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ABSTRACT: Adapting to climate change in the water sector requires abandoning two crucial assumptions. First, that the
climate represented in the instrumental record is representative of the future. Instead, future water resource planning cannot
be based on old measurements (or sequences derived from attaching change factors to instrumental data) and it should
be recognized that stationarity is no longer viable, and, second, that climate modelling can be expected to give precise
and certain predictions of the future. Instead, probabilistic projections of the future that take into account the full range of
uncertainty should form the basis of robust climate change adaptation plans.

As a response to the first assumption, it is suggested that stochastic weather generators represent a particularly useful
approach to understanding the impacts of future climate change on water resources at a catchment scale, particularly given
the recent release of ‘science-hidden’ tools such as the UKCP09 weather generator. With regards to the second assumption,
it is suggested that modelling activity should identify the range of plausible futures to develop probabilities of risk, using
those robust decision-making techniques which can gauge the performance of potential adaptation strategies.

The best practice for delivering a replicable and practical hydroclimatological impact assessment for UK water resources
at a catchment scale is identified, and an hypothetical example is outlined. It is suggested that although augmenting
the resilience of water resources to climate change on a catchment scale is dependent on using the correct modelling
tools, the robustness of the method with which that information is used to make adaptation decisions is equally as
important.
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1. Introduction

The need for an overview of the use of stochastic weather gen-
erators (hereafter referred to as WGs) for hydroclimatological
purposes comes about as a result of recent models displaying
increased user-friendliness and ‘science-hidden’ interfaces
(Fowler et al., 2007), as well as governmental legislation requir-
ing the assessment of climate change adaptation options leading
to an broadened take-up in the water industry. Frequently-
used examples of such WGs are the Environment Agency
Rainfall and Weather Impacts Generator (EARWIG – Kilsby
et al., 2007) and the UK Climate Projections 2009 WG
(UKCP09WG – Jones et al., 2009).

The aims of the present paper are to: (1) review the use
of stochastic WGs as a tool for downscaling global climate
model (GCM) information for hydroclimatological impacts,
with particular focus on the UK, and, (2) discuss how to work
with uncertainty when using such tools for water resource
management and climate change adaptation. The prose is
unique from previous review papers in this area of research
in that the focus is on how current WG technology can be used
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effectively, rather than technical progression (such as Maraun
et al., 2010), or comparing the merits of different downscaling
techniques (such as Fowler et al., 2007).

The first section sets the context in which hydroclimatolog-
ical impact studies in the UK operate, with an overview of
our current understanding of climate change impacts on the
hydrological system and the resultant stressors on the UK water
industry, as well as the need for adaptation. Section 3 is a
review of the use of WGs for hydrological impact assessment
purposes and the suitability to hydroclimatological studies of
the WG approach compared to other downscaling techniques,
and introduces a case study illustrating its advantages. Sec-
tion 4 discusses key factors that must be taken into account
when using WG information to assess hydroclimatological
impacts and gives an hypothetical case-study illustrating best
practice.

2. Climate change impacts on water resources and the
need for adaptation tools in the water industry

2.1. Overview of projected hydroclimatological impacts

Within all of the uncertainty involved with climate science it is
sometimes easy to forget the certainties; the relentless pursuit of
energy by society has altered the composition of the atmosphere
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and oceans. The associated build-up of greenhouse gases in the
lower atmosphere and acidification of the oceans is changing
the hitherto relatively stable Earth system within which society
has flourished. Temperatures are rising regionally and globally,
and will continue to do so, but the regional effect of this change
on precipitation is less understood and extremely varied from
region to region (Howard et al., 2010).

This anthropogenic destabilization of the climate increases
the vulnerability of freshwater resources across much of Earth,
primarily as a result of societies, infrastructure and agriculture
being exposed to climates they were not developed within, built
or designed for (Gleick, 2011), with wide-ranging consequences
for humanity and ecosystems (Bates et al., 2008; Vaze and
Sanderson et al., 2011; Teng, 2011). There is an observed 7%
increase in atmospheric water vapour per 1 °C of warming
(Trenberth et al., 2007), resulting in a shift towards a greater
proportion of precipitation falling as rainfall in intense events
in the UK (>50 mm day−1) (McGuffie et al., 1999; Fowler and
Kilsby, 2004; Sun et al., 2007; Bates et al., 2008).

Trends seen in the UK instrumental dataset indicate an
increase in hydrological seasonality, leading to warmer, wet-
ter winters and hotter, drier summers, with greater rainfall
intensity overall (Osborn and Maraun, 2008; von Christier-
son et al., 2011). Elevated evaporation rates from land are
expected as a result of increased temperatures (Trenberth, 1998,
1999; Meehl et al., 2007), leading to more intense drying,
heatwaves, wildfires and meteorological droughts (Trenberth,
2009; Dai, 2010). These meteorological changes alter hydro-
logical extremes, increasing the risks of flood and hydrological

drought, undermining water security. The threats of increased
climate variability and extremes have not been properly appre-
ciated or addressed in many climate change impact studies due
to an over-reliance on mean values for temperature and precip-
itation changes (Trenberth, 2009).

Figure 1 shows a range of different meteorological pressures
that climate change will exert on the water industry in the UK
in the future, as well as the considerable uncertainty in the
extent of those pressures (Murphy et al., 2009). However useful
such information is for summarizing climate change in the UK,
higher-resolution data are needed to inform decision-making at
the catchment level.

Preliminary analyses of how these probabilistic climate
projections would affect hydrology have shown that average
river levels in the 2020s will be reduced in all catchments except
a small area of the northwest, and many lowland river basins
will be reduced all year round. Significantly higher PET rates
increase the difficulty of maintaining supply and environmental
standards as the century progresses, especially in the southeast
(von Christierson et al., 2011).

2.2. Impacts on the water industry

Water infrastructure in the UK has been built over centuries
with the assumption that the climate within which it is
constructed will remain for its lifetime: this is no longer viable
(Gleick, 2011). The water industry has proven to be remarkably
resilient to change and pressure in the past, but the immensity
(and unpredictability) of the challenge posed by climate change

Figure 1. UKCP09 medium emissions scenario projections of precipitation and temperature statistics in the UK for the 2040–2069 period. The
range of modelling uncertainty involved and the projected increase in seasonality of precipitation can be seen. ( 2009 UK Climate Projections).

This figure is available in colour online at wileyonlinelibrary.com/journal/met
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dwarves those that have preceded it. Although climate change
impacts in the UK may be less severe than in many other areas
of the world, this should not be seen as a vehicle for inaction
as large variations in adaptive capacity within the UK exist
across regions and socio-economic groups (Smith et al., 2001),
and it has been shown that the sensitivity of water supply to
reduction in flows is high, leading to large increases in risk with
relatively small changes in flow (Gleick, 2011). Furthermore,
as a leading industry and substantial contributor to greenhouse
gas emissions, the UK has an ethical obligation to develop
techniques for increasing resilience in water resource systems
for distribution to more vulnerable areas of the world through
appropriate mechanisms.

Large variations in hydroclimatological change are projected
across the UK, with greater drying and peak temperatures
in southeast England than elsewhere, and variations in the
sensitivity of surface water resources dependent on reservoir
size and isolation (Arnell, 1998). The key climate threats
to water companies vary spatially, with reduced raw water
availability, decreased water quality and inundation of assets
crucial to Severn Trent Water, sea level rise important to
Anglian Water, and flooding caused by increased storm water
overpowering sewer capacity threatening United Utilities, South
West Water and other western companies (Anglian Water,
2011; Severn Trent Water Ltd, 2011; South West Water, 2011;
United Utilities PLC, 2011). These projected impacts are in line
with the expected exacerbation of the meteorological divide
in the UK, with southeastern areas susceptible to increased
drought frequency and intensity through reduced river flows
and prolonged dry days, whilst northwestern areas are at risk
of more extreme winter rainfall events, less-reduced or even
higher average river flows and associated flooding events (Jones
et al., 2009; von Christierson et al., 2011).

Whatever the key risks to individual water companies,
climate change will force the UK water industry as a whole
to operate in a more testing environment if levels of service
and environmental standards are to be maintained (Water UK,
2008; CIWEM, 2011). At catchment scales, change factor
methods (CFMs) for assessing future drought risk based on
historical events that underestimate the threat by not taking
into account future changes in climate variability (Hall et al.,
2012) and/or by using short instrumental records, are still used
(Milly, et al., 2008), thus proliferating complacency towards
future impacts. Recent Ofwat research has shown that this
complacency towards the threat of climate change to water
provision is shared by consumers (Ofwat, 2011) potentially
restricting demand-side water savings.

Maintaining continuous water supply constitutes a core
objective for UK water companies. Achieving this on a long-
term basis requires adapting to climate change, which in
turn requires rejecting the assumption that climatic conditions
are stationary or that future conditions can be estimated by
simply attaching simple flow factors to historical datasets (Milly
et al., 2008). Therefore, historic hydrological events cannot be
considered representative of the future and should only be used
as a means of validating simulated climate information.

The process of qualitatively identifying risks is now largely
complete across the UK through the Change Adaptation Reports
submitted by water companies in 2011. The challenge of
effectively quantifying those risks in areas that have been
declared vulnerable is now upon the water industry, and with
the UKCP09 probabilistic information there are now sufficient
tools to achieve it.

2.3. Adaptation to climate change threats

It is becoming increasingly clear that adaptation is necessary if
humanity is to manage and overcome the risks posed by cli-
mate change successfully (New et al., 2011; Smith et al., 2011),
not least to the water sector (CIWEM, 2011). Adaptation itself
covers a broad range of measures and approaches which can
vary from ‘no-regrets’ (both financially and environmentally)
and safe to those fraught with risk and open to moral ques-
tioning such as large-scale geo-engineering of the atmosphere
(Bengtsson, 2006; Brewer, 2008; Hällström, 2008; Schneider,
2008; Bala, 2009; Fox and Chapman, 2011).

On a global scale, mitigation can be considered the best form
of adaptation as the reduction of greenhouse emissions carries
few negative effects and combats anthropogenic climate change
cause rather than dampening the severity of its effects (Rahman
et al., 2007; Bartlett et al., 2009). However, the apparent
failures of high profile global climate change frameworks such
as the Kyoto Protocol seriously degrade the extent to which
this approach can be relied upon, if at all (Prins and Rayner,
2008; Prins et al., 2010). This policy failure is acknowledged in
recent literature on global-scale impacts of climate change on
the hydrological system, which openly discredit the widespread
political goals of 2 °C, or 400 ppm of atmospheric carbon
dioxide, by looking at the consequences of an Earth with
temperatures 4 °C above the pre-industrial ‘norm’ (Anderson
and Bows, 2011; Fung et al., 2011; Sanderson et al., 2011).
Therefore, adaptation in the UK water sector is necessary
as a surrogate for failed global and cross-sectoral mitigation
attempts.

Adaptation strategies must be developed that are as robust
and ‘no-regrets’ as possible, even given a large range of
plausible futures (Dessai et al., 2009). Effective management,
aided by better tools to make beneficial adaptation decisions,
is regarded as more important to increasing water supply
resilience than the technologies involved (Howard et al., 2010).
However, despite vast swathes of literature on the clear need
for adaptation in the face of modelled climatic changes over
the 21st Century, the extent to which it has been meaningfully
carried out in developed nations is surprisingly minimal, with
large regional and sectoral variances (Ford et al., 2011).

On the other hand, some progress is being made. Require-
ments made of UK water companies by the Climate Change Act
2008 has led to a total of 19 climate change adaptation reports
being carried out in the UK by water companies. These reports
assign mostly qualitative determinations of risk to operations,
with rudimentary use of UKCP09 information, and little or no
use of WG information. The Ofwat Periodic Review in 2009
instructed water companies in England and Wales to include
climate change within their estimates of future deployable out-
put, and encouraged the use of probabilistic information from
UKCP09 to do so (Arnell, 2011).

The announcement in 2009 that £1.5 billion was to be spent
on addressing climate change impacts on the UK water sector
by 2015 makes a practical method for successfully using the
UKCP09 information essential to water companies looking
to attract investment for climate change adaptation measures
(Ofwat, 2009; Arnell, 2011). The UKCP09WG represents the
ideal tool for further investigation and quantification of risks
identified in the Climate Change Assessment Reports.

Whilst accepting the threats and challenges that climate
change forces upon the water industry, it is important to
remember that climate change makes up only one of a multitude
of stressors (collectively termed as ‘global change’) which
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must be taken into account when taking stock of future
operations (Lehner et al., 2006). Population increase in the
UK, driven by net migration and reduced mortality, is the core
component of elevated water use in the future. Urbanization,
household change, altered construction patterns, water cooling
for electricity production, agriculture and competing needs
such as hydropower lead to different water security challenges
from region to region (Birrell et al., 2005; Lehner et al.,
2006). It is therefore important that hydroclimatological impact
assessments are synthesized with reports on the future of other
pressures, rather than being isolated.

Initial assessments such as von Christierson et al. (2011)
have shown how to use probabilistic information on nationwide
scales, so it is now crucial that the spatial resolution is increased
and water companies use the correct techniques in order to
increase the resilience of vulnerable water resource systems.

3. The role of stochastic weather generators in
downscaling climate information for hydrological impact
assessments

This section does not intend to be an exhaustive review of dif-
ferent stochastic WGs and their relative performance, but rather
an overview of the use of WGs for hydrological assessment and
their performance in relation to other downscaling techniques.

3.1. Downscaling for hydroclimatological assessment

Global-scale modelling endeavours are useful to drive climate
change policy and give overviews of large-scale hydrological
changes (see Sanderson et al., 2011; Todd et al., 2011). How-
ever, there is a spatial disparity between what GCMs can offer
and what water resource managers require to make decisions on
water infrastructure and policy (Buytaert et al., 2010); therefore
downscaling coarse GCM information to a higher spatial res-
olution is necessary for most hydroclimatological assessments
(Varis et al., 2004; Hashmi et al., 2009). Qian et al. (2010)
showed that stochastically downscaled information better repro-
duced extreme hydrological events than data taken directly from
GCMs.

There are many different approaches to downscaling coarse
resolution GCM information for use in hydrological impact
studies, and various review papers have shown the strengths
and weaknesses of each (Xu, 1999; Hanssen-Bauer et al., 2005;
Xu et al., 2005; Fowler et al., 2007; Maraun et al., 2010).

Most hydrological impact assessments require time series of
weather variables (chiefly precipitation and potential evapotran-
spiration (PET)) on a daily time-step (Kilsby et al., 2007). The
most readily available source of this information is the instru-
mental record, so hydroclimatological studies have often been
based around ‘scaling up’ previous flood and drought events
using average monthly change factors from GCMs (Scibek
and Allen, 2006; Leander et al., 2007; Boukhris et al., 2008)
a technique often referred to as the change factor method
(CFM – Jackson et al., 2011) or an ‘implicit’ approach (Zhang,
2011). This process does not allow for changes to climatic
variability and often uses short instrumental records, leading
to underestimations of future hydrological extremes (Semenov
and Barrow, 1997; Holman et al., 2009; Zhang, 2011).

The CFM assumes that the climate of the past is analogous
to the climate of the future (or even present), which in terms
of variability and seasonality it is not, as shown by large-scale
climate modelling (Solomon et al., 2007). An example relevant

to the water industry is that using change factors gives an equal
number of precipitation occurrence days in the future as the past
for no other reason than that was the number in the particular
baseline period in the relatively short instrumental record (Diaz-
Nieto and Wilby, 2005). The inadequacies of not accounting for
climate variability when downscaling for hydrological purposes
has long been known (Srikanthan and McMahon, 2001), yet
the technique remains in use as a result of its simplicity and
inexpensive computational demands (Diaz-Nieto and Wilby,
2005).

The detail and spatial resolution that is suitable when
assessing the impact of climate change on water resources will
vary from catchment to catchment based on some perceived risk
(Todd et al., 2011; Hall et al., 2012). Greater depth of analysis
should be afforded to areas with high proposed investment in
adaptation of the water resource system than to those where no
investment is planned (Hall et al., 2012).

Given the myriad of available climate model downscaling
techniques, each with their own particular strengths and lim-
itations, selecting the correct method to use depends on the
application (Wilby et al., 2009). WGs have particular attributes
that render them a distinctly useful approach for detailed assess-
ments of the impacts of climate change on vulnerable water
resources at a high spatial resolution (Diaz-Nieto and Wilby,
2005; Kilsby et al., 2007). Primary amongst these attributes
lies the allowance of changes to climate variability and the cre-
ation of potentially endless synthetic sequences of temporally-
consistent weather information that permit the projection of
meteorological (and thus hydrological) extreme events (Wilks
and Wilby, 1999; Hulme et al., 2002; Kilsby et al., 2007; Jones
et al., 2009) at a suitable temporal resolution for inputting to
biophysical models.

In a study on groundwater recharge under climate change
forcings, Holman et al. (2009) recommended stochastic mod-
elling is used to assess vulnerable or sensitive groundwater
systems, thus enabling improved understanding of future risks
of drought severity and persistence as well as high recharge
years causing groundwater flooding. However, this level of
detail would not always be required: using dynamical down-
scaling approaches with no assessment of extreme events (such
as Cloke et al., 2010) would suffice in areas with less risk (Hall
et al., 2012; Todd et al., 2011).

3.2. The stochastic weather generator

WGs are a form of statistical downscaling of coarse climatic
data from GCMs, where statistical relationships between large-
scale climatic variables and small-scale hydrometeorological
variables are searched for. Essentially a collection of stochastic
models, WGs create a distribution of plausible estimates of a
particular weather climatic parameter (Boukhris et al., 2008).
The basics of stochastic modelling have long been available
(Matalas, 1967; Richardson, 1981), and have spawned a huge
array of WGs, notably WGEN (Richardson and White, 1984),
LARS-WG (Rackso et al., 1991) and CLIMA (Donatelli et al.,
2005). For a technical review of different stochastic modelling
approaches see Wilks and Wilby (1999) and Maraun et al.
(2010).

WGs have historically been used as a method for infilling
missing or erroneous weather records (Wilks and Wilby, 1999),
and so are designed to recreate an array of observed weather
variables as accurately as possible. The skill of the WG
is determined by validating this baseline synthetic weather
sequence against the instrumental record (e.g. Min et al., 2011).
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The basic premise of adapting WGs for future climate pro-
jection is the assumption that statistical relationships between
climatic parameters in the present (or past) will remain constant
in the future. Therefore, it stands to reason that by forcing a WG
with the fundamentals of future climates garnered from climate
model information, weather sequences typical of future climate
scenarios can be produced. The effect of these sequences on
hydrology and water resources can then be explored through
hydrological models then compared to a baseline, thus consti-
tuting a hydroclimatological impact assessment (Wilks, 1992).

WGs enable climate change impact assessments to be
conducted at greater resolution in space and time than regional
climate models (RCMs) allow, and are particularly relevant
to studies in which the sequence of events is important,
such as water resource provision (Wilks and Wilby, 1999;
Jones et al., 2009). Studies comparing the ability to determine
climate change impacts on hydrology of statistical downscaling
techniques (such as using a WG) with other methods have
been carried out. Diaz-Nieto and Wilby (2005) suggested that
there is a place in research for both, with the coarser-resolution
dynamical downscaling approach used for ‘broad-brush’ high
level assessments of vulnerability (Sun et al., 2007; Bates
et al., 2008; von Christierson et al., 2011; Dai, 2010; Todd
et al., 2011), and statistical downscaling techniques delving
deeper to explore detailed impacts deriving from sequencing
and persistence of daily events, normally once vulnerable water
resources have been identified (Diaz-Nieto and Wilby, 2005).

Combining RCM ensembles with stochastic WGs to create
daily weather parameters for future climates has become an
increasingly-used method for performing hydroclimatic impact
assessments. For example, Herrera-Pantoja and Hiscock (2008)
used the CRU WG (Jones and Salmon, 1995) to assess the
impact of climate change on groundwater recharge at three sites
in the UK, finding significantly increased dry periods leading
to a reduction in recharge at each site as the century progresses.
Each site presents increased climatic variability in the future,
with the dry season found to be particularly affected. They
conclude that sites already under groundwater supply pressure
will come under increased stress as the century progresses.

Single-site WGs, such as EARWIG, CRU WG and
UKCP09WG, are the most commonly used and least complex
form of WG and therefore have the advantage of being com-
putationally inexpensive (Semenov, 2008; Wilby et al., 2009).
Multi-site WGs are more complicated and not part of the suite
of tools provided by UKCP09. As a result of this commercial
unavailability multi-site WGs are not currently useful for esti-
mation of future deployable outputs in the UK water sector.
For a review of multi-site and full-field WGs see Maraun et al.
(2010).

After Fowler et al. (2007) and Bates et al. (2008) there has
been a move within the hydroclimatic research community
towards providing decision-making tools for future planning
and management rather than focussing on more in-depth
comparison of downscaling methods. At the same time, bespoke
single-site future WGs with science-hidden interfaces such
as EARWIG (Kilsby et al., 2007) and UKCP09WG (Jones
et al., 2009) have become available, greatly simplifying the
process for carrying out a WG-based hydroclimatological
impact methodology in the UK and overcoming the issues of
low awareness and user-friendliness that held back the take up
of WGs (and other forms of statistical downscaling) in the past
(Diaz-Nieto and Wilby, 2005; Groves et al., 2008).

The process of creating daily future weather sequences using
a WG now requires no manual data input, prior knowledge of

climate modelling or the need to develop local-scale WGs from
scratch as was previously necessary (Varis et al., 2004). Such
‘science-hidden’ tools (Fowler et al., 2007) allow non-specialist
end users to use the WG approach effectively, facilitating
more widespread uptake in industry (e.g. Severn Trent Water
Ltd, 2011). This approach does, however, make a WG less
flexible: without the ability to take the model apart for further
development by third parties, end users can be hamstrung by the
omission of a particular variable. In the case of UKCP09WG,
a lack of wind speed information reduces its effectiveness in
many sectors, particularly railways.

Limitations of WGs remain. UKCP09WG, for example,
is inhibited by an inability to produce the most extreme
meteorological events, and in particular is not set up to
recreate blocking regimes that create heatwaves/droughts and
exceptionally cold winters (Jones et al., 2009). The February
2011 upgrade of UKCP09WG has substantially reduced the
impact of this problem, however extreme high return periods
of any given meteorological event should still be treated
with caution. Furthermore, the single-station nature of most
commercially available WGs creates a problem in that a weather
sequence produced at one site will not correspond in time with
another station nearby, so an extreme event at station A will
not occur on the same day as it does at station B, even if in
reality those stations would be subject to the same large-scale
weather system (Jones et al., 2009). The size of the site can
be increased (in the case of UKCP09WG, from 5 km2 to 10
000 km2), but this involves spatially-averaging the area, thus
reducing accuracy.

These issues, despite reducing the ability to produce realistic
projections of future weather sequences, should not deter those
in industry from using WGs as the fundamental advantages of
the approach over simpler CFMs are substantial. It is important
to strike a balance between continually improving the skill and
complexity of WGs and actually using them to make real-world
decisions.

3.3. Case study: Weir Wood Reservoir

In a direct comparison of WG-based and CFM-based appro-
aches, Harris et al. (2009) use an ensemble of RCMs to drive a
weather generator (EARWIG) to assess climate change impacts
on hydrological multi-seasonal drought events at Weir Wood
Reservoir in North Sussex, UK. Drought periods are identified
by precipitation totals over three consecutive winter half-years
(October to March). Using the weather generator approach, it
is found that inflows to the reservoir during future drought
events are substantially below levels found in the 102 year
instrumental record, and a regular period in the 2080s would
constitute extreme multi-seasonal drought today (Figure 2). It
is found that the GCM used to drive the weather generator
is more important than the emissions scenario used, showing
the need for the move towards large ensembles of GCMs or
probabilistic information that has been seen in recent years.

A further analysis of the climate change impact on reservoir
yields at Weir Wood shows substantially increased pressure on
the reservoir in the 2050s and 2080s during drought episodes
than in the baseline period (that is, yields for a particular
drought rank within a dataset are lower in the future than
in the baseline period) (Figure 3). All modelled simulations
of the 2050s and 2080s project that yields during equivalent-
ranked drought events will be much lower than in the baseline
simulation (1960–1990). The yield during the worst drought in
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Figure 2. Simulated cumulative inflows at Weir Wood Reservoir over
three consecutive winters for the 13th ranked drought periods. Two
GCM/RCM combinations and two emissions scenarios (A1FI and A1B)
are used. The central line denotes the average of the models, with the

upper and lower bounds representing the model range.

Figure 3. Simulated yields during droughts at Weir Wood Reservoir
during the 21st century. (a) 1st ranked 3 winter droughts; (b) 7th ranked
3 winter drought; (c) 13th ranked 3 winter droughts. Ranks were chosen
according to their close relation in the baseline simulation with periods
in the instrumental record (the baseline simulations shown at 1975 in
this figure correspond to the precipitation totals during real drought
events in the period 1918–2006). Central lines denote the average of

the models, with the outer line showing the range of output.

the instrumental record of 8.9 MI day−1 is surpassed regularly
in all scenarios.

With the CFM applied to the instrumental dataset, less severe
hydrological drought events in the future are indicated and the
sign of change is not always certain (Table 1). This occurs
primarily as a result of less substantial PET increases in the
future compared to the WG approach, and the inability of the
CFM technique to account for changes to climate variability.
The number of RCM/GCM combinations used to drive the
weather generator or to obtain the change factor values is
four, except the 13th ranked simulated droughts, where two
combinations were analysed. This represents only a portion
of the climate modelling uncertainty, and a larger amount of
simulations would be needed to obtain robust statistics against
which decision-making could be based. However, the difference
between the two approaches in terms future drought severity
projection is clear.

Harris et al. (2009) show that the WG is able to capture
variability and change in droughts in the latter twenty-first
century better than the change factor approach. Crucially, the
periods of high evapotranspiration within the synthetic dataset
that is the stimulus for the major multi-seasonal droughts of the
2080s are not apparent in the perturbed data. The increases in
evapotranspiration need to be further investigated to determine
exactly why they are occurring at such a greater rate in the WG
approach than the perturbation approach. It may be the case that
differences in the methods of PET calculation account for some
of the disparity.

As this work does not use probabilistic climate information it
would be inappropriate for use as the basis of a water resource
decision-making process in the sub-catchment. However, the
project does show that there is significant scope for underesti-
mation of hydroclimatological impacts in the future when CFM
methods are used.

4. Discussion: best practice for assessing climate change
impacts on water resources in the UK
4.1. Using information despite uncertainty: the importance
of accuracy over precision and robust decision-making

Our ability to quantify the magnitude, pattern and potential
impacts of the changes humanity is inflicting on the Earth is
of course limited by the fundamental incompleteness of cur-
rent understanding of the climate system, anthropogenic climate
change and climate sensitivity. This epistemic uncertainty man-
ifests itself as disagreement between climate models (Hulme
and Dessai, 2004) and is a part of any climate change-based
impact assessment.

Selecting the most fit-for-purpose approach (in the case of
high resolution catchment-scale water resource adaptation, a
WG) and applying it correctly drives down the epistemic uncer-
tainty involved in a study as much as possible. However, the
naturally-stochastic nature of the Earth system and the influ-
ence of human behaviour means that significant uncertainty will
always be involved in a climate change impact study regardless
of the quality and relevance of the climate change informa-
tion provided (Gawith et al., 2009). It should be remembered,
though, that uncertainty is an inherent part of decision-making
in environmental and social phenomena (Dessai et al., 2009)
and should not be seen as a vehicle for inaction. Rather, the pre-
dictions of the future made using modelling approaches should
set the boundaries within which decision-making is carried out
to find a solution that is deemed to be sufficiently robust (Dessai
et al., 2009; Pielke, 2009).
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Table 1. Changes to total inflow at Weir Wood Reservoir in the 2080s compared to baseline and instrumental conditions.

1919–1922/1st ranked
simulation drought

1970–1973/13th ranked
simulation drought

Change factor method −5.4% (−38.38 to +24.3%) −1.86% (−28.93 to +21%)
Weather generator method (A1B emission scenario) −74.47% (−83.05% to −65.7%) −69.07% (−79.13 to −59.01%)

For the change factor method two notable historical drought events are used as the periods against which rainfall and PET data for the future are derived, with the
percentage changes corresponding to inflow to the reservoir during those episodes. In the weather generator approach, simulated drought events of similar scale to
those instrumental periods are used as the inflows against which future simulated droughts are compared.

Figure 4. Drought control lines showing a major drought event in 1934 at Tittesworth Reservoir, which acts as the primary drought indicator
for the Stoke and Ladderedge drought zones. Water years in which drought capacity falls below these control lines can be used as the basis
of defining risk of drought at various severities in the future. Solid line: % capacity of the reservoir. Dashed curve: Tittesworth storage alert
line. Dot-dashed curve: Tittesworth apply summer and winter hosepipe ban line. Straight line: Tittesworth emergency level. Straight dotted line:

Tittesworth dead water level.

Probabilistic information (such as is provided by the
UKCP09WG) can be considered accurate, rather than precise.
That is, there is a broad range of plausible futures that should
be taken into account, rather than one precise possible future
from somewhere on a distribution that may, or may not, be the
reality of the future (Dessai et al., 2009). Assuming a precise
piece of information (such as using a single or small ensemble
of GCM projections) is definitely a true representation of the
future can lead to maladaptation, as that particular projection
may be entirely incorrect. Using a wider distribution of projec-
tions (within which, somewhere, is the accurate reality of the
future) enables decisions to be made about acceptable risk that
leads to increased adaptive capacity (Dessai and Hulme, 2007).

Probabilistic assessments of climate change impacts on water
provision can be used to provide the information required
for robust decision making (Groves and Lempert, 2007; Des-
sai et al., 2009; Lempert and Groves, 2010), where the
performance of different water resource planning strategies

is tested against a set of future hydroclimatological and/or
socio-economic scenarios across the range of uncertainty. The
strategies can then be compared to analyse how well they per-
form under each scenario, with costs involved to determine the
best course of action. This method would allow water resource
planners to use the future projections to identify weaknesses in
water resource management or adaptation strategies. With that
knowledge, sensible decisions on how to augment resilience
despite the uncertainties involved can be made (Groves et al.,
2008). The result: no-regrets decision-making both financially
and environmentally.

However, the increase in complexity from single climate
change simulations to probabilistic information is a substantial
conceptual leap, and requires a change of attitude on the part
of water resource policy makers. The ability of the scientific
community to communicate this complexity to policy makers
successfully, particularly the importance of taking uncertainty
into account rather than considering it reason for inaction,
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is crucial in improving understanding of hydroclimatological
impacts and building resilience. Simply throwing the science
‘over the wall’ without effectively communicating the approach
taken will result in an unsustained use of the technology and
a reversion to overly simplistic approaches that systematically
underestimate potential impacts (Harris et al., 2009; Hall et al.,
2012; Sterman, 2011).

The improvement and continual development of our ability
to model the global climate system through GCMs is, however,
still crucial. GCMs form the backbone of any climate change
impact assessment and disagreement amongst global-scale
models on the state of the future global climate given a certain
alteration of the atmosphere makes up the bulk of uncertainty
(Minville et al., 2008; Ducharne et al., 2010; Todd et al., 2011).
There is cascading uncertainty from this point on through
dynamical downscaling, hydrological modelling, sub-sampling
of probabilistic information and emissions scenarios (Groves
et al., 2008) that must be dealt with by the research community.
Recent studies have shown that the impacts of climate change
are relatively insensitive to hydrological parameter uncertainty
(Arnell, 2010; Todd et al., 2011) but should not be ignored
(Wilby, 2005).

To combat effectively the effect of climate change on
water resource vulnerability in the future using WGs, several
obstacles and challenges must be addressed in a replicable
and uniform manner; a best practice, or framework, must be
established (as outlined in Section 4.3).

4.2. Using a risk-based approach

Increasing the effectiveness of UK water resource management
into the future requires moving towards a risk-based approach.
Following recommendations made by Hall et al. (2012), pass-
ing a trigger condition that represents a failure to meet a par-
ticular Level of Service (LoS) can be deemed a suitable metric
of risk. This pre-determined value for each catchment (perhaps
expressed as a drought warning curve at a key reservoir) would
be representative of a water shortage that means water demand
cannot be satisfied. The wide range of futures given by the
UKCP09 projections can be transformed into a distribution of
probabilities of failure to meet an LoS each year for a particular
time-slice in the future.

This results in a statistically robust understanding of the
water shortage risks to a supply system in the future, that is,
the probability of a particular system ‘failing’ at a given point
in the future. These values can also be compared to a baseline
value of water shortage to communicate climate change threat.
The determination of an acceptable level of risk is important
when analysing the output of such an approach. There would,
for example, be little merit in investing in adaptation measures
that completely eradicate the possibility of water shortages
in the most extreme drought of the driest future scenario. It
would stand to reason that the acceptable level of risk for
a particular area or subcatchment would remain temporally
constant, necessitating a gradual increase in investment to adapt
to increasing climate change threats over time.

The selection of water management approaches and adapta-
tion measures should be based on testing the response of various
different options against the range of future scenarios. Those
adaptation measures that perform statistically well in reducing
water shortage risk over the range of uncertainty (by reduc-
ing the amount of times a LoS is not met per year), whilst
remaining cost effective, environmentally sound and within the

interests and values of customers and stakeholders would then
be deemed suitable for selection (Hall et al., 2012).

It is important not to assume the central area of the UKCP09
distribution to be the most likely course of the future. Instead,
equal weighting across the whole range should be given. Failing
to do so negates the core advantage of using probabilistic
information and represents only a small step forward from the
previous approach of using a single mid-value climate change
scenario from UKCIP02. However, a sub-sampling approach
would need to be used as a large amount of hydrological and
water resource modelling will be involved, and processing the
full 1000-sequence output from UKCP09WG for each emission
scenario and time-slice would be too computationally expensive
and time consuming for regular use, restricting uptake. Latin
Hypercube Sampling (LHS) (McKay et al., 1979), a stratified
sampling approach designed to improve upon straightforward
Monte Carlo random sampling, is outlined in Section 4.3 and
has been used previously for hydroclimatological assessments
by Darch et al. (2011) and von Christierson et al. (2011),
amongst others. A follow-up paper, currently in progress, will
assess the optimal process and variable selection for carrying
out LHS for hydroclimatological research in the UK.

Should transient WG information (such as that proposed by
Burton et al. (2010) become available and workable within a
UKCP09-like suite, this would represent a step forward from
the time-slice approach currently used. However, the lack of
transient WG information in the short term does not merit
inaction in the immediate future.

4.3. Hypothetical case study

It is suggested that the methodology for a thorough assessment
of climate change impact on water resource shortages at a
sub-catchment level could include the five phases outlined in
this hypothetical case study. The actual tools used could vary
(particularly hydrological models, water resource models and,
outside of the UK, the weather generator), but the underlying
approaches would remain the same. This approach forms the
basis of a follow-up paper which assesses the impact of climate
change on water resources in the Ladderedge and Stoke drought
zones, Staffordshire.

The project is deliberately using tools and software currently
in use by water companies to avoid unnecessary expenditure
and training acting as barriers to the uptake of the methodology
in industry. It should be noted that the first stage in such a study
would be to confirm the suitability of such a detailed assessment
into future water resources through qualitative assessment
(such as the Climate Change Assessment Reports) or lower-
resolution probabilistic research (such as von Christierson et al.,
2011) There is no need for such high-resolution and probing
hydroclimatological impact assessments where coarser studies
have shown potential impacts to be negligible.

1. Identification of key drought trigger(s) in the area. Generally,
low levels at surface reservoirs constitute the triggers for
implementing drought action by a water company. In the
UK, a drought warning curve for a reservoir can act as a
suitable threshold; water levels below that line can be taken
as a ‘failure’ by the water resource model (Figure 4). The
need for a particular demand-saving measure to achieve a
given LoS or an inability to supply demand could also be
used; as long as the metric remains constant then useful
information can be gathered. The term ‘failure’ in this
context does not necessarily mean that the system has failed
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to provide water for its demand centres, but that the model
has notified that a pre-determined threshold that symbolizes
a water shortage situation has been passed.

2. Creation of probabilistic weather generator information.
Probabilistic weather generator information is created for
the sub-catchment using the UKCP09 user interface. The
maximum possible 1000 simulations of 100 years for at
least two emissions scenarios should be run for the time
horizons required. As a single-point 5 km2 projection that
can be spatially averaged across up to 1000 km2, it is
important to make sure that the area covered is relatively
homogeneous. A simple statistical approach to creating
pseudo-spatial information for areas with heterogeneous, but
related, rainfall profiles is currently in development and will
follow in a further paper. Validation of rainfall statistics
against instrumental data is crucial: see Kilsby et al. (2007)
for a typical approach.

3. Sub-sampling. Once the synthetic weather sequences have
been shown to reproduce the instrumental data adequately,
it is necessary to sub-sample the dataset for each time
horizon in order to carry out hydrological modelling. Not
doing so results in unworkable computational expense. Latin
hypercube sampling has emerged as a useful approach
to reducing the amount of projections whilst keeping the
range of uncertainty intact: see Darch et al. (2011) and
von Christierson et al. (2011) for example methodologies.
A paper assessing different selections of variables for the
LHS procedure will follow this one, with the aim of
identifying a best practice approach for hydroclimatological
research. The amount of sequences that are carried through
to hydrological modelling will inevitably be a compromise
between scientific thoroughness and practicality in industry,
with von Christierson et al. (2011) suggesting 20 samples
as being suitable.

4. Hydrological modelling. With a suitable number of synthetic
daily sequences for future sequences of precipitation and
PET prepared (as well as a baseline simulation for compar-
ison), a hydrological model such as Hysim (Manley, 1982)
can be used to convert them into flows. The choice of hydro-
logical model will be largely determined by modelling work
previously carried out in the region. These daily inflow
sequences can then be inputted to a water resource model
such as Aquator (Oxford Scientific Software, 2008). The
size of water resource model that can be used is spatially
restricted by the single-site nature of the weather genera-
tor, as using entirely separate weather generator sequences
for different areas of the model would create temporally
uncorrelated data.

5. Decision-making using probabilistic information. ‘Failure’
rates, as discussed in phase 1, are determined for each model
run, leading to a value of probability of failure per unit
time. The subsequent range of failure probability constitutes
the potential range of the impact of climate change upon
the water resource system during the time-slice selected. By
incorporating adaptation measures into the water resource
model (supply and/or demand-side), their effectiveness can
be determined across the range of uncertainty by assessing
how each of the simulations respond to a given adaptation
strategy in terms of reduction (or otherwise) of failure
probability, and how much of the distribution is moved
away from a pre-determined unacceptable level of risk. This
approach can be used to assess how well an adaptation
measure would work across the range of uncertainty, and

can therefore be used as a support tool for making no-regrets
decisions.

This approach brings up four notable issues. (1) Even with
sub-sampling employed, computational costs of modelling will
be higher than that to which the water industry is currently
used to. Significant numbers of 100 year weather simulations
will be put through hydrological and water resource models
and then analysed. Clearly, the methodology has the existence
(or rapid development) of water resource models as a pre-
requisite, limiting its applicability in much of the world.
(2) The nature of the dry periods leading to water shortage
will not necessarily be known. With the output information
being a probability of water shortage per annum, and the
performance of a particular water management option being
measured as a reduction of that value, no information will be
given as to why the shortage occurred, or indeed why the water
management option succeeds or fails to improve the situation.
This more qualitative information would be valuable when
targeting adaptation measures, so could be explored as further
research. (3) The idea of a particular return period of an extreme
event will largely be lost. The output data would not be suitable
for describing the possible changes in return periods of extreme
events in the future without further exploration. However, it
is arguable whether assigning return values in a constantly
evolving climate is particularly useful, as the system assumes
the climate is constant. It is conceivable that comparing future
extreme events in the WG output to historical data as a return
period in the twenty century climate would be useful to a water
company when communicating climate change to the public or
stakeholders. (4) The most extreme drought events, particularly
those characterized as multi-seasonal episodes, will not be
captured by stochastic weather generators such as UKCP09WG.
As a result, an approach for including substantial headroom for
such events would be required when assessing future water
resource availability.

5. Conclusions

Maintaining continuous water supply in the UK throughout
the 21st Century requires acknowledging the threat of climate
change, primarily by disassociating stationarity from water
resource management. Adaptation to climate change is vital
to successfully augmenting the resilience of water provision,
and so must be based on sound evidence and take into account
the full range of uncertainty associated with any climate change
assessment.

Precise projections of the future cannot be expected from
climate models given the epistemic and natural stochastic
uncertainties involved, yet this should not be seen as a vehicle
for inaction in the UK water sector.

WGs represent the most useful approach to hydroclimato-
logical impact assessments due to their high spatial resolution,
allowance for climate variability, production of long, tempo-
rally consistent weather sequences and daily time-steps. Of the
myriad available models, the UKCP09WG has emerged as the
favoured tool in the UK water sector due to its production
of probabilistic information. Lower-resolution and qualitative
studies are, however, essential for identifying areas of vulner-
ability prior to carrying out such data-intensive research.

A risk-based approach must be taken to water resource
management. Given a particular metric of risk for a water
supply system (e.g. a failure to meet a particular LoS), the
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probability of demand not being met by supply can be analysed
for various plausible future scenarios. Given acceptable levels
of risk, it will be possible to analyse how the probabilities of
failure will change over time if no adaptation measures are
taken.

The decision-making method used to select water manage-
ment adaptation options is equally as important as that used to
assess the climate change risk. If either of these approaches is
not robust, then neither is useful. With this in mind, a form
of robust decision-making technique should be used, where the
effectiveness of different water management options are anal-
ysed across the whole range of uncertainty. It should not be
assumed, for example, that any one point across a distribution
is likely to be correct; investments that are beneficial across
the distribution should be taken up. Instilling this into industry
requires a step-change in the approach taken to decision-making
on longer-term water resource provision.

Due to our incomplete understanding of our world, our
inability to forecast the actions of man, and the stochastic nature
of the Earth system, projections of climate change do not, and
never will, represent a crystal ball that allows us to see how the
future will look. However, by taking a probabilistic approach
to assessing the impacts of climate change on the water sector,
it is known that somewhere within our distribution the realistic
vision of the future exists. By using probabilities of risk and
robust decision-making techniques, adaptation options that are
as ‘no-regrets’ as possible can be identified, whilst not making
inflexible and potentially maladaptive decisions along the way.

Using probabilistic WG information to assist adaptive deci-
sion making in the face of uncertain climate change requires a
practical top-to-bottom methodology, from creating the future
weather sequences down to selecting the correct adaptation
strategies. This eliminates disconnection between science and
policy, ensuring stakeholder engagement and making sure that
both the correct information is provided to policy makers and
that the information is used correctly.
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