9.9 12.9 13.0 13.7 13.3 134 141 3.0% 2.9% 2.7%
Car 11 16 19 2.4 17 2.2 3.2 7.3% 18.4% 36.0%
Misc 34.9 44.1 45.4 2.4 44.1 45.4 3.2 0.0% 0.1% 36.0%
Bath 40.2 75.6 79.4 45.3 78.4 86.8 45.3 3.6% 9.3% 0.2%
NonClim 69.7 56.2 53.3 80.3 56.2 53.3 92.6 0.0% 0.0% 15.3%
Total 155.8 190.4 193.0 193.3 193.7 201.2 206.9 1.7% 4.2% 7.0%
Gamma
Garden 16.5 23.9 25.7 29.8 24.6 26.5 30.6 3.0% 2.9% 2.7%
Car 11 11 12 13 1.2 14 18 7.4% 18.4% 36.1%
Misc 30.2 26.8 25.7 13 26.8 25.8 18 0.0% 0.1% 36.1%
Bath 40.9 43.6 39.9 25.7 45.1 43.2 25.8 3.4% 8.4% 0.2%
NonClim 87.6 58.5 53.1 37.8 58.5 53.1 43.1 0.0% 0.0% 14.1%
Total 176.3 154.0 145.6 146.3 156.3 149.9 153.0 1.5% 3.0% 4.6%
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Delta
Garden 9.9 3.1 2.5 3.8 3.2 2.5 39 3.1% 2.7% 2.7%
Car 1.0 0.6 0.6 0.6 0.7 0.7 0.8 7.9% 18.1% 35.5%
Misc 34.8 29.7 27.1 0.6 29.7 27.1 0.8 0.0% 0.1% 35.5%
Bath 40.1 41.8 38.1 26.1 43.2 41.2 26.2 3.3% 8.2% 0.2%
NonClim 69.8 52.7 48.4 35.8 52.7 48.4 40.8 0.0% 0.0% 13.9%
Total 155.6 127.9 116.6 113.5 129.4 119.9 118.9 1.2% 2.9% 4.7%
Table 3-15 Dwr Cymru-Welsh, North-Eyri-Ynys Mon, Anglesey
Reference Climate change, Low Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 9.1 12.3 13.6 16.0 12.6 13.9 16.4 2.3% 2.7% 2.8%
Car 1.0 14 15 15 15 1.6 18 4.9% 9.3% 15.2%
Misc 33.9 43.7 45.5 15 43.7 45.5 1.8 0.0% 0.0% 15.2%
Bath 41.1 72.1 73.4 46.0 74.2 7.4 46.0 2.9% 5.4% 0.1%
NonClim 67.9 60.6 59.7 74.8 60.6 59.7 81.2 0.0% 0.0% 8.5%
Total 153.0 190.1 193.6 197.6 192.6 198.1 204.7 1.3% 2.3% 3.6%
Beta
Garden 16.3 33.1 37.8 43.6 33.8 38.8 44.8 2.3% 2.7% 2.8%
Car 1.1 2.3 2.4 2.4 2.4 2.7 2.8 4.8% 9.1% 15.2%
Misc 30.4 37.7 40.4 24 37.7 40.4 2.8 0.0% 0.0% 15.2%
Bath 42.8 79.8 78.8 43.7 82.1 83.0 43.7 2.9% 5.4% 0.1%
NonClim 88.1 67.5 63.1 79.3 67.5 63.1 86.0 0.0% 0.0% 8.5%
Total 178.7 220.4 222.6 230.2 223.6 228.1 238.5 1.4% 2.5% 3.6%
Gamma
Garden 17.0 24.7 26.8 314 25.3 27.5 32.3 2.3% 2.7% 2.8%
Car 1.0 11 11 1.2 11 1.2 14 4.7% 8.9% 15.1%
Misc 30.1 26.8 25.7 1.2 26.8 25.7 14 0.0% 0.1% 15.1%
Bath 42.3 44.6 40.6 25.7 45.9 42.8 25.7 2.9% 5.4% 0.1%
NonClim 87.6 58.5 53.1 38.4 58.5 53.1 41.6 0.0% 0.0% 8.6%
Total 178.1 155.7 147.4 148.5 157.6 150.4 152.8 1.2% 2.1% 2.9%
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Delta
Garden 17.0 7.3 4.4 4.7 75 4.6 4.8 2.3% 2.7% 2.8%
Car 1.0 0.6 05 0.6 0.6 0.6 0.7 5.1% 9.3% 15.3%
Misc 30.2 23.7 21.6 0.6 23.8 21.7 0.7 0.0% 0.0% 15.3%
Bath 42.2 42.1 37.6 21.6 43.3 39.6 21.6 2.9% 5.4% 0.1%
NonClim 87.9 62.3 56.9 35.9 62.3 56.9 39.0 0.0% 0.0% 8.6%
Total 178.4 136.1 121.0 118.2 137.5 123.3 121.5 1.0% 1.8% 2.8%
Reference Climate change, Med-High Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 9.1 12.3 13.6 16.0 12.8 13.7 16.4 3.9% 1.3% 2.8%
Car 1.0 14 15 15 15 17 2.0 5.6% 12.4% 26.6%
Misc 33.9 43.7 45,5 15 43.7 45,5 2.0 0.0% 0.1% 26.6%
Bath 41.1 72.1 73.4 46.0 74.4 78.7 46.1 3.2% 7.2% 0.2%
NonClim 67.9 60.6 59.7 74.8 60.6 59.7 85.1 0.0% 0.0% 13.8%
Total 153.0 190.1 193.6 197.6 193.0 199.3 208.9 1.5% 2.9% 5.7%
Beta
Garden 16.3 33.1 37.8 43.6 33.8 38.3 43.5 2.3% 1.2% -0.3%
Car 11 2.3 2.4 2.4 2.4 2.7 3.1 5.4% 12.4% 26.7%
Misc 30.4 37.7 40.4 2.4 37.7 40.4 31 0.0% 0.1% 26.7%
Bath 42.8 79.8 78.8 43.7 82.3 84.5 43.8 3.2% 7.2% 0.2%
NonClim 88.1 67.5 63.1 79.3 67.5 63.1 90.2 0.0% 0.0% 13.7%
Total 178.7 220.4 222.6 230.2 223.9 229.1 241.7 1.6% 2.9% 5.0%
Gamma
Garden 17.0 24.7 26.8 314 25.3 27.1 31.3 2.3% 1.2% -0.3%
Car 1.0 11 11 1.2 11 1.3 16 5.4% 12.5% 26.5%
Misc 30.1 26.8 25.7 1.2 26.8 25.8 16 0.0% 0.1% 26.5%
Bath 42.3 44.6 40.6 25.7 46.1 43.6 25.7 3.2% 7.2% 0.2%
NonClim 87.6 58.5 53.1 38.4 58.5 53.1 43.7 0.0% 0.0% 14.0%
Total 178.1 155.7 147.4 148.5 157.8 150.8 154.1 1.3% 2.3% 3.8%
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Delta
Garden 17.0 7.3 4.4 4.7 7.5 4.5 4.7 2.3% 1.3% -0.2%
Car 1.0 0.6 0.5 0.6 0.6 0.6 0.7 5.4% 12.6% 26.5%
Misc 30.2 23.7 21.6 0.6 23.8 21.7 0.7 0.0% 0.1% 26.5%
Bath 42.2 42.1 37.6 21.6 435 40.3 21.6 3.2% 7.2% 0.1%
NonClim 87.9 62.3 56.9 35.9 62.3 56.9 40.9 0.0% 0.0% 14.0%
Total 178.4 136.1 121.0 118.2 137.7 123.9 123.4 1.1% 2.4% 4.4%
Table 3-16 North West Water, Integrated system, Knutsford
Reference Climate change, Low Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 7.8 13.0 14.1 15.9 13.3 14.3 16.1 1.9% 1.5% 1.3%
Car 0.8 1.2 13 15 1.3 15 17 3.8% 7.9% 13.1%
Misc 21.0 27.1 28.9 15 27.1 29.0 17 0.0% 0.0% 13.1%
Bath 37.6 73.0 77.4 30.2 74.6 80.3 30.3 2.1% 3.8% 0.1%
NonClim 85.0 78.4 76.2 77.8 78.4 76.2 82.8 0.0% 0.0% 6.4%
Total 152.2 192.8 198.0 200.7 194.7 201.2 206.1 1.0% 1.6% 2.7%
Beta
Garden 16.3 33.4 38.1 43.0 34.1 38.7 43.5 1.9% 1.6% 1.3%
Car 1.1 2.3 25 25 2.4 2.6 2.8 3.9% 7.8% 13.1%
Misc 30.4 37.7 40.4 25 37.7 40.4 2.8 0.0% 0.0% 13.1%
Bath 42.7 79.4 78.7 43.7 81.2 81.7 43.7 2.2% 3.8% 0.1%
NonClim 88.1 67.5 63.1 79.4 67.5 63.1 84.6 0.0% 0.0% 6.5%
Total 178.6 220.4 222.8 229.7 222.9 226.6 235.8 1.1% 1.7% 2.7%
Gamma
Garden 17.0 249 27.0 30.9 25.4 27.4 314 2.0% 1.6% 1.3%
Car 1.1 11 11 1.3 11 1.2 14 3.9% 7.8% 13.2%
Misc 30.1 26.8 25.7 13 26.8 25.7 1.4 0.0% 0.0% 13.2%
Bath 42.1 44 .4 40.6 25.7 45.3 42.0 25.7 2.0% 3.5% 0.1%
NonClim 87.6 58.5 53.1 38.4 58.5 53.1 40.7 0.0% 0.0% 6.0%
Total 178.0 155.7 147.6 148.0 157.1 149.5 150.9 0.9% 1.3% 2.0%
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Delta
Garden 17.0 7.4 45 4.6 7.6 45 4.7 1.9% 1.6% 1.3%
Car 1.0 0.6 05 0.6 0.6 0.6 0.7 4.0% 7.7% 13.4%
Misc 30.2 23.7 21.6 0.6 23.8 21.7 0.7 0.0% 0.1% 13.4%
Bath 42.1 41.9 37.5 21.6 42.7 38.8 21.6 2.0% 3.5% 0.1%
NonClim 87.9 62.3 56.9 35.9 62.3 56.9 38.0 0.0% 0.0% 5.9%
Total 178.3 136.0 121.0 118.2 137.0 122.4 120.4 0.7% 1.2% 1.9%
Reference Climate change, Med-High Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 7.8 13.0 14.1 15.9 13.3 14.1 15.6 1.9% -0.2% -1.9%
Car 0.8 12 13 15 13 15 19 4.3% 10.5% 23.4%
Misc 21.0 27.1 28.9 15 27.2 29.0 19 0.0% 0.1% 23.4%
Bath 37.6 73.0 77.4 30.2 74.7 81.3 30.3 2.4% 5.0% 0.1%
NonClim 85.0 78.4 76.2 77.8 78.4 76.2 86.0 0.0% 0.0% 10.5%
Total 152.2 192.8 198.0 200.7 194.8 202.0 209.0 1.1% 2.0% 4.1%
Beta
Garden 16.3 334 38.1 43.0 34.1 38.0 42.2 1.9% -0.2% -1.9%
Car 11 2.3 25 25 2.4 2.7 3.0 4.3% 10.6% 23.6%
Misc 30.4 37.7 40.4 25 37.7 40.4 3.0 0.0% 0.1% 23.6%
Bath 42.7 79.4 78.7 43.7 81.4 82.7 43.7 2.4% 5.1% 0.1%
NonClim 88.1 67.5 63.1 79.4 67.5 63.1 87.9 0.0% 0.0% 10.7%
Total 178.6 220.4 222.8 229.7 223.1 227.0 238.0 1.2% 1.9% 3.6%
Gamma
Garden 17.0 24.9 27.0 30.9 25.4 26.9 30.4 1.9% -0.2% -1.9%
Car 11 11 11 13 11 1.2 16 4.5% 10.2% 23.6%
Misc 30.1 26.8 25.7 13 26.8 25.7 16 0.0% 0.1% 23.6%
Bath 42.1 44.4 40.6 25.7 45.4 42,5 25.7 2.2% 4.7% 0.1%
NonClim 87.6 58.5 53.1 38.4 58.5 53.1 42.2 0.0% 0.0% 9.9%
Total 178.0 155.7 147.6 148.0 157.2 149.5 151.5 1.0% 1.3% 2.4%
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Delta
Garden 17.0 7.4 45 4.6 7.6 4.5 45 1.9% -0.2% -1.9%
Car 1.0 0.6 0.5 0.6 0.6 0.6 0.7 4.0% 10.7% 23.8%
Misc 30.2 23.7 21.6 0.6 23.8 21.7 0.7 0.1% 0.1% 23.8%
Bath 42.1 41.9 375 21.6 42.8 39.2 21.6 2.2% 4.6% 0.1%
NonClim 87.9 62.3 56.9 35.9 62.3 56.9 394 0.0% 0.0% 9.8%
Total 178.3 136.0 121.0 118.2 137.1 122.8 121.7 0.8% 1.5% 3.0%
Table 3-17 Northumbrian Water, Keilder supported, Durham
Reference Climate change, Low Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 5.8 10.9 12.8 15.5 11.2 13.3 16.2 2.7% 3.7% 4.1%
Car 0.8 1.1 1.3 1.4 1.2 1.4 1.7 5.0% 10.1% 17.1%
Misc 20.2 26.4 27.8 1.4 26.4 27.8 1.7 0.0% 0.1% 17.1%
Bath 37.2 73.6 75.8 28.4 75.6 79.6 28.5 2.6% 5.0% 0.1%
NonClim 81.9 75.9 74.8 76.3 75.9 74.8 82.6 0.0% 0.0% 8.2%
Total 145.8 187.9 192.5 196.2 190.2 196.9 203.3 1.2% 2.3% 3.6%
Beta
Garden 16.2 33.0 37.6 43.1 33.9 39.0 44.8 2.7% 3.7% 4.1%
Car 1.1 2.2 2.4 2.3 2.4 2.6 2.8 5.1% 9.9% 17.2%
Misc 30.4 37.7 40.4 2.3 37.7 40.4 2.8 0.0% 0.1% 17.2%
Bath 43.8 78.3 7.7 43.7 80.3 81.7 43.7 2.6% 5.2% 0.1%
NonClim 88.1 67.5 63.1 77.7 67.5 63.1 84.3 0.0% 0.0% 8.4%
Total 179.6 218.8 221.2 228.0 221.9 226.8 236.7 1.4% 2.6% 3.8%
Gamma
Garden 16.9 24.7 26.6 31.0 25.3 27.6 32.3 2.7% 3.7% 4.1%
Car 1.0 1.0 1.1 1.2 1.1 1.2 14 5.4% 10.1% 17.3%
Misc 30.1 26.8 25.7 12 26.8 25.7 14 0.0% 0.1% 17.3%
Bath 43.2 435 40.5 25.7 445 42.3 25.7 2.3% 4.5% 0.1%
NonClim 87.6 58.5 53.1 38.0 58.5 53.1 40.8 0.0% 0.0% 7.4%
Total 179.0 154.5 147.0 147.6 156.3 150.0 151.9 1.1% 2.0% 2.9%
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Delta
Garden 16.9 7.3 4.4 4.6 75 4.6 4.8 2.7% 3.7% 4.1%
Car 1.0 0.6 05 0.6 0.6 0.6 0.6 5.3% 10.0% 17.5%
Misc 30.2 23.7 21.6 0.6 23.8 21.7 0.6 0.0% 0.1% 17.5%
Bath 43.2 40.5 37.5 21.6 41.4 39.2 21.6 2.3% 4.4% 0.1%
NonClim 87.9 62.3 56.9 35.6 62.3 56.9 38.2 0.0% 0.0% 7.2%
Total 179.3 134.4 120.9 117.8 135.6 122.8 120.7 0.9% 1.6% 2.4%
Reference Climate change, Med-High Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 5.8 10.9 12.8 155 11.2 13.1 15.8 2.8% 2.7% 1.8%
Car 0.8 11 13 14 1.2 14 19 5.7% 14.0% 30.1%
Misc 20.2 26.4 27.8 14 26.4 27.8 19 0.0% 0.1% 30.1%
Bath 37.2 73.6 75.8 28.4 75.8 80.9 28.5 2.9% 6.7% 0.2%
NonClim 81.9 75.9 74.8 76.3 75.9 74.8 86.3 0.0% 0.0% 13.1%
Total 145.8 187.9 1925 196.2 190.4 198.1 206.9 1.3% 2.9% 5.5%
Beta
Garden 16.2 33.0 37.6 43.1 34.0 38.6 43.9 2.8% 2.7% 1.8%
Car 11 2.2 2.4 2.3 2.4 2.7 3.1 5.5% 14.0% 30.3%
Misc 30.4 37.7 40.4 2.3 37.7 40.4 31 0.0% 0.1% 30.3%
Bath 43.8 78.3 77.7 43.7 80.6 83.0 43.8 2.9% 6.8% 0.2%
NonClim 88.1 67.5 63.1 717.7 67.5 63.1 88.2 0.0% 0.0% 13.4%
Total 179.6 218.8 221.2 228.0 222.1 227.9 240.0 1.5% 3.0% 5.3%
Gamma
Garden 16.9 24.7 26.6 31.0 25.3 27.3 31.6 2.8% 2.7% 1.8%
Car 1.0 1.0 11 1.2 11 1.2 16 5.4% 14.4% 30.5%
Misc 30.1 26.8 25.7 1.2 26.8 25.7 16 0.1% 0.1% 30.5%
Bath 43.2 43.5 40.5 25.7 44.7 42.9 25.7 2.6% 6.1% 0.2%
NonClim 87.6 58.5 53.1 38.0 58.5 53.1 425 0.0% 0.0% 11.9%
Total 179.0 154.5 147.0 147.6 156.4 150.4 153.1 1.2% 2.3% 3.7%
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Delta
Garden 16.9 7.3 4.4 4.6 7.5 4.5 4.7 2.8% 2.6% 1.8%
Car 1.0 0.6 0.5 0.6 0.6 0.6 0.7 5.6% 14.2% 30.5%
Misc 30.2 23.7 21.6 0.6 23.8 21.7 0.7 0.0% 0.1% 30.5%
Bath 43.2 40.5 375 21.6 41.5 39.7 21.6 2.5% 5.9% 0.1%
NonClim 87.9 62.3 56.9 35.6 62.3 56.9 39.7 0.0% 0.0% 11.7%
Total 179.3 134.4 120.9 117.8 135.7 123.4 122.3 0.9% 2.0% 3.8%
Table 3-18 Southern Water, Hants South and Winchester, Southampton
Reference Climate change, Low Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 10.8 18.7 18.2 18.0 19.1 18.9 18.6 2.1% 3.5% 3.1%
Car 1.1 1.6 1.6 1.7 1.6 1.8 2.0 6.2% 11.5% 18.4%
Misc 26.8 354 37.3 1.7 354 37.3 2.0 0.0% 0.1% 18.4%
Bath 44.6 86.7 88.6 38.5 88.9 93.4 38.6 2.6% 5.4% 0.1%
NonClim 80.1 70.3 65.9 86.5 70.3 65.9 92.8 0.0% 0.0% 7.2%
Total 163.4 2125 211.6 206.0 215.3 217.2 213.2 1.3% 2.7% 3.5%
Beta
Garden 17.0 344 39.0 455 35.2 40.4 46.9 2.1% 3.5% 3.1%
Car 1.2 2.5 2.7 2.7 2.7 3.0 3.2 6.1% 11.6% 18.3%
Misc 30.4 37.7 40.4 2.7 37.7 40.4 3.2 0.0% 0.1% 18.3%
Bath 43.7 82.4 81.8 43.7 84.6 86.3 43.8 2.6% 5.5% 0.1%
NonClim 88.1 67.5 63.1 82.9 67.5 63.1 89.0 0.0% 0.0% 7.4%
Total 180.4 224.6 227.0 235.9 227.7 233.2 244.0 1.4% 2.7% 3.4%
Gamma
Garden 17.7 25.7 27.6 32.7 26.2 28.6 33.8 2.1% 3.5% 3.1%
Car 1.1 1.2 1.2 1.4 1.2 1.4 1.7 6.0% 11.7% 18.7%
Misc 30.2 26.8 25.7 14 26.8 25.8 1.7 0.0% 0.1% 18.7%
Bath 43.1 457 41.8 25.7 46.7 43.8 25.7 2.3% 4.8% 0.1%
NonClim 87.6 58.5 53.1 39.7 58.5 53.1 42.3 0.0% 0.0% 6.4%
Total 179.7 157.9 149.6 151.3 159.6 152.7 155.1 1.1% 2.1% 2.5%
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Delta
Garden 17.7 7.6 4.6 49 7.8 4.7 5.0 2.1% 3.6% 3.2%
Car 11 0.6 0.6 0.6 0.7 0.7 0.8 5.9% 11.4% 18.4%
Misc 30.2 23.8 21.7 0.6 23.8 21.7 0.8 0.0% 0.1% 18.4%
Bath 43.1 43.1 38.6 21.6 44.0 40.4 21.6 2.3% 4.7% 0.1%
NonClim 87.9 62.3 56.9 37.1 62.3 56.9 39.4 0.0% 0.0% 6.3%
Total 180.0 137.4 122.3 119.7 138.6 124.3 122.3 0.9% 1.7% 2.2%
Reference Climate change, Med-High Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 10.8 18.7 18.2 18.0 19.1 18.7 18.2 2.1% 2.7% 1.1%
Car 11 16 1.6 17 17 1.9 2.2 7.0% 15.5% 29.0%
Misc 26.8 35.4 37.3 17 35.4 37.3 2.2 0.0% 0.1% 29.0%
Bath 44.6 86.7 88.6 38.5 89.2 95.0 38.6 2.9% 7.2% 0.1%
NonClim 80.1 70.3 65.9 86.5 70.3 65.9 95.9 0.0% 0.0% 10.9%
Total 163.4 2125 211.6 206.0 215.6 218.8 216.2 1.4% 3.4% 4.9%
Beta
Garden 17.0 34.4 39.0 45,5 35.2 40.1 46.0 2.1% 2.7% 1.1%
Car 1.2 25 2.7 2.7 2.7 31 35 7.0% 15.5% 28.9%
Misc 30.4 37.7 40.4 2.7 37.7 40.5 35 0.0% 0.1% 28.9%
Bath 43.7 82.4 81.8 43.7 84.9 87.8 43.8 3.0% 7.3% 0.1%
NonClim 88.1 67.5 63.1 82.9 67.5 63.1 92.1 0.0% 0.0% 11.1%
Total 180.4 224.6 227.0 235.9 228.0 2345 246.5 1.5% 3.3% 4.5%
Gamma
Garden 17.7 25.7 27.6 32.7 26.3 28.4 33.1 2.1% 2.7% 1.1%
Car 11 12 12 14 1.2 14 18 6.7% 15.6% 29.3%
Misc 30.2 26.8 25.7 14 26.8 25.8 18 0.0% 0.1% 29.3%
Bath 43.1 45.7 41.8 25.7 46.9 445 25.7 2.6% 6.5% 0.1%
NonClim 87.6 58.5 53.1 39.7 58.5 53.1 435 0.0% 0.0% 9.6%
Total 179.7 157.9 149.6 151.3 159.7 153.2 155.9 1.2% 2.4% 3.0%
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Delta
Garden 17.7 7.6 4.6 4.9 7.8 4.7 49 2.1% 2.7% 1.1%
Car 1.1 0.6 0.6 0.6 0.7 0.7 0.8 6.5% 15.2% 29.1%
Misc 30.2 23.8 21.7 0.6 23.8 21.7 0.8 0.0% 0.1% 29.1%
Bath 43.1 43.1 38.6 21.6 44.2 41.0 21.6 2.5% 6.3% 0.1%
NonClim 87.9 62.3 56.9 37.1 62.3 56.9 40.6 0.0% 0.0% 9.4%
Total 180.0 137.4 122.3 119.7 138.7 124.9 1235 1.0% 2.2% 3.1%
Table 3-19 Thames Water, South Oxfordshire, Oxford
Reference Climate change, Low Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 16.6 21.0 21.4 22.5 21.7 22.3 23.7 3.3% 4.3% 5.4%
Car 1.1 1.6 1.6 1.7 1.7 1.8 2.0 5.6% 11.0% 18.2%
Misc 17.2 21.2 22.3 1.7 21.3 22.3 2.0 0.0% 0.1% 18.2%
Bath 40.6 77.6 77.2 23.2 79.7 81.0 23.2 2.7% 5.0% 0.1%
NonClim 93.6 81.2 78.4 75.9 81.2 78.4 81.8 0.0% 0.0% 7.7%
Total 169.1 202.5 200.9 198.9 205.4 205.8 206.2 1.4% 2.5% 3.7%
Beta
Garden 15.6 31.9 36.4 41.3 33.1 38,5 44 .4 3.8% 5.8% 7.5%
Car 1.2 2.4 2.6 2.6 2.6 2.9 31 6.3% 13.2% 21.1%
Misc 30.4 37.7 40.4 2.6 37.7 40.4 3.1 0.0% 0.1% 21.1%
Bath 41.3 79.1 78.7 43.7 81.5 83.4 43.8 3.0% 6.0% 0.1%
NonClim 88.1 67.5 63.1 79.6 67.5 63.1 86.8 0.0% 0.0% 9.0%
Total 176.6 218.6 221.2 228.4 222.4 2284 239.2 1.7% 3.3% 4.8%
Gamma
Garden 16.3 7.1 4.3 4.4 7.3 4.5 4.7 3.4% 4.4% 5.5%
Car 1.1 0.6 0.6 0.6 0.7 0.6 0.7 5.5% 11.3% 18.4%
Misc 30.2 23.8 21.6 0.6 23.8 21.7 0.7 0.0% 0.1% 18.4%
Bath 40.7 40.8 36.6 21.6 41.8 38.2 21.6 2.5% 4.5% 0.1%
NonClim 87.9 62.3 56.9 35.1 62.3 56.9 37.6 0.0% 0.0% 7.1%
Total 176.2 134.6 119.9 117.2 135.8 121.8 120.1 1.0% 1.6% 2.4%
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Delta
Garden 16.3 7.1 4.3 4.4 7.3 45 4.7 3.4% 4.4% 5.5%
Car 11 0.6 0.6 0.6 0.7 0.6 0.7 5.5% 11.3% 18.4%
Misc 30.2 23.8 21.6 0.6 23.8 21.7 0.7 0.0% 0.1% 18.4%
Bath 40.7 40.8 36.6 21.6 41.8 38.2 21.6 2.5% 4.5% 0.1%
NonClim 87.9 62.3 56.9 35.1 62.3 56.9 37.6 0.0% 0.0% 7.1%
Total 176.2 134.6 119.9 117.2 135.8 121.8 120.1 1.0% 1.6% 2.4%
Reference Climate change, Med-High Difference, %
2000 2025 2055 2085 2025 2055 2085 2025 2055 2085
Alpha
Garden 16.6 21.0 21.4 225 21.7 22.1 23.1 3.4% 3.5% 3.1%
Car 1.1 1.6 1.6 1.7 1.7 1.9 2.1 6.5% 14.6% 29.5%
Misc 17.2 21.2 22.3 17 21.3 22.3 2.1 0.0% 0.1% 29.5%
Bath 40.6 77.6 77.2 23.2 79.9 82.3 23.2 3.0% 6.6% 0.1%
NonClim 93.6 81.2 78.4 75.9 81.2 78.4 84.8 0.0% 0.0% 11.7%
Total 169.1 202.5 200.9 198.9 205.7 207.0 209.0 1.6% 3.0% 5.1%
Beta
Garden 15.6 31.9 36.4 41.3 33.0 37.7 42.6 3.4% 3.4% 3.1%
Car 1.2 24 2.6 2.6 2.6 2.9 33 6.3% 14.6% 29.2%
Misc 30.4 37.7 40.4 2.6 37.7 40.4 33 0.0% 0.1% 29.2%
Bath 41.3 79.1 78.7 43.7 815 83.9 43.8 3.0% 6.7% 0.1%
NonClim 88.1 67.5 63.1 79.6 67.5 63.1 89.1 0.0% 0.0% 11.9%
Total 176.6 218.6 221.2 228.4 222.3 228.1 240.0 1.7% 3.1% 5.1%
Gamma
Garden 16.3 7.1 4.3 4.4 7.3 4.4 4.6 3.4% 3.5% 3.1%
Car 11 0.6 0.6 0.6 0.7 0.7 0.8 5.8% 14.8% 29.3%
Misc 30.2 23.8 21.6 0.6 23.8 217 0.8 0.0% 0.1% 29.3%
Bath 40.7 40.8 36.6 21.6 41.9 38.8 21.6 2.8% 6.0% 0.1%
NonClim 87.9 62.3 56.9 35.1 62.3 56.9 38.9 0.0% 0.0% 10.8%
Total 176.2 134.6 119.9 117.2 136.0 122.4 121.4 1.0% 2.0% 3.5%
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Delta

Garden 16.3 7.1 4.3 4.4 7.3 4.4 4.6 3.4% 3.5% 3.1%
Car 1.1 0.6 0.6 0.6 0.7 0.7 0.8 5.8% 14.8% 29.3%
Misc 30.2 23.8 21.6 0.6 23.8 21.7 0.8 0.0% 0.1% 29.3%
Bath 40.7 40.8 36.6 21.6 41.9 38.8 21.6 2.8% 6.0% 0.1%
NonClim 87.9 62.3 56.9 35.1 62.3 56.9 38.9 0.0% 0.0% 10.8%
Total 176.2 134.6 119.9 117.2 136.0 122.4 121.4 1.0% 2.0% 3.5%
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3.6.3 Appendix 3-C. Regression analysesfor theregional results

This Appendix provides detalls of each datidtical regresson used to interpret from the dte-

WRZ smulation results to the other WRZs, and so to provide regiona estimates. The Tables

indude:
- Regresson datigics—the corrdaions and standard error in predicting the dimate

change impact on tota pcc using the input variables described above.

Anayss of Vaiance (ANOVA)—including degrees of freedom (df) and sgnificance

of the F-tet

Regression gtatistics—including the standard error for each input variable.

Also shown is the plot of the resduds for the tota pcc. This shows two clugsters, for the
Alpha-Beta and Gamma-Délta reference scenarios, and the spread of predictions, well within

0.5 percentage points of the predicted value for the 2020s and about 1.0 for 2050s. These
plots are good indicators of the robustness of the predicted values.

Low climate change for 2020s

Table 3-20. Regression statistics, L ow climate change for 2020s

Coeffici Standard Lower Upper Lower  Upper
ents Error t Stat P-value 95% 95% 95.0%  95.0%
Intercept 147 0.68 2.15 0.04 0.05 2.87 0.05 2.89
EA no. 0.27 0.08 348 0.00 0.11 0.43 011 0.43
GardenR
20205 1.92 0.99 194 0.07 -0.14 3.98 -0.14 3.98
BathR
2020s -2.52 1.38 -1.83 0.08 -5.39 0.35 -5.39 0.35
DTmMH
2020s -1.98 0.53 -3.75 0.00 -3.07 -0.88 -3.07 -0.88
DPrMH
2020s 0.25 0.10 2.57 0.02 0.05 0.45 0.05 0.45
Tota pcc
2020s 0.01 0.00 513 0.00 0.01 0.02 0.01 0.02

Table 3-21. Regression statistics, L ow climate change for 2020s

MultipleR 0.89
R Square 0.79
Adjusted R Square 0.73
Standard Error 0.14
Observations 28.00

Table 3-22. ANOVA, Low climate change for 2020s

Df SS MS F Significance F
Regression  6.00 142 0.24 12.88 0.00
Residual 21.00 0.3865 0.02

Total 27.00 181
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Figure 3-11. Total pcc 2020s residual plot, L ow climate change

Medium-High climate scenario for 2020s

Table 3-23. Regression statistics, Medium-High climate scenario for 2020s

Std Lower Upper Lower Upper
Coeff Error tSat P-value 95% 95% 95.0% 95.0%
Intercept 2.03 0.67 3.05 0.01 0.65 341 0.65 341
Ean 0.27 0.08 3.58 0.00 011 043 011 043
GardenR2020  1.35 0.97 1.40 0.17 -0.65 3.36 -0.65 3.36
BathR2020s -3386 135 -251 0.02 -6.18 -0.56 -6.18 -0.58
dTmMH2020s -2.14 0.51 -4.15 0.00 -321 -1.07 -321 -1.07
dPrMH2020s 0.26 0.10 277 0.01 0.06 0.46 0.07 0.46
Tota pcc
2020s 0.01 0.00 559 0.00 0.01 0.02 0.01 0.02
Table 3-24. Regression statistics, M edium-High climate scenario for 2020s
Multiple R 0.90
R Square 0.81
Adjusted R Square 0.76
Standard Error 0.13
Observations 28.00
Table 3-25. ANOVA, Medium-High climate scenario for 2020s
Significance
df SS MS F F
Regression 6.0 1.60 0.26 15.24 0.00
Residual 21.0 0.37 0.02
Total 27.0 1.97
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Figure 3-12. Total pcc residual plot, Medium-High climate scenario 2020s

Medium-High climate scenario for 2050s

Table 3-26. Regression statistics, Medium-High climate scenario for 2050s

Std Lower Upper Lower Upper
Coeffic  Error t Stat P-value 95% 95% 95.0% 95.0%
Intercept 6.00 240 2.50 0.02 1.01 11.00 1.01 11.00
Ean 0.67 0.27 2.25 0.03 0.05 1.19 0.05 119
GardenR20205 -2.16 347 -0.62 054 -941 5.09 -9.42 5.09
BathR2020s -1043 486 -2.14 0.04 -2054  -0.32 2054 -0.32
dTmMH2020s -5.02 1.86 -2.70 0.01 -8.88 -1.16 -8.88 -1.16

dPrMH2020s 0.83 0.34 242 0.02 0.12 154 0.12 154
Total pcc 2020s  0.03 0.09 3.70 0.00 0.01 0.05 0.01 0.05

Table 3-27. Regression statistics, Medium-High climate scenario for 2050s

Multiple R 0.78
R Square 0.61
Adjusted R Square 0.50
Standard Error 0.48
Observations 28.00

Table 3-28. ANOVA, Medium-High climate scenario for 2050s

Df SS MS F Significance F
Regression 6.00 7.48 1.23 5.46 0.00
Residual 21.00 4.79 0.23
Total 27.00 12.28

Total pcc 2050s Residual Plot
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Figure 3-13. Total pcc residual plot, Medium-High climate scenario
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3.6.4 Appendix 3-D. Statitical regression of demand and climatic variables

The length and the resolution of demand data series redrict anadyss of demand daa
Examples given here use data from South West Water and Thames Water Utilities Limited.
Climate relationships have been made with seasond demand for South West water, whereas
for Thames Water monthly demand has been analysed againgt daily wesether data

South West Water: A 22-year series of water demand data was obtained from household
surveys conducted since 1977 in which twice-yearly meter readings were taken. From these
meter readings South West Water has provided annua, summer and winter consumption data
for each household in litres per day. Dally temperature and precipitation data were available
from the British Atmospheric Data Centre for the weather dation a Penzance (50.117°N, -
5.542°W, devation 19 metres) so this was chosen as a suitable location for andysis.
Approximately 55 households were identified in the Penzance area from the WIS (water into
supply) Zone Allocation in the Strategic Supply Area of Colliford and information about
property location in the household survey.

Daly cdimate daa was summarised initidly into monthly precipitation, dry days per month
(where a dry day is defined as a day with zero rainfal following three days with zero ranfdl)
and mean maximum temperature for the month.

Figure 311 shows the time-series of summer and winter household demand data from 1977 to
2000. Information on hosepipe bans and non-essentid-use bans was also provided by South
West Water. These indicated that the winter of 1978 and the summers of 1983, 1984, 1989,
1990 and August 1995 to March 1996 were subject to hosepipe redtrictions. The summers of
1984, 1989 and the summer of 1995 through to spring 1996 also had non-essentiad use bans in
the Penzance area, which would have reduced water consumption below expected vaues
during these periods. The Figure 3-11 dearly shows these effects particularly for the summer
of 1984 and the winter of 1995/6.

Rdaionships were sought usng 3-monthly averages of temperature, precipitation and dry
days plus season-long averages. Regresson of the demand data againg the monthly climate
data showed a reationship between mean maximum temperature for March - July and
summer demand with an R? of 0.343 (significant a 99% levd). If the years with a hosepipe
ban are removed this increases to an B 0.683 using data averaged for June, July and August
(Figure 3-12). Rddionships with precipitation were more difficult to find and none were
daidicdly sgnificat, however dightly more corrdation is seen with the use of dry day
totas The maximum R? of 0.135 comes from June dry days when hosepipe ban years are
removed but thisis not sgnificant a the 95% level.

For winter demand mean maximum temperature for February and March done give the
highest relationship with an R? of 0.304, which is significant a the 99% leved (Figure 3-12).
This is not improved by removing winter 1995/6 data (the only year with winter water use
redrictions).  For precipitation no sgnificant relationship could be found between single or
multiple months and winter. Using dry days, December gives the highes R? (0.216) against
winter demand, which is Sgnificant a the 95% leve.

Based on the two relaionships shown in Figure 3-12, we could say that a 2.3°C rise in
summer temperature (for 2050 — UKCIPO2 Medium-High scenario) would result in an
increase of 74 litres per day per household in summer water demand — about 21% above the
summer average. For winter a 1.5°C increase (again 2050 — UKCIP0O2 Medium-High
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scenario) might result in a 24 litre per day per household increase in winter consumption —
goproximately 7% above the winter average.
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Figure 3-14. Timeseriesof water consumption based on meter read valuesfrom 55 properties
in the Penzance area of South West Water
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Figure 3-15. Scatter graph of mean maximum temper ature (June, July and August for summer
and February, March for winter) against household water demand for the Penzancearea. Years
subjected to water restrictions have been omitted.

Thames Water: The water demand data was provided by Thames Water and comprised
monthly weighted Domestic Water Use Survey (DWUS) data by resource zones from 1996 to
2000. The TWUL (Thames Water Utilities Ltd) data on average water consumption in the
Thames Region were sdected for the anadyss. The Met Office provided historical westher
data from the British Atmospheric Data Centre. A London westher dtation (near Whitehdl)
was Sdected. This dation is rdaively datarich and is probably fairly representative of
London, which itsdf represents a sgnificant component of total demand in the region.

Daly maximum ar temperature and hourly precipitation from January 1996 to July 2000
were used. Totd precipitation and totd number of dry days were used to quantify dry
conditions in a specific period. A dry day was defined as for the South West Water analysis.
Temperature, dry days and precipitation deficit were averaged over two, three and four month
periods and plotted against the monthly demand data.  All data were standardised againgt their
respective means over analysis period to produce anomaly indices for each period.

Figure 3-13 shows the rdationship between climatic indices and water demand using a three
month averaging period. Within the limitations of the current data st this was the most
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effective averaging period. An R? of 0.736 was found with maximum temperature, which is
sgnificant a the 99% levd. An R? of 0.197 was obtained between dry days and water
demand, which was dgnificant & the 925 % levd and provided an improvement on the
regression with monthly data (R? 0.45).

Based on this a predictive modd of summer (July-September) demand was developed using
these three month weether indices for the period 1996 to 1999. The equation was fitted to the
observed indices udng numerica optimization, with pogtive limitations, resulting in the
following predictive modd:

Demand_indicator =0.16" T_indicator >°° + 1.63" Dry _indicator ®4°

Figure 314 plots the above equation for a range of changes in the weather. The Totd curve is
the sum of the two components of the equation, relating to temperature (T) and dry days. As
the weather becomes wamer and dry days increese, domestic demand in the summer
increases.  For ingtance, demand would be 2% grester than the annua average if both
temperatures and number of dry days are 40% higher than average.
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Figure 3-16. Domestic demand plotted against temperature, dry days and total precipitation
(*-1) using 3- month aver ages.
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Figure3-17. Model of summer domestic demand based on mean maximum temper atureand dry
daysfor the Thames water region.
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Using the linear rdaionship between maximum temperature and demand only, a 2.8°C risein
summer temperature in the south east of England (UPCIPO2 2050s Medium-High scenario)
results in an increase in pcc of 3.1 I/day (approximately 2% above the average). For winter a
1.5°C increase in temperature (UPCIP02 2050s Medium-High scenario) results in a 1.65 |/day
increase in pcc (approximatdy 1.1% above the average). The sengtivity for Thames is much
lower than for South West Water because of the much shorter time series (al of which fdl in
the wam 1990s) and dso the necessty of fitting a mode which includes al months of the
year rather than cadculating the rdationship seasondly.

The results from these two dtes show consderable variation in sendtivity to climate and
which for the South West is much higher than the CCDomestic model results. Obvioudy to
extrapolate from these linear rdationships is meaningless as they show a much ampler picture
in which no account is taken of socio-economic changes and because they are based on one
climate varidble done. However they do give a useful indication of the present sengtivity of
demand. The rddivey chort time series and dso the incduson of the very hot years
experienced in the 1990s dso have a skewing effect on the data from the South West
increasing the sengtivity of demand to maximum temperature.
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4 Industry and commerce

4.1 Introduction

The purpose of this chapter of the report is to describe the key influences on the interaction
between climate change and the demand for water from the industrid and commercia sectors
in England and Wdes.

Included below are:
The characterigtics of the indudtrid and commercid sectors demands and a review of
the data available.
A description of the model and data generation applied in thisanayss.
A description of the higtorica relationship between climate variables and demand.
The outline methodology and an explanation as to how it has been applied to assess
potentia climate change impacts.
A destription of the Environment Agency demand scenarios.
A summary of the modd and modd findings
An approach for a more detailed assessment of impacts that could be applied by a
water company if it were able to assemble more detalled time series data on monthly
indugrid/commercid  consumption  from  which  rddionships  between  water
consumption and climate variables could be derived.

4.2 Characteristics of industrial/commercial demands

It is common practice in the water industry to breskdown tota water consumption into
discrete sectors of industry and commerce. At the smplest levd a diginction is made
between consumption in the industrial and the commercia/service sectors (using Standard

Indugtrid Clasdfication, SIC).  This disaggregated agpproach, used by the Environment
Agency (Environment Agency, 2001) has been applied in this study and is described in
Section 4.2.2 below.

The following paragraphs summarise the information from trade associations and other bodies
on water consumption in specific sectors identified during the first stage of the project.

421 Sectoral characteristics of water demand and demand data

Soft drinks. Although data on current consumption of soft drinks and predictions for
consumption over the next five years are available, there is no avalable data on totd water
used in the manufacturing process, or on specific water consumption.

The British Soft Drinks Association (BSDA) does not consder climate change to be a mgor
influence on its operations and has not explored its impact. There is however an assumption
within the indugry that higher temperaiures and consumption will result in more
consumption. This assumed relationship between temperature and consumption is nat,
however, borne out by higtoricd daa which suggests that “affluence’ and “fashiond
preferences’ exert a more powerful influence than temperature on the demand for soft-drinks.
For example, Sunny Delight transformed consumption in 1998, increesng consumption of
fruit drinks by 50%.
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Mogt soft drinks consumed within the UK are produced within the country. The water
required as an ingredient for the drinks tends to be from manufacturers own sources (Springs
and boreholes), athough public water supplies may be used for the washing and deaning
plant and for bottling equipment.

Brewing: The Brewers and Licensed Retallers Association (BLRA) has provided a surfeit of
generd information about their water use and current trends in water use and de
consumption. As with BDSA, the BLRA supposes that hotter weather typicaly leads to a
short-term increase in consumption of their products. Beer production in the UK has however
fdlen by over 10% (to 56.5 million hectolitres) in the last 25 years. During the same period,
water consumption by the brewing sector has decreased by 32% as a result of improvements
in production processes and rationdisation of the trade — the number of breweries has fdlen
from 140 to 80 in the past 25 years. This trend is likely to continue, though less draméticaly,
due in pat to the Climate Change Levy (which cdls for a 10% reduction in energy
consumption by 2010), since water pumping, heating and cooling uses a high proportion of
totd energy.

Air conditioners. Enquiries suggest that most sysems are likdy to be refrigerant-based
raher than water-based sysems. These will have a high energy use, but no water
requirement. In addition current heath concerns about poorly maintained water based air
conditioning systems mean that water consumption in this sector, dready perceived to be very
amdl, islikdy tofdl. Air-conditioning has therefore not been consdered in thisandysis.

Laundries. No data on laundry use have been located, and this does not appear to be a sub-
sector identified by water companies in their consumption records.  Higher ambient
temperatures might reasonably be expected to lead to an increase in the frequency of changes
of clothes and hence in the frequency of clothes washing — for domestic clothes washing this
has been tken into account in the per capita consumption calculations (see Chapter 3). Based
on the fact that the laundry sub-sector is rdaively smdl no further andyds of this industry
has been undertaken here.

In summary, of those indudrid/ commercia sectors likely to be impacted by climate change,
soft drinks, brewing and leisure (see Chapter 6) are likely to have the greatest impact on the
overdl requirements for public water supply (see Table 4-1).

Table 4-1. Sub-sectors of the industrial commercial sector considered important in terms of
climate change impacts

Sector SIC Code Environment
Agency Sectors
Soft drinks DA }  Food and
drink
Brewing DA }
Leisure — particularly hotels and recreationa H Hotels

parks (examined in Chapter 6)
Note: Private swimming pools are considered separately.
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4.2.2 Regional breakdown in industrial/commercial demands

The regiond differences in climate change impacts on temperature and precipitation have to
be st in the context of gpatid differences in the paitern of industria/commercia consumption
for different sectors.

The reative digribution of indudrid/commercid consumption in 1997/98 for eech of the
Agency Regions and within each sector is summarised in Table 4-2. The percentages given in
the Table have been derived from the basdine information used by the Agency in its Regiond
and Nationd demand forecadts. Although the Environment Agency had requested
information from water companies usng a dandard tenplate, the returns varied widdy. The
categorisation into 19 sectors eventudly used by the Agency was a compromise reflecting the
vaiability in responses. There may be differences between water companies and hence
between regions in the way indudtria/commercid customers have been dlocated to given SIC
codes.

Those sectors in each region with more than 10% contribution to tota regiond
indugtrid/commercid demands are summarised in Table 4-3.  Inspection of Table 4-3
illusrates the man regiond differences in the compogtion of indudtria/commercid sectors,
with manufacturing and chemicds predominately in the Midlands, North East and North
Wedt, and agriculture in Anglian, South West, Southern and Wdes. The hotd sector is
important throughout and has relative contributions of greater than 10% in the South Wes,
Southern and Wades. Food and drink is dso important, with relative contributions of greater
than 10% in Anglian, North East and South West.

The real figures gopear dightly anomdous, with a wide range of variaion from 8%
(Midlands) to dmost 38% (Thames). The differences probably reflect different socio-
economic behaviour across England and Wades, but may dso aise from differences in the
way in which customers are dlocated to SIC codes in Water Company billing databases.
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Table 4-2. Regional breakdown of industrial commer cial demand by sector 1997/1998 - per centage of total regional industrial/commer cial demand

Region
Anglian Midlands North East NorthWest  South West Southern Thames Wales
Industrial Sector % % % % % % % %
Extraction 0.0% 0.0% 0.0% 0.0% 0.3% 0.5% 0.2% 0.0%
Utilities 1.2% 0.0% 0.0% 0.0% 0.0% 1.0% 8.1% 0.0%
Fuel refining 0.0% 0.0% 0.0% 0.0% 0.1% 2.8% 0.0% 0.0%
Chemicals 6.7% 15.6% 28.3% 22.4% 6.2% 1.2% 13.7% 10.1%
Minerals 0.4% 0.4% 0.0% 0.0% 0.0% 0.8% 0.9% 0.0%
Metals 0.7% 13.9% 10.6% 9.1% 0.0% 1.7% 0.1% 7.8%
Machinery 13.3% 7.8% 9.7% 6.0% 8.2% 0.9% 1.0% 8.5%
Electrical equipment 0.3% 0.1% 0.0% 0.0% 0.0% 2.1% 1.1% 0.0%
Transport 2.6% 1.1% 0.0% 0.0% 0.0% 1.4% 4.4% 0.0%
Food and drink 17.3% 8.0% 12.1% 10.9% 3.8% 6.4% 8.9% 9.0%
Textiles 0.0% 0.0% 0.0% 0.0% 0.0% 1.2% 0.1% 0.0%
Wood 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
Paper 0.8% 0.2% 0.0% 0.0% 0.0% 1.8% 3.4% 0.0%
Rubber 0.0% 0.0% 0.0% 0.0% 0.0% 0.2% 0.2% 0.0%
Construction 0.1% 0.0% 0.0% 0.0% 0.1% 1.0% 0.3% 0.0%
Industry Sector Total 44% 47% 61% 48% 19% 23% 42% 35%
Service Sector % % % % % % % %
Retail 25.7% 8.0% 14.1% 5.9% 20.5% 20.2% 37.7% 22.5%
Education and Health 6.5% 8.4% 7.6% 10.6% 10.7% 13.4% 7.9% 10.2%
Hotels 5.9% 7.1% 5.4% 9.5% 16.0% 11.7% 6.7% 11.4%
Service Sector Total 38% 23% 27% 26% 47% 45% 52% 44%
Agriculture 13% 1% 2% 3% 27% 14% 3% 11%
Other Total 5% 25% 10% 23% 8% 18% 3% 10%
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Table 4-3. Major sectors contributing to regional industrial/commercial demand (based on
1997/98 data from Environment Agency, 2001)

Environment Sectors %
Agency Region (total regional industrial/commercial
consumption)
Anglian Retall 25.7
Food and drink 17.3
Machinery 133
Agriculture 132
Midlands Other 249
Chemicds 15.6
Metals 13.9
North East Chemicals 283
Retail 141
Food and drink 121
Metals 10.6
North West Other 22.8
Chemicds 24
Food and drink 11.0
Education and health 10.6
South West Agriculture 265
Retail 205
Hotels 16.0
Education and health 10.8
Southern Retail 20.2
Agriculture 140
Education and health 134
Other 126
Hotels 117
Thames Retail 377
Chemicds 138
Wales Retail 226
Hotels 114
Agriculture 106
Education and health 10.2
Chemicds 10.1

4.2.3 Hisorical characteristics of industrial/commercial demand

The pattern of changes in non-household demand can been observed through data published
by OFWAT in its annua reports on, water costs, water supply and water leskages. Figure 41
tracks tota non-household demand for each Agency Region and shows a generdly declining
trend from 1989 across dl regions. The aggregated data does not pick-out inter-annud
variations related to pecific climate characteritics.
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Non HH Demand in England & Wales
(Data from Annual OFWAT Reports)
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Figure 4-1. Annual changesin total non-household demand

4.2.4 Futurecharacterisics of industrial commercial demand

In its demand forecasts for the Nationd and Regiond Waer Resource Srategies
(Environment Agency, 2001b), the Environment Agency uses projections of gross output and
employment as proxies for future industrid and service sector water demand respectively.
The basdine industrid/commercia forecasts used for this sudy are those developed by the
Environment Agency for each water company. Note that the daabase of future
indugtrid/commercial demand provided by the Environment Agency did not include data for
individua water resource zones, the analyss has therefore been conducted a water company
leve.

Although mgor new “wet” indudries are conddered unlikely, dgnificant step changes in
industrial  commercid demand associated with the closure of a mgor customer, or rapid
devdlopment of a new busness parks or smilar fecility are common, and often present a
much greater influence than any long-term trend in ether sector. These effects are not
gpparent in the aggregated data shown in Figure 4- 1.

Comparison of past forecasts aganst redised demand suggests that uncertanties in
forecagting future indudtrid/commercid demands are often greater than those for household
demands. The implication is that any impact of cdimate change on indudrid/commercid
demand has to be set in the context of high uncertainty in the basdine forecasts. This is
illustrated by the range of percentage changes in non-household demand seen in the forecasts
derived by the Agency from the Foresght Scenarios (see Table 4.6). This uncertainty is
discussed in more detail in Chapter 8.
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4.3 Methodology

The basc assumption gpplied in this chapter is that for any industria/commercid sector,
changes in water consumption could arise from a change in the per unit water use and/or from
achange in the demand for the product or service being consumed.

The UKWIR/Environment Agency report, “Forecasting Water Demand Components. Best
Practice Manud” (UKWIR/ Environment Agency, 1997) recommends that, because of their
sengtivity different climate change influences, the forecagting of future consumption be
carried out separately for the indudtria and for the commercia sectors. For example, changes
in indudtria consumption are related to indicators of economic activity such as GDP ether at
locd, regiond or nationa scde, whils changes in service sector consumption are more
closgly reated to employment statitics.

4.3.1 Dataavailability

Although water companies ill report unmeasured norhousehold consumption in the annud
returns to OFWAT, this component conditutes a relaively smdl proportion of distribution
input. The main source of detalled higoric time series data on indudtrid/commercid  water
consumption is therefore derived from meter readings and company hbilling records.  Some
trade associdions have industry wide data on annual water consumption trends, but, as
discussed below, these are of little use for the type of andlysis required in this project.

Many water companies distinguish between indudrid/commercid customers on the bass of
SIC Codes (Standard Indugtrid Classification) (SIC, 1992) in ther billing databas(s). This
categorisation dso feeds through to the andyss of water consumption and forecasting of
future demands. A summary of the SIC codes commonly used in the water indudry is given
in Teble 4-4. The Table dso shows the sectors used by the Environment Agency in its
disaggregated approach linked to SIC codes as used for the Regional and Nationd Water
Resource Strategies (Environment Agency, 2001). The Agency has broken non-household use
of public water supplies down into 19 sectors related to the two letter SIC (92) class. The
Agency forecagts provide the reference cases from which climate change impacts have been
asessed in this project. Accordingly the non-household mode developed here is based on the
19 sectors identified by the Agency; of these 15 are classfied as “industrid”, 3 as “service’,
with 1 “other” category. The “other” category has been further subdivided for the purpose of
this sudy s0 as to identify “indoor agriculturd customers’ who rely on the public supply of
water for ther greenhouses, but this classfication does not incude “anima watering” even
though this was one of the micro-components identified in the Environment Agency reference
scenarios.  Note that the “indoor agriculture’ category, included in this section, is consdered
to be different from the outdoor Agriculture and Horticulture sector in Chapter 5.

Water companies are not required to distinguish between indudtria/commercid sectors in
their regulatory returns to OFWAT and the Environment Agency. Apat from the largest
users of water, whose consumption is recorded monthly, revenue meters are generaly read on
a quatealy bass.  This limits the avalability of monthly data and the usefulness of monthly
data setsin assessing historical relationships between climate and water demands.
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Table 4-4. Standard Industrial Classification (SIC) Codes

SIC Codes Environment
Code Sub-code Industries Sub-sector Agency Sectors
A Agriculture Nurseries included in “other”
C CA Extraction energy materias Extraction’

CB Mining/quarrying Mineras®
D DA Manufacturing food and drink Food and drink*

DB textiles Textiles

DC leather/products

DD wood/products Wood*

DE paper Paper1

DF coke, petroleum Fuel refini ngl

DG chemicals Chemicals®

DH rubbers, plastics Rubber

DI non-metal mineral prods

DJ metals, fabricated prods Metals®

DK machinery/equip Machi nery1

DL electrical/optical equip Electrical equipmentl

DN transport equipment
E Utilities Utilities
F Construction Construction®
G Retail, wholesale Retail®
H Hotdls caravan parks, camp sites, 9

restaurants Hotels
| Transport support, post/telecom Transport?
J Financial
K Real estate developments, renting
L Public admin,
defence
M Education
N Health Education and Health?
@) Social, recreationa,
sporting
Other

Note ' Industrial sector

2 .
Business sector

Neverthdess monthly industrid/commercid data were provided to this study for the period
from 1998/99 to 2000/2001 for various water resource zones (WRZ) in the South of England.
Anayss of the data has dlowed some generd observations about the sengtivity of certain
indudtrid/commercid sectors to climate to be made, and has dso informed the development
of aconceptual model to assess the potentiad impacts of climate change.

On the bass of discusson within the Project Team, members of the Project Steering Group
and representatives from water companies during progress meetings and workshops, the
industrid sectors most likey to be affected by climate change were agreed upon and are
shownin Table 4-5.
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Table 4-5. Sector s expected to be affected by climate change

Sector SIC Code Environment
Agency Sectors

Soft drinks DA Food and drink

Brewing DA Food and drink

Air conditioning DK Machinery

Swimming pools O Other

Laundries O Other

Leisure — particularly hotels and recreational H Hotels

parks (examined in Chapter 6).

For each of the sectors identified, a search of available information and data on water use was
conducted using the internet, published information, telephone interviews and face to face
meetings. A summary of the sources of information and the types of data available are given
in Appendix 4-A.

The generad conclusion reached is tha the lack of reliable data on water use makes it difficult
to link the levd of water consumption with loca cdimae In paticular, the generd lack of
monthly consumption data meant that it was difficult to establish robugt relationships between
consumption and climate variables such as temperature and precipitation.

Monthly water consumption data for individud indudrid/commercia sectors are only
available for a few years and access to many of the data sets is condrained by company
policy. The difficulty in obtaning primay waer consumption data for the indudrid/
commercid sectors was a condraint on this sudy, much as it was for the Environment
Agency in its report on the demand forecasting methodology used for the Nationd and
Regiona Water Resource Strategies (Environment Agency, 2001).

Following discusson with water industry practitioners at various project workshops and
consultation with Project Steering Group, it was decided to use such time series data of
consumption as were avalable to identify generd rdationships between climate variables and
consumption, and then use these to estimate potential impacts of climate change on demand
arigng from theindudtrial and commercia sectors.
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4.3.2 Environment Agency demand scenarios

Detals of the Environment Agency forecess for the different indudrid sectors for the
basdine and for the four socio-economic scenarios were provided for use in this study at
water company level.

Table 4-6 shows the percentage changes in total non-household demand from 1997/1998 to
2024/2025 without climate change for the basdine case and for the four Foresight socio-
economic scenarios as forecast by the Agency. The spread of the forecasts in 2024/2025 for
al the socio-economic scenariosisilludrated in Figure 4-3.

Table 4-6 2024/2025 Environment Agency Forecasts—excluding climate change. Percentage
changes from the 1997/1998 baseline

Region 1997/98 2024/2025 Per centage change from 1997/1998
Ml/d Baseline Provincial World Global Local
Enterprise Markets Sustainability  Stewardship
Alpha Beta Gamma Delta
Anglian 491 30.0% 15.1% 37.8% -20.2% -28.7%
Midlands 591 42.8% 25.2% 36.1% -27.5% -30.4%
North East 587 35.4% 18.1% 35.7% -36.9% -39.2%
North West 536 24.6% 10.5% 24.6% -41.4% -43.1%
South West 383 22.1% 6.6% 31.4% -13.5% -27.9%
Southern 242 20.8% 5.8% 26.2% -23.9% -34.2%
Thames 856 26.9% 52% 38.4% -32.4% -43.2%
EA Wales 262 38.3% 21.5% 43.8% -19.7% -29.0%
Total 3947 30.6% 13.3% 34.6% -28.8% -35.9%

Source: Environment Agency 2001b

Industrial/Commercial Forecasts
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Figure 4-3. Industrial/commercial forecastsin 2024/2025 and 2055/2056
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The Environment Agency study forecast future demands up to 2024/2025 — for this study the
potentid impact on demands up to the 2050s was required. Long-term forecasting of
indudtrid/commercid  consumption is less relidble then forecasting domestic  consumption.
Indugtrial commercid water consumption is particularly sengtive to changes in the economy,
with secular trends in demand often masked by abrupt changes brought about by externd
forces such as the closng down of mgor plantsfactories, or the creation of new
indudtrid/business parks. Accurate forecasts become increasngly difficult the longer the
forecast period.

For the purpose of this andyss a very smple method was used to extend the Environment
Agency forecasts to the 2050s. It was assumed that the absolute change in demand for each
sector and in each water company area between 2019/2020 and 2024/2025 would be repeated
over the much longer period from 2024/2025 to 2054/2055. In those ingtances in which
extrapolaion of the decline resulted in negative consumption, the 2054/2055 demand was set
to zero.

The projections for the Beta scenario for the 2050s are adso shown in Figure 43. The smple
forecagting method maintains the same relative mix of consumption by each sector that is
found in the Agency’s projections for 2024/2025. This is consdered to be appropriate for the
comparative anadyss of possble changes in consumption due to climate change up to 50
years ahead of the present day.

4.3.3 Inputsfor the CCDeW industrial/commercial modd

The overdl methodology for the CCDeW industria/commercid modd is set out in Figure 4-
2. The andyds has been based on monthly time series of consumption for given sectors and
the forecasts of sectoral annua demands from the Environment Agency’s Water Resource
Strategy (Environment Agency, 2001). Data used in this chapter is based on the UKCIP02
gridded data at the 50km scale.

The analyss has been conducted at water company scale and the results are presented at the
Environment Agency Region scae.

4.3.4 Reationship between climate variables and demand

Examination of data from various water resource zones in Southern Region provides ingght
into the direct and indirect impacts of climate on individua sectord demands. Typica plots
for the water consumption of customers in the Hotel and the Agricultural sectors are shown in
Figure 44 and Figure 45; the lines in each plot represent different customers within the water
resource zone.
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Figure 44. Typical seasonal variation in public water supply demand for Hotels — Southern
Region WRZ
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Figure 4-5. Typical seasonal variation in public water supply demand for Agriculture —
Southern Region WRZ

Sectors, such as the hotel, recreation and lelsure industries and agriculture exhibit a strong
seasond variation in demand. The amplitude of the seasond variation gppears to be related to
location, in that coastd areas exhibit a higher range than inland areas. Other, manufacturing-
based indudtries show very little seasond variation. The grestest part of the seasond variation
in water use is rdaed to the UK summer holidays and influx of internationa vidtors in the
summer months.  Without dte specific and contemporary time series data on factory output
(that may be affected by summer shut-downs) and water consumption, it is not possble to
investigate how water use per unit of consumption might change with dimate.

Normalised monthly average

Data, for each of the industria/commercid sectors in each of the WRZs for which data were
avalable, covered the period from 1998 to 2001 only, dthough monthly data for the tota
digtribution input into each WRZ were provided for the period since 1989. It was observed
that during the period for which data on monthly sectora demands were avalable, there was
litle change in the rdative percentages of monthly indugtrid/commercid demand in each
sector.  The observed percentages of sectora demands were therefore used to estimate the
time series of monthly demands for each sector for the period from 1989.

Usng such time series data as were avallable, linear relaionships between temperature and
normalised consumption in each sector were derived. Note that in some WRZs, there was no
consumption recorded in some sectors. A summary of the types of relaionships observed is
givenin Table4-7.
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Table 4-7. Examples of observed relationships between aver age temper ature and normalised
demand

Sector Slope R®
Hotels - coast H 0.084 0.76
0.055 0.73
0.058 0.73
Hotels - inland H 0.014 0.32
Recreation O 0.054 0.44
0.065 0.62
Business Included in Environment Agency 0.024 0.65
category “other”
Manufacturing D 0.020 0.53
Indoor A 0.184 0.61
agriculture

Note: Units of slopeis, % change in demand per °C.

As might have been expected the grestest dope agppeared for the Hote and Recreation
indudtries in coadtal areas (a sector that is discussed further in Chapter 6) followed by the
business sectors, and then manufacturing. The dope for the agricultura sector was less than
might have been expected, but as noted above, the “agriculture’ caegory in this chepter
describes glasshouses but not outdoor irrigation which isincluded in Chapter 5.

At one CCDeW workshop it was suggested that the number of degree days might aso be used
to represent climae. The andyss described above was repeated using degree days, rather
than mean temperature. The observed relaionships were less sgnificant than those derived
usng average temperaure. Andyses usng maximum temperaures and precipitation
respectivdy were adso undertaken — again the observed rdationships were less sgnificant
than those derived using average temperature.

It was therefore decided to redtrict the andlysis of future impacts to average temperature. For
the purpose of edimating potentid climate change impacts, each indudtrid sector was
dlocaed one of the following categories of sengtivity to cimate change high, medium, low
and nil. A summary of the dlocationsis given in Table 4-8.

Note that dthough not identified as climate sendtive indudries, the minerds and extraction
sectors may be required to use more water during dry periods for wetting-down dust under
warmer climate conditions, the same may apply to the condruction sector. In addition, if
temperatures remain high (>28°C) for a few days, the construction industry may have to use
ice to cool concrete mixers down, increesng the overdl water requirement associated with
cement mixing. The very smdl percentage of tota industriad/commercid demand represented
by these sectors means that their impact on totd demand a regiond level is smdl. For the
purpose of this andys's these sectors have been dlocated a high senstivity.

Ambient temperature and the eectrical power requirement for ar-conditioning are known to
be highly corrdated. Assuming the same technology is goplied, an increase in popularity for
domestic and commercid ar conditioning will increase demand for water required to generate
the power for the ar-conditioners. Consderation of water demand for eectricity generation
was, however, specificdly excluded from the ambit of the study.
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Table 4-8. Assumed sensitivity of each sector to climate change

Sector Assumed sensitivity to climate
Industrial sectors

Extraction High
Utilities Low
Fud refining Nil
Chemicals Low
Mineras High
Metals Low
Machinery Low
Electrical equipment Medium
Transport Low
Food and drink High
Textiles Nil
Wood Nil
Paper Nil
Rubber Nil
Construction High
Service Sectors

Retall Medium
Education and Health Medium
Hotels High
Other (including Business) Low
Agriculture Medium

44 Mode summary

A dmple modd has been st up to trandate the impact of a given change in average
temperature into a percentage change in demand using the linear relationships discussed in
Section 4.3.4.

The mput datafor the model comprise:
Forecast annud demand in the 2020s and 2050s under the four socio-economic
scenarios, for each water company area and for each of the sectors identified by the
Environment Agency.
Rdationships between temperature and normaised demand as informed by the
andyss summarised in Table 4-8 and the categorisation of the assumed sengtivity of
each sector to climate change given in Table 4-6.
Change in average annud temperature from the reference climate a eachtime-dice.

The change in demand that is dtributable to climae change was then cdculated for each
sector, for each water company, and then aggregated to produce a regiond total. The results
were then expressed as the percentage change in demand from the reference case attributed to
climate change.
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45 Modd results

45.1 Sectoral and regional results

The reaults of the andyss for each sector are given in Table 49. The results are expressed in
terms of the percentage change in annua demand. The results presented in Tables 4.9 are
percentage changes from the basdine - no cdimate change and non socio-economic scenarios
case. The percentage change for each sector for each of the scenarios Alpha to Delta are the
same, however, because the redive contribution of indudrid and commercid activity differs
in different regions, the percentage change in any tota will differ. Note that the temperature
changes that are dtributable to climate change, vay monthly so the seasond didribution in
demand would aso be expected to change in comparison with the reference case. It is
reesonable to assume that dggnificant participation in certan outdoor activities such as
svimming and other water based recregtion will only take place once the temperature has
exceeded a given threshold, therefore the gpplication of reationships amilar to those given in
Table 4-9, will tend to over-estimate climate change impacts.

A summay of the results of the andyss is given in Table 4-9 expressed as the percentage
change from, “Without Climate Change’ reference socio-economic scenario.
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Table 49. Changes in annual average industrial/commercial demand for each sector for the Medium-High climate change scenario, expressed as a percentage
of thewithout climate changer eference demand

Anglian Midlands North East North West Southern South West Thames Wales
Industrial Sector 2025/24 2055/56 2025/24 2055/56 2025/24 2055/56 2025/24 2055/56 2025/24 2055/56 2025/24 2055/56 2025/24 2055/56 2025/24 2055/56
Extraction - - - - - - - - 6.4% 136% 57% 120%  64% 13.6% - -
Utilities 1.0% 2.0% - - - - - - 1.0% 2.0% 0.9% 2.0% 1.0% 2.1% - -
Fuel refining - - - - - - - - - - 0.0% 0.0% - - - -
Chemicals 0.9% 2.0% 0.9% 1.9% 0.8% 1.7% 0.8% 1.7% 1.0% 2.1% 0.9% 2.0% 1.0% 2.1% 0.8% 1.8%
Minerals 6.3% 13.4% 6.0% 12.8% - - - - 6.3% 13.5% - - 6.4% 13.6% - -
Metals 0.9% 1.9% 0.9% 1.9% 0.8% 1.7% 0.8% 1.7% 1.0% 2.0% - - 1.0% 2.1% 0.8% 1.8%
Machinery 0.9% 1.9% 0.9% 1.9% 0.8% 1.7% 0.8% 1.7% 1.0% 2.1% 0.9% 1.9% 1.0% 2.1% 0.8% 1.8%
Electrical equipment 2.3% 4.9% 2.2% 4.7% - - - - 2.3% 5.0% - - 2.3% 5.0% - -
Transport 1.0% 2.0% 0.9% 1.9% - - - - 1.0% 2.0% - - 1.0% 2.1% - -
Food & drink  6.1% 12.9% 5.9% 12.6% 5.3% 11.2% 5.2% 11.1% 6.4% 13.6% 6.1% 12.9% 6.4% 13.6% 5.5% 11.7%
Textiles 0.0% 0.0% 0.0% - - - - - 0.0% 0.0% - - - - - -
Wood - - - - - - - - 0.0% 0.0% - - - - - -
Paper 0.0% 0.0% 0.0% 0.0% - - - - 0.0% 0.0% - - 0.0% 0.0% - -
Rubber - - - - - - - - 0.0% 0.0% - - 0.0% 0.0% - -
Construction 6.3% 13.4% - - - - - - 6.3% 13.4% 6.1% 13.0% 6.4% 13.6% - -
Industrial Sector Totals 2.7% 5.6% 1.6% 3.3% 1.4% 2.9% 1.5% 3.0% 2.9% 6.0% 1.9% 4.0% 2.2% 4.7% 2.2% 4.7%

Service Sector

Retail 2.2% 4.7% 2.2% 4.6% 2.1% 4.0% 1.9% 4.0% 2.3% 4.9% 2.5% 4.7% 2.3% 5.0% 2.0% 4.2%

Education & Health 2.2% 4.7% 2.2% 4.6% 2.1% 3.9% 1.9% 4.0% 2.3% 4.9% 2.5% 4.7% 2.3% 5.0% 2.0% 4.2%

Hotels 6.1% 13.0% 5.9% 12.6% 5.8% 10.7% 5.2% 11.1% 6.4% 13.5% 6.6% 13.0% 6.4% 13.6% 5.5% 11.7%

Service sector totals 2.8% 5.8% 3.3% 6.9% 2.8% 5.2% 2.8% 5.8% 3.3% 6.9% 3.9% 7.6% 2.8% 5.9% 2.8% 5.9%
Agriculture 2.2% 4.7% 2.2% 4.6% 2.0% 4.1% 1.9% 4.0% 2.3% 4.9% 2.2% 4.7% 2.3% 5.0% 2.0% 4.3%
Other totals 0.0% 0.0% 0.9% 1.9% 0.8% 1.7% 0.8% 1.7% 0.8% 1.8% 0.8% 1.8% 0.7% 1.6% 0.8% 1.8%

Overall totals 2.6% 5.4% 1.7% 3.4% 1.7% 3.2% 1.7% 3.4% 2.5% 5.2% 2.8% 5.5% 2.5% 5.2% 2.2% 4.7%
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Table 410. Regional estimates of climate change impacts on industrial/commercial
demand, expressed as % change from baseline

2020sL 2020sM H 2050sMH
Scenario Gamma | Alpha Beta Gamma Delta Beta
Anglian 2.4% 2.6% 2.6% 2.7% 2.5% 5.7%
Midlands 1.8% 1.7% 1.8% 2.0% 1.7% 3.9%
North East 1.9% 1.7% 1.8% 2.1% 1.8% 3.6%
North West  1.9% 1.7% 1.8% 2.1% 1.8% 3.8%
Southern 2.5% 2.4% 2.7% 2.8% 24% 5.7%
South West  2.9% 2.7% 3.0% 3.1% 2.7% 6.1%
Thames 2.6% 2.5% 2.5% 2.9% 2.6% 5.4%
EA Wales 2.3% 2.3% 24% 2.6% 2.3% 5.2%

The results show differences between the Agency regions. The differences arise from

the different mix of industria/commercid sectors within each region.

Those regions

in which the sectors sendtive to climate change conditute a grester proportion of
exhibit higher sendtivity to dimae change
Differences between regions dso arise from differences in the impact on each sector

indugrid/commercid demand, will

of the drivers assumed for each of the socio-economic scenarios.

Edimates of the potentid impacts of climate change on evagporaive losses from
privale swimming pools are given in Table 4-11; details of the assumptions and
cdculations are given in Chapter 6.

Table 4-11. Estimates of water losses from private swimming pool use

2020s 2020s
without climate change with climate change

Evaporation losses 375 339
(mm/season)

Estimated lossM|/d

Anglian 4.3 11.2
Midlands 34 8.8
North East 0.2 24
North West 0.3 25
South West 31 8.2
Southern 3.3 8.5
Thames 5.6 14.6
EA Wales 0.1 11
Total 20.3 57.4
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4.6 Conclusion and recommendations

A pragméatic approach to the edimation of potentid climate change impacts on
industrial/commercial demands has been adopted. The results presented in 49 and 4
10 suggest that:

- The impacts are smdl in comparison with the range of forecast demands for
each of the four reference socio-economic scenarios, and with the percentage
change in forecast basdine demands between 1997/98 and 2024/25 as
summarised in Table 4-6.

Inpection of the temperature/consumption relationships for WRZs in
Southern Region suggests that for some sectors there are differences between
coastal WRZs and those located in-land. Given that the andyss has been
conducted on data & water company leve, rather than WRZ leve, it has not
been possible to accommodeate this type of spatid difference in the andysis.
More detaled andyss of the rdationship between consumption and climate
variables such as temperature is recommended, but depends on the availability
of appropriate data, and could be conducted at the WRZ scde if required.
Once more refined temperature/consumption  relationships  have  been
determined, the analyss described in earlier sections could be repeated
following the deps shown in Fgure 4-6. This approach is described more
fully in the guiddines of Section 9.4.
Much greaster discrimination between water consumption data in  various
industrial/commercid  sectors and for different regions is a prerequiste for a
better underganding if the impact of climate on water demand is to be
achieved. Although it is recognized that the reluctance on behaf of companies
to have their core data displayed in the public doman, may redrict the
exchange of data between water companies and external bodies, the following
recommendations for data collection would improve the robustness of future
andyss
- Allocation of SIC codes to industrid/commercid customers to be
cong stent across water companies
- Monthly meter readings to be consolidated into monthly water
consumption data on awater resources zone level
- Where patterns of consumption within a given sector vary across a
water resource zone — for example a zone that includes inland urban
areas, and coastal areas popular for tourism — additiond sub-zones to
be consdered for industria/commercia data.
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Test against:

- seasonal profile of demand?
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Figure 4-6. Flow chart for analysis using detailed monthly consumption data
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4.7 Appendix

4.7.1 Appendix 4-A. Industrial and commer cial sectors: sourcesand types of
data

For each of the components selected, the main sources of data from the prdiminary
search, and a summary of the data content are shown in the table below. For some of
the components, reliable data on water use and the impacts of climae change is
extremey limited. Where this is the case, potentia sources have been identified and a

generd description of water use and potential impacts upon use have been included.

Table 4-12. Industrial and commercial sectors. sources and types of data

Industrial sector
Soft drinks

Main sour ces of information
British Soft Drinks Association

The 2001 Sucral ose Soft Drinks Report
— UK Market Review

Data type
BSDA has done no work on climate
change and don’t think any of their
members will have done either. Feel
that sales are directly affected by hot
weather and affluence — need to try and
pull apart— but changesin climate will
have proportionate impact on demand.
Derive from sales and climatic data.
Sales Data:
Warm summer weather is cited
asamajor short term influence
Projection for next five years
for 3% per annum growth
Annual consumption at 12,000
million litres (200 litres per
person)
Most drinks produced in the
UK. Least isbottled water (70%
UK)

Swimming pools

Chartered Institute of Public Finance
and Accountability — Leisure and
Recreation Statistics 1998-99

Swimming Pool and Allied Trader
Association,

Public expenditure on swimming pools
has not significantly increased in the
last six years. All expenditure has been
on indoor swimming pools— possible
shift to outdoor requiring new pools,
but no substantive information.

Private. No information provided from
Trade Association.

Very much linked to affluence as well
as climate change.

Air conditioning

Only sources identified include:

1 Dept. of the Environment
Report — Climate Change and the
Demand for Water, HM SO, 1996
(Paul Herrington, Univ. of
L eicester)

2. Individual manufacturers
marketing literature on the web,
e.g. The Air Conditioning
Company (this company provide
mainly evaporative cooling
svstems (water hased).

Trend is very much towards air cooling
systems (water systems— concerns over
legionnaires disease and need to be
installed for whole buildings (not ideal
unlesswhole buildingslet)). Air - high
energy but not high direct water use.
Sealed systems.

Mostly portable air cooled system
manufacturers, though example giveniis
one of water based system.
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Industrial sector Main sour ces of information Datatype
systems (water based).
Brewing UK Brewers and Licensed Retailers Biennial report on energy and water.
Association ( In summary:
35 million m?® water used per
year
production of beer itself
accounts for 36%, mostly from
private wells and springs
70% of water used for steam
raising, cooling and washing
(from municipal supplies) is
discharged as trade effluent
reduced water consumption by
30% since mid/late 1970's
Specific production of beer
(units of water used per unit of beer
produced) had dropped from 9 in
1974 to 6 in 1996)- the smaller
brewery the higher the figure
(range 8.5t05.8)
Energy consumption reduced
by 40% in same period, though
static since 1992
Brewing and the Environment, (Sept  Anpnual production of beer about
2000, BLRA) 57million hectolitres. Total water used
isthis plus 35 million nr.
DTI/DETR Environmental Technology Aimed at smaller breweries (<500,000
Best Practice Programme. Good hectolitres/year). Fairly straightforward
Practice Guide — Reducing Water and  to reduce use by about 40%.
Effluent Costsin Breweries Cost of water supply and effluent = cost
of energy.
Best practice = 3.4 water for 1 of
product.
National Statistics, March 2001 for M anufacturing output index:
‘Food, drink and tobacco’ 1995 —100.0, 1996 — 101.0, 1997 — 104.6
1998 —101.9, 1999 — 101.5, 2000 — 100.1
Laundries National Association of the Launderette  No information made available
Industry
Leisure Much of the information is only

available commercially. :

Institute of Public Finance — Financia
Information Services Report on the
Leisure Industry.

British Hospitality Association— Trends
and Statistics, 2001.

English Tourism — Consultation
Document ‘ Perspectives on English
Tourism’ http://englishtourism.org.uk

Qutdoor Industries Association—

Information on tourism forecasts (nos.
and purpose — foreign and domestic)
and room occupancy.

Tourismtrendsin last 10 years and
identifies emerging issues which may
cause tourism to changein the future.

Number of activity and caravan
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Industrial sector

M ain sour ces of infor mation

Data type

Development Plan 2000-2003

Center Parcs

holidays declining in the UK. Camping
increased by 10% in the 1990s.

Leading leisure park organisation. Not
much room for increasing numbers
under current infrastructure — year
round occupancy rate of over 90%. No
apparent plans for further developments
asyet. 3intheUK at present.

No detailed information provided.
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Part |1: Sectoral analyses
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5 Agricultureand horticulture

This section of the CCDeW project the sengtivity of irrigation water demand in
agrl iculture and horticulture to climate change. This section:
Summarises the characteristics of agricultural and horticulturd irrigation water demand;
Describes the methodology and presents the base data;
Discusses the direct impacts of devated atmospheric CO, on crop water use and yield;
Cdculaes theimpacts of climate change, in three steps:
- impacts of changes in ranfdl and potentid evapotranspiration on optimum irrigation
needs (depths);
- resulting impacts on irrigation water demand (volumes), under the various socio-
€coNnomic scenarios,
- combined impacts including the effects of enhanced amospheric CO, enrichment on
yield and hence area cropped;
Discusses the limitations and risks, and
Summarises the main conclusions from this section.

5.1 Characteristicsof agricultural/norticultural irrigation water demand

Between 1% and 2% of water use in England and Walesisfor irrigation of crops. Although
thisisrdaively smal, it isaconsumptive use concentrated in the drier catchmentsin the
direst months, and can become the largest abstractor in some catchments in dry summers.

The micro-components of demand used in this section are the crop categories previoudy
defined for MAFF surveys, namdly early potatoes, main crop potatoes, sugar beet, vegetables
(including sdlad crops), soft fruit (particularly strawberries), orchard fruit (mainly apples),
cereds, grass (for pasture and silage), and “other”. Thislast category isvery varied, including
for example herbs and Christmas trees.

Over the lagt 20 years, there has been a ggnificant change in the relative importance of these
categories. The proportion of irrigation on grass and cereds has been dedining geadily. In
contrast there has been increased irrigation of high vaue crops, paticularly potatoes and
vegetables for human consumption. By 2001, potatoes accounted for 52% of the tota
irrigated area, and 57% of the totd volume of irrigation water applied (Table 51), whilg fied
vegetables accounted for 27% and 26% respectively. This trend is a least partly driven by the
magor supermarkets demand for qudity, condstency and continuity of supply, which can
only be guaranteed by irrigation.
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Table 5-1 Distribution of irrigated area and water use between crop categoriesin 2001

Crop category Irrigated area (%) Water used (%0)
Early potatoes 5 4
Maincrop potatoes a7 53
Sugar beet 6 3
Orchard fruit 1 1
Smdl fruit 3 3
Vegetables 27 26
Grass 3 2
Cereds 3 1
Other crops 5 7

Source; 2001 irrigation survey

In the UK, irrigation water demand varies enormoudy between years depending on summer
wegther. For economic reasons, it is not sensble to design for the extreme dry year (or for the
average). lrrigation capacity, and hence absiraction licences, are typically based on a supply
satistically sufficient to meet demand 80 years out of 100, referred to here as the 80 centile
demand or smply “dry-year demand’.

The water demand for each micro-component is modelled as the product of:
- the areaplanted;
the proportion irrigated,
the optimum depth of water required in adry year;
the proportion of the optimum depth in adry year that is actudly gpplied; and
the efficiency of application.

All the demands given here are for unconstrained supply in the 80" centile dry year, and
assume no mgor changes in water prices. Actua water use may (will) be limited by water
avallability and increased costs

5.2 Methodology

The impact of climae change, in its widet sense, on crop water requirements requires
condderation of change a vaious leves (Figure 5-1). Firdly, the changes in amospheric
CO2 levels have a direct impact on plant physology, directly affecting how they grow and
how much water they transpire. Secondly, impacts via changes in loca westher, particularly
ranfal and evapotranspiration, affect the soil water baance and hence the irrigation needs.
Both process affect yidd and qudity and hence the economics of growing and irrigating
particular crops. Changes in temperature and the occurrence of frost can aso ater where each
crop can be best grown. Findly, it may be tha dimate change esewhere paticulaly in
southern Europe, would sgnificantly change imports and hence the areas grown in the UK.

All these impacts have to be assessed within the context of present underlying trends and the
expected impacts of dternative socio-economic scenarios even without climate change.
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Figure5-1 A simplified view of climate change impact process on irrigation water demand

In order to obtain a robugt framework in which to make the assessment, this study has had to
rely on different approaches and sources for the relevant impacts.

A survey was underteken of irrigation of outdoor crops in England in 2001
(Weatherhead and Danert, 2002), and subsequently extended to Wales, to update the
database of present irrigation water use. Crop moddling and multiple regresson
anadlyss were used to estimate underlying trends and “2001 dry year” vaues (i.e. what
would have happened if 2001 had been a dry year).

A literature review and computer modelling were undertaken to assess the importance
of enhanced amospheric CO, on crop growth and transpiration, relative to those
effects that take place via changes in rainfdl and evapotranspiration, for important
irrigated crops at selected sites (Gallaher, 2001).

The IWR modd, used previoudy to cdculate the reasonable irrigation needs (as
depths) of different crops for the Environment Agency (Weetherhead et al., 2002),
was used in this dudy to investigate the spatid and tempord sengtivity of irrigation
need to the various changes in evapotrangpiration and ranfdl derived from the
UKCIP98 and later UKCIPO2 climate change predictions.

The IrriGrowth water demand forecasting modd, used previoudy to cdculate future
regiond water demand (volumes) without climate change for the Environment Agency
(Weatherhead et al., 2000; Environment Agency, 2001la 2001b), was used to
investigate the sengtivity of regiond demand to the sdected UKCIPO2 climate change
predictions. This included a review was underteken of previous studies predicting
land-use changes in England and Wades as a result of climate change, with particular
reference to irrigated cropping.

The Irrigrowth results were then combined with the direct impacts of amaospheric
CO2 on yidd to produce best estimates of the overdl climate change impact.

Table 5-2 summarises the inputs, modelling and outputs.
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Table 5-2. Summary of inputs, modelling, and outputs (agricultural and horticultural component)

SCALE INPUTS MODELLING OUTPUTS
Site Long-term (20 year) daily weather datafor 21 weather Weather station climate data processing (perturbing Production of UKCIP “changed” weather
(21 weather stations (P and ETo) historical data) station climate datasets
stations) UKCIP (98 and 02) climate change ratios
UKCIP (98 and 02) “changed " weather station climate Irrigation Water Requirements (IWR) computer program Annual and design dry year irrigation
datasets (water balance modelling) needs, by crop, by station, by climate
Crop, soil and irrigation schedule input files scenario.
UKCIP 5km and 50km ETo and P datasets PSMD modelling PSMD estimates, by site and scenario, for
“Changed” weather station datasets (ETo and P) input into regression analyses
Design dry year irrigation needs Regression analyses Regression equations to predict irrigation
PSMD estimates need based on PSMD
PSMD estimates Definition of agroclimatic zones Irrigation look up tables, for each climate
Irrigation need regression equations Irrigation need look up table modelling scenario
Grid pixel UKCIP (98 and 02) (5km) database Database analysis to derive baseline and future climate UKCIP (98 and 02) climate change ratios
“change” ratios
UKCIP (98 and 02) (5km and 50km) databases for Modelling to derive ETo based on FAO Penman- UKCIP 5km and 50km ETo datasets
selected climatic variables Monteith equation
UKCIP (5km) (ETo and P) and PSMD (5km) datasets Spreadsheet modelling to estimate future PSMD Agroclimatic zone maps, for UKCIP
EA Region (catchment) boundary dataset GIS modelling agroclimatic zones baseline and future scenarios (5km)
Soils AWC (1km) and UKCIP98 PSMD (5km) datasets GISoverlay modelling crop, soil AWC and PSMD Production of regional matrix tables
MAFF June cropping census (2km) dataset Spreadsheet modelling — matrix table analysis (crop v soil v agroclimatic zone)
Matrix tables, 98 baseline and scenarios Spreadsheet modelling - weighted irrigation needs Weighted irrigation needs tables, by crop,
Irrigation look up tables analysis by EA Region, by climate scenario
agroclimatic zone maps (' 98 and ‘ 02 scenarios) GI'S comparison of agroclimatic zones UKCIPO2 weighted irrigation need tables
National Defra June 2000 Cropping census Spreadsheet conversion from county to EA regional level  Regional cropping datafor IrriGrowth

Defra June 2000 Cropping census

MAFF 1995 Irrigation Survey questionnaire

Irrigation survey data (5600)

Postzon (postcode) database

EA Region (catchment) boundary dataset

EA Water Resources Strategy 2025 report

Optimum Water Use for Agriculture (Phase I11) report
Regional cropping data

Regional baseline dry year irrigation statistics
Weighted irrigation needs tables for climate scenarios
Socio-economic drivers for socio-economic scenarios

Definition of 2001 Irrigation Survey questionnaire
Production of mailing database

Production of 2001 Irrigation Survey database

GI S postcode modelling —aggregation by EA Region

Socio economic driver analysis
Irrigation cost/benefit analysis, economic optima
IrriGrowth demand modelling

2001 Irrigation survey data

Irrigation survey report - national
Regional baseline dry year irrigation
statistics for input into IrriGrowth model

Socio-economic driversfor IrriGrowth
Volumetric irrigation demand predictions

(by crop, by EA Region, by climate
scenario and by socio-economic scenario)
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5.3 Basdlineirrigation data

The best information on present irrigation weter use in England and Waes comes from the
surveys of irrigation of outdoor crops carried out roughly every three years by MAFF. These
used identical questions between 1982 and 1995, and a Smilar survey was undertaken within
this project for 2001 (Appendix 5A), giving now seven s&ts of directly comparable data The
areas grown and water gpplied nationdly are summarised in Table 5-3 and Table 5-4.

Table 5-3. Irrigated areas (ha), by crop category, 1982-2001

Crop category 1982 1984 1987 1990 1992 1995 2001

Early potatoes 8050 7720 5360 8510 8180 8730 7300
Maincrop potatoes 22810 34610 29520 43490 45290 53390 69820

Sugar beet 15770 25500 10100 27710 10520 26820 9760
Orchard fruit 3100 3250 1330 3320 2280 2910 1580
Small fruit 3610 3560 2230 3470 2750 3250 3770
Vegetables 14810 17460 11040 25250 20200 27300 39180
Grass 16440 18940 6970 15970 7240 10690 3970
Ceredls 14800 24700 7510 28100 7160 13440 4620
Other crops 4100 4890 2440 8650 4320 9120 7280
Total 103490 140630 76500 164470 107940 155650 147270

Note: Summing errors due to rounding.
Data up to 1992 for England and Wales, data for 1995 and 2001 for England only.

Table 5-4 Volumes of water applied ('000m®), by crop category, 1982-2001

Crop category 1982 1984 1987 1990 1992 1995 2001

Early potatoes 4680 4920 2350 6770 5590 9345 5710
Maincrop potatoes 15280 32730 14700 51170 38520 74460 69940

Sugar beet 8260 17370 3430 20320 4860 21295 4630
Orchard fruit 2180 2430 550 2930 1220 2445 900
Small fruit 1890 2660 970 3180 2000 4320 3370
Vegetables 6830 11390 4640 18450 12180 25500 34120
Grass 10030 13550 3550 13100 4280 9920 2320
Ceredls 5040 8300 2160 11830 2260 5625 1470
Other crops 1020 4030 1270 6040 4160 11160 8840
Total 55210 97380 33620 133790 75070 164070 131300

Note: summing errors due to rounding.
Data up to 1992 for England and Wales, data for 1995 and 2001 for England only.

However, this data partly reflects the weather in each census year, superimposed on any
underlying trends in demand, whereas for modeling we are concerned with dry year demand.
Figure 5-2 shows, for example, the ranked theoreticd irrigation needs (mm) for maincrop
potatoes grown at Silsoe (Bedfordshire) for 1970 to 2001, with the survey years shaded.

Wesatherhead et al. (1994) developed a method for andysing the irrigation survey data using
caculated theoreticd irrigation needs (depths) for each crop as the independent climate
vaidble in a multiple linear regresson andyss. The regresson results show the underlying
growth rates in the aress irrigated, in the proportion of each crop irrigated and in the depth
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goplied. The reaults dso adlow the area and volume figures for any year to be adjusted to
amulate ‘design’ dry year conditions occurring in that yeer.

The imputed 2001 dry year vaues (i.e. what would have occurred if 2001 had been a dry
year) are shown in Table 5-5. The underlying growth rates, expressed as percentages of the
imputed 2001 dry year vaues, are shown in Table 5-6.

The results confirm a continued increase in irrigation of high vaue crops, viz. potatoes, small
fruit and vegetables, and a decline in the irrigation of sugar beet, orchard fruit, grass and
cereds. The underlying growth in the tota volume applied, from 1982 to 2001, was around
2.5% per annum. This compares with previous estimates of 2% per annum from 1982 to 1990
and 3% per annum from 1982 to 1995 (Weatherhead et al., 1997).
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Figureb5-2. Ranked theoretical irrigation needs(mm) for maincrop potatoesgrown on amedium
AWC soil at Silsoe (Bedfordshire), 1970-2001. Shaded columns represent irrigation survey
years.
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Table5-5 Areasirrigated (ha) and volumes of water applied ('000m?®) for 2001 (actual) and 2001
(if adry year).

Crop category 2001 (actual) 2001 (if adry year)

areas volumes areas volumes
Early potatoes 7300 5710 9449 9385
Maincrop potatoes 69820 69940 71681 87510
Sugar beet 9760 4630 21555 16141
Orchard fruit 1580 900 2503 2097
Smal fruit 3770 3370 4104 4619
Vegetables 39180 34120 42158 39050
Grass 3970 2320 30 8590
Ceredls 4620 1470 15131 6479
Other crops 7280 8840 9153 12551
Total 147270 131300 185164 186421

Note: Summing errors due to rounding and statistical adjustments. Other crops dry year values taken asratio
from other crops. Total from summing individual crops, not from regression of totals. Datafor England only.

Table 5-6 Underlying growth rates (%) in dry year valuesfor areairrigated, aver age depth and
total volume applied, 1982-2001.

Crop category Change per annum on 2001 dry year value, %
Areairrigated Average depth Volume applied
Early potatoes 0.8% 2.4% 2.7%
Maincrop potatoes 3.3% 1.8% 3.7%
Sugar beet -1.3% 0.1% -0.7%
Orchard fruit -2.1% -0.2% -1.9%
Smdl fruit 0.3% 2.3% 2.3%
Vegetables 3.1% 2.3% 3.8%
Grass -6.1% 0.8% -3.5%
Cereds -3.9% 0.4% -2.6%
Other crops - - -
Overall 1.3% 2.1% 2.5%

Note: Dueto imperfect correlation in the data, the individual growth rates for area and depth do not agree exactly
with the growth rates for volume, nor the overall growth rates. Datafor England only.

The 2001 survey responses were aso aggregated to Environment Agency Region and
Environment Agency Waes by postcode, usng a geographicd information sysem (GIS).
(Note that the Environment Agency Wades boundary is not identicdl to the England/\Wales
boundary). The total aress irrigated and volumes gpplied are summarised in Table 58, for the
actual 2001 and for a 2001 dry year. The dry year vaues for each micro-component (crop
category) in each region form the base year for the subsequent modelling.
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Table 5-7. Areasirrigated (ha) and volumes of water applied ('000m®) by Environment Agency
Region and for Environment Agency Wales for 2001

EA Region 2001 (actual) 2001 (if adry year)

areas volumes areas volumes
North East 10941 8893 12948 12863
North West 1580 914 1876 1508
Midlands 28021 25478 39254 39949
Anglian 80260 68822 100463 95885
Thames 8333 12565 9005 16454
Southern 14817 12024 17744 15984
South West 2126 1698 2511 2398
EA Wales 1944 1362 2370 2244
Total 148022 131756 186219 187467
Notes: summing errors due to rounding and statistical adjustments
Datafor England and Wales

54 Impacts of increased atmospheric CO, on plant physiology

54.1 Literaturereview

Changes in amospheric CO, impacting directly on crop physiology could be a potentidly
dgnificant driver on irrigation water demand. A sudy for this project by Gdlaher (2001)
identified a range of reported impacts on factors as diverse as leaf growth and Structure,
domatal resistance, trangpiration rates (and hence leaf cooling), transpiration efficiency,
photosynthesis, growth-stage durations, root-to-shoot retios, rooting depth, plant growth, yield
and crop qudity. Some of these interact with other limiting resources and/or with temperature
changes. Many interact with water use, and may interact differently for irrigated and non
irrigated cropping.

Gdlaher (2001) found many of the reported results to gppear inconsistent, and suggested that
this may be the result of different experimental conditions and objectives. Most experiments
have been caried out within controlled laboratory environments over short periods of time
(eg. as used commercidly in glasshouses). Few sudies have examined the effect of long-
term continuous exposure to devated CO,, when plant adaptation might occur. Very few
sudies have smulated field conditions, where wind can be an important factor in determining
water use and water stress can become a limiting factor. A summary of the reported changes
isgivenin Table 5-8.
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Table 5-8 Estimated percentage (%) changes to crop growth parameters for a doubling of
atmospheric CO, concentration, and values used in this study

Crop growth parameter Range of % changesderived Percentage (%) change
affected from literaturereview used in thisstudy*
Photosynthetic rate increase 28 - 60 % 30 %
Transpiration rates reduce 12-40% 30 %

Stomatal resistance increases 12°— 35%° or 70 - 100 %" 30 %

Growth increases 28-41% 30 %

Yield increases 25—-40% 30 %

Root yields increase 5-10 %, 35-56 %, 18-75 %" 30 %

Leaf areas increase 20-30 % 30 %

Growth stage lengths reductions 4-7 days 4-7 days

Notes: ! Based on the consensus of results found within the literature review.

2 Estimate of likely percentage occurring naturally in field conditions exposed to elevated CO, (based on experimental
results).

3 Results from labs/controlled conditions.
4 Estimated percentage ranges (based on estimates by other research workers).

The literature review concluded that the interactions between the many direct and indirect
impacts maeke moddling difficult and potentidly unrdiable. The moddling in this project hes
been based on the smplifying assumption that crop growth rates would be increased by 30%
on average for a doubling of CO,, directly affecting crop cover, crop height and yield,
themsalves impacting on water use and crop aress.

5.4.2 Impacts of elevated CO, on crop water use

The changes in aimaospheric CO, concentrations assumed in the UKCI P02 scenarios are
shownin Table 5-9.

Table 5-9 Estimates of changes in atmospheric CO, concentration (ppm) for the UKCIP02
climate change scenarios

UK CIPO02 scenario L ow Medium Low  Medium-High High
Current 350 350 350 350
2020s 422 422 435 437
2050s 489 489 551 593

Gadlaher (2001) used Cranfidd University’s crop water baance modd IWR (Hess, 1994) to
amulate the direct impacts of elevated CO, levels on crop water use. Her caculaions related
to the earlier UKCIPO8 CO, levels for the 2020s, but the conclusons reman relevant. The
increesed plant growth rates will incresse crop cover, crop height and leaf area index,
increesng water use. In contragt, the increase in somatal resstance will decrease water use.
The exact impacts and interactions will vary with crop and climatic conditions.

These impacts were dudied at three agroclimaicaly contragting dtes (Wye, Silsoe and
Shawbury) and for two crops (maincrop potatoes and sugar beet). Revised crop factors (Kc
values, defined as ETO/ETc) were first derived usng the FAO's Penman-Monteth equation.
Long-term westher data for Silsoe was used to cdculae the average reference
evapotranspiration (ETo) and average crop evapotranspiration (ETc) with the appropriate
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percentage changes to the crop growth parameters (crop height, leaf area index, and stomatal
resstance) corresponding to the climate change scenario being modelled. These crop factors
were then used in the IWR modd to calculate average irrigation needs for mancrop potatoes
and sugar beet at each of the three Sites.

When the effects of changes in crop height, lesf area index and stomatd resstance were
modelled together, there was minima net change in irrigation requirements. Similarly, the
effects of shorter growing seasons were minimdl.

For the purposes of the water demand modelling at regiona levd, it has been assumed that
these impacts effectively cancd out. However, this smplification would not be vaid when
congdering individud crops or Stes.

5.4.3 Impactsof elevated CO, on yied and cropping

The higher amospheric CO, concentrations will increase the potentid yied of many crops,
due to improvements in the carbon partitioning within the plants. The increased plant growth
in root crops, for example, results in an increase in the storage organs, eg. the main sugar beet
taproot and potato tubers, increesng the yied. Where this is the case, the crops could be
harvested earlier for the same yidd - reducing water requirements, or a normad harvest time
to take advantage of the hgher yield. Yield increases could, however, result in less land being
planted to grow the same volume of produce, reducing water use.

For modeling water demand, the average yied increases assumed (Table 5-10) are agan
based on the 30% increase that the crop growth parameters exhibit when exposed to a
doubling of amospheric CO, levels. The same vadues have been used for dl crops under
current conditions athough this could be refined. Possble yield reductions in some crops due
to higher temperatures (see for example Parry et al., 2002) have not been modelled.

Table 5-10. Estimated changes in average yield (%) due to enhanced atmospheric CO,
concentrations for the UK CI P02 climate change scenarios

UK CIP02 scenario L ow Medium Low  Medium-High High
2020s 6 6 7 7
2050s 12 12 17 21

5.5 Irrigation need modelling

This section presents the results for the first stage of the assessment, including:
- Processing of climate change;

Modeling of annua irrigation need (depths) based on climate data;

Correlating needs and potentid soil moisture deficit;

Cdculating weighted needs; and

Mapping of agroclimatic zones for the present (baseline) and climate scenarios.

These gteps provide the weighted irrigation needs (depths) required as input into the water
demand modd (IrriGrowth), reported in the following section. A brief description of the
methodol ogies devel oped to complete each stage is given below.



CCDeW Final Report Page 109 07/02/2003

55.1 Climate change data pre-processng

The driving dimatic varidbles required to run the IWR modd ae daly ranfdl (P) and
reference crop evapotranspiration (ET). An exigting network of 21 wesather stations was used
in this study. These daions were chosen to represent the typicd range of agroclimatic
conditions across England and Wales, rather than to provide uniform geographicd coverage
(Table 5-11). An atempt was made to identify stations located within areas of high irrigation
intensity and water demand.

Table 5-11. Mean summer precipitation (Ps) (Apr-Sept), and mean annual maximum potential
soil moisture deficit for grass (PSMDy), for the 21 weather stations, based on 1979-98

Weather station Ps (mm) PSMD* (mm)
Cockle Park, Northumbria 341 156
Gatwick, W. Sussex 320 224
Gleadthorpe, Nottinghamshire 309 150
Hurn, Hampshire 314 247
Kede, Staffordshire 375 114
Kirton, Lincolnshire 290 262
Leeming, Y orkshire 301 267
Lynham, Oxford 316 276
Mepa, Cambridge 273 171
Milford Haven, Pembrokeshire 375 190
Morley, Norfolk 289 165
Pershore, Worcester 314 246
Rosewarne, Cornwall 385 115
Shawbury, Shropshire 312 183
Silsoe, Bedford 299 201
Slapton, Devon 395 176
Wattisham, Suffolk 280 275
Weéllesbourne, Warwickshire 299 169
Widey, Surrey 296 159
Writtle, Kent 283 187
Wye, Kent 307 213

Note: * calculated using the IWR model.

A “changed” climate database, was created for each weather dation by perturbing each
obsarved (higoricad) time series by monthly ratios derived from the reevant UKCIPO2
database. For example, dl the daly precipitation vaues in July would be dtered by the same
percentage in each year of the record. In contrast to stochastic weather generators, this
goproach has the virtue of smplicity whils mantaning a redigic tempord sructure of
climate data. It assumes tha the rdative vaiability in cdimate from day to day and year to
year (i.e. the shape of the frequency digtribution) remains congtant.

The climate change scenarios used in this study were initidly based on UKCIP98 (Hulme and
Jenkins, 1998), and then updated using the UKCIPO2 scenarios (Hulme et al., 2002). Data for
a range of climatic variables were used from the UKCIPO2 database, at 50km and 5km
resolutions, respectively. For each scenario, at 50km resolution, the UKCIPO2 database
provided edimaes for a wide range of climatic parameters, including rainfdl, temperature,
relative humidity, radigtion and wind speed. In this Sudy, moddling was based on
information in the 5km databases in spite of problems regarding the avalability of certain
climatic parameters when working at this resolution. 50km databases were used to verify the
5km database for selected variables.
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The UKCIPO2 database provided climate change data for three time dices (2020s, 2050s, and
2080s) and for four core emissions scenarios (Low, Medium-Low, Medium-High, and High).
The UKCIPO2 scenarios express future change relative to ether a modd smulated trend
(50km resolution) or an observed trend (5km resolution). For the 50km database, future
changes are expressed as anomdies to the smulated 50km trend; for the 5km database, future
changes are expressed as absolute vaues relative to the observed database. In this study, Skm
(observed) resolution data relating to a 1961-1990 long term average were obtained from the
Met Office.

The geographic co-ordinates for each of the 21 weather stations were used to locate the
corresponding 5kn? grid pixels in the UKCIPO2 database. For each corresponding 5km grid
pixd, the mean monthly rainfdl (P) was extracted from the UKCIPO2 database, for the future
scenarios.

Unfortunately, the UKCIP0O2 5km databases does not contain data relating to reference crop
evapotranspiration (ET). (Note, 5km ET data were avalable in UKCIP98). However, the
variables necessary to derive the Penman-Monteith Reference ET (Allen et al., 1994, 1998)
namdy, temperaiure, radiation, wind speed and humidity, were available in the UKCIPO2
5km reference trend database, but unfortunately, only sdected varidbles (temperature and
windspeed) were available for the future climate change databases. Two different procedures
were therefore developed to firdly derive PenmanMonteith Reference ET for the reference
trend database, and secondly, usng the limited data to estimate ET for each future scenario. It
should be recognised, however, that any methodology that estimates ET based on limited data
is subject to error. For example, the Blaney-Criddle method (Doorenbos and Pruitt, 1992) has
been used in the past to estimate ET where only temperature data are available; this method
can dgnificantly over or under-etimate ET. The empiricdiam involved in any ET prediction
usng a dngle weether factor is inevitably high, with the consequence that such approaches
are not recommended and their estimates should be treated with caution.

Due to the missng data in UKCIPO2, the derived 5km databases for ET for the future
scenarios, dthough based on the Penman-Monteith Reference ET method, are subject to
lower levels of confidence than for the Skm reference trend database.

For the UKCIPO2 50km reference trend and future databases, the variables necessary to
derive PenmanMonteith Reference ET were available. Using the same procedure used for the
5km reference trend database, Penman-Monteith Reference ET was estimated for the 50km
trend and for each future scenario. Although not used directly in the irrigation modeling,
these 50km ET databases provided a useful check and comparison againg the derived 5km
ET databases.

For each weather dation, a monthly ratio between the UKCIPO2 trend and each future
scenario, for each variable (P and ET) were cdculated. Eight sets of monthly ratios, for each
wegther station, were produced. The historica dailly P and ET time series (1979-98) for each
wegther station were then perturbed usng the monthly ratios, for each scenario. In dl, eght
derived climate change databases for each weather station were generated.

A computer program was written to convert each database into a format suitable for input into
IWR, the daily water baance irrigation scheduling model. It should be noted that the years
generated for each scenario (e.g. 2005, 2006, 2007 etc.) were nomindly assgned, and should
not to be interpreted literaly.
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An illustration of the changes in the dimatic variables driving irrigation demand: For
illugrative purposes only, the changes in mean monthly P and ET for a sngle weather dation
(Silsoe, Bedfordshire) are shown in Figure 5-3 and Figure 5-4 respectively.

With dimate change, summer rainfal decreases markedly in al scenarios except the 2020s
Low, which as one might expect, mirrors closdy the pattern of the current basdine climate.
However, in the winter months, margind increasss in rainfdl are shown. The tempord pattern
of ET remains broadly smilar to the basdine, but with overdl higher rates of ET. The highest
increasesin ET rates are in the summer months.

For irrigation, the changes in P and ET ae dgnificant. They suggest (for this gte) much
higher evaporative demands during the growing season and drier summers, and therefore a net
increase in the requirement for irrigetion. In winter, however, the incresses in ranfal offer
scope for grester conservation of winter rainfal and increased on-farm winter storage.
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Figure 5-3. Comparison of mean monthly rainfall (mm/month) for Silsoe (Bedfordshire) for the
baseline (present climate) and UK CI P02 scenarios



CCDeW Final Report Page 112 07/02/2003

160
C—Baseline

2020L ]
140 - = = = 2020MH

/\ 2050MH
120 7 \ = = = 2050H
%

/A
100 // \‘
80 IR ) \
60—/ 1 1 -

LI

Mean monthly ET (mm)

20 1

nll

Jn Feb Ma Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 5-4. Comparison of mean monthly evapotranspiration (ET) (mm/month) for Silsoe
(Bedfordshire) for the baseline (present climate) and UK CI P02 scenarios

5.5.2 Annual irrigation need modelling

The net annud irrigaion needs for eght individua crop categories were caculated using
‘Irrigation Water Requirements (IWR), a computer modd developed a Cranfiddd Universty
by Hess (1994) and described in detail by Knox et al. (1996). Based on daily rainfal (P) and
reference-crop evapotranspiration (ETo), the IWR modd edimaes the daly soil water
balance for a selected crop and soil type.

For each dte, the mode requires input data relaing to (1) the crop cover development and
rooting characteristics, (2) soil water holding characterisics and (3) the planned irrigation
schedule.

Eight crop categories were moddled, namedy: ealy and mancrop potatoes (Solanum
tuberosum), sugar beet Beta vulgaris), cereals (Hordeum spp.), permanent grasdand (Lolium
Spp.), vegetables (grown in the open), smal fruit and orchard fruit. Carrots Daucus carota)
were used to represent vegetables, strawberries Fragaria spp.) as a proxy for smal fruit and
mature apples (Malus spp.) for orchard fruit. These categories match those used in the June
Agricultural Censuses and the irrigation surveys. The crop growth characteristics Smulated in
the modd were defined to reflect typica UK irrigated cropping, and were derived from a
combination of literature searches and experimenta and research data.

Three soils (a loamy sand, a medium sandy loam and a loamy peat) were chosen to represent
texturaly contrasting soils with low, medium and high avalable water capacities (AWC),
respectively.

Modeled irrigation applications were based on a typicd irrigaion schedule. Again, the
irrigation plans used in the IWR modd were defined to smulate typicd UK irrigated
cropping. Although originaly based on schedules defined by MAFF (MAFF, 1982) and
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Baley (1990) they were modified based on observations from recent on-farm irrigation
practice (Weatherhead et al., 2002).

The IWR modd was run for each westher sation/soil-type/crop/lUKCIPO2 climate change
scenario  permutation. The edtimated annua irrigation needs for each permutation were
ddidicdly andysed to estimate the ‘desgn’ dry year needs, defined as the ‘80% exceedance
needs, i.e. mesting theirrigation need in 80 years out of 100.

To illugrate the potentid impact of climate change on a mgor irrigated crop (mancrop
potatoes), the estimated 'design’ dry year irrigation needs for that crop, a each wesather
gation, for the basdline climate and each UK CIPO2 scenario were calculated (Table 5-12).

For dl scenarios, a dl dtes, an increase in 'desgn’ dry year irrigation need is shown. The
changes, however, vary across the country, reflecting the varying regionad impact of climate
change. On average, however, for the sdlected crop (maincrop potatoes), the increases in dry
year irrigation need from the current trend are in the order of 30-40% for the 2020s and 70-
80% for the 2050s.

Table 5-12. Design dry year irrigation needs (mm) for maincrop potatoes, and change in
irrigation need (%), at each weather station by UK CIPO02 scenario

Site Design need Changein irrigation need (%)
(mm)
UKCIPO2 scenario Basdline 2020sLow 2020sMed 2050sMed 2050sHigh
climate High High

Cockle Park, Northumbria 159 34 50 78 84
Gatwick, W. Sussex 228 30 39 65 80
Gleadthorpe, Notts 165 57 53 81 109
Hurn, Hampshire 256 30 A4 57 71
Kede, Staffordshire 142 27 89 140 140
Kirton, Lincolnshire 270 25 23 42 58
Leeming, Y orkshire 254 20 28 48 57
Lyneham, Oxford 282 18 26 47 60
Mepa, Cambridge 166 51 47 78 100
Milford Haven, Pembs 203 31 26 44 46
Morley, Norfolk 168 52 61 93 104
Pershore, Worcester 242 24 29 57 72
Rosewarne, Cornwall 146 14 63 86 68
Shawbury, Shropshire 205 3 72 112 111
Silsoe, Bedford 214 38 43 70 86
Slgpton, Devon 181 24 76 107 102
Wattisham, Suffolk 255 24 43 65 68
Welleshbourne, Warwick 193 43 38 68 88
Widey, Surrey 144 41 44 79 104
Writtle, Kent 215 31 37 64 75
Wye, Kent 206 35 47 77 84

Average 195.18 +33 +46 +74 +84
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55.3 Corrédatingirrigation needswith potential soil moisture deficit

In crop modelling, potentid soil moisure deficit (PSMD) is a useful and commonly used
variable to assess the impact of climate on irrigation needs. PSMD is preferable to other
climatic variables because it reflects the baance between rainfall and crop requrements in the
summer months. In order to derive the ‘weighted irrigation needs for input into the IrriGrowth
model and to produce the agroclimatic zone maps, a methodology usng the UKCIPO2
database to cdculate PSMD for both the individud wegther Sation dtes and for GIS
moddlling was necessary.

For each weather station, for the basdine climate and each UKCIPO2 climate change scenario,
the mean annud maximum PSMD (mm) was cadculated. This dlowed the edimated
percentage change in PSMD (%), relative to the trend, for each weather station, and for each
UKCIP02 future climate change scenario to be caculated (Table 5-13).

Table 5-13. Mean annual maximum PSMD (mm), and change in PSMD (%), at each weather
station for UK CIPO2 scenarios

Site PSMD (mm) Changein PSMD (%)
UKCIPO02 scenario Basdline 2020sLow 2020sMed 2050sMed 2050sHigh
climate High High
Cockle 156 33 67 104 118
Gatwick 207 40 54 93 116
Gleadthorpe 147 64 60 109 128
Hurn 247 38 47 83 96
Kede 119 22 142 219 247
Kirton 262 31 30 59 71
Leeming 267 22 K%} 62 73
Lynham 276 23 35 70 83
Mepal 159 61 44 92 112
Milford 190 23 27 54 65
Morley 147 58 81 129 148
Pershore 246 26 37 75 91
Rosewarne 122 11 91 129 144
Shawbury 190 41 123 176 192
Slsoe 201 47 56 101 118
Sapton 176 15 97 138 147
Wattisham 267 28 51 78 89
Wellesbourne 170 56 56 100 118
Widey 139 11 46 93 119
Writtle 187 33 52 92 108
Wye 203 28 56 9% 111
Average 185.36 +36 +61 +103 +119

For dl scenarios, a dl dtes PSMD increases. Agan, the changes vary sgnificantly across
the country, reflecting the spatid heterogeneity in climate change impacts. On average,
however, the increases in PSMD above the basdine climate are in the order of 30-60% for the
2020s and 100% for the 2050s.

To demondrate the impact of climate change, a comparative anadlyss of the changes in PSMD
agang the higoricd variation in PSMD for a single weether daion (Silsoe, Bedfordshire)
has been completed. Using daly long-term wegther data for the period 1970-2001 the annud
maximum PSMD and long-term average (LTA) PSMD for the Ste were estimated. Using the
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perturbed climate change databases for the same dte (Section 3.34) the annud maximum
PSMD for each UKCIPO2 scenario were estimated. The annual maximum PSMD for the
higorica time series were then ranked. PSMD vaues corresponding to the LTA and each
UKCIPO2 scenario were identified from the time series. The results are summarised in Figure
5-4.

At Slsoe, the LTA PSMD is 201 mm, corresponding roughly to a PSMD that occurred in
1977. The estimated PSMD for the 2020s Low and 2020s Medium-High scenarios were 295
mm and 314 mm, respectively. These equated roughly to the years 1997 and 1975. The
estimated PSMDs for the 2050s Medium-High and 2050s High scenarios were sgnificantly
higher, 403 mm and 438 mm, respectively. These corresponded roughly to the years 1989 and
1976 (the driest year in the lagt 30 years). PSMD is a useful indicator for assessing potentia
irrigation needs. The data in Figure 5-5 demondrates how climate change might impact on
PSMD. Clearly, the data presented in Table 5-13 and Figure 5-5 suggest that climate change
will have a dgnificant impact on irrigation, and that recent dry years (eg. 1990 and 1995)
might become more typica of the summer westher experienced in the near future (2020s).
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Figure5-5. M aximum annual PSM D (mm) for Silsoe (Bedfor dshire), 1970-2001 (ranked). Long-
term average (LTA) PSMD and estimated PSMD for UKCI P02 scenarios ar e also shown.

5.5.4 Producingirrigation look up tables

In order to edimate the irrigation needs for a particular crop a any point in England and
Wades (with or without climate change), a corrdaion between the moddled irrigation needs
for that crop at a specific dte (described above) and a nationd climatic database is necessary.
For each crop category and for each il type, a corrdation between the PSMD and ‘design
dry year’ irrigation needs a each weather dation was derived by linear regresson andyss.
The PSMD data for each weather gation were then used to define agroclimatic zones. In totd,
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eleven zones were defined, with zone 1 representing the wettest (<75mm PSMD) and zone 17
the driest (>450 mm PSMD).

Using the regresson eguations, the ‘design dry year’ irrigation needs for each crop, grown on
each soil type, in each agroclimatic zone, was edimated. The data were summarised as
irrigation ‘look up’ tables. These look up tables enable the ‘dry year’ irrigation need (depth
applied in mm) for any crop grown in a specific soil type, in a particular agroclimetic zone to
be esimated. A smilar procedure is currently being implemented by the Environment Agency
to as3g in sdting volumetric irrigation demands for abdraction licenses for soray irrigation
(Westherhead et al., 2002).

5.5.5 Agrodimatic zone mapping

The irrigation look up tables rely on the use and definition of agrodimetic zones to ddimit
areas of common PSMD. In order to use these irrigation look up tables to assess irrigation
needs across larger aress, rather than for individua sStes (i.e. weather stations), a procedure to
map agroclimate (PSMD) was necessary. For the basdine dimate, the mean monthly
precipitation (P) for each 5km grid pixel was caculated from the UKCIPO2 database. Using
the derived 5km ETo database (described in Section 3.3.4) a monthly balance between P and
ET to estimate morthly PSMD was completed. In months where P>ET, no deficit occurs. In
months where ET>P, the deficit that accrues in that month is then caried forward to the
following month. Soil moidure deficits typicdly sart to build up in early spring, pesk in mid
summe (July-August) and then decline through until autumn. For each 5km grid cdl, the
maximum cumulative PSMD was calculated.

The procedure was repeated for each UKCIPO2 future scenario. Using a GIS, these grid pixd
data were interpolated to produce a @ntoured PSMD map. The contour data were reclassified
to represent agroclimatic zones.

The agrodimatic zone mep for the basdine dimate is shown in Fgure 5-6 (note that only
nine agroclimatic zones are present in the present, basdine climate).

It should be noted that in this study, to maich the UKCIPO2 scenarios, the basdine
agroclimatic zone map has been produced from the UKCIPO2/Met Office Skm databases.
Previous agroclimatic zone maps (eg. Optimum use of water for agriculture studies for the
Environment Agency) used a different PSMD database, derived from LandlS, the Land
Information System held by Nationa Soil Resources Inditute (formaly SSLRC). The LandlS
and UKCIPO2ZMet Office databases are derived from different time series and are not
therefore directly comparable. The resulting spatid digtribution of agroclimatic zones in each
basdine map are therefore dightly different, and caution should be exercised when referring
to agroclimatic zone maps that the rdevant map (and the corresponding look-up table) are
being used.

Agroclimatic zone maps for each UKCIPO2 scenario are shown in Figure 5-7 to Figure 5-10.
(For these printed maps, zone 11 represents zones 11 and above).

As expected, the agroclimatic zone map for the basdine climate shows aress of highest
PSMD in the eastern and south eastern parts of the country. This corresponds to regions
whereirrigation needs are highest.



CCDeW Final Report

Page 117

07/02/2003

Agroclimatic zones
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Figure 5-6. Agroclimatic zone map for the baseline (present) climate, based on the 5km M et

Office data
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Figure 5-7. Agroclimatic zone map for UK CIP02 2020s L ow scenario gg#;relgg Agroclimatic zone map for UK CIP02 2020s Medium-High
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Figure 5-9. Agroclimatic zone map for UKCIP02 2050s M edium-High
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Figure 5-10. Agroclimatic zone map for UK CIP02 2050s High scenario
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With cdlimate change, the extent of the higher agroclimatic zones gradudly darts to spread
northwards and westwards. Even for the 2020s scenarios, increases in PSMD from the present
dimate are sgnificant, with eastern regions becoming drier and centrd England adopting a
climate more typica of eastern England at present. By the 2050s, PSMD's across much of the
country increases subdgtantidly. Indeed, much of eastern, southern and centrd England are
classfied as zones eight to ten, representing agroclimatic conditions more typicd of PSMD's
experienced in recent very dry years (eg. 1990 and 1995). These changes in agroclimate are
conggent with some of the findings reported by Hulme et al, (2002) relating to temperature,
precipitation and soil moisture. For example, they date that annud (and particularly summer)
average soil moisture across the whole country, will decrease, with the highest reductions —
40% or more by the 2080s — occurring in the High emissons scenario in southeast England.
Hulme and colleagues dso project that by the 2080s about one summer in three will be both
hotter and drier than the hot, dry summer of 1995, and nearly dl summerswill be hotter.

55.6 Calculatingweighted irrigation needs

The irrigation look up tables provide an edimate of irrigation need (depth in mm) for a
defined crop grown on a specific soil type, in a particular agroclimatic zone, for a particular
UKCIPO2 scenario. However, in order to produce a single irrigation need vaue for each crop
category, for each EA Region, for input into the Irrigrowth mode, a spatial assessment and
relative weighting of the didribution of each crop type in rdation to the varidion in soils in
which the crop is grown, and the agroclimatic zone in which it is located, is required. A brief
description of the procedure to determine weighted irrigation needs is given below.

Usng a GIS, for the basdine climate and each UKCIP scenario, the following spetia data
were integrated:

Land use databases for each crop category, derived from the MAFF 1994 Agriculturad and
Horticultural Cropping Census (2km resolution);

A national soils database classfied to reflect avalable water capacity (AWC) (1km
resolution);

Agrodimatic zone databases to reflect the spatid variation in PSMD (5km resolution);

A database for each crop category, derived from the MAFF 1995 Irrigation Survey,
identifying the proportion of each crop irrigated.

By combining these databases, the proportion of esch irrigated crop category located within
each agroclimatic zone, in each soil AWC type, was estimated. The results were produced as
a matrix table for each Environment Agency Region. These summarise the proportion of each
irrigated crop, weighted for soil type and agroclimatic zone. An example matrix table for
maincrop potatoes, for the basdine (present climate), for Environment Agency Anglian
Region, isshown in Table 5-14.
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Table 5-14. Matrix tablefor maincrop potatoesin Anglian Region showing the per centage split
(%) inirrigated area, by agroclimatic zone, by soil AWC, for the basdline climate

Soil AWC Agroclimatic zone

1 2 3 4 5 6 7 8 9 10 11 Total
Low 0 0 0 02 34 52 72 02 0 0 0 16.2
Medium 0 0 0 03 87 24 331 09 0 0 0 67.0
High 0 0 0 0 0 3.7 128 03 0 0 0 16.8

Note: It isestimated, for example, that 24% of irrigated maincrop potatoesin Anglian Region aregrown in
agroclimatic zone 6 on amedium AWC soil).

The procedure was repeated for each crop category/EA Region/UKCIP permutation. Working
a the Agency Region leve, each rdevant matrix table was combined with the irrigation look
up tables to caculate a weighted design dry year irrigation need. These vaues represented
the weighted irrigation need (expressed in depths of water (mm) applied) for each crop
category, weighted for crop location, the proportion of tha crop irrigated, soil type and
agroclimatic zone.

The procedure and matrix tables were originaly developed using the UKCIP98 basdine and
climae change daabases. The matrix tables have subsequently been updated using
adjusment factors to account for the changes in the extent of agroclimatic zones between the
UKCIP98 basdine scenario and the UKCIPO2 scenario databases. The resulting weighted
irrigation need tables are summarised in Table 5-15. This table provided the input data for the
[rriGrowth model.



CCDeW Final Report Page 122 07/02/2003

Table 5-15. Weighted irrigation needs (mm in a dry year), by crop category, by Environment
Agency Region, by UKCIPO02 scenario.

Early Maincrop Sugar Orchard  Small Vegetables Grass Cereals

potatoes potatoes beet fruit fruit
Baseline
Anglian 126 243 176 159 354 231 268 132
Midlands 108 206 150 119 335 196 217 107
Southern 120 233 179 136 345 220 238 112
South West 103 200 140 123 333 184 216 112
Thames 119 231 179 145 339 205 238 129
North East 109 199 145 119 331 188 204 100
North West 99 177 124 119 325 162 193 86
EA Wales 101 198 140 118 332 177 198 97
2020sL
Anglian 151 310 230 216 387 294 339 178
Midlands 129 266 201 168 363 253 277 149
Southern 142 293 0 183 373 277 298 149
South West 114 232 0 151 348 214 249 137
Thames 146 308 247 211 375 274 315 185
North East 119 228 169 0 344 215 232 120
North West 100 181 128 0 326 165 197 89
EA Wales 106 214 153 132 338 191 213 108
2020sMH
Anglian 153 316 235 222 390 300 346 182
Midlands 130 271 204 171 365 257 282 152
Southern 143 297 0 186 375 281 302 152
South West 116 236 0 154 349 217 253 140
Thames 148 313 252 215 377 279 321 189
North East 120 231 172 0 345 218 235 122
North West 100 182 129 0 327 167 199 90
EA Wales 106 216 155 134 339 193 215 109
2050sMH
Anglian 171 364 274 262 413 345 397 215
Midlands 148 323 248 213 389 307 334 189
Southern 161 348 0 227 399 329 353 184
South West 131 281 0 193 370 259 300 174
Thames 169 371 302 264 404 330 378 231
North East 134 270 205 0 362 255 273 149
North West 108 204 147 0 337 187 222 106
EA Wales 116 247 182 163 352 222 246 132
2050sH
Anglian 177 382 288 278 421 363 416 228
Midlands 155 343 266 230 399 327 355 203
Southern 168 367 0 242 408 348 372 196
South West 137 299 0 209 379 275 319 188
Thames 177 393 322 282 414 349 400 246
North East 139 286 219 0 370 270 289 161
North West 112 216 157 0 342 197 233 113

EA Wales 121 262 194 177 358 235 260 143



CCDeW Final Report Page 123 07/02/2003

5.6 Volumetric demand and socio-economic scenarios

This section tekes as input the changes in optimum irrigation need (depth) and assesses the
reulting impacts on irrigation water demand (volumes) under the various Socio-economic
scenarios. The irrigation demand forecasting spreadsheet modd  IrriGrowth was developed
previoudy for the Environment Agency (Weetherhead et d., 2000) to analyse future irrigation
water demand a regiona and nationa levels (Environment Agency, 2001a). It was used to
model unconstrained demand from a 1995 basdline scenario to 2025, without climate change.

IrriGrowth dlows for the gpatid variabdility in cropping, soil, agro-dimate and irrigation
practice, for the prediction of agronomic and economic demand, and for dternaive socio-
economic scenarios to be moddled. It includes factors predicting the changes in the totd
areas of each crop type being grown, the likeihood of it beng irrigated, the reaionships
between optimum demand and economic demand, the irrigation efficiencies, and the likely
proportions of the gross economic demand that the average irrigator will want and be able to

apply.

A st of amplified scenarios was included rdaing to the basdine and four future socio-
economic scenarios. The modd caculates the dry-year water demand for each crop for each
year based on these assumptions, and aggregates them to regiona and then to nationd leve.

For this project, the IrriGrowth modd was further developed to include the weather change
agpects of climate change (evapotranspiration and rainfal), usng the weighted irrigation need
factors described earlier. It was extended to modd until 2055 (rather than 2025), and revised
to gat from a 2001 basdine (rather than 1995). It does not currently include the direct
impacts of enhanced amospheric CO, on the crops, ether through changes in water use or in
yied.

5.6.1 Basdinedatafor 2001

The basdine data used for 2001 are shown in Table 5-16. The data on crop areas are taken
from county level data recorded by the Defra 2001 cropping survey, aggregated to
Environment Agency Region levd daa usng an exiding matrix (Westherhead et al., 1994).
The data on irrigated areas and depths applied are taken from the 2001 irrigation survey,
adjusted to be a dry year as described earlier. The percentages irrigated are caculated directly
from the above data.
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Table 5-16. IrriGrowth basdline data for 2001 dry year

Early Maincrop Sugar Orchard Small

potatoes potatoes beet fruit fruit Vegetables Grass Cereals
Total crop areas for 2001
Anglian 7545 48088 128800 3715 1989 64932 294633 904904
Midlands 3542 20241 24589 4444 1259 11339 659597 386866
Southern 1447 2985 0 11045 2279 5624 240960 176902
South West 1967 4950 339 2836 597 3500 950036 264305
Thames 327 1930 872 762 466 1967 221354 235976
North East 1250 18600 19069 64 238 13292 598865 401960
North West 1516 7499 1619 82 102 5311 584992 84547
EA Wales 2481 4300 1951 3423 608 1866 1153594 82493
Total E&W 20075 108592 177239 26371 7537 107832 4704031 2537952
Irrigated areas for 2001 dry vear (ha)
Anglian 5733 41753 9856 808 1635 21630 3967 10384
Midlands 1375 10967 10181 437 712 8010 1675 3989
Southern 960 2736 0 1125 897 8698 1987 331
South West 334 964 205 12 337 177 126 0
Thames 233 5138 4 0 358 2115 416 9
North East 475 8572 1303 0 37 989 1002 394
North West 286 631 0 0 0 479 251 0
EA Wales 522 1151 0 121 135 59 357 11
Total E&W 9919 71912 21549 2504 4111 42158 9782 15118
Water applied for 2001 dry year (000m3)
Anglian 5991 49730 5583 895 2003 19418 3760 4201
Midlands 1521 13606 9234 255 590 9517 989 1922
Southern 902 3234 0 786 1059 7279 1249 109
South West 160 994 244 19 529 109 0 0
Thames 217 10136 5 0 250 1702 1063 4
North East 433 8525 1091 0 37 810 1110 235
North West 128 429 0 0 0 202 418 0
EA Wales 303 1026 0 135 146 17 563 15
Total E&W 9655 87680 16157 2090 4615 39053 9151 6485
2001 Weighted optimum demand (mm)
Anglian 126 243 176 159 354 231 268 132
Midlands 108 206 150 119 335 196 217 107
Southern 120 233 179 136 345 220 238 112
South West 103 200 140 123 333 184 216 112
Thames 119 231 179 145 339 205 238 129
North East 109 199 145 119 331 188 204 100
North West 99 177 124 119 325 162 193 86
EA Wales 101 198 140 118 332 177 198 97
2001 Weighted ratio economic/optimum demand factors
All 95 100 90 65 100 100 50 50
2001 assumed efficiencies- (%)
All 70 80 80 80 80 80 90 90




CCDeW Final Report Page 125 07/02/2003

5.6.2 The socio-economic scenarios

The Foresght Programme Environmental Futures (DTI, 1999) had identified four socio-
economic scenarios (Provincid Enterprise, World Markets, Globa Sudtainability and Locd
Stewardship). These scenarios were extended for the Environment Agency (Weatherhead et
al., 2000) to cover agriculturd and horticulturd irrigation demand in England and Waes. The
Environment Agency re-labelled the extended scenarios Alpha, Betay, Gamma and Deta
respectively, to emphasse that these are not the only possble interpretations. A reference
trend scenario (cdled there the “basdine scenario’) was defined to link the base year
(1997/98) and the year when a future socio-economic scenario sarts.  The same irrigation
scenarios are used in this project, and summarised in Box 51 (reproduced from Weatherhead
et al., 2000). The reference trend scenario is included as well - to provide consstency with
earlier assessments.

The input data for each of the four socio-economic futures and the reference trend scenario
are shown in Table 5-17. The same factors are used for al Environment Agency Regions, but,
as they are gpplied to each Environment Agency Region’s own 2001 data, they have different
effectsin different regions.

The factors were origindly determined for forecasts from 1995 to 2025. Similar factors (and
extrapolations) are used here for 2001 to 2050 to smplify comparison, and in the absence of
better data. Adaptation to climate change impacts is not included, so the same factors are used
for each climate scenario.

Box 5-1. Description of scenarios as extended to agricultural and horticultural demand.

Reference trend scenario

This scenario is drawn from the forecast of 'most likely' demand for irrigation water derived in the
1994 demand study (Weatherhead et al., 1994). It assumed a continuation of the reform of CAP under
the GATT/WTO regme whereby levels of agricultural support are reduced, farm commodity prices
move towards world market levels, and about 15% of the (1992) cropped area is taken out of
production. The predictions over a 25 year period for crop areas, yields and prices were obtained by
the iterative use of the Manchester University Agricultural Policy mode (Burton, 1992).

The reference trend scenario assumes a decline in real commodity prices which reduce the absolute
feasbility of irrigation, especidly of crops which previoudy attracted Government support.
Horticulture and field scae vegetables are less affected, and therefore become relatively more
attractive to farmers. The need for irrigation to deliver quality assurance is strengthened, with
continuing increasing dominance of supermarket outlets. Although the total crop areas of most crops
decline, the % of crops irrigated increases, with the exception of cereals and grains. There are modest
increases in average depths applied in pursuit of quality benefits, and due to the adoption of permanent
systems on fruit and some field vegetables. Irrigation efficiencies increase gradualy reflecting
technologica developments.

The reference trend scenario lies somewhere between the CAP regime prior to the 1992 MacSharry
reform and the Foresight global market, free trade scenario.

Alpha (Provincial Enterprise)

This scenario is dominated by a commitment to private consumption, but with policy interventions to
serve nationa and locally defined interests and priorities. A modified CAP applies, supporting and
protecting a relatively intensive, regionadly focussed agriculture which promotes the concept of home
produce and sdlf sufficiency. This serves to increase the irrigated proportion of crops such as potatoes,
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sugar beet, field-scale vegetables and horticulture, athough total crop areas decline gradualy as yields
increase. Irrigation depths increase in order to supply quality conscious markets with limited import
subgtitution opportunities. Water shortages and high potentia profitability of irrigation eventualy
encourage greater efficiency in use.

Beta (World Markets)

This scenario is characterised by emphasis on private consumption and free, integrated world trade.
Agriculture becomes increasingly concentrated, industriaised, and driven by global markets. The CAP
is abandoned, European farm commodity prices fall, although world prices themselves rise marginaly.
UK agriculture is subject to strong international competition, which further concentrates production
towards larger business units. Imports reduce the total areas of potatoes, sugar beet and orchard fruit.
An emphasis on quality favours irrigation on high value potato and horticultural crops. Reduced prices
discourage growth in sugar beet irrigation. Pressure on water resources and emergence of water as an
economic, tradable commaodity force up water prices, and further concentrate irrigation in the large
scale agri-business sector. This results in more intensive irrigation of those crops that are irrigated.
Irrigation efficiencies increase gradually reflecting technological developments.

Gamma (Global Sustainability)

This scenario demonstrates a more pronounced commitment to social and environmental priorities,
delivered through collective action at a globa and international level. Imports again reduce the total
areas of potatoes, sugar beet and orchard fruit. CAP reform switches support to agro-environmental
schemes and incentives for organic and environmentally sensitive farming, which help to maintain
small and nmedium sized farmers. Restrictions on water abstraction and higher water charges reduce
irrigated areas and irrigation depths. Irrigation efficiencies increase rapidly reflecting international
investment in technologica developments.

Delta (Local Stewardship)

This scenario describes a situation where priorities reflect social and environmental concerns, evident
in policy interventions a a regiona and local level. CAP is replaced by nationa/regiona agricultura
policies which attempt to reconcile the economic, socid and environmental dimensions of
sustainability. There is an emphasis on self-sufficiency using relatively low external-input agricultura
systems. Total crop areas increase. Average yields reduce, average farm commodity prices rise, and
input costs fall. Regional and local area markets place less emphasis on appearance related quality
criteria, reducing incentives to irrigate. Market induced irrigation declines, areas contract and
irrigation depths remain constant or decline depending on crop type. Water is used wisely because of
its associated public good, rather than its commercia vaue, leading to high irrigation efficiencies.

Sour ce: Reproduced from Weatherhead et al. (2000).
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Table 5-17. Input factors for the IrriGrowth modd for the reference trend and simplified
scenarios.

Simplified Scenario data

1. Crop area changes (as % pa)
Constants used as linear growth factors on 2001 values, for all climates.

Earlies Maincrop Sugar beet Orchard Small Veg Grass Cereals
Reference trend Values input directly as per 1994 "most likely" model data, updated to 2001 base year
World Markets 0.32 -0.8 -0.8 -1.24 0 -0.28 0.4 -0.8
Global Sustainability 0.32 -0.8 -0.8 -1.24 0 -0.28 0.4 0.8
Provincial Enterprise 0.2 -0.2 -0.2 0.4 0 0 0.4 0.8
Local Stewardship 0 0.4 0 0.2 0.4 0.48 0.4 1

2. % irrigated changes (as %pa)
Constants used to calculate asymptotic rate of change towards 100% or 0% irrigated,

Earlies Maincrop Sugar beet Orchard Small Veg Grass Cereals
Reference trend 2 4 2 3 3 3 -4 -5
World Markets 1 3 0 3 3 2 5 -8
Global Sustainability 0 1 -1 1 0 1 -8 -7
Provincial Enterprise 2 4 2 3 3 3 -4 -5
Local Stewardship 0 0 0 1 1 1 -8 -7

3. Depth applied changes (as % pa)

Constants used to calculate asymptotic rate of change towards economic optimum (+) or zero (-)
Note: if growth is positive and depth already exceeds economic optimum, depth is held

Earlies Maincrop Sugar beet Orchard Small Vegetables Grass Cereals

Reference trend 1 1 0 2 2 2 0 0
World Markets 1 1 0 2 2 2 0 0
Global Sustainability 0 0 -1 1 1 0 -2 -2
Provincial Enterprise 1 1 0 2 2 2 0 0
Local Stewardship 0 -1 -1 0 0 0 -3 -4

4. Optimum Demands

5. 2025 Weighted ratio economic/optimum demand factors (%)
A linear change between 2001 and the 2025 baseline value is assumed until another scenario starts,
followed by a linear change from there to the selected scenario's 2025 value, then constant to 2055

Earlies Maincrop Sugar beet Orchard Small Vegetables Grass Cereals
Reference trend 95 100 90 65 100 100 50 50
World Markets 95 100 85 60 100 100 40 40
Global Sustainability 90 95 80 65 100 100 50 50
Provincial Enterprise 95 100 90 75 100 100 50 60
Local Stewardship 95 100 90 65 100 100 50 50

6. 2025 target efficiencies
A linear change between 2001 and the 2025 baseline value is assumed until another scenario starts,
followed by a linear change to the selected scenario's 2025 value, then constant to 2055

Earlies Maincrop Sugar beet Orchard Small Vegetables Grass Cereals
Reference trend 75 85 85 85 85 85 85 85
World Markets 75 85 85 85 90 90 85 85
Global Sustainability 85 90 85 95 95 95 90 90
Provincial Enterprise 75 85 85 85 90 90 85 85
Local Stewardship 80 90 85 90 90 95 85 85

5.6.3 Climate changeimpactson cropping patterns

Changes in cropping mixes, where crops are grown and which crops are irrigated are likely to
occur in the mid - to long-term as a result of climate change. Such changes would be on top of
changes that are dready included in the socio-economic scenarios. However, following
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condderation of the potentiad impacts within England and Waes, as discussed below, these
have not been introduced into this moddling.

Crop movement impacts. It is generdly reported that climate change will lead to crop
growing areas moving north and west. Higher temperatures, less frod and drier soils will
make such areas more suitable. At the same time, land in the south and east may become less
auitable for some crops due to increased droughtiness. It should be noted however that most
of the published land-use studies eg. REGIS, (Holman and Loveland, 2002 relate to non
irrigated crops. Where water is avalaole, effective irrigation can negate the increased drought
rnk in the southeest. Most of the high vaue irrigated crops are successfully grown with
irrigation in hotter drier climaes such as Spain. Discussons with irrigators, however,
suggested a high levd of inertia in the location of irrigated cropping. Irrigated crop movement
to date has mostly been to lighter soils for ease of harvesting, or to areas where water is more
eadly available, or to drier areas where harvest conditions are more reliable.

It is likdy that climae change will decresse water avalability, forcing changes in water
dlocation policy and shifts in crop digtributions. Such shifts however would be in response to
water policy rather than to dimate change per se. Where such cropping shifts are included in
dudies of demand the exercise becomes sdf-fulfilling; irrigated crop movements would be
modedlled so that demand never exceeds alocated supply. Accordingly, they have been
omitted from this study.

It is dso inevitable that socio-economic and dimeatic changes esawhere in Europe will impact
on irrigated cropping in England. Sdad crops grown in England compete with produce from
southern  Europe, paticulaly Spain, where invetment in water resources is a politica
priority. Smilarly, irrigated potato production will have to compete with imports from
accesson countries such as Poland. Literature on the manner in which other country’s water
policy influences production and competitiveness in surrounding countries is scarce. A
European Union funded research project termed WADI (EVK1-CT-200-0057) is atempting
to modd the impact of European policy, including the Water Framework Directive and the
Common Agriculturd Policy on irrigated cropping across Europe, but has not reported yet.
Any crop movement impacts due to climate change will be superimposed on these socio-
economic, political and legidative impacts.

In the absence of usable data, and for caculaing uncongtrained demand, the figures presented
assume there is no net impact of dimate change on the location of irrigated crops (This
mirrors the assumption behind the Environment Agency predictions without climate change,
where smilar crop change rates have been used for dl regions, dbet from different reference
figures).

New crop impacts. Climate change could potentialy lead to new crops being introduced to
England and Wales. Anticipated climate changes are rdativey smdl by the 2020s, but by the
2050s the climate in south-east England resembles parts of France where maize is irrigated.
The introduction of large areas of irrigated maize into England would subgtantialy incresse
water demand, but is likely to be economicaly margind and very unpredictable; no alowance
for the introduction of new crops has been made in this project.

Other new crops are likely to fdl into the vegetable or “other” categories, and would probably
replace crops aready included.
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Irrigation cost - benefit impacts. Impacts on irrigation cogs (excluding rises in water costs
or abdraction charges as a result of shortage) ae likedly to be smal; the margind cost of
applying extraweater isardatively smal part of totd irrigation costs.

Impacts on irrigation benefit are harder to predict, since they depend on impacts on crop
prices internationaly. The higher yidds will reduce dl input costs. The benefits rdative to
nortirrigated cropping will increase.

However, the survey confirmed that irrigation is dready being concentrated in high vaue
crops, and this trend continues in the future socio-economic moddling. It has been assumed
therefore, that the modest climate change impacts shown for the 2020s is unlikely to change
the economics of irrigating these crops. This assumption becomes less robust by the 2050s but
again no net changeis assumed.

5.6.4 Modd reaults: climateimpactson volume of irrigation water demand

The scenario changes in tota volumetric irrigation demands for England and Wales, for each
socio-economic scenario and under the sdected climate change scenarios, are summarised in
Table 5-18. The dimae change impacts here rdae only to changes in ranfdl and
evapotranspiration. All data relate to economic optimum demand in a desgn dry year. All
S0Cio-economic scenarios were assumed to dart in 2005, and the demand from “other crops’
was held congtant at the 2001 level of 6%.

The dimae change impacts adone (i.e. comparing with and without values) are remarkably
consgent in percentage terms between socio-economic scenarios (Table 5-19), whilst the
absolute increases will be greater for the scenarios requiring most water.

The increases vary oatidly across the country (Table 5-20). For example, in the Anglian
region, demand in the 2020s increases by 29% with the Medium-High dimae change
scenario, which is close to the nationd average. In percentage terms, they are highest in the
Thames, Midlands, Anglian and Southern regions. As these regions dready contain most
irrigation, the absolute increases are much higher in these regions.

It is notable that these weighted impacts are lower than the average impacts modedled for the
individua westher dation dtes. For example, IrriGrowth suggests increases of 28% for
maincrop potatoes from 2001 to 2020s and an increase of 48% from 2001 to the 2050s, both
for the Medium-High climae scenario, wheress the weather sation modeling showed
average increases of 46% and 74%. Some difference is to be expected because the aggregated
locations of the weather stations are not representative of potato growing areas. However, it is
aso possible that the corrdation between PSMD and irrigation need does not remain constant
with changing weather patterns. This finding indicates that the results are sendtive to the
assumptions that have to be made in the moddling procedure, and should be interpreted
accordingly.
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Table 5-18. Changesin dry year water demand relative to 2001 (%) for England and Wales, by
scenario, without and with climate change (rainfall and ET changes only)

Climate Reference Alpha Beta Gamma Delta
scenario

Baseline

2001 (‘000m®) 187286 187286 187286 187286 187286
Scenario differences from 2001 to 2020s

Present climate 21% 34% 14% -20% -4%
Low 52% 69% 43% 1% 21%
Medium-High 55% 2% 45% 3% 23%
Scenario differences from 2001 to 2050s

Present climate 29% 2% 24% -31% -6%
Medium-High 91% 155% 83% 2% 39%
High 101% 168% 93% 7% 46%

Note: U represents unchanged climate

Table 5-19. Impacts of climate change alonefor England and Wales; changesin dry year water
demand relative to demand in that year with unchanged climate, by scenario (rainfall and ET
changes only), %

Climate Reference Alpha Beta Gamma Delta
scenario

Scenario differences for 2020s

Low 26 26 26 26 26
Medium-High 28 28 28 28 28
Scenario differences for 2050s

Medium-High 48 48 47 48 49

High 56 56 55 56 57
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Table 5-20. Regional impacts of climate change alone, for Environment Agency Regions and
Environment Agency Wales; % changesin dry year water demand relative to demand in that
year with unchanged climate, for reference socio-economic scenario (rainfall and ET changes

only).

2020sLow 2020sMed High2050sMed High 2050s High

EA Region:

Anglian 27 29 48 55
Midlands 30 32 57 67
North East 14 16 35 43
North West 2 3 15 21
Southern 23 25 42 49
South West 11 13 28 34
Thames 32 A 57 65
EA Wales 7 8 19 25
Total England and 26 28 48 56
Wales

Note: Percentage change is between the reference scenario with and without climate change, for the sametime
period (e.g., the 2020s). Summing errors due to rounding and statistical adjustments. VValuesfor other socio-
economic scenarios are typically within +/- 1%.

5.7 Futurewater demand under combined impacts

The results from Section 5.6 must now be combined with the impact of amospheric CO, on
yidds and hence aeas, to produce the combined impacts on totd volumetric irrigation
demands.

The results of combining the IrriGrowth outputs with the smple area reductions are shown in
and Table 5-22, for each socio-economic scenario and the sdlected climate change scenarios.
As before, dl data relate to economic optimum demand in a design dry year. The socio-
economic scenarios were assumed to gart in 2005, and the demand from “other crops’ was
held congtant at the 2001 level of 6%.

The increases due to rainfdl and evapotrangpiration changes are a least partly offset by the
increased yiddd due to higher amospheric CO,. The percentage impacts by Environment
Agency Region and for Environment Agency Wales are shown in Table 523 for the reference
scenario; vaues for the other sodo-economic scenarios are Smilar. The increases are again
highes in the Thames, Midlands, Anglian and Southern regions. Notably in some regions the
combined impact isvery smdl or even negative.
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Table5-21. Changesin dry year water demand relativeto 2001 (%), by socio-economic scenario
without and with climate change for England and Wales, with CO, effects

Climate Reference Alpha Beta Gamma Delta
scenario

Baseline

2001 (‘000m3) 187286 187286 187286 187286 187286
Scenario differences from 2001 to 2020s

Basdine climate 21% 3% 14% -20% -4%
Low 43% 59% 35% -5% 14%
Medium-High 45% 60% 36% -4% 14%
Scenario differences from 2001 to 2050s

Basdline climate 29% 2% 24% -31% -6%
Medium-High 63% 117% 56% -13% 19%
High 67% 122% 60% -11% 21%

Note: Baseline climate represent present agroclimatic conditions.

Table 5-22. Impacts of climate change with CO, effectsfor dry year water demand relative to
demand in same period with unchanged climate, by scenario, with CO, effects

Climate Reference Alpha Beta Gamma Delta
scenario

2020s

Low 18% 19% 18% 18% 19%
Medium-High 19% 19% 19% 19% 20%
2050s

Medium-High 26% 27% 26% 26% 27%
High 2% 2% 28% 29% 30%

Table 5-23. Regional impacts of climate change with CO, effects for Environment Agency
Regions and Environment Agency Wales for changesin dry year water demand relative to
demand in same period with unchanged climate, for refer ence socio-economic scenario

2020sLow  2020s Med High 2050s Med High  2050s High

England and Wales 18 19 26 29
(average)

EA Region:

Anglian 19 20 26 29
Midlands 22 23 3A 33
North East 8 8 15 19
North West -4 -4 -2 0
Southern 16 16 21 23
South West 5 5 9 11
Thames 24 25 A 37
EA Wales 1 0 2 4

Note: summing errors due to rounding and statistical adjustments. Values for other socio-economic scenarios are
typicaly within +/- 1%
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5.8 Limitations

The high degree of apparent precison, numericdly and spatidly, that this type of demand
forecast moddling produces can be mideading. Some of the limitations and risks ae

discu

ssed below:

The UKCIPO2 scenarios are not redly designed for modelling the 2020s, because they
are merdy scaded results from the 2080s run. The levels of uncertainty implicit in the
UKCIP02 methodology are discussed in the UKCIP Scientific Report (Hulme et al.,
2002).

The absence of evapotrangpiration data in the UKCIPO2 5km database has
necesstated some further moddling to derive the required data A very poor
correlation was observed between the mean annud maximum PSMDs cdculated from
this derived data and the equivalent PSMDs caculated from recorded climate at the 21
wesgther gtations. The reasons for this correlation are not clear.

Most GIS moddling gives an unwarranted pretence of spatid accuracy. The outputs
can be very sendtive to the accuracy and spatid resolution of the input databases.
Integrating databases of different resolutions, eg. 1km, 2km and 5km as in this study,
can introduce and propagate modelling errors.

The irrigation need modelling procedure is beieved to be reasonably accurate under
current conditions, though there is a possbility that the correation between PSMD
and irrigation need could dter with climate change. Furthermore, the UKCIPO2 data
used gives changes in average monthly climate, and our moddling has to assume that
the relationship between dry years and average years is unchanged.

There is uncertainty over the net effect of the increased atmospheric CO, levels This
sudy assumed the direct impacts on evapotranspiration rates due to eevated
amospheric CO, levels cancd out. The study assumed a 30% increase in yidds for a
doubling of CO, for dl crops, and calculated actua increases pro-rata at other CO»
levels

Possible yield impacts due to temperature change were ignored.

The IrriGrowth moddling assumed that there are no net cimae change impacts on
irrigated cropping mixes or irrigated crop digtribution in the UK, other than changes
dready implict in the socio-economic scenarios, and that there is no crop or fam
practice adaptation to climate change. It is emphassed that the extrgpolation of the
socio-economic scenarios from 2025 to 2055 was only for he purpose of examining
climate change impacts — these are in no way accurate forecasts of future demand
without climate change.

Findly, it is reemphassed that al the figures are for uncondrained demand; actud
water use will be limited by avaladility and price and the resulting responses will
themsdlves ater demand elsewhere.

For dl the above reasons, the figures should be used to give an indicaion of the trends in
uncondrained demand that might happen naiondly and regiondly in response to climate
change, and the sengtivity of these impacts to socio-economic scenarios. The absolute vaues
depended mainly on the assumptions and extrgpolations in the socio-economic scenarios and
ae less rdidble.  Unfortunately, it is extremey difficult to assess confidence limits associated
with these reaults.
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5.9 Conclusions

This objective of this section of the CCDeW project was to assess the sendtivity of
uncondrained water demand in agriculture and horticulture to climate change, under the
various Environmenta Futures socio-economic scenarios, a regiond level.

A survey of irrigation of outdoor crops in 2001 confirmed that water use for irrigation is ill
currently growing a 2-3% per anum, and provided a 2001 basdine for the demand
moddling. The nationd dry year water demand moddled for a 2001 dry year was dightly
higher than the previous 2001 predictions based on 1995 data, with a growth of 18% over the
Sx years.

The study identified that climate change could impact irrigetion water use via many different
mechanisms, varioudy affecting plant physology, yied, soil water baances, cropping
patterns, the aress irrigated and the irrigation methods used.

The enhanced amospheric CO, leves will increase plant growth rates, increesng plant height
and leaf area index, increasing plant water use. Higher CO, leves will dso increase somatd
resstance, decreasing plant water use. Computer modelling for the 2020s suggested that the
effects for fidd crops would roughly cance out over a season, but the literature is
inconcusive and long-term fidd-scale experimenta dataiis lacking.

The enhanced atmospheric CO, will dso increase yields (on top of current trends) and hence
reduce the crop areas needed for the same production level. This effect aone could reduce
water demand by around 510% in the 2020s and 15-20% in the 2050s. However, increased
temperature impacts may have the opposite effects. More data is required for the impacts on
individua crops.

The review of impacts on cropping patterns provided very little information of impacts on
irrigated crop location. Mogt previous land-use studies have concentrated on non-irrigated
cropping. Climate change will extend the suitability for most crops northwards, and will make
some land in the south unsuiteble for norrirrigated cropping due to droughtiness. However,
where irrigation is avalable, irrigated crops will have an increased competitive advantage in
the south and may not move unless water condraints or higher prices become a sgnificant
driver. Most of the crops irrigaed are currently grown abroad in much hotter and drier
conditions than for England and Waes, even for the 2050s. The modeling assumed no net
impact of climate change on crop digtribution.

Internationa climate change impacts on food trade have not been consdered, but could have
subgtantia effects on water demand in England. To date very little has been published on this
subject.

The irrigation need moddling confirmed that agro-climatic zones based on soil-moisiure-
deficit will move northwards and westwards. In terms of irrigation need, centrd England will
be amilar to the present eastern England by the 2020s, and by the 2050s crops in much of
eagtern, southern and centrd England will have irrigation needs higher then are currently
experienced anywhere in England (and roughly smilar to the current dimate in areas of
France south west of Paris). Studies of land-use and cropping mixes in such areas might
provide useful indicators of likely impacts.
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The IrriGrowth waer demand moddling suggested tha changes in ranfdl and
evapotranspiration aone would increase dry year water demand nationdly by around 30% by
the 2020s and by around 55% by the 2050s. However, it was noted that the regiona increases
were lower than the average increases modelled at the weather Station Stes, suggesting that
the methodology is senditive to some of the assumptions and correl ations used.

These impacts are highest in the midlands and the south-east, where most irrigation aready
occurs, reaching up to 35% by the 2020s and up to 65% by the 2050s. The percentage
increases are Smilar for al the socio-economic scenarios.

When the assumed yield benefits of the higher atmospheric CO, and the IrriGrowth results are
combined, the impacts nationaly are around +20% by the 2020s and around +30% by the
2050s. In some regions and for Environment Agency Waes, the combined impacts are

negligible.

These climate change impacts are additiond to the socio-economic change impacts. They are
dl much smdler than the differences between the socio-economic scenarios. (Modelled
growth without climate change varies from —19% to + 34% by 2025 and —29% to +65% by
2055, depending on the socio-economic scenario).

As a dudy of impacts on uncongtrained demand, likely adaptations to water shortage, whether
reulting from sodo-economic change or climatic change, have not been included. Clearly
some of the demand increeses moddled would be untenable, even without the likey
reductions in supply. Under water-scarce conditions, high water prices and/or non-availability
of waer will limit irrigetion in many caichments. This could then prompt crop movement,
rasng demand elsewhere, changed cropping mixes and/or changes in irrigation practice to
increase the efficiency of irrigation. Further studies are required to identify likely outcomes.

Aggregation of data to regiond level, and the necessty use of generalised assumptions,
crestes a risk of over-amplifying the range of impacts on individud waer usars It is
ineviteble that the water demands of some abdractors will increese much more sharply than
the averages moddled here, and great care should be taken before applying these results at
fam leved. This implies that at least some irrigators dready need to plan for substantid water
resource increases within the planning horizon for mgor invesments, particularly reservoirs.

It is noted that climate change impacts are not currently included in the CAMS methodology
for assessng avalable water resources (RAM) or for determining water abstraction licenses,
the results of this study suggest they could become sgnificant in some regions and should be
considered.

Although nationally only 3% of thiswater comes from mains supply a present, the proportion
isas high as 20% in the south east and could grow substantially where climate change impacts
cause direct abstraction to be restricted, with implications for water company resource

planning.
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5.10 Appendix

5.10.1 Appendix 5-A. The 2001 Irrigation Surveys

Surveys of the “lrrigation of Outdoor Crops’ in England and Waes have been caried out
roughly every three years by MAFF (now Defra). The questions were kept essentidly
unchanged between 1982 and 1995, giving six sets of directly comparable data, in 1982,
1984, 1987, 1990, 1992 and 1995 (1995 for England only). However, no surveys were
commissioned after 1995, leading to worries that this project would be founded on old data. A
new survey of irrigation in England was therefore commissoned as pat of the CCDewW
extenson contract. A Smilar survey was undertaken separately for Wales.

Sending the questionnaire

A revised questionnaire was prepared following discusson with the nationd Agriculturd
Water Resources Liason Group, comprisng representatives of Defra, the Environment
Agency, Nationd Farmers Union (NFU), Country Land and Business Association (CLA) and
UK Irrigation Asociation (UKIA). This survey amed to continue the most important data
series from the MAFF surveys, whilst revisng some of the less useful questions.

The questions on aress irrigated and volumes gpplied, by crop, and the questions on dry-year
irrigation, trickle irrigation and frogt protection were not changed. An additiond question was
added asking about scheduling methods used by area The water source categories were
revised to match abdraction licensng definitions. The question asking whether certain types
of equipment were used was replaced by one asking for the application methods used by area.
The question on water storage was rephrased to refer to reservoirs, and subdivided between
unlined/earth lined reservoirs and synthetically lined reservairs.

A quedion in Defras June 2000 Agriculturd Census, which was sent to dl regigered
agriculturdl holdings in England, had asked: "Whet is the total area of al outdoor crops which
you are able to irrigate if necessary this year? - exclude liquid manure spreading’. Following
completion of the requiste confidentidity satement and Defra survey gpprovd form, Defra
provided addresses and responses (for this question only) for the 5603 respondents in England
who had indicated they could irrigate. Questionnaires were sent to al these, together with
Freepost return envelopes.

A follow-up survey, covering letter and Fregpost envelope were sent to 279 addresses, being
those in the decile of largest irrigators (according to their cropping survey returns) who had
not yet responded (the method of correcting for nonrreturns by sze deciles ensures this did
not bias the results). A few respondents were telephoned to clarify the responses to the
question on trickle irrigation capecity.

Analysis of responses

Responses were received from 2301 holdings (41%). Only 83% confirmed that they ever
irrigated (cagting some doubt on the accuracy of the June 2000 Census database). Some 67%
dated they had irrigated in 2001. Andyss subsequently showed the respondents represented
around 55% of thetotd irrigated area reported in the June 2000 Census.

To dlow for different response rates from different sze farms, the holdings were divided into
ten groups (deciles) ranked by the area they had reported in the June 2000 Census. Some
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respondents fully answered only some sections. Statisticad corrections for non-respondents
were therefore based on the proportion not responding to particular sections in each decile.
An overdl correction, based on Defra advice, was aso made to alow for non-respondents to
the June 2000 Census.

The adjusted nationd results are shown in the following tables. When comparing inter-annud
vaidion, it is important to bear in mind the weather conditions in that year, which drongly
impact on actud irrigation.

The aggregated responses to the questions on reservoir capacity and the total areas equipped
for trickle irrigation and frogt protection were clearly in error and have been withheld; the data
given bedlow on number of holdings using trickle and the area of trickle are therefore based on
the answers to the question on methods used in 2001. It is unlikely that large areas of trickle
were indaled but not used, so this should give a smilar result.

Table5-24. Irrigated areas (ha), by crop category, 1982-2001

Crop category 1982 1984 1987 1990 1992 1995 2001
Early potatoes 8050 7720 5360 8510 8180 8730 7300
Maincrop potatoes 22810 34610 29520 43490 45290 53390 69820
Sugar beet 15770 25500 10100 27710 10520 26820 9760
Orchard fruit 3100 3250 1330 3320 2280 2910 1580
Smadl| fruit 3610 3560 2230 3470 2750 3250 3770
Vegetables 14810 17460 11040 25250 20200 27300 39180
Grass 16440 18940 6970 15970 7240 10690 3970
Cereals 14800 24700 7510 28100 7160 13440 4620
Other crops 4100 4890 2440 8650 4320 9120 7280
Total 103490 140630 76500 164470 107940 155650 147270

Note: summing errors due to rounding.
Data up to 1992 for England and Wales, data for 1995 and 2001 for England only.
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Table 5-25. Volumes of water applied ('000m®), by crop category, 1982-2001

Crop category 1982 1984 1987 1990 1992 1995 2001
Early potatoes 4680 4920 2350 6770 5590 9345 5710
Maincrop potatoes 15280 32730 14700 51170 38520 74460 69940
Sugar beet 8260 17370 3430 20320 4860 21295 4630
Orchard fruit 2180 2430 550 2930 1220 2445 900
Smal fruit 1890 2660 970 3180 2000 4320 3370
Vegetables 6830 11390 4640 18450 12180 25500 34120
Grass 10030 13550 3550 13100 4280 9920 2320
Ceredls 5040 8300 2160 11830 2260 5625 1470
Other crops 1020 4030 1270 6040 4160 11160 8840
Total 55210 97380 33620 133790 75070 164070 131300
Note: summing errors due to rounding.

Data up to 1992 for England and Wales, data for 1995 and 2001 for England only.

Table 5-26. Dry year position assuming adequate water supply, 1982-2001

Crop category 1982 1984 1987 1990 1992 1995 2001
Area likely to be na 189310 na 202620 218550 194000 282960
irrigated (ha)

Volume likely to be na 167000 na 179460 233610 244090 439470
applied (‘000m?)

Data up to 1992 for England and Wales, data for 1995 and 2001 for England only.

Table 5-27. Water source (% of water applied), 1982-2001

Source 1982 1984 1987 1990 1992 1995 2001
Surface water 34390 57210 19250 74070 41820 90860 75760
Ground water 16680 32420 11800 50540 28470 61620 47810
Public mains 2040 3840 1100 3860 2620 4390 4300
Rain collected included in “other” 2050
Re-used water included in “other” 670
Other 1830 3540 1470 5330 2160 4880 710
Total 54940 97730 33630 133790 75070 146960 131300

Surface water includes ponds, lakes, gravel or clay workings, rivers, streams or other water courses.

Ground water includes wells, bore holes and springs rising on the holding.
Data up to 1992 for England and Wales, data for 1995 and 2001 for England only.
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Table 5-28. Scheduling method (% of area irrigated), 2001

Scheduling method %
Water balance calculations (by hand or by computer) 23
In-field soil moisture measurement (e.g. neutron probes, tensiometers) 29
Other (including operator judgement, feeling soil, crop ingpection) 48
Total 100
Note: question not asked before 2001.
Datafor England only.

Table 5-29. Application method (% of areairrigated), 2001

Application method %
Static or hand-moved sprinklers, spray lines 4
Hose reels with rain guns 72
Hose reels with booms 16
Centre pivots or linear moves 3
Trickle or drip 5
Other (please specify): <<1
Total 100

Note: question not asked in this format before 2001.
Datafor Engand only.

Table 5-30. Trickleirrigation (Number of holdings and area equipped/used*, ha), 1982-2001

1982 1984 1987 1990 1992 1995 2001
Number 890 640 490 600 720 820 910
Area (ha) 2040 1550 1330 1420 1970 4120 7040

*Up to 1995 refers to holdings and area equipped for trickle; for 2001 refersto trickle systems used.
Datafor England only.

Interpreting the survey results
When comparing year-to-year variations, it is important to bear in mind some differences
between the various surveys and the weather in each survey year.

Differences between surveys

Previous surveys were sent to respondents who replied pogtively to the irrigation question
"do you irrigate outdoor crops?' in the Defra June Agricultura Census, sent to dl man
holdings. Because of fears that this would miss irrigaors who were not irrigating in the
particular year, the 1995 survey was sent to postive respondents in any of the three preceding
June Agricultura Censuses (1993-1995), plus respondents to the MAFF 1992 Irrigation
Survey (MAFF, 1996).
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From 1995, sampling was introduced into the annud June Agricultura Census, so only about
60% of main holdings ae surveyed each year
http:/farmdtats.defragov.uk/csaboutcensushtm  (accessed  26/7/02).  Fortunately, a  full
census, including minor holdings, was caried in June 2000, with an edtimated 80.3%
response. The irrigation question was adso changed to "What is the total area of al outdoor
crops which you are able to irrigate if necessary this year (exclude liquid manure spreading)?'
which should identify al potentid irrigators The 2001 Irrigation Survey was sent to dll
positive respondents to that question.

Because of these changes, the address ligt used for this survey induded many minor holdings
that would have been missng from previous surveys. This would have affected any results
rdated to “number of holdings’, but is unlikey to have dgnificantly affected the totd arees
and volumes or percentages of these quoted.

Weather in survey years

In the UK, the irrigated areas and the volumes of irrigation water gpplied each year vary
consderably depending on the summer weather. The data from the irrigation surveys partly
reflect the weether in each census year, superimposed on any underlying trends in demand.

Table 5-2 shows, for example, the ranked theoretical irrigation needs (mm) for mancrop
potatoes grown a Silsoe (Bedfordshire) for 1970 to 2001. Broadly, in irrigation terms at
Silsoe, 1982 and 1984 were average years, 1987 was wet, 1990 was a dry year, 1992 was wet
again, and 1995 was a very dry year. In 2001 there was dry period in the middle of the
irrigation season, around June, but this was followed by a very wet July, leaving 2001 ranked
overal asawet year. Similar rankings are obtained for other irrigated crops.

Irrigation in Wales

Irrigation in Waes represents only about 1% of the irrigation in England and Wades
combined, and was omitted from the MAFF 1995 irrigation survey. Following a request from
the Environment Agency, the 2001 irrigation survey was extended to Waes (note this fdls
outsde the terms of this contract, but is reported here for completeness). The questionnaire
and covering letter were trandated into Welsh, and both versons were sent to 152 addresses
in Waes, provided by the Welsh Assembly Government. Forty responses were received
within the (shorter) time alowed, representing a 26% response rate. After separate Satistical
corrections, the data on crops irrigated and volumes of water gpplied have been incorporated
into the datasets used in the studly.
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6 Lesure

6.1 Introduction

Leisure has been identified as a sector in which the demand for water might be particularly
susceptible to climate change, through an increese in the use of lesure fadlities and in the
water use of those facilities The following sections condder water use in leisure fadilities in
genera terms and sets out how such use might be assessed.

6.2 Characteristics of demand

The breskdown of industrid commercial consumption into the sectors identified by the
Environment Agency (Table 44) does not identify the leisure sector (SIC code O) on its own.
Consumption in this sector is included in the “othe™ caegory. There ae therefore no
consumption data specificaly related to leisure facilities from which to conduct analyss.

Intuitively however, the use of outdde recregtiond facilities is likdy to increase from a winter
low through the spring, reaching a pesk in summer and then fdling back to a winter
minmum.

The main uses of public water supplies for outdoor leisure activities are:
Irrigation of golf courses (though this may be through direct abstraction rather than
treated mains water);
Irrigation of footbdl pitchesto creste and maintain “playability”;
Private snvimming pools.

Other outdoor water based leisure and recreation requires natura or man-made water bodies
such as lakes, reservoirs and gravel pits, so gpart from showering and washing facilities there
would be no additiond demands on public water supply.

Demand for leisure fadilities is influenced by a range of factors, paticulaly affluence and
transport. As for the agricultural sector, changes in these factors (both locally and abroad) is
likdy to exet a ggnificant influence on the demand for water emerging from the lesure
sector.

Gardening in the Globa Greenhouse (Bisgrove and Hadley, 2002), commissioned by UKCIP,
reports on the possble impacts of climate change under UKCIPO2 scenarios on domestic
gardens, heritage and large public gardens and retail horticulture outlets. The summary report
(Gates, 2002) includes a ligt of chalenges and opportunities for these three divisons. The full
report describes relevant climate changes, the physologicd effects on plants, thelr diseases
and weeds and includes some discussion on effects on water demand.

They report that climate change affect many components of the garden. In particular, the
report addresses the potentid impacts of climate change on: soils, water supplies and water
bodies, trees, shrubs, sub-shrubs, herbaceous, perennids, bulbs and annuds, lawns, paths,
buildings and other dructures, garden daff. The discusson of demand for water in for
horticulture, gardens and golf courses is based on Herrington's (1996) findings. For example
assuming some increase in the number of golf courses, Herrington (1996) estimates that water
demand in the south east for irrigation of golf courses might increase from 3.3 MlI/d (1992) to
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4.8 MI/d (2021) in the absence of climate change. A 1.1°C increase in temperature by 2021,
and a 2.1°C increase by 2051 (smilar to temperature changes projected under the UKCIPO2
medium high emissons scenario) is expected to add 4% (by 2021) or 8% (by 2051) to the
requirements which would be expected in the absence of climae change. This 8% increase
compares with estimates of 11.8% increase for agricultura irrigation, and 37.5% increase for
ar-conditioning. The total of 5 MI/d estimated water use by golf courses in the south east in
2021 with moderate climate change, represents less than 0.1% of domestic water consumption
and istherefore indggnificant in terms of the total amount of water used.

Also of rdevance are caculaions of garden use of water in the Thames and Lee Vdley
cachments, which suggest that public water supplies will need to increase by 1.2% to meet
increases in demand related to climate change by 2050 on an annud basis, but this represents
a 3-4% increase in demand for the Ix months April - September, or 78% for June-July. In
East Anglia, 3% of annua water use in an average household was used in the garden in the
wet year of 2001 (Chivers, pers. comm., cited in Bisgrove and Hadley, 2002). This figure was
6% in the dry year of 1996. Concentrated in the two driest months, the peak demand may rise
to 25% above the average level of water use. The impacts of gardens on water demand as a
result of climate change will, they report, be a modest increase in totd demand for water, but
a very maked increase in pesk demand in hot, dry summers. They conclude tha as climate
change continues beyond 2050, and as expectations of gardens continue to rise, water use for
gardens may cease to be a minor proportion of total domestic demand.

They dso report that water shortage is likely to be the most serious single impact of dimate
change on gadens and suggest ways of counteracting this incuding modifying planting
regimes, irrigation (though will become increesingly expensve) improving the water holding
capacity of the soil and storage of water in private reservoirs and water buitts.

6.3 Methodology

The potentiad for changes in demands in the recregtion and leisure sectors attributable to
climate change were discussed a the various practitioner workshops associated with this
project, and resulted in further invegtigations being conducted to explore ways of quantifying
the change.

Sgnificant increased water demands are expected from climate change impacts on golf and
other turf-grass based sports. Table 5.15 suggested that the irrigation need for agriculturd
(grazed) grass in the 2020s would increase by up to 32% (Low scenario) and 78% (Medium-
high scenario) in some regions. Higher amospheric CO, levels may temper these increases
through reduced trangpiration for turf-grasses, which are kept mown a congant height, but
there are no compensating water savings from the higher grass yied. Indeed, the aea
irrigated could increese very subdantidly to maintan playability in hotter drier summers.
Unfortunately there is very little data avalable on the areas presertly irrigated, or the
proportions supplied from mains water versus direct abstraction, for the different sports.

The main consumptive use of water from recregtion and leisure facilities is therefore likely to
be from indoor and outdoor swimming fadlities  Research into outdoor leisure facilities
suggests that the popularity of “Lidos’ has waned since its 1930s heyday. Those Lidos in
active use are liged on various webstes, but the generd impresson is of declining, rather
than increasing popularity.
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One paticular area of growth in recent years has been public and private sports and leisure
centres. In order to gan more ingght into trends in water consumption arisng from increased
use of these pools the Inditute of Public Finance's datigics on the annua expenditure on
public fadlities (incduding swimming pools) awnud reports giving vidtor numbers was
examined. The data are generated by returns from the various Locad and other Authorities,
and there appear to be differences from year to year in the number of returns used to compile
the gatistics.

Smilarly, the published annud data on number of pools totd surface area and vigtor
numbers were examined for any trends in use that might be rdaed to climate. Although the
data are adjusted to account for missng returns, there was considerable inter-annud variaion
in gaidics such as “Totd number of facilities’ suggesting that the data may be unrdiadle,
No trends that might be climate related were apparent.

No information on the growth in private sports centres and how this might have been
influenced by climate is avalable. In circumstances where such centres are supplied with
water from the public water supply system rather than from private sources, it is possble that
their consumption isincluded in the water company datistics.

Key leisure centres, such as Center Parcs, are aready operating a high occupancy rates, so
large increases in water demand are likely to come from the development of new dtes rather
than increased occupancy. New deveopments will be subject to the norma planning
processes.

Information on private swimming pool ownership is very scarce, but incressed swimming
pool ownership and use could be an important impact arigng from climate change. Broad
assumptions about current and future swimming pool ownership, the size of outdoor poals,
and the evaporative losses have been made to give an overal view of potential impacts.

As discussed in Chepter 4, grester ownership and use of swimming pools is intuitivdy a
likely outcome of higher summer temperatures over an extended period. However, statistics
from the Inditute of Public Finance suggest that expenditure on public swvimming pools has
not ggnificantly incressed during the last sx years. No robust data are therefore available
from which to form an opinion of current water use, let done changes in use under future
climate scenarios. There is, however, a perception that demand for private pools is linked to
increesing afluence. The cdculdions in Table 6.1 illudrate the possble magnitude of the
climate change impacts on private swimming pools.

Ownership of private swimming pools is expressed as a percentage of totd households. Each
water company has been assgned a category of swimming pool ownership: “high’,
“medium”, “low”. “High” ownership in the south, “medium” in the main urban areas and the
midlands and “low” in the north and in Wades. The percentage ownership under each category
is assumed to be 5%, 2.5% and 1% respectively. The assumed numbers for the 2020s — no
reliable figures on current ownership gppear to be avalable — are shown for each region in
Table 6-1.

Estimates of the possble increase in water consumption based on assumptions of changes in
ownership, surface area and other variables have been made. The active swimming season is
assumed to lag from May through to September inclusve esimates of the seasond
evaporative losses have been extracted from the CCDeW database. The average size of



CCDeW Final Report Page 144 07/02/2003

swimming pools is estimated as 100n?. For the purpose of these illustrative caculations, ETo
has been used as a surrogate for open water evaporation, and no alowance has been made for
direct rainfall on the pool surfaces.

Table 6-1. Assumed owner ship of private swimming poolsin the 2020s

Assumed Number

Region of pools Evapor ative L osses 2020s (m*/day)
without climate
(‘000s) change with climate change

Anglian 104.55 4,276 11,241
Midlands 85.33 3,355 8,809
North East 28.50 243 2428
North West 27.20 254 2,493
South West 72.97 3134 8,225
Southern 84.70 3,312 8,499
Thames 146.00 5,631 14,617
Wales 12.46 110 1,103
Overall 561.71 20,315 57,415

6.4 Discussion

No specific methodology for esimating climate change impacts on water consumption in the
leisure sector has been developed. The impects are likey to be very location specific, and
therefore would not show up in the regiond results presented in this report:
The andyds of potentid impacts of climate change on the leisure sector has been
limited by the lack of robust higoric data from which to edablish reationships
between climate variables and consumption.
With a warmer and drier summer climate, the popularity of outdoor leisure, and in
particular water-based activities is expected to grow.
Some of these water-based activities such as boating and canoeing on lakes,
reservoirs, rivers, estuaries and the sea would not of themsdves be expected to
increase the demand for water from public water supplies.
Other activities such as use of outdoor swimming pools would be expected to increase
water consumption, but the current level of consumption through use of outsde public
pools is thought to be low. Given the low expenditure on public leisure fadlities in
the past 10 years, Sgnificant increases in public use are not considered to be likely.
Increases in the ownership and use of private pools are likely under climate change,
but afluence will reman a mgor driver. Given heroic assumptions on the future
ownership and sze of swimming pools, it is estimated that the open water evaporation
losses from private pools in the 2020s could increase by 37 MI/d from the non-climate
change case. Whilgt this figure is interesting, it suggests that the impact will be
relatively smal when compared to the expected change in indudrid commercid
demand for example.
Larger climate change impacts are expected through incressed irrigation on golf
courses. The incrementa demand on public water supplies will depend on the number
of golf courses that will teke irrigation waer from public water supplies but
insufficient detais available to quantify this.
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Part I11: Understanding and interpreting
climate change impacts on water demand



CCDeW Final Report Page 146 07/02/2003




CCDeW Final Report Page 147 07/02/2003

7 Role of human behaviour: explorations using agent based
modelling of demand

In practice, the planning of invesment in long-lived infrastructure requires the planners to
foom some view of likdy magnitudes of future demands and rdevant environmentd
conditions. To form such a view on the bads of forecasts informed by expert judgement is
the best available approach (Armstrong and Collopy, 1998).

We clam that, while these forecasts are suitable and gppropriate points of departure for the
planning process, it is important to explore the possble substantia changes resulting from
climate change over the next 30 years and more. One interesting, common concluson from
the companion studies reported here is that direct socid effects are likdy to dominae the
direct dimatic effects. It is in its ability to incorporate these important socia effects that
agent based modelling presents particular benefits.

Agent-based socid dmulaion produces the same kind of frequency didributions of daly
water consumption found in neighbourhood level data Because these didributions have no
defined variance and possbly no defined mean, it is not legitimate to agoply conventiond
datisticad modelling procedures to ether the red or the smulation-generated data. As a result
conventional datistical or econometric models based on the assumption of a norma or any
other finite-variance didribution are not an adequate basis for the planning of any long-term
invesment programme in water supply infrestructure and management of domestic water
demands.

Evidence tha the use of conventiond techniques are ingppodte to forecasting domestic water
demand is presented in the next section. We then turn to the importance of agent based
modelling in water resource planning before describing the structure of the base domestic
water demand modd and summarisng the results. We then offer our conclusons for the
investment planning process. There are four appendices with the graphs of the outcomes in
terms of aggregate demand; detailed model specification; data sources and references.

7.1 The statistical properties of fine-grain domestic water demand data

All gatigica forecasting techniques rest on the presumption that observed data is drawn from
some underlying population didribution of al possble events. If this population ditribution
has a fixed mean, dandard deviation and possbly higher moments (the third moment is
skewness and the fourth is kurtoss (= peskedness)), then increasing the size of the observed
data set will, by virtue of the law of large numbers, tend to bring the mean and standard
deviation of observed vaues closer to the underlying population mean and standard deviation.
Consequently, good estimates of the population means and dandard deviations in these
drcumgtances provide a sound bass for forecasting since future observations effectively
increase the szed of the observed data and, accordingly tend to converge to the correctly
estimated means and standard deviations. If, moreover, these distributions are stable, then the
lawv of large numbers will goply to functions that add together random varidbles with ther
own population means and dandard deviations. This later property is essentid for any
multiple regresson andyss and, therefore, for any datistical forecasting modd that depends
on more than asngle variable,
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Nearly 40 years ago, Benoit Mandelbrot (Mandelbrot, 1963) demonstrated that the stable
Paretian digribution () describes financia asset price changes in organised exchanges and
(b) has no defined (or finite) standard deviatiion and (c) is as likdy to have no defined
population mean as it is to have one. Recently, Moss (Moss, 2002) demondtrated that the
same features gpplied to a wide range of sdes and consumption data including acohoalic
beverages of al types in US and UK markets, shampoo, shaving preparations, tea and biscuits
sold in UK supermarkets. In the course of our vaidation procedures with regard to modes of
domedtic water demand, we found that the same datidtical propeties are found in daily
metered water consumption data at neighbourhood leve.

A hdlmak of the stable Paretian didribution is the much greater height and thinness of the
peek of the digribution than is found in finite-variance (e.g. normd) digribuions and the
consequent relative fatness of the tals of the disribution. This characteristic is caled
leptokurtosis (= thin-pesked). The dandard representation of the relevant frequency
digributions is given in FHgure 7-1 for daly metered water consumption based on
neighbourhood data provided by one of the participating water supply companies.

The higogram in Fgure 7-1 gives the frequency didribution of daly and monthly vaues of
water consumption and the continuous curve is the normd didribuion for the same mean,
dandard deviation and sample sze. The dsandard test for normdity is the Kolmogorov-
Smirnov datigic which gives, to three sgnificant figures, a zero probability that the observed
digribution is normd. The relaive changes in daly and monthly domestic water
consumption are given in the same forma in Fgure 7-2. Fgure 7-3 shows the changes as
time series. These data represent the change from one day (or month) to the next day (month).
The same zero probability of normality isindicated by the Kolmogorov- Smirnov daidtic.

Aggregeting data, e.g. from daly to monthly data, tends to hide leptokurtoss since the centra
limit theorem ill holds (Manddbrot, 1997) and one month's data is effectivdly a sample of
30 or 0 daly observations. Even so, the Kamogorov-Smirnov datistic indicates that the
monthly digtributions are normdl at less than the 2 % confidence levdl.

Daily consumption

total
200

100 -

Std. Dev = 1562.40
Mean = 11829.5
0 N =478.00

Y Y G G G % % % %, %, %,

AVG

Figure 7-1. Daily metered domestic water consumption
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Figure 7-2. Relative changes in domestic water consumption
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Figure 7-3. Relative change in daily and monthly water consumption. The flat segments of the
time series on the left of Figure 7-3 correspond to periodswherethe data supplied i s constant
from late 1995 to late 1997. The variability in the middle of the “flat period” in the monthly
data on theright isdueto the variability of the number of daysin the months.

7.2 The nature and use of agent-based modelling

Extendve experience in smulation moddling in both agent based socid smulation and in
datisticad mechanics (Bak et al., 1987; Bak, 1997) indicates that leptokurtoss together with
clusered episodes of voldility (as in December, 2000 to January, 2001) is, in al known
cases, a consequence of interaction among independent, metastable entities In a socid
context, this implies that individuds respond to simuli only when the gimuli become
subgtantid and that individud’s influence but do not imitate one another. An exarple of
these phenomenais found in the mode of domestic water demand developed for this report.

The mode incorporates a runoff model driven by monthly precipitation and temperature data
for the Thames Vadley from 1970 to 1998, inclusve. The time series of reative changes in
one typicd run of the modd is given in FHgure 7-4 and the frequency didribution of the
reldive changes is given in Fgure 7-5. Like the red data it displays leptokurtoss and
demand reductions in conditions of drought. It adso has symmetricd frequency digtributions
of reldive changes and there is some evidence of cdugtered voldility in both the red and the
smulation data
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Figure 7-4. Simulated relative change in monthly consumption
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Figure 7-5. Relative changes in simulated monthly water consumption
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7.3 Themodel set-up

This modd, presented below, focuses upon the behaviour of households, in particular how the
household-to-household imitation of behavioura patterns may affect the aggregete demand
for water. Thus the heart of the modd is a network of agents each of which represents a
sngle household. These are disributed randomly on a 2-D grid. These ‘households can
only interact with other households within a certain disgance of them. The totdity of
households and their potentid interactions can be consdered to represent a community or
clugter.

The externd environment for each household conssts of:
The temperature and precipitation;
The exhortations of a policy agent to use less water during a drought.
The neighbouring households.

Each household has a number of different water-usng devices such as showers, washing
machines, hoses etc.  The didribution and properties of these devices anong households is
done such that this matches a red didribution. The output is the amount of water the
households use.

The time is divided into months. Each month, each household adjudis its water-usng habits,
in terms of the amount it uses each device, and whether it acquires new devices (such as
power showers). It does this adjustment based on:

Thedevicesit has,

Its exigting habits;

What its neighbours do (except for private devices such astoilets); and

What the ‘policy agent’ (which is either the government or the water company) may

be suggesting (in times of drought).

The weighting that each household uses for each of the means by which it makes adjusments
is different and is set by the moddler. In many of the runs it was set such that about 55% of
the households were biased towards imitating a neighbour; 15% were predisposed to listen to
the water company and the rest were largely immune to outsde suggestion. It is not known
what proportions might be more redidic in terms of representing rea communities, but
anecdotal accounts suggest it varies greetly between communities.

The “policy agent” represents the body responsble for issuing water-use guidance to
consumers in times of water shortage (currently this is the individua water companies in each
aed). In the modd there is a cdculation of the leve of ground water, derived from the
climate data, and the policy agent darts issuing suggestions during the second month in which
the ground is dry. In subsequent dry months the agent's suggestions are to use increasingly
less water.
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The mode gructure isillustrated below in Figure 7-6.

I LT Policy
Activity « Agent
\ A4 SN “
*Frequency D
Volume Households

ﬂ Groundwater

Aggregate Demand * Temperature
*Rainfall

Figure 7-6. The general structure of the agent-based model

Inthismodel there are two new devices that become available to the households:
new washing machines (which use much less water than the older ones) and,
power showers (which use much more water than traditional UK showers).

These devices may be acquired by a household a any time after their becoming avallable, and
in paticular, when their existing device needs replacing. The replacement rate of devices is
edimated by usng a Weibull digtribution parameterised according to the type of device and
an average life of 5 years.

7.4 What the model does not attempt to cover

The modd does not atempt to capture dl the influences upon water consumption. In
particular it does not include any direct influence of the weather upon micro-component usage
nor does it include any inherent bias towards increased usage due to background socid norms
such as increased cleanliness. The behaviour of the policy agent is not sophisticated since it
is the reaction of the households that isimportant here.

We had hoped to use some fine-grained data from Anglian Water which would have alowed
us to specify any direct influence of micro-component data by the weather and any overdl
discernable trends in water consumption, however access to this data was not findised at the
time of writing. It is hoped that this can be included in future developments.

75 Modd runs

Severd sets of runs were done, in order to make three basic comparisons, namely to compare
the runs with the UKCIPO2 Medium-High emissons dimate scenario for the mid-Thames
region for 2050; the runs with different dates for the introduction of the new technologies, and
the runs with different percentages of neighbour biased households (i.e. those with a bias
towards imitating their neighbours.



CCDeW Final Report Page 153 07/02/2003

The base case is with unmodified climate data for 1970-1997, with redigtic dates for the
introduction of power showers (4/90) and water saving washing machines (10/92), and with
55% of the population being biased towards imitating neighbours.

The firg comparison is with a set of runs with the climate data modified so that it is consgent
with the UKCIPO2 Medium-High emissons for the mid-Thames region for 2050 (see
Appendix 7-C for details).

The second comparison is with a set of runs with different dates for the introduction of power
showers (10/92) and water-saving washing machines (2/88).

The third and fourth sets of comparisons are with different proportions of neighbour-biased
households, namely 30% and 80%. Each of these comparisons was done with the unmodified
and modified climate data

Table 71 summarises the settings and the sets of runs done, each run takes between 6 and 18
hours to run with 40 households over the dates 1970-1997.

Table 7-1. Agent based model experiments

% Neighbour UKCIP02 Introduction  Introduction Number of
biased Emissions dateof power  dateof new runs
Scenario showers washing
machines
30 Current 4/90 10/92 16
Medium High 4/90 10/92 14
55 Current 4/90 10/92 12
Medium High 4/90 10/92 10
80 Current 4/90 10/92 13
Medium High 4/90 10/92 9
55 Current 10/92 2/88 24

In each graph each line represents the scaled demand resulting from a different run of the
smulation but with the same sdttings. The st of runs thus represents a sample of the possble
demand patterns that can result from the modd.

For each d these sets of runs we show two graphs of the resulting scaed aggregate demands.
The firg of these is where the demands are scaled so that January 1973 is 100 units — this
makes plain the deviations of the demands in the separate runs over the subsequent years. In
these graphs the broad line is the average of these. The second graph is where each line is
scded so0 tha the average of each resulting demand time series is 100 — this has the effect of
‘lining up’ thelinesin the centrd region to fadilitate their comparison.

For ease of reference the dates that innovations (i.e. power showers and water saving washing
machines) are marked on the graphs as solid verticd lines and the most severe droughts
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shown as broken verticd lines. In the higtorica climate scenarios these occur during the years
of 1976 and 1990. Under the Medium-High emissons scenario they occur during 1976,
1989, 1990, 1995 and 1996.

When looking at the reaults, it should be recaled that the purpose of the modd is to highlight
gualitative different posshilities that may arise. The modd is not designed to make datistical
predictions as to the likely outcome, for the reasons discussed above. Similarly the fact that
the digribution of outcomes is highly leptokurtotic and the likelihood that there is no defined
moments, means that any messure of spread would be mesningless’. In many ways
exhibiting any grephs of the results is mideading, but they are included (see beow) so that
modellers and other experts can see the results.

The smulations were done usng data from 1970-1997, however many of the runs exhibited
trangent ingtability over the firs year before they settled down into a definite patern. This
behaviour is typicd of this type of mode, it occurs because of the lack of along socid history
a the gart of the smulation, resulting in no socid norms to congtrain the mode posshilities.
Given that there is great uncertainty about what kinds of socialy grounded behaviour resulted
in the past aggregate demand and that (in redlity) there is a long socid history to condrain the
possibilities, we have discarded the firs two years worth of resultant aggregate demand and
scaled the resultant outcomes.  This is condstent with the fact that we are looking &
qualitatively different outcomes rather than accurate levels. We did the scaling in two ways:

By scding dl the modd outcomes so that the level a 1973 was 100

By scaling each line so thet its average leve from 1973-1997 was 100.

The former has the effect of lining up the outcomes at the start and the second has the effect
of lining up the outcomes over the mgority of its course.

Thus in each graph, each line represents the scaled demand pattern that resulted from a
separae run of the model with the same environmental conditions and digtribution of types of
households, though with a diffeeent st of random household postions and initid
endorsements (representing different previous socid hidtories).  The variety of lines on each
graph, then, represents a possble sample of demand patterns given a particular climate and
policy scenario. This variety indicaies the difference that the internd socid processes can
generate — different set-ups of households can result in very different demand patterns die to
the different socid interactions that can arise in these set-ups.

7.6 Summary of theresults

Although some of the runs follow smilar demand paiterns in the graphs many are
ubgantidly different - see the post 1992 period in Figure %7 (left hand diagram) for
exanple. In dl the sets of runs, there are demand patterns with subgtantialy different
tendencies resulting in very different demand levels.

In generd, the higher the proportion of households that were biased towards imiteating
their neighbours, the more stable were individud demand lines (compare 1970s and
early 1980s in Figures 79, 710 and 711, left hand diagram) for example. That is to

! Of course, for afinite number of runs, it is possible to measure their spread, but in a such a situation the extent
of the spread will depend on the number of runs and arbitrary limiting factors due to the finite size of the model
— it would not correspond in any meaningful way to any variety found in reality.
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say the lines tended to be ‘flatter’ in these cases.  Also the higher proportion of
households so biased, the less effect that periods of drought seemed to have on the
demand, that is the more ‘independent’ they were to suggestion (see Figure 7-9 for the
1970s and early 1980s (left hand diagram).

Demand patterns also changed greatest after the introduction of new appliances (see
Figure 7-9 for the 1990s).

In generd, periods of drought (and hence exhortation by the policy agent to use less
water) had the effect of depressng the demand levels during the drought and a short
time afteewards (Figure 7-9). In a few runs droughts resulted in a permanent drop in
demand (Figure 7-7 right hand diagram). This permanent drop in demand seemed to
occur more often in those runs sImulaing the Medium-High emissons scenario
(Figure 7-8).

In generd the demands were less gable in the runs usng the Medium-High emisson
time series (Figure 7-8), than those using the higorica climate data, i.e they showed
greater variety. The more frequent and lower suggestions made by the policy agent
seemed to have the affect of perturbing the demand patterns.

7.7 Inferencefrom the model results

The modd does not tell us what people or communities will do, or even what they are likdy
to do. Indeed in runs of the modd we got a large variety of quditatively different outcomes
(in terms of the shgpe and Sze of aggregate domestic water demand), given a very smple
range of dmulated behaviours and exactly the same environmenta conditions. In the
amulations certain behaviours can become established and then be robust againgt subsequent
outsde influence. This is because behaviours are imitated from simulated household to
smulated household and so can become entrenched through mutua reinforcement.  Once this
occurs, if the socia reinforcement process is strong enough, the behaviourd pettern can last
for many years. High tumover raes in water appliances reinforce the persstence of
behaviour.

In the modd, runs during periods of drought usudly resulted in a dight drop in demand, but
this quickly reverted to previous levels. In a very few runs the drought seemed to cause a
ggnificant and permanent drop in demand. This suggedts that it is possible that droughts
might only have along-term effect on household behaviour if the socid conditions areright.

In generd, differences in dimate (such as might result from dimae change in the medium
term) did not usudly cause a dgnificant change in demand in this modd, but in a few more
runs there was a permanent drop in demand. This does not suggest that climate won't affect
household behaviour but it does suggests that it is possible that the socid effects within
clugers of households may be a dgnificant factor in determining the level of household
demand, and so should not be ignored when considering climate effects.
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Figure7-7. 30% Neighbour biased, Medium-High scenario, historical innovation dates
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Figure 7-8. 30% Neighbour biased, Medium-High scenario, historical innovation dates
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Figure 7-10. 55% Neighbour biased, Medium-High scenario, historical innovation dates
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Figure 7-11. 80% Neighbour biased, historical scenario, historical innovation dates
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Figure 7-13. 55% Neighbour biased, historical scenario, changed innovation dates

In the modd runs the avalability of new devices (such as new water-saving washing
machines and power-showers) sometimes had a dgnificant, but not completely predictable,
impact on demand. This suggests that it is possible that the availability of new products that
are developed in response to climate change may have as profound an impact upon household
water consumption as exhortation or direct, climate effects on behaviour.

In the gmulations the particulars of how the households were clustered and (socidly)
connected, and where the households looked to inform their behaviour subgtantialy affected
the outcomes in terms of demand. Unfortunatdy, there is not much information concerning
how people do behave in this regard, so as to inform the modelling of these aspects. Thus the
agent-based modd points out the importance and potentid of investigating such behaviour.
Wha would be required is a longitudind study of household behaviour in smadl (100) clusters
of households indicating in particular where consumers seek to gain information on before
purchasing water-consumptive gppliances. This information might be extremey useful when
trying to plan and direct public exhortation in Stuations of water shortage.  Whilst there have
been consderable advances in the development of techniques to measure changes in the
environment and water demand, there has been redively little effort towards detecting socid
changes that may effect water demand. The results from the agent-based mode indicate that
it is possble that socid changes could be ggnificant in their effect on domestic demand
patterns.

7.8 Policy applications and validation

The am of this kind of agent-based modelling is not to predict what outcomes will occur, and
certainly not to capture al the red posshbilities What it might be able to do is (1) pre-figure
some of the possbilities so that if something smilar does occur we can be prepared for them
(if only mentally); (2) improve our understanding of the possible processes so that we are less
often midead and (3) facilitate the development of gppropriate monitoring and response
options (4) suggest important questions and further research.

The technique does not stand independently in a policy or planning process.  Producing
credible future outcomes composed of believable interactions requires a lot of good
information (both quditative and quantitative) about the kind of interactions that actualy
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occur.  Such modds are inevitably complex and require a lot of checking in as many different
ways as possble These modeds have a great many adjustable parameters and possible
outcomes, 0 that a comprehengve sat of runs covering al the posshbilities is not usudly
feesble.  Consequently, condderable domain expertise is required in the desgn and
vdidation of the models. An effective means of acquiring such domain expertise is to involve
dakeholders in both modd design and modd vdidation. The modds become a formd
expresson of the stakeholders views of the behaviour of themsdlves and other stakeholders,
how and why gsakeholders interact and the likely results from that behaviour and interaction.
The power of the modds is that they generate scenarios and then support the interrogation of
the models by the dakeholders. It is possble to determine why agents representing one
stakeholder or group of stakeholders behaved as it did. The formdity of the modes requires
and asssts the stakeholders to develop consstent, sound and comprehensible accounts of the
futures they deem likely.

At this sage the agent-based models need a lot more development based on much richer
information about the behaviour of the individuds and inditutions concerned before the
possibilities it indicates can be used in planning. The lack of such data reveds the paucity of
our knowledge of the decisons concerning water use that people make and how they make
those decisons. The models reported here indicate that such differences in how decisons are
mede can result in very different outcomes given only very smdl changes in the environment.

This result is entirdly compatible with the results obtained in the datisticd and econometric
modds of indudtrid, agricultural and domestic water demand.

Clearly there are severa ways in which the model could be made more redigic. To do this
requires more and better information about household behaviour. Anglian Water's SOPCON
data gives a 15 minute reading of what devices were used for a sample of 100 “golden
households’. This sort of detailed longitudind deta is essentiad if good agent-based models of
household behaviour are to be built. Another aspect of which little is known is the topology
of imitation networks in red neighbourhoods — a few detaled fidd sudies of this would give
us a handle on what redl imitation processes might be occurring.
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7.9 Appendices

7.9.1 Appendix 7-A. Detailed M odel Specification

Static Structure

The model container is iterated each month and each year for the designated time periods (in
this case 1970-1997). In this container the following sequence occurs. the ground module;
the policy agent and the household cluster. Preceding and following this sequence the mode
container does some adminidrative caculaions such as reading the rdevant climate data and
caculating the resultant aggregate demand each month.  The container and sequence structure
isshown in Fgure 7-14.

Each year

Each month

Household-1
Household-2
Ground Policy
Module Agent
Househol 40
Household Cluster

Model Container

Figure 7-14. The agent and time structure of the model

The 40 households are executed in pardld, having access to others actions in previous but
not current actions. The households are randomly distributed about a 60x60 2D grid. Each
household can ‘obsarve the public actions of households within 4 squares of themsdves
horizontaly and verticaly. An example of such adigribution is shown in Figure 7-15.
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- Global Biased
W - Locally Biased
- Self Biased

Figure7-15. An exampledistribution of households (arrows show those householdsthat aremost
influential to another)

Each household has a memory of posshble actions and their endorsements, these include: the
observable actions of its neighbours, the observable actions of the neighbour mogt like itsdf,
the recommendations of the policy agent, its own past actions, its own recent past actions, and
those for new appliances (with alow endorsement to introduce it).

7.9.2 Appendix 7-B. Algorithms

This section outlines the model dynamics. The smulation time is composed of years and
months. For the purposes of this report we have restricted ourselves to recent history, 1973-
1997. Each month the following sequence is determined: Ground Water; Policy Agents,
Household Decisions, and findly Aggregate Demand. These are described below.

Ground Water: Each month, the ground water module caculates the moisture content of the
ground using the modified Thornthwaite dgorithm, usng mean temperature, precipitation and
sunshinetime sexies.

The modified Thornthwaite agorithm is used to compute the soil moigure through potentid
evapotrangpiration (PET) from temperature and hours of daylight per day (as in Food and
Agriculture Organisation 1986).
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The value of the unadjusted PET at temperatures above freezing is caculated as:

PET Temperature(T) range
- 415,8547 + 32.2441T —0.4325T> 26.5=T
16.5(9T/H)a 0=T<265

0 T<O0

where H is heat defined as
.1514
ol 8
£0.7g
and the exponent a is
6.75x107 H® - 7.71x10° H? + 0.01792H + 0.49239
The day lengths are cdculated from the day relative to the winter soldtice and the latitude. The

monthly PET vaues are adjusted to reflect the difference in water use between a grass surface
and amixed landscape of grass, trees and shrubs. The monthly correction factors are;

Nov — Dec -Jan — April May June — July - Sept Oct
Feb —March Aug

0.8 0.9 1 11 105 085

Policy Agent: The Policy agent monitors the groundwater content caculated by the Ground
Water module. On a second consecutive month with less than 85% moisture content it starts
to recommend the reduced use of water to the households.  The longer the dry period
continues (i.e. as long as there is no month with 85% or more moisture content), the lower are
the usages it recommends to the households. The months of dryness characterised in this way
isshownin Fgure 7-16

Number of consequative dry months

J-73
J-74
J-75
J-76
J-77
J-78
J-79
J-80
J-81
J-82
J-83
J-84
J-85 A
J-86
J-87
J-88
J-89
J-90
J-91
J-92
J-93
J-94
J-95
J-96
J-97

Simulation Date

Figure 7-16. Number of consecutive dry monthsin historical scenario
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Household decison making: Each month each household updates its consumption patterns
concerning the use of each micro-component. It does this by conddering its own actions,
those of its neighbours, those of the neighbour thet it consders is most amilar to itsdf, the
suggestions of the policy maker, and (in particular circumstances) possible new patterns with
new appliances. In the current model the consumption is not directly affected by the wesather.

To decide among these, the household uses an “endorsement” mechanism (Cohen, 1985), that
is it remembers different suggestions as to the use of each micro-component dong with its
endorsement in the form of a labd representing the source of the suggestion. When it comes
to making a decison it weighs up these suggedions using its own sysem of endorsement
weights. The set of base weights is randomly alocated to each household a the gart of the
amulation according to a digtribution specified. This digtribution is specified by the expected
percentage of households that are more biased towards imitating from neighbours, those that
are more biased towards adopting suggestions by the policy agent, and those who tended to
ignore ether. These biases do not determine behaviour rigidly, for example if it is not too
biased towards lisening to a policy agent if it has many neighbours which are suggesting a
particular behaviour then this may “outweigh” the policy agent’s suggestion.

The gpproached used here, is to define a number base b and evauate each endorsed object
according to the formula:
V=3 b - § bkl

§30 g<0
where g is a (usudly integer) vaue associated with the it endorsement token. Negative
vaues of endorsement tokens indicate naturdly enough that they are undedrable. The higher
the value associated with an endorsement token, the higher the class of tokens containing that
paticular token. The vaue of b is the importance of an endorsement token relative to the
vaue of a token in the class below. If the base is 2, then an endorsement of class three
contributes 8 to the endorsement value of an object while an endorsement of class two
contributes only 4. For vaues of b larger than the number of tokens in any class used to
endorse any object, the results from this evauation scheme are the same as from Cohen's
evduation scheme. For smaler vaues of b it is possble for a large number of lesser
endorsements to outweigh a small number of endorsements of greater value.

Aggregation: The mode adds together al the water use for al the households to produce the
aggregate demand for that month.

Key settings and parameters. The most important settings are (setting options used in

brackets):
- Thesze of the 2D grid (10);

The number of households (40);

The years over which the smulation is run (1970-1997);

The range over which households can see each other (4 squares);

The monthly average temperaure and totd precipitation time series (actud from

Thames region; modified to be condgtent with UKCIPO2 Medium-High emissons

scenario for 2050);

The latitude (51°);

The critical triggers for water use advice from the policy agent (85% moisture, 2"

consecutive dry month);
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The available micro-components and ther digtribution among the households (from 3
Valleys data 1997/98);

The dates for the introduction of new devices (4/90 power showers, 10/92 water
saving washing machines or 10/92 power showers, 2/88 water saving washing
machines);

The proportion of households biased towards imitating from neighbours (30%, 55%,
80%);

The proportion of households biased towards listing to suggestions from policy agent
(15%);

Initialisation: The households are initidly randomly distributed about the 2D grid. They are
initidised with water-consuming devices according to the given OVF didribution. They are
provided with a random st of weights (or biases) so that the population of households is
divided up to match the parameters given. They ae given a minimd random st of
behaviours that are minimally endorsed to start with.

Emergent model dynamics. An example as to how the endorsements affect the selection of a
paticular action from the firs month of its adoption until it was replaced 6 morths later, is
shown in Table 7-3. It shows how an action was reinforced by a combination of the
endorsements. recent, neighbour sourced and self sourced (remembered, but not necessarily
recent), until action8472 eventudly overtakes it by being neighbour sourced four times
including being endorsed by the ‘most dike neighbour. How many neighbour sourced
endorsements are necessary to ‘overcome  endorsements such as ‘sdf sourced” and ‘recent’
depends upon the weightings the agent is given during the modd initidisation.

Table 7-2. An example of how endor sements may affect action choice
Month 1 used, endorsed as self sour ced

Month 2 endorsed as recent (from persona use) and neighbour sour ced (used
by agent 27) and self sourced (remembered)

Month 3 endorsed as r ecent (from personal use) and neighbour sour ced (agent
27 in month 2).

Month 4 endorsed as neighbour sourced twice, used by agents 26 and 27 in
month 3, dso recent

Month 5 endorsed as neighbour sour ced (agent 26 in month 4), also recent
Month 6 endorsed as neighbour sour ced (agent 26 in month 5

Month 7 replaced by action 8472 (appeared in month 5 as neighbour sourced,
now endorsed 4 times, including by the most alike neighbour — agent
30)

As a reault of the learning and decison making by households, a sdf-reinforcing household-
to-household imitation pattern can occur. If the households are (onthe-whole) sufficiently
biased towards imitating from neighbours then each household in a cluser may copy a
substantid part of its behaviour from these neighbours who have copied the behaviour from
their neighbours etc. If the households are sufficiently clustered then patterns of behaviour
may be copied back and forth, thus reinforcing itsdf. Thus there is a sort of competition
between different patterns of behaviour and the ‘locking-in" of winning behaviour can result.
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7.9.3 Appendix 7-C. Data Sources

Climate time series. Monthly average temperature and total precipitation time series for
Centrd England for 1970-1997 were used as inputs to the ground module, also a vaue for the
latitude of 51° from which the hours of daylight are calculated.

Modifications to the climate time series to reflect the UKCIP02 Medium-High emissions
2050 scenario: In order to include a comparison of the outcomes under the UKCIPO2
Medium-High emissons 2050 scenario and current conditions the above time series were
modified to reflect this UKCIPO2 forecast for the upper Thames region. This involved
modifying the temperature and precipitation data as follows:

Table 7-3. Monthly modification to precipitation time series

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

+125% +10% 0% -5% -10% -20% -30% -20% -15% -7.5% +0% +10%

Table 7-4. Monthly modification to temperature time series

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

+1.0% +1.0% +1.0% +1.5% +1.5% +15% +2.0% +2.0% +2.0% +15% +15% +1.5%

Activity, Frequency, Use micro-component settingss The OVF daa came from
Environment Agency Straegies - Provincid Enterprise Scenario, Three Vadley's Water -
Resource Zone 2 for years 1997/98 and 2000/01.

Weibull parameterisations for micro-component replacement rates. The Beta parameter,
which determines the shape of the digtribution, was taken from typical vaues given in (Bloch
and Getner, 1994). The eta parameter is a scae parameter and was sat S0 that the life
expectancy of adevice was 5 years.
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8 Variability, confidence and uncertainty

This chapter looks across the sectors to address key issues relating to the question: How
robust is our present understanding of climate change impacts on demand for water? It begins
with a summay of the man sources of uncertainty in a scenario-driven dimate change
impacts study. It then explores potential uncertainties related specificaly to demand for water,
grouped according to those that would lead to higher or lower estimates of the impact of

climate change.

8.1 Uncertainty in climate impact assessment

In drawing reference from climate impacts for formulating appropriste policy, the innate
uncertainties in climate and climate impacts projections need to be acknowledged. Where the
conclusons drawvn from a specific sudy ae extrapolated beyond the bounds of ther
goplicability, or without an awareness of the limitations of the conclusons they can essly
conditute misnformetion.

All dimate forecasts are uncertain and there is emerging awareness that the variadlity within
climate forecasts may itsdf be influenced by cdimate forcing (Wilby and Wigley, 1997, Allen
et al, 2000). Where uncertainty and variability are innate to the sysem being studied, the onus
is on ressarch not to podt atificdly definitive concdusions. ldentifying the sources of
uncertainty and varidbility in dimate proections can be usful in the formulation of
appropriate policy (Shackley and Wynne, 1997) and can chalenge understanding of the
physical processes governing climate change and crop growth (Weaver and Zweirs, 2000).

New and Hulme (2000) have identified sources of uncetanty innate to climate forcing,
ranging from the extent of future emissons through to the manner in which these impact upon
a specific component of society. Such a cascade of uncertainty (see Figure 81) underlies this
study and amplifies the uncertainty introduced by the modelling process.

Additiona uncertainty in this sudy stems from the paucity of data avalable. It is possble that
better data or a more detailed parameterisation of the interaction between climate change and
specific sectors would reved additiona or different sengtivities.

That the manner in which dimate changes will impact upon the UK in the future cannot be
fully undersood is arguably cause for additiond, not less, concern (Shackley and Wynne,
1997). Rik averson is related to exposure to economic impacts (Ray, 1998) and the
possibility that warmer climates will impose additional production costs and heightened risks
on dready vulnerable populations and economic is a concern throughout the UK.

8.2 Uncertainty in climate impacts on demand for water

The sources of uncertainty in an assessment like the CCDeW project are numerous, and few
are easly addressed given the avallable data Here we group the sources of uncertainty into
those that are likely to lead to higher estimates of climate change impacts and those that tend
to more conservative edimates. We provide examples of the uncertainties from the present
method—but these should not be taken as a comprehensve risk assessment. Below we
provide an overal conclusion regarding the robustness of the results.
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Figure8-1. Cascade of uncertainty in climateimpact assessment. L evelsof uncertaintiesin this
study are amplified at the local level. Source: after New and Hulme (2000).

8.2.1 Toward higher impacts of climate change

Extremes and risk avoidance: There is a growing awareness that models based on average
climate change may under-report the risks associated with climate change — particularly the
risk associated with the higher frequencies of unfavourable conditions and extreme events.
For example, where mean climate (or mean temperature) is modedled, the number of
unfavourable climate episodes may have to increase dragticaly before the modd shows mean
conditions to be unfavourable. Probably the single most important caveat of the findings of
this report is the poor understanding of the risk of extreme events and their impacts on
demand. This hastwo, intertwined, aspects.

Fird, the climate scenarios provided by the UKCIP did not adequately address extreme
events. The project did not fee competent (or have the mandate) to extend the scenarios with
explicit changes in the variability of future dimates. Nor were edimates of changes in the
frequency of extended droughts available. For example, water planners are concerned with
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the likelihood of extremes such as a two year drought, or a series of dry winters that reduce
groundwater recharge followed by a hot summer.

Second, the importance of extreme events in water planning is clear, but the regulatory regime
is changing and a threshold for demand is not easy to identify. While demand is cdculated
for the dry year, the Satidtica bass of this varies among regions and water companies. The
design condition used in company water resource plans is the “dry” year demand st againgt
the deployable output of the water resource system. Deployable output represents the output
of the sysem under drought conditions. For surface water systems it is for a defined leve of
savice, for ground water systems it is for the worst drought on record. In addition, the
datigticd definition of a drought year for supply (eg., dry winters) is different from a drought
year for demand (e.g., a hot summer).

Under the current water resources planning methodology, uncertainty in the individud
components of demand and supply are built into heedroom. Climate change uncertainties feed
into both supply sde and demand Sde estimates. To address this the water industry has
conducted research to investigate more refined approaches to incorporate uncertainty into the
current  determinigtic  approaches to  esimating supply/demand  balances. However, an
integrated analysis of changes in the probability of a supply/demand deficit is now required.

Notwithstanding the above limitations, some sense of the importance of cimatic extremes and

risk can be garnered from the CCDeW project results.
For agriculture, irrigation engineers use the 80% dry year as the benchmark for
planning irrigation water requirements. So the results presented above dready include
an estimate of acommon risk threshold.
In the domestic sectors, the results from the CCDomestic modd can be used to
edimate the impact of climate change on demand for water during a dry year. Here
we (atificdly) define the dry year as one occurring in 3 out of 10 years. This is
somewhat less redrictive than for irrigation. In southern England the difference
between smulations for the present dry year and a dry year with the High scenario of
climate change is about 4% (for the period between the 2020s and 2050s). So, while
the mean impact is on the order of 23%, the dry year impact might be an additiond
1%.
For indugtrid and commercid users, a risk threshold is not commonly applied, partly
following from the assumption that metered supplies to industry will be a priority even
during a water shortage. Exiding data are not sufficient to make an edimate of the
dry year impact, but it may well be on the same order of magnitude as for the domestic
sector, i.e. an additiond 1% above the mean impact of climate change.

Climate scenarios. Every few years new climate scenarios are produced, both globaly and
nationdly. The UKCIPO2 scenarios are dightly more adverse across the UK, for water
demand, than the UKCIP98 scenarios, but somewhat less adverse than the first generation of
scenarios (as used by Herington (1996)). The key uncertainty is whether the present
scenarios adequatdy represent the range of uncertainty in plausble climae futures. We
cannot answer this question adequately. However, the IPCC Third Assessment Report shows
a range of future risks tha have higher temperature changes and dgnificantly worse impacts
for the UK than those derived from the UK Met Office modd. There is a clear need to
develop probabilistic scenarios that represent the full range of risk.
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Feedbacks on water use. The CCDomestic modd presents a congrained andysis of climate
change impacts. The ownership of appliances and frequency of use are externdly forced and
do not change in response to mean climatic changes or extreme events. The impacts
themselves are based on s-shaped curves that limit the impact to an upper threshold (eg., a
60% increase in the frequency of taking showers). It seems plausble that a leest some
people would respond to warmer weather by investing in their gardens, developing water
features and spending more time outdoors.  This implies buying and usng more hosepipes,
and maybe even in-ground pools. Similarly, hotter weether may acceerate trends in buying
power showers. The smulatons reported in Section 7 illudrate the potentia for dgnificant
behaviourd feedbacks.

Variability among water resource zones. The regiond reaults reflect average climate
change and generdized reationships with demand. Some WRZs will have unique festures of
demand and may have additiond supply/demand congraints that make them more sengtive to
climate change impacts. Table 81 shows the range of results for each region. For instance,
in the Anglian region for the Medium-High climate scenario and the Alpha and Beta reference
scenarios for the 2020s, the average increase (in total pcc) was estimated to be 1.83%. The
minimum and maximum among the waer resource zones within the Anglian region were
1.25% and 2.43%, with a standard deviation of 0.63. For the 2050s the minimum, average
and maximum, dl increese.  However, the effect in the 2050s compared to the 2020s on the
gtandard deviation is not consstent across the regions.  Such estimates perhaps provide some
limits on the range of regiond impacts.

8.2.2 Decreasing estimates

Water saving technology: The Environment Agency reference scenarios bracket a range of
futures in which exising technologies affect domestic demand.  While dimatic changes might
accelerate the adoption of more water gppliances (such as power showers), it might aso lead
to greater awareness of water resource issues among consumers and adoption of water saving
technology (see Chapter 7). The trend to use less water in tailets is aready established, while
more efficient garden watering could become common.

Demand management: Policy and consumer attitudes would aso affect expectations of
levdls of savice and willingness to voluntarily restrict demand during periods of water
shortage. Metering and tariff sructures could be important in reducing the impact of cimate
change, and particularly so for episodes of extreme events. Dynamic demand management is
not incorporated in the CCDomestic modd!.

For both of these influences on demand, the agent-based results suggest that interactions with
climatic episodes could influence future demand quite dramatically (see Chapter 7).
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Table 8-1. Regional impacts of climate change on domestic per capita consumption (pcc), %,
with range of results for water resour ce zones for Medium-High emissions scenario

Alpha and Beta

2020s 2050s
Region Min  Average Max StdDev | Min Average Max StdDev
Anglian 125 183 243 0.63 254 304 335 0.24
Midlands 125 183 243 0.42 242 3.68 4.95 0.92
NorthEast | 1.27 148 161 0.36 254 3.04 335 0.24
North West | 1.15 143 1.67 047 2.39 297 3.40 0.34
Southern 094 145 219 0.39 174 292 5.03 0.75
South West | 0.96 1.39 1.70 041 181 2.81 348 0.56
Thames 1.00 137 1.88 0.46 201 2.67 359 0.53
EA Wales | 108 145 197 0.45 2.05 2.79 3.90 0.46
Total 0.94 1.46 2.43 0.26 1.74 2.90 5.03 0.60
Gamma and Delta
2020s 2050s
Region Min  Average Max StdDev | Min Average Max StdDev
Anglian 052 128 2.22 0.63 0.76 2.18 318 0.80
Midlands 043 110 1.62 0.42 123 2.30 3.36 0.73
NorthEast | 063 1.13 1.62 0.36 0.26 2.10 4.67 1.02
North West | 026 1.08 212 047 0.20 211 3.28 0.85
Southern 025 107 164 0.39 0.53 181 3.05 0.85
South West | 0.35 0.95 155 041 0.33 1.92 3.77 0.91
Thames 031 102 1.83 0.46 0.20 2.05 4.67 0.94
EA Waes | 025 1.06 2.22 0.45 0.20 2.05 4.67 0.%A4
Total 0.25 1.06 2.22 0.45 0.20 2.05 4.67 0.94

Note: The values are the minimum, average, maximum, and standard deviation of estimates of climate change
impacts in the water resource zones in each region.

8.3 Conclusion — variability, confidence, uncertainty

In summary, while CCDeW edimates of long-term impacts of climate change on average
demand appear redidtic, they are not projections of the future. Rather, we have employed a
methodology that dructures ingght into the mgor sendtivities of changing water demand in
the future. Clearly, the underlying trend in the Structure of demand is more important than the
margind effect of climate change  Also goparent is tha the interactions of behaviour
(whether farmers adopting irrigation or consumers saving water during a drought) could lead
to substantialy grester or lower impacts of climatic variaions in the future than experienced
at present.
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9 Conclusions and recommendations

This section summarises the assessment, firg for the individua components of demand—
domedtic, indudria/commercia, agriculture and horticulture, and leisure.  Then we ‘scde up’
the component results to show the aggregate impacts of climate change on tota regiona and
nationa demand for water. Notes on further research for future water planning indicate the
progresson from a scenario-based, what-if analyss, to an integrated assessment of water
supply/demand baance risks associated with climate change.  Findly, we provide initid
guidance on how these results may be used, particularly in the current regulatory review of
water resources in England and Wales.

9.1 Synthesisof component results

9.1.1 General

On badance, what is our interpretation of the severd lines of evidence presented on the impact
of climate change on demand for water?

While the gdructure of future water demand is clearly important, the ‘choice of Environment
Agency reference scenario gppears to be even more important in determining overdl water
ue in the future. The impact of dimate change is rdaively smal, compared with the
increases or decreases suggested in the Environment Agency water strategy.

Given the uncertainty of quite different but plausble future scenarios, the impact of mean
climate change on demand from the public water supply is likely to be relatively modest over
the next 20 years or so. Table 9-1 presents the range of results for each component of
demand. The minimum change expected (the Gamma reference scenario and the Low climate
scenario) for the 2020s suggests impacts of 1-3% for domestic and commercid/industria
demand, and about 18% for agriculture.

The high-impact scenario—the Beta reference and Medium-High dimate scenarios for the
2050s—suggedts that the impacts would be in the range of 2.5-6% (including the proportion
of agriculture from the public water supply). The impacts in the 2020s across the four
reference scenarios fall between these two marker scenarios.

The avalable data and modds, paticularly the modd dependency on mean cdimate change,
are likdy to under-estimate the potentia risks of extreme events. Another 1995-type drought
should be expected in the next 20 years, and indeed if some scenarios are believable could
become common by the end of the current planning horizon. Clearly, drought contingency
planning and dynamic demand management are essentid.

9.1.2 Domestic

The CCDeW andysis of the impact of climate change on domestic demand for water shows a
farly modest estimate of about a 11.5% increase for the 2020s. By the 2050s, the impacts
might be in the range of 1.5-3%.
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We have used the EA water resources strategy scenarios as the reference case. About 40% of
domegtic demand a present is accounted for in personal washing, garden watering and car
washing—the main micro-components sengtive to cdimatic variations.

Table 9-1. Range of results, showing the selected marker scenarios for the EA reference
scenarios and the UK CIP climate change scenarios, for the 2020s and 2050s

Domestic demand:

2020s 2020s 2050s
Low Med High | Med High
Alpha
Beta LALEN 37w
Gamma | 0.9-1.2% 1.0-1.3%
Delta
I ndustrial/commercial demand:
2020s 2020s 2050s
Low Med High | Med High
Alpha 1.7-2.7%
Beta 1.8-3.0% 3.6-6.1%
Gamma| 1.8-29% | 2.0-3.1%
Delta 1.7-2.7%
Agricultural demand:
2020s 2020s 2050s
Low Med High | Med High
Alpha 19%
Beta 19 26%
Gamma 18% 19%
Delta 20%

Notes: For domestic and commercial/industrial demand, the range of changes refers to the lowest and highest
impacts at the regional level. For agriculture, a national estimate is calculated in the model—the regional results
are quite variable. The domestic model does not differentiate between the Alpha/Beta and Gamma/Delta
scenarios since the impacts were very similar.

The impact of climate change is much grester for the Alpha and Beta scenarios, where
personal washing and garden watering incresse.  The differences between the four reference
scenarios (i.e, from about 115 I/h/d to over 200 I/h/d in the 2020s) is much greater than the
additiond impact of climate change.

Most of the modelled impacts are atributed to the increased use of baths, showers and power
showers and are based on the assumption that the frequency of bathing islikely to increase.

We have relied primarily on dynamic smulation modds cdibrated for sdected water resource
zones. We included severa datigticd explorations as well as socid smulation results that
indicate quditative responses to climatic variations and waer scarcity. The dynamic
simulation model is more conservative than Satistica correlations.
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The agent based socid smulation mode (reported in Part 111) indicates that an increased
frequency of drought could trigger long-term reductions in demand through adoption of water
saving technology. Alternatively, consumers might incresse their demand beyond the high
reference scenarios if the presumption of entitlement to a private good exceeds willingness to
conserve water during periods of drought.

Mgor uncertainties remain. The most important is likely to be the treetment, in the modelled
impacts and climate scenarios, of extreme events. Preiminary results indicate that ‘dry year
demand increases somewha more than mean demand, perhaps on the order of an additiond
1%.

9.1.3 Indugry and commerce

The andyss presented in Chapter 4 suggedts that the climate change impacts on
indugtrid/commercia demands are likely to be higher in percentage terms — up to 2.8% in the
2020s - than the impacts on domestic consumption. The detailed resuts from the modelling,
of which Table 49 is a summary, suggest that the impacts do not seem to be notably different
across the scenarios.  In contrast to the domestic demands, there do appear to be differences
between the regions, this is due to the different mix of indudrid/commercid sectors in each
region.

The results of the anadyss are based on a number of heroic assumptions about the current
dlocation of totd indudrid/commercid demands to different sectors, and the relationships
between consumption and climate variability. Climate change impacts are consdered to be
gndl in the context of the underlying uncertainty in indudrid/commercid forecasts, and the
sengtivity of consumption to locd, nationd and globa economy.

In its work on demand forecasts behind the regional and national water resource Srategies,
the Environment Agency identified 19 different sectors into which indudrid/commercid
consumption could be divided. The sectors sdected, and those aggregated in the “other”
category provide some useful ingght. Of the sectors most likely to be impacted by climate
change, only the Food & Drink (SIC Code DA) and Hotd (SIC code H) sectors have been
identified as separate categories.  Others such as agriculture (SIC code A) and socd,
recregtion and leisure (SIC code O) were aggregated into the “other” category by the
Environment Agency.

The impacts are smdl in comparison with the range of forecast demands for each of the four
reference socio-economic scenarios, and with the percentage change in forecast basdine
demands between 1997/98 and 2024/25.

Ingpection of the temperature-water consumption relaionships for WRZs in Southern Region
suggests that in some sectors there are differences between coastd WRZs and those located
inland. Given that the andyss has been conducted on data a water company levd, rather
than WRZ levd, it was not posshle to accommodate this type of spatid difference in the
andyss.

9.1.4 Agricultureand horticulture

The survey of irrigation of outdoor crops in 2001 confirmed that water use for irrigation is
curently growing a 2-3% per annum, and provided a new basdine for the demand
moddling.
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Climate change could impact irrigation water use via many different mechanisms, varioudy
affecting plant physiology, soil water baances, cropping paiterns, the aress irrigated and the
methods used.

The enhanced atmospheric CO, leves predicted will increase plant growth rates, increasing
plant height and leaf area index and hence increesng plant water use, but they will dso
increese stomatal resstance, decreasng plant water use. Moddling suggested the effects
would roughly cancd out, but the literature is inconclusve and long-teem fidd-scale
experimentd data is lacking. The enhanced atmospheric CO, leves will dso increase yidds
(on top of current trends) and hence reduce the crop areas needed for the same production
level. This impact adone could reduce irrigated areas and hence water demand by around 5-
10% in the 2020s and 15-20% in the 2050s.

Climate change will extend land suitability for most crops northwards, and will make some
land in the south unsuitable for the present rainfed crops due to droughtiness. However,
irrigated crops may not need to move unless water condraints become a sgnificant driver.
The moddling assumed no net impact. International climate change impacts on food trade
have not been consdered.

Soil-moisture-deficit based agroclimatic zones will move northwards and westwards. By the
2020s, centrd England will be smilar to the present eastern England, and by the 2050s
eadern, southen and centrd England will have irrigation needs higher than currently
experienced anywhere in England.

The water demand moddling suggests that predicted changes in  rainfdl  and
evapotranspiration aone would increase dry year water demand by around 30% by the 2020s
and by around 55% by the 2050s. The percentage increases are sSmilar for al socio-economic
scenarios. They are grestest in the midlands and the south-east.  When offset by he assumed
impact of higher yidds, the increases are around 20% by the 2020s and around 30% by the
2050s. However, it is noted that the IrriGrowth modelled increases were sgnificantly lower
than results for specific weether dation dtes, suggesting the methodology is very sendtive to
the assumptions and corrdaions used. The uncertanties in this moddling and in the
underlying UK CIP data suggest these figures should be used with caution.

Ovedl, the moddled impacts of climate change are smdler than the differences between the
four socio-economic scenarios.  In studying impacts on unconstrained demand, adaptation to
water shortage and climatic change has not been included. Clearly some of the demand
increases smply cannot be met; water pricing and/or redtrictions on water supplies will limit
irrigation in many cachments This could then prompt crop movement (rasing demand
elsawhere), a change in the crops irrigated, and/or changes in irrigation practice to incresse
the efficiency of irrigation. Further studies are needed to identify actual outcomes.

9.15 Leare

The andyss of potentia impacts of climate change on the leisure sector has been limited by
the lack of robust higoric data from which to edablish reaionships between dimate
variables and consumption.

With a warmer and drier summer climate, the popularity of outdoor lelsure, and in particular
water-based activities is expected to grow. Some of these water-based activities such as
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boating and canoeing on lakes, resarvoirs, rivers, estuaries and the sea would not of
themsealves be expected to increase the demand for water from public water supplies.

Other activities such as use of outdoor swvimming pools would be expected to increase water
consumption, but the current level of consumption through use of outsde public pools is
thought to be low. Given the low expenditure on public leisure facilities in the past 10 years,
sgnificant increases in public use are not considered to be likely.

Increases in the ownership and use of private pools are likdy under climate change, but
affluence will dso be an important contributor.  Given heroic assumptions on the future
ownership and size of swvimming poals, it is edimated that the open water eveporation losses
from private pools in the 2020s @uld increase by 37 MI/d from the non-climate change case.
This however represents avery smdl fraction of industrial/commercial demand.

Larger climate change impacts are expected through increased irrigation on golf courses. The
sudy suggested that transpiration of agriculturad grass could increase by up to 78% by the
2020s in the medium high scenario, and irrigated areas would increase (Section 6.3). The
incremental demand on public water supplies will depend on the number of golf courses that
will teke irrigation water from public water supplies, but insufficient data is avalable to
quantify the change.

9.2 National and regional impacts on demand

The impacts of climate change, as reported for each sector in the preceding chapters, can be
aggregated to the regiond and nationd levd based on the EA scenarios of future water
demand. The dating point is the EA regiond scenarios of demand given in the water
resources strategy (2001b, Appendix 17). This report shows water demand in 2024/25 for:
Direct abdtraction:
0 Industry and commerce
0 Spray irrigation (in agriculture)
Public water supply
0 Household
o Non-household
0 Leskage
0 Water used in delivery operations and unmeasured use (DSOU)

For each component, the regiona-average dimate impact is applied. This is only a fird
gpproximation—some water resource zones will be very different from the regiond average.
To relate to the EA components, we make severa assumptions:.
We have not edimaed the extent to which leskage might be affected by climate
change. Although fewer cold pesks would reduce winter pipe bresks, increased
variability and short term dry/wet episodes might increase soil movement and leskage.
Spray irrigation is assumed to be equivdent to the average for agriculture and
horticulture. It may be that irrigated agriculture will draw more upon the public water
supply in future.  Equdly, production of high qudity horticulture may be rdaively
indifferent to water pricing and become an increesing component of demand from
public water supplies. Other agriculturd uses, such asfor livestock, are not included.
Industrid and non-household demands are assumed to have smilar impacts as our
industrial/commercid average assessment.
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The edimates for household (domedtic) demand are taken from our assessment in
Chapter 3.

Table 9-2 shows the nationd impacts of climate change for the sSx maker scenarios. The
Medium-High climate scenario suggests impacts of 1.4-2.0% across the four EA reference
scenarios. The Low climate change scenario is only dightly less—a nationd impact of 1.8%
for the Gamma reference scenario.

In this summay the estimate for the Medium-High climate scenario gpplies to the Beta
reference scenario for 2024/25 (the EA report does not show projections beyond this time
period). Clearly, the increased climate change leads to grester impacts—perhaps a further
increase of 1-2% in the regiond impact of climate change.

Table 9-2. Summary of results for England and Wales, for the selected marker scenarios, for
2024/25

Climate change
EA Reference L ow Med High Med High(2050s)
Alpha 1.4%
Beta 2.0% 3.8%
Gamma 1.8% 2.0%
Delta 1.8%

Notes: The EA reference scenarios are for 2024/25, from Appendix 17 in EA (2001b). The climate change
impacts are from the component chapters above, for the 2020s low and MediumHigh marker scenarios. The
Medium-High (20250s) climate scenario uses the component estimates for the 2050s (reflecting higher climate
changes) applied to the EA beta reference scenario for the 2020s. This assumes that the 2024/25 scenarios in the
EA report continue to the 2050s (at least in their relative proportion of total regional water use). Thisis alows
usto present at |east a sense of the potentially greater impacts of climate change over the longer term.

Table 9-3 bresks down the nationd results for each region (Appendix 9-A provides further
tables of results). The aggregate impact of climate change in the 2020s, for the Beta reference
scenario and Medium-High emissions climate change scenario, is a 2% increese in water
demand for England and Waes. Of course the impacts vary condderably by region, and even
more S0 for individual water resource zones, due to differences in the structure of domestic,
commercid/indudrid and agricultura demand. For example, the Anglian region, with the
largest proportion of spray irrigation, shows an impact of nearly double the nationd totd.
The North west region has the lowest impact, some 1.3% for the given scenario.
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Table 9-3. Regional total impacts of climate change for the 2020s, Beta r eference scenario and Medium high scenario of climate change

Anglian Midlands North east North west South west Southern Thames Wales Eng & Wales
Source Reference scenario, Beta 2020s, M/d
Direct  |ndustrial/commercial 196.1 656.6 7478 624.5 624 116.3 1130 5738 30905
Spray irrigation 309.3 121.0 274 115 131 42.8 226 136 561.3
PWS Leakage 2725 400.8 4437 460.9 2194 1827 7843 287.9 30521
Non-household 675.9 803.0 7954 666.7 502.9 304.7 1184.1 376.8 53094
Household 1235.6 1454.7 1154.3 1149.8 7926 789.8 21921 504.7 92736
DSOU and unbilled 250 290 50.7 25.7 220 133 313 121 2091
Tota 27144 3465.1 32194 2939.1 1612.3 14495 43274 1768.9 21496.1
Climateimpact factors, %
Direct  |ndustrial/commercial 26 18 18 18 30 27 25 24
Spray irrigation 20.0 230 8.0 -4.0 50 16.0 250 0.0
PWS Leakage 00 0.0 00 0.0 0.0 0.0 00 0.0
Non-household 26 18 18 18 30 27 25 24
Household 18 18 15 14 14 15 14 15
DSOU and unbilled 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Scenario impacts, 2020s M edium-High, ML/d
Direct  |ndustrial/commercial 201.2 668.5 761.2 635.8 64.3 1194 1158 587.6 31537
Spray irrigation 3712 1488 29.6 110 137 49.7 283 136 665.9
PWS Leakage 2725 400.8 4437 460.9 2194 1827 7843 2879 30521
Non-household 6934 8174 809.8 678.7 518.0 3129 12137 385.8 5429.7
Household 1257.9 1480.9 1171.6 11658 803.7 8016 22228 512.3 9416.6
DSOU and unbilled 250 290 50.7 25.7 220 133 313 121 2091
Total 2821.2 35454 3266.6 2978.0 1641.0 14795 4396.2 1799.3 21927.2
Change from reference scenario, %
Direct  |ndustrial/commercial 26 18 18 18 30 27 25 24 20
Spray irrigation 200 230 80 -4.0 50 16.0 250 0.0 186
PWS Leakage 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Non-household 26 18 18 18 30 27 25 24 23
Household 18 18 15 14 14 15 14 15 15
DSOU and unbilled 0.0 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0
Total 39 23 15 13 18 21 16 17 20

Source: EA (2001b, Appendix 17 for the reference scenario); chapters 3, 4 and 5 for the impact factors
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9.3 Climateimpacts methodology, revisited

The CCDeW project built upon Herrington's (1996) benchmark study. The estimates in this
sudy for increases in demand for water as a result of climate change are less than those made
in the Herrington report (particularly for agriculture and horticulture). The respective results,
are not however directly comparable. Given the rdative lack of data from which to undertake
the andyss, the findings of both studies have had to be based on heroic assumptions.
Herrington notes that his estimates are founded on wha seem to be plausble assumptions,
with the objective of assding undersanding of the possble order of magnitude of water
demand increases that could result directly from climate change impacts.

In the intervening years, methods for assessang climate change impacts have improved ad

severd distinctions between the two studies should be noted:
New climate scenarios were developed by the UKCIP, which did not exis a the
time of Herington's work. The scenarios are somewhat less severe than those used
by Herington, and have a higher regiond resolution. It is gill an open question
whether the present scenarios adequately represent the range of climatic risks for
individual water resource zones, or indeed for the UK regions.
Explicit socio-economic reference scenarios. The Environment Agency water
resources drategy scenarios provide a range of potentid futures againg which to
compare climate change impacts. In contrast to a trend projection (as in Herrington,
and common in water planning), this study provides a more robust assessment of the
range of future risks.
Improved data sets are now available. At the water resource zone leve, the
CCDeW project has had access to several time series of observed demand. The
Environment Agency reference scenarios provide complete coverage, not only of a
range of plausible futures but aso of a consstent basdline.
Micro-component analysis. The improved data sets alowed the CCDeW project to
employ a more quantitative and comprehensive gpproach than was possble at the time
of Herrington's assessment. However, the data sets il require further devel opment.
A range of analytical methods. The CCDeW project explored severd andytica
methods, whereas Herrington relied principdly on datigicad rdationships.  The
dynamic smulation gpproach facilitates the incorporation of dternative basdines and
dlows extrgpolation of climate sengtivity beyond the present experience.  Grest
atention was paid in CCDeW to expet judgment and consultetion with water
companies as to their ongoing assessmernts.
Behavioural modelling. The agent based smulations provide a means to explore the
inter-relationships between climatic episodes (e.g., droughts) and consumer behaviour.
While these reaults are Hill exploratory, they provide some indication of the structure
of future demand and the nature of uncertainty in projecting climate change impacts.
Guidance on risk assessment. Based on our discussons with experts in the water
industry and pardld projects on headroom and risk assessment, we provide an outline
of how the results of the CCDeW project could be used in current planning.

9.4 Monitoring, data and future research

A future assessment should continue to build upon more sophisticated methodologies and take
advantage of improved time series of demand. It should dso am to quantify the potentid risk



CCDeW Final Report Page 181 07/02/2003

of future extreme events. The man features that should be anticipated to ensure a robust
assessment in the future include:
Probabilistic scenarios of cdimate change and dimatic variability.  These should
include probabilistic or a least ‘worst case scenarios of pecific extreme events of
importance in water planning, such as atwo-year droughts;
Adequate water demand time series to calibrate the main features of impacts modds.
For example mos company hilling dadbases identify  indudtrid/commercid
customers according to SIC code. Anaysis of revenue data sector by sector, and for
different geographica areas would provide more robust data from which to assess
relationships between dimate varigbles and consumption. The 19 indudrid/
commercid categories used by the Environment Agency in its andyds of
consumption from public water supplies should be revised to include agriculture and
leisure as separate sectors.  The periodic irrigation survey should be continued.
Access to company monitoring of selected households should be improved.
Demand should be understood in relaion to supply. So, supply scenarios should be
included in order to cadculate the supply/demand baance and plausble interactions
with household adoption of technology and water use;
Further model development is warranted--multi-agent models are ided to represent the
diversty of water demand and its socid determinants.

More detalled andyss of the relationship between consumption and climate variables such as
temperature is recommended, but depends on the availability of appropriate data, and should
be conducted a the WRZ scde. Once more robust temperature/consumption relationships
have been determined, the analys's described in earlier sections could be repeated.

9.4.1 Domestic

Domestic demand dita that has been made available to this project from water companies has
mainly been based upon srategic supply areas or control aress such as individud sreets. This
data is useful if it is collected a regular intervads (daily, monthly) as opposed to occasional
water readings taken by the householder. Data vaue is increased when it can be combined
with information on the timing and spaia extent of voluntary and enforced redtrictions on
water use. In andysng climate change impacts, it is dso important to locate households
geographicaly usng identity codes a least to the nearest town (this was not dways possble
with the data received). Spatid postioning alows consumption to be compared to recorded
local meteorologica data.

Household surveys are dso essentid. Information on new appliances, new occupants, age
ranges and water use habits etic dong with monitoring of each water appliance would
ggnificantly improved the understanding of persond wae use and dlow for further
development of scenarios of the populations future water use.  Interviews regarding
household perspectives on water consumption, gppliance changes and the use of water saving
technol ogies would aso be useful.

The ussfulness of information & the household, or smal cluder, levd in moddling future
changes increases with the length of record. Data sets over a longer period of time, say a
least five years, would be particularly hdpful.

Another aspect of which little is known is the topology of imitation networks in red
neighbourhoods — a few detalled fidd dudies of this would give gart in understanding what
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red imitation processes might be occurring which are vitd for agent-based modelling of
water use behaviour.

9.4.2 Industry/ Commerce

Mogt company billing databases identify industria/commercid customers according to SIC
code. Andyss of revenue data sector by sector, and for different geographicad areas would
provide more robust data from which to assess reationships between climate variables and
consumption. The 19 indudrid/commercid categories used by the Environment Agency in
its andyss of consumption from public water supplies should be revised to incdude
agriculture and leisure as separate sectors.

Much  grester  discrimingtion  between  water consumption data  in vaious
indudgtrid/commercia  sectors and for different regions is a prerequiste for a better
undergtanding of the impact of dimate on water demand. Although it is recognized tha the
reluctance on behdf of companies to have their core data displayed in the public doman, may
redrict the exchange of data between water companies and externd bodies, the following
recommendations for data collection would improve the robustness of future anadyss:

Allocation of SIC codes to indudtrid/commercid customers to be consistent across

water companies

Monthly meter readings to be consolidated into monthly water consumption data on a

water resources zone level

Where paterns of consumption within a given sector vary across a water resource

zone — for example a zone that includes inland urban areas, and coastd areas popular

for tourism — additiona sub-zones should be consdered for indudrid/commercid

data

9.4.3 Agriculture/Horticulture

The methodology for forecasting agriculturd demand depends on the availability of base year
data and underlying trends from the Irrigation Surveys. It is essentid that these are repeated
regularly to retain a coherent data series.

Complementary data is avalable from the Environment Agency on direct abstraction for
irrigation. However, there is limited data from the water companies on mans water supplied
for agricultural and horticulturd irrigetion. With an incressng proportion of irrigation water
coming from the mains in southern England, this could become an important data set for the
relevant water companies to monitor.

There is dill uncertainty about the impacts of climate change (other than via water supply) on
the extent and location of irrigated cropping, and the impact of enhanced atmospheric CO, on
crop water use at field level; both topics require further research.

944 Lesre

There is much less known about the extent of leisure irrigation (sports-turf, landscaping etc)
than about agricultura irrigation. Though it is gill probably a rdaively smdl user, industry
urveys suggest it is growing more rapidly than agriculturd irrigation, and a larger proportion
is believed to be fed from mans supply. Future studies will need more data on the extent,
growth rates and water sources of the various categories of leisure irrigation.
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9.5 Guidance on estimating climate impacts on demands

Ealier chepters of the report describe the analyss conducted and present results of the
potential impacts of dimate change a given time horizons and for each Environment Agency
Region expressed as percentage changes from areference case.

One of the main objectives of the project was to provide water resource practitioners with
results that they can use when preparing forecasts of the potentiad demands for potable water.
This section of the report therefore provides guidance for the practitioner on how the results
should be gpplied to without climate change demand forecasts. The guiddines show how the
results can be downscaed from the regiona level to water resource zone (WRZ).

Water companies prepare forecasts of future demands as pat of ther andyss of the
supply/demand badance. A water resource plan is then developed teking account of any
aurpluses and/or deficits in the supply/demand baance. As pat of the process, companies
will consder uncertainties in the demand and supply forecasts and evauate the risks posed by
such uncertainties.

Climate change impacts are just one component of uncertainty that in the past have been
included in the headroom alowance. For the water resource practitioner therefore, estimates
of climate change impacts on demand need to be framed in the overal context of the
supply/demand baance that is built up from each WRZ into a company total.

The supply/demand baance as st out in regulatory returns to OFWAT and the Environment
Agency is based on specified design conditions. One of the important decisions for water
resource planning is therefore the choice of desgn conditions from which planning and
investment decisons will be made. A combination of unfavourable hydrologica conditions
that redrict the output available from sources — the condition for which deployable output
(DO) has been defined — with periods of high demands associated with “dry” year conditions
istypicaly used.

For the water company, the results from this study have to be gpplied to “dry” year demands
and a the scae of the WRZ. For water resource planning, climate change impacts should be
added to the forecast “dry” year demands

95.1 Domestic

Domegtic demand is cdculated from population and per capita consumption (pcc) (I/h/d),
with the later often cadculated from an andyss of micro-components. A digtinction between
unmeasured and measured pcc is made, ether explicitly through micro-component anayss,
or smply as a percentage change from the unmeasured vaue.

Three options are proposed for applying this assessment in water planning at the regiond to
locd leve.

A: Regional mode: The regiond results shown here are fairly modest for the 2020s and it
may not be worth the effort to undertake more detailed assessments. Based on tota pcc
projected to 2020s in water plans, an andyst would smply use the average regiond impact
for dl of the Environment Agency reference scenarios and climate change scenarios.  The
same increment would apply to both measured and unmeasured demand. A variaion would
be to match the tota pcc projected by the company for 2020s, to one of the Environment
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Agency scenarios for the region. For ingtance, it makes sense to use the Beta scenario if
persona washing is projected to grow.

B: Water resource zone mode: If the andyst has tota pcc caculated a the WRZ leve and
believes there are reasons for significant variation in dimate impacts among the WRZs, then a
more detaled andyss may be waranted. Totd pcc without climate change, would be
projected for each WRZ to 2020s. The regiona mpacts of climate change would be applied
to the WRZs totd pcc, either usng the same regiond vaue or adopting estimates for each
WRZ. In the later case, the edtimates should be within the range shown above for each
region and teking account of potentid differences in the basdine demand for water (eg.,
prevadence of garden water and different household types) and climate scenarios (eg., the
seasond  baance of precipitation and evapotranspiration).  This is likdy to be a semi-
quantitative process—drawing upon the published UKCIP scenarios, water resource sirategy
documents and company data on household use.

C: Micro-component modelling: The site approach developed for the CCDeW project can
be repllcated for eech WRZ in the region. The inputsinclude:
OFV for the water resource zone. We used the Environment Agency database but
water companies will have their own estimates for each micro-component.
Scenarios of climate change. The CCDeW database includes the UKCIPO2 scenarios
interpreted to the WRZ levd for temperature, precipitation and potentia
evapotranspiration (estimated)
An impact mode relating dimate variations to demand. This might be a WRZ verson
of the CCDomestic modd (as used in our dte results), a datisticd model developed
from time series data, or an expert-guided interpretation of thresholds of impacts for
each micro-component.?

Our judgment is that the smple gpproach is reasonably robudt, given the rdativey modest
impacts associated with 2020s.  The more detailed ste modelling (C) might reved important
uncertainties, particularly regarding extreme events and risk management.  However, the
congraints noted above would not necessarily lead to more robust edtimates.  The
intermediate analyss suggested in B would therefore be recommended in current water
resource planning.

Note that we do not recommend using the Satistical equations directly.  While this may be
possible, the results are sendtive to the input data and water planners may have somewhat
different data (e.g., baseline demand in 2002) than the equations were based on.

9.5.2 Industry/Commerce

Current gpproaches do not distinguish between “normd” and “dry” year demands in the
indusgtrid/commercial sector.  The approach is therefore to agpply the regiona results
presented in Chapter 4 to forecasts of “norma” year demands.

The gpplication of the results depends on the manner, and scae, whole company area or water
resource zone, for which industria/commercia forecasts have been made. For this andyss it

% The CCDomestic model can be readily adapted to new water resource zone data and the authors
are willing to assist water plannings in carrying forward a more detailed, local analysis.
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is assumed that the results presented at regional scale can be applied at water resource zone
leve.

Three different approaches are discussed:
indugrid/commercid  forecasts do not didinguish between the indudrid and
commercial sectors
indugtrid/commercial  forecasts didinguish between the industrid and commercid
sectors but do not breakdown consumption any further
indudtrid/commercia forecasts distinguish between the different sectors indudtrid and
commercia sectors

Note that as discussed in Chapter 4, the forecasting of indudtrid/commercia demands is more
uncertain than the domedic forecasts.  Future consumption is strongly influenced by
economic conditions, and interpretations of 20 year forecasts, let aone 50 forecasts, should
take cognisance of the uncertainty which the influence of unpredictable economic conditions
introduces.

A: Total industrial/commercial demand: The bottom row of Table 4.9 gives for each region
the change attributable to climate change in the 2020s and 2050s expressed & a percentage of
the basdine — no socio-economic change — forecasts. Thus for a WRZ in Southern Region,
the percentage change in the 2020s datributable to climate change would be 25%. In the
2050s in the Midlands, then change would be 3.4%.

B: Indudtrial and service sector demands. Table 4.9 gives the percentage changes for the
Industrid, the Service and the Other sectors.  Ingpection of the Table shows that for the 2020s
in Southern Region the changes atributable to climate change would be:

Industrial sector 2.9%

Service sector 3.3%

Other Sector 0.8%

For the 2050s in the Midlands Region the corresponding percentages would be:
Industria sector 3.3%
Service sector 6.9%
Other Sector 1.9%

C: Individual sectoral demand: As discussed in Chapter 4 the regiona approach adopted for
this project may have smoothed for the regiond results differences that might have otherwise
have appeared & WRZ levd. Given that the contribution of any one of the 19
industrial/commercid sectors to the overdl level of demand in a given WRZ will be rddively
sndl, the application of the regiond results for the separate sectors to WRZ andyss is
considered to be reasonable.

Thus for a WRZ in Southern Region the 2020s would see a 6.4% increase attributable to
dimate change in the extraction industry demand. Fud refining is not represented in the deta,
and the Textile, Wood, Paper and Rubber sectors would have zero climate change impact.

Given the assumptions used for the andyss usng the 2050s, results for this level of andyds
are not considered to be appropriate.
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9.5.3 Agricultureand horticulture

Care is needed before gpplying the regiond results to mains water resource zones. The results
from the agriculture and horticulture moddling reveded a drong regiond variation, reflecting
both the different changes in climate and the different crop mixes in different regions It is
unlikely that the crops irrigated by direct abstraction are representative of those irrigated by
rddivdy high-cost mains water. Furthermore, a switch by farmers from direct abstraction to
mans water use, in response to locd licence redtrictions, could be much more important
factor than the gross increase in totd irrigation water use.

Where the use of mains water is rdatively unimportant, and direct abstraction licences are dill
avalable, it is probably adequate to gpply the relevant regiond increase to existing demand.
Elsawhere, it would be preferable to re-run the modd usng the crop mix presently being
irrigated from mains supply in that WRZ, and to assess the extent of the switch locdly of
other cropsto mains water.

954 Leare

Smilar problems arise with estimating increases in mans water use & WRZ levd for leisure
irrigation. Each WRZ will have a very different pattern of present leisure irrigation use
Agan, increeses in turf/plant water use may be minor compared to changes in the aress
irrigated and the proportion of the water taken from mains supply.

The results from Chapter 5 on regiond irrigation demand of grazed grass (volume per unit
aed) can be used as an initia estimae of the increased demand for turf-grass. A judgement
would then have to be made on the change in irrigated area, and changes in the source of the
irrigation water.

No specific methodology for edtimating climate change impacts on water consumption in the
other leisure sectors has been developed. The impacts are likely to be very location specific,
and therefore would not show up in the regiona results presented in this report.
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9.6 Appendix

9.6.1 Appendix 9-A. Regional impacts of climate change

The folowing tables show the regional synthess based on the EA technicd report for the
water resource strategy (EA, 2001b, Appendix 17). The tables show:

The EA scenario for 2024/25

The dimate impacts factors (%) for each component of water use, taken from the

anaysesin chapters 3, 4 and 5

The scenario for water use in 2024/25 including climate change

The percentage difference between the reference case and with climate change, in %
The Medium-High climate scenario is shown for dl four reference scenarios for 2024/25 (the
2020s climate) and the Low cdimate scenario for the Gamma reference scenario.  The text
above includes a fird approximation for the BetaMedium-High scenario for the 2050s.
However, the EA drategy does not make an explicit projection for the 2050s. To avoid
confuson (and over-interpretation of the regiond results) the regionad breskdown for that
projection is not shown here.



CCDeW Final Report

Page 188

07/02/2003

Table 9-4. Regional impactsfor Alpha scenario, Medium-High climate change, 2020s

Anglian Midlands Northeast Northwest South West Southern Thames Wales Eng& Wales
Reference scenario, M1/d* 1000
Direct abstraction
Industry & commerce 191.9 584.5 652.0 610.6 66.8 136.2 118.8 622.2 2,983.1
Spray irrigation 359.5 141.9 31.4 13.2 14.9 46.9 25.1 15.6 648.5
Subtotal 551.3 726.5 683.4 623.8 81.7 183.1 143.9 637.8 3,631.6
Public water supply
Household demand 1,302.7 1,657.2 1,310.2 1,316.2 878.1 858.5 2,421.3 572.0 10,316.1
Non-household demand 564.7 738.8 692.2 591.5 408.3 255.4 899.8 318.2 4,468.9
Supply leakage 1,468.1 1,839.0 1,624.5 1,566.7 1,044.1 974.3 2,783.4 755.1 12,055.1
DSOU 25.0 29.0 50.7 25.7 220 13.3 31.3 12.1 209.1
Subtotal 3,360.4 4,263.9 3,677.7 3,500.1 2,352.5 2,101.4 6,135.8 1,657.5 27,049.2
Total 3,911.7 4,990.4 4,361.1 4,123.9 2,434.2 2,282.5 6,279.8 2,295.3 30,678.8
Climate impact factors: Medium-High, %
Industry & commerce 26 17 17 17 2.7 24 25 23
Spray irrigation 20.0 230 8.0 -4.0 5.0 16.0 25.0 0.0
Household demand 18 18 15 14 14 15 14 15
Non-household demand 2.6 17 17 17 27 24 25 23
Scenario impacts
Industry & commerce 196.8 594.5 663.1 621.0 68.6 139.5 121.8 636.5 3,041.8
Spray irrigation 431.4 174.6 339 12.7 15.6 54.4 314 15.6 769.5
Subtota:| Direct abstraction 628.2 769.1 697.0 633.6 84.3 193.9 153.2 652.1 38114
Household demand 1,326.5 1,687.5 1,329.6 1,335.1 890.3 870.9 2,454.4 580.3 10,474.6
Non-household demand 579.4 751.3 704.0 601.5 419.3 261.6 922.3 3255 4,564.9
Supply leakage 1,468.1 1,839.0 1,624.5 1,566.7 1,044.1 974.3 2,783.4 755.1 12,055.1
DSOU 25.0 29.0 50.7 25.7 220 13.3 31.3 12.1 209.1
Subtotal: Public water supply 3,398.9 4,306.8 3,708.8 3,529.0 2,375.7 2,120.0 6,191.5 1,673.1 27,303.7
Total 4,027.1 5,075.9 4,405.8 4,162.7 2,459.9 2,313.8 6,344.7 2,325.2 31,115.1
Per centage change from reference scenario
Direct abstraction 13.9% 5.9% 2.0% 1.6% 3.1% 5.9% 6.4% 2.2% 5.0%
Public water supply 1.1% 1.0% 0.8% 0.8% 1.0% 0.9% 0.9% 0.9% 0.9%
Total 3.0% 1.7% 1.0% 0.9% 1.1% 1.4% 1.0% 1.3% 1.4%
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Table 9-5. Regional impacts for Beta scenario, Medium-High climate change, 2020s

Anglian Midlands Northeast Northwest South West  Southern Thames Wales Eng & Wales
Reference scenario, M1/d* 1000
Direct abstraction
Industry & commerce 196.1 656.6 747.8 624.5 62.4 116.3 113.0 573.8 3,090.5
Spray irrigation 309.3 121.0 274 115 13.1 42.8 22.6 13.6 561.3
Subtotal 505.4 777.6 775.2 636.0 755 159.1 135.6 587.4 3,651.8
Public water supply
Household demand 1,235.6 1,454.7 1,154.3 1,149.8 792.6 789.8 2,192.1 504.7 9,273.6
Non-household demand 675.9 803.0 795.4 666.7 502.9 304.7 1,184.1 376.8 5,309.5
Supply leakage 2725 400.8 443.7 460.9 2194 182.7 784.3 287.9 3,052.2
DSOU 25.0 29.0 50.7 25.7 220 13.3 31.3 12.1 209.1
Subtotal 2,209.0 2,687.5 2,444.1 2,303.1 1,536.9 1,290.5 4,191.8 1,1815 17,844.4
Total 2,714.4 3,465.1 3,219.4 2,939.1 1,612.3 1,449.5 4,327.4 1,768.9 21,496.1
Climate impact factors: Medium-High, %
Industry & commerce 26 18 18 18 30 2.7 25 24
Spray irrigation 20.0 230 8.0 -4.0 5.0 16.0 25.0 0.0
Household demand 18 18 15 14 14 15 14 15
Non-household demand 2.6 18 18 18 3.0 27 25 24
Scenario impacts
Industry & commerce 201.2 668.4 761.3 635.7 64.3 119.4 115.8 587.6 3,153.7
Spray irrigation 371.2 148.8 29.6 11.0 13.8 49.6 28.3 13.6 665.9
Subtotal: Direct abstraction 5724 817.2 790.9 646.8 78.0 169.1 144.1 601.2 3,819.6
Household demand 1,258.2 1,481.3 11714 1,166.2 803.6 801.3 2,222.1 512.0 9,416.2
Non-household demand 693.5 817.5 809.7 678.7 518.0 3129 1,213.7 385.8 5,429.8
Supply leakage 2725 400.8 443.7 460.9 2194 182.7 784.3 287.9 3,052.2
DSOU 25.0 29.0 50.7 25.7 220 13.3 31.3 12.1 209.1
Subtotal: Public water supply 2,249.2 2,728.6 2,475.5 2,3315 1,563.0 1,310.2 4,251.4 1,197.9 18,107.3
Total 2,821.5 3,545.8 3,266.4 2,978.3 1,641.0 1,479.3 4,395.5 1,799.0 21,926.9
Per centage change from reference scenario
Direct abstraction 13.2% 5.1% 2.0% 1.7% 3.3% 6.3% 6.3% 2.3%
Public water supply 1.8% 1.5% 1.3% 1.2% 1.7% 1.5% 1.4% 1.4%
Total 3.9% 2.3% 1.5% 1.3% 1.8% 2.1% 1.6% 1.7% 2.0%
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Table 9-6. Regional impacts for Gamma scenario, Medium-High and L ow climate change, 2020s
Anglian Midlands Northeast Northwest South West Southern Thames Wales Eng& Wales
Reference scenario M1/d* 1000
Direct abstraction
Industry & commerce 83.9 226.9 232.8 236.7 321 61.3 55.9 298.1 1,227.6
Spray irrigation 220.7 86.2 18.6 7.7 8.8 30.6 16.4 9.5 398.6
Subtotal 304.6 313.0 2515 244.4 409 92.0 72.4 307.6 1,626.2
Public water supply
Household demand 738.4 864.4 670.2 688.0 488.7 478.4 1,372.0 301.7 5,601.8
Non-household demand 391.5 427.8 369.7 3135 331.2 183.7 578.2 210.5 2,806.2
Supply leskage 188.1 222.7 302.9 270.6 145.8 1334 318.2 128.1 1,709.7
DSOU 25.0 29.0 50.7 25.7 22.0 13.3 313 12.1 209.1
Subtotal 1,343.0 1,543.9 1,393.5 1,297.8 987.7 808.8 2,299.8 652.4 10,326.8
Total 1,647.5 1,856.9 1,645.0 1,542.2 1,028.5 900.8 2,372.1 960.0 11,953.0
Climate impact factors: Medium-High, %
Industry & commerce 2.7 20 21 21 31 2.8 29 26
Spray irrigation 20.0 23.0 8.0 -4.0 5.0 16.0 25.0 0.0
Household demand 13 11 11 1.1 1.0 11 1.0 11
Non-household demand 2.7 2.0 21 21 31 2.8 29 2.6
Scenario impacts
Industry & commerce 86.2 231.4 237.7 241.7 33.0 63.0 57.6 305.8 1,256.4
Spray irrigation 264.8 106.0 20.1 7.4 9.3 355 20.5 9.5 473.2
SQubtotal: Direct abstraction 351.0 3374 257.8 249.0 423 98.6 78.1 315.3 1,729.5
Household demand 747.8 873.9 677.8 695.4 493.3 483.5 1,386.0 304.9 5,662.7
Non-household demand 402.1 436.4 3775 320.1 3415 188.9 595.0 215.9 2,877.3
Supply leskage 188.1 222.7 302.9 270.6 145.8 1334 318.2 128.1 1,709.7
DSOU 25.0 29.0 50.7 25.7 22.0 13.3 313 12.1 209.1
SQubtotal: Public water supply 1,363.0 1,561.9 1,408.9 1,311.8 1,002.6 819.1 2,330.5 661.1 10,458.8
Total 1,713.9 1,899.3 1,666.7 1,560.9 1,044.9 917.6 2,408.6 976.4 12,188.4
Per centage change from reference scenario
Direct abstraction 15.2% 7.8% 2.5% 1.9% 3.5% 7.2% 7.9% 2.5% 6.4%
Public water supply 1.5% 1.2% 1.1% 1.1% 1.5% 1.3% 1.3% 1.3% 1.3%
Total 4.0% 2.3% 1.3% 1.2% 1.6% 1.9% 1.5% 1.7% 2.0%
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Climate impact factors: L ow, %
Industry & commerce 24 18 19 19 29 25 2.6 23
Spray irrigation 19.0 22.0 8.0 -4.0 50 16.0 24.0 1.0
Household demand 1.0 12 1.0 1.0 1.0 1.0 0.9 0.9
Non-household demand 24 18 19 19 29 25 26 23
Scenario impacts
Industry & commerce 85.9 230.9 237.2 241.2 33.0 62.8 57.4 304.9 1,2534
Spray irrigation 262.6 105.2 20.1 74 9.3 355 20.3 9.6 470.0
Subtotal: Direct abstraction 3485 336.1 257.4 248.6 422 98.4 717 314.6 1,7234
Household demand 745.8 874.6 676.9 695.2 4934 483.2 1,384.0 304.5 5,657.6
Non-household demand 400.9 4355 376.7 3195 340.8 188.3 593.2 2153 2,870.3
Supply leakage 188.1 222.7 302.9 270.6 145.8 1334 318.2 128.1 1,709.7
DSOU 25.0 29.0 50.7 25.7 22.0 133 313 12.1 209.1
Subtotal: Public water supply 1,359.7 1,561.8 1,407.3 1,310.9 1,002.0 818.1 2,326.7 660.0 10,446.7
Total 1,708.2 1,897.9 1,664.6 1,559.5 1,044.3 916.5 2,404.5 974.6 12,170.1
Per centage change from reference scenario
Direct abstraction 14.4% 7.4% 2.4% 1.7% 3.4% 7.0% 7.5% 2.3% 6.0%
Public water supply 1.2% 1.2% 1.0% 1.0% 1.5% 1.2% 1.2% 1.2% 1.2%
Total 3.7% 2.2% 1.2% 1.1% 1.5% 1.8% 1.4% 1.5% 1.8%
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Table 9-7. Regional impactsfor Delta scenario, Medium-High climate change, 2020s

Anglian Midlands Northeast Northwest South West Southern Thames Wales Eng& Wales

Reference scenario, M1/d* 1000
Direct abstraction

Industry & commerce 92.9 260.7 288.2 283.2 35.1 74.3 61.0 350.8 1,446.1
Spray irrigation 269.0 105.2 21.6 11.6 10.5 37.8 19.8 11.6 487.1
Subtotal 361.9 365.9 309.8 294.8 45.6 112.0 80.8 362.3 1,933.2
Public water supply
Household demand 771.6 978.6 765.1 782.0 523.8 509.7 1,527.3 342.7 6,200.8
Non-household demand 349.9 410.6 356.5 304.7 276.0 159.0 485.6 186.1 2,528.2
Supply leakage 210.0 301.1 344.5 346.7 168.4 136.7 588.9 203.8 2,300.2
DSOU 25.0 29.0 50.7 25.7 220 13.3 31.3 12.1 209.1
Subtotal 1,356.5 1,719.3 1,516.9 1,459.0 990.2 818.7 2,633.2 744.7 11,238.4
Total 1,7184 2,085.2 1,826.7 1,753.8 1,035.8 930.7 2,714.0 1,107.0 13,171.6
Climate impact factors, %
Industry & commerce 25 17 18 18 2.7 24 26 23
Spray irrigation 20.0 230 8.0 -4.0 5.0 16.0 25.0 0.0
Household demand 13 11 11 11 1.0 11 1.0 11
Non-household demand 25 17 18 18 27 24 2.6 23
Scenario impacts
Industry & commerce 95.2 265.1 293.4 288.3 36.0 76.0 62.6 358.8 1,475.6
Spray irrigation 322.8 129.4 234 111 11.0 43.8 24.8 11.6 577.8
Subtotal: Direct abstraction 418.0 394.6 316.8 299.4 47.0 119.8 874 3704 2,053.4
Household demand 7815 989.4 773.8 790.4 528.8 515.2 1,542.9 346.3 6,268.2
Non-household demand 358.6 4175 362.9 310.1 2834 162.8 498.2 190.3 2,584.0
Supply leakage 210.0 301.1 344.5 346.7 168.4 136.7 588.9 203.8 2,300.2
DSOU 25.0 29.0 50.7 25.7 220 13.3 31.3 12.1 209.1
Subtotal: Public water supply 1,375.1 1,737.0 1,531.9 1,472.9 1,002.7 827.9 2,661.4 752.6 11,361.6
Total 1,793.1 2,131.6 1,848.7 1,772.3 1,049.7 947.8 2,748.8 1,123.0 13,415.0
Per centage change from reference scenario
Direct abstraction 15.5% 7.8% 2.2% 1.6% 3.2% 7.0% 8.1% 2.2% 6.2%
Public water supply 1.4% 1.0% 1.0% 1.0% 1.3% 1.1% 1.1% 1.1% 1.1%

Total 4.3% 2.2% 1.2% 1.1% 1.3% 1.8% 1.3% 1.4% 1.8%
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