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ABSTRACT

The publication of the UKCPQ9 climate change sdesdor the UK provides the
opportunity for more rigorous inclusion of climatieange uncertainty in water resources
planning. We set out how the current approachdoriorating climate change and other
uncertainties in water resources planning may lo&atgal to incorporate the UKCP09
scenarios. In an uncertain future, the frequendly which customers will experience water
shortages cannot be predicted for sure, so a watepany cannot predict definitely whether
it will or will not fulfil its Level of Service cormitments. We therefore go on to propose that
the probability of failing to meet Level of Serviffer given populations of customers)
provides an appropriate metric of risk, which cameatly summarises the uncertainties
associated with supply and demand, including ckntiiange uncertainties. We sketch out
how this risk metric can be calculated based uponlation modelling of the water resource
system.
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INTRODUCTION

Management of water resources has always beerb&eprof decision-making under
uncertainty. The sustainable management of wasewrees requires a long term perspective.
Yet looking to the future reveals a host of majocertainties, with respect to pressures from
climate change, demographic change, land use chamgkother socio-economic drivers
(CLG, 2009; Environment Agency, 2010; ONS, 2008iaNaJK, 2008). In parts of the UK
that are already susceptible to summer water sisash as the South and South East, these
pressures are likely to be significant (Environm&géency, 2009). As a result, decision
makers need to review how best to assess the impachange upon water resources, along
with associated measures of uncertainty, and imcatp these assessments in sustainable
water resources management.

Every five years, water companies in England antegyan consultation with the
Environment Agency, produce Water Resources ManageRians (WRMPs) where they lay
out the actions they will take in order to maints@turity of water supply over the next 25
years or more. These WRMPs form an important dahieowater companies’ business plan
submission to Ofwat (The Water Services Regulatiothority) for the five-yearly Periodic
Review (PR) of water prices. Adaptation to climeli@nge is increasingly featuring in the
water companies’ investment plans. In the 2009dderiReview (PR09) water companies
proposed more than £1.5billion in investments tapadheir water resource systems to
climate change. However, because the analysidyjugfithese investments predated the

1



UKCPOQ9 scenarios, Ofwat has requested that theggattn investments be re-evaluated
using the new scenarios. Ofwat has a mechanisiaoe pvhich allows companies to reopen
the price determination in this area before the faxnal price review if justified using the
new scenarios (Ofwat, 2009).

The next PR will be published in November 2014, nvidwat will set price limits for the
five years from 2015 to 2020. Investment planrorgthis next review, which is now
underway, will need to incorporate the UKCP09 sgesawithin a rational risk-based
framework. In the following section we criticallgview the current arrangements for
WRMP, with a particular emphasis upon the effectsvater resources planning of climate
change and other uncertainties. We go on to expih@émplications of the UKCP09
scenarios and propose how they may be fitted witierexisting framework for WRMP.
However, the probabilistic nature of the UKCPO9se®s draws attention to the potential
for a more complete risk-based approach to evainati options for water resources
management, which would supersede current UK proesdWhilst it is not possible to fully
elucidate such an approach within the scope ofpaper, we set out principles for how water
resources management planning can be put on arataeal risk-based footing and sketch
out a potential implementation which is based ugiarulation modelling.

In setting out the principles here we recognisettiere are many uncertainty factors besides
climate change that will also affect the supply-dechbalance over future decades. These
could include changes to the way that water abstracs controlled to protect the
environment, changes in population and water copsom and changes in catchment
hydrology as a result of land-use change. In ppie¢ithese can be accommodated within the
structure described, either by inclusion in probhdistributions or through a scenario-
based planning approach.

CURRENT ARRANGEMENTS FOR WATER RESOURCES MANAGEMENT
PLANNING IN ENGLAND AND WALES

Water companies’ WRMPs are expected to conforrhédanvironment Agency’s Water
Resources Planning Guideline (WRPG) (Environmerdriy, 2008), which builds on a long
tradition of engineering hydrology in simplifyinge water supply problem to compare a
single value of supply, or yield (Law, 1955), wihnual demand (Figure 1). In its simplest
definition yield, or deployable output (DO), is theximum rate at which a system can
supply water continuously through a dry period vatknown or assumed severity. This
implies that, in a more severe drought, this yegdnot be guaranteed, so short-term
measures, such as restrictions on water use, magdued to maintain adequate supplies.
Since the 1998 systematic review of water compaelgdy (Environment Agency, 1998) and
the subsequent first set of water resources plarthé 1999 Periodic Review (Environment
Agency, 1999), DO has been defined as the volunweatér that could be supplied through a
repeat of the worst droughts of the twentieth cgntaking into account the water
company’s policy on water-use restrictions. Thifqyas defined in terms of a series of
Levels of Service (LoS) which state the maximung@r@ncy with which water companies
will impose restrictions including hosepipe bansnsssential use bans and severe water
rationing. In this paper, for reasons that will i@ clear below, we think of a LoS as being
a target for the maximum annual probability of arsdige of given severity, so an example of
an LoS might be “an annual probability of hosegpes no greater than 0.05”.

Defining DO by reference to historic droughts heescpcal advantages but also presents
some problems. From a policy perspective, it isulde be able to explain that water
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companies aim to supply water through the worstigho in living memory without serious
restrictions on water use. Using a real drougtd alws simplified approaches to
hydrological modelling: in many places, long gaufled records exist, and it is often
possible to use these to extend shorter recordadjacent catchments. On the other hand,
while droughts tend to exhibit a high degree ottispaoherence (Hannaford et al., 2010), the
severity of a given drought varies between diffeichments (see, for example,
Doornkamp et al. (Doornkamp et al., 1980) for aameation of the variability of the 1976
drought). In practice this means that the stand@regich water companies are planning are
not objectively communicated. A further problemtwihis approach is that it suggests that
the worst drought of the twentieth century représarreasonable bound on drought severity.
In fact, we know that, in the nineteenth centungré were much longer droughts than in the
twentieth century (Marsh et al., 2007). This methtsb implies that the climate and
catchments are not subject to change: it assumaea tirought of the 1920s or 1930s is as
likely to occur today with the same hydrologicapense. However, catchments evolve,
altering hydrological response (lvanéwand Freer, 2009), and climatic stationarity can no
longer be assumed (Milly et al., 2008).

The WRPG also introduces a theoretical ‘Dry Yemrwhich demand that is typical for dry
conditions is satisfied fully, unconstrained by uybt restrictions, so is denoted@s, (Dry
Year Annual Average Unrestricted Daily Demand) awmdilable supply is the long-term
yield. Analysis proceeds with the conservative ag#ion that demand every year in the
future is theDpya, with demographic and climate changes (as theceffemand)
superimposed, to allow any possible deficits tadeatified in the year they first occur.

Uncertainty in the WRMP is incorporated via a ‘hesn’ allowance, which is “a buffer
between supply and demand designed to cater faifiggeuncertainties” (Environment
Agency, 2008). Thus, the *available headrooHy, in a resource zone is defined as the
difference between the Water Available for Use (WA\Ewhich is Deployable OutpubDQ©)
including raw-water imports, less raw water expddss outage) and tii®ya. The various
constructs mentioned above are brought togethieiNVVRMP process that is illustrated in
Figure 1.
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Figure 1 Components of a water resources management plan, from Environment Agency
(2008)
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UKWIR (2002) sets out a methodology for analysiegdroom, which identifies 9 supply-
related and 4 demand-related sources of uncert@iable 1), though S1-S3 have now been
excluded from assessments and S7 is included @sstsent of outage. UKWIR (2003)
recommends that these uncertainties be represastawbability distributions. The
probability density functions (pdfs) for uncertagimh supply and demanés(q) andfp(q)
respectively (wherg is a supply or demand variable expressed in tefrv/day), are taken
as the sums of all their different constituent sesrof uncertainty, which are computed using
Monte Carlo simulation, taking account of the clatien between the different uncertainties.

Table 1 Sources of uncertainty identified in UKWIR (2002)

Supply side uncertainties Demand side uncertainties

S1 Vulnerable surface water licences D1 Accuracy of sub-component data

S2 Vulnerable groundwater licences D2 Demand forecast variation

S3 Time-limited licences D3 Uncertainty of impact of climate change
on demand

S4 Bulk imports D4 Uncertain outcome from demand

management measures

S5 Gradual pollution of sources (causing a
reduction in abstraction)

S6 Accuracy of supply-side data

S7 Single source dominance

S8 Uncertainty of impact of climate change
on source yields

S9 Uncertain output from new resource
developments

Supply and demand are not independent becausesiyogiy and demand may be influenced
by the same processes (e.g. climate change). ér twddompute the pdf of available
headroomf(h), which is the difference between supply and deimarm write the conditional
probability density of demand given supplyfag(q), so that

fW) = [ fs(qg—nfps(q) dq (1)

The headroom methodology standardises the disiimibf supply and demand by their
mean valuegs andup respectively, so the headroom uncertaintyf@k) is given by:

fu(h) = f(h — us + up) (2)



The ‘target headroomH+(P) is a deterministic quantity that the water compseeks to
provide for in its WRMP. It is back-calculated frdbguation 2, by identifying an acceptable
probability, P, (the ‘Level of Risk’ or LoR) at which the disttbon f(h) may become
negative:

Hr(P) = —F,'(P) 3)

whereE; 1(P) is the inverse cumulative distribution functionfpfh) (Equation 2) at
probabilityP. The headroom calculation is repeated for evesy géthe planning period to
identify how and when a range of management opimegpected to yield a surplus or
deficit compared to the target headroom.

CLIMATE CHANGE

Water companies in England and Wales were askednsider climate change in their 1999
WRMPs. Subsequent planning rounds have developgdtid in 2007 water companies
were directed by Ministers (in the Water ResouMasagement Plan Direction 2007) to
explain how forecasts of supply and demand consideate change.

Climate change and supply

For assessments of DO, the WRPG recommends setaditagic rainfall and evaporation
sequences to represent future climate. This isaag#factor approach to downscaling global
climate model (GCM) data, also known as a ‘deltangje’ or ‘perturbation’ method (Fowler
et al., 2007). The change factor method is singalifbecause it retains the structure of the
historic record. Droughts change in severity bilit@tcur at the same times in the record and
for almost the same duration, though the preces# ahd end may be altered because of
changes in the magnitude of rainfall and evapanatyeserving the structure of the historical
climate record is both helpful and problematias Ibeneficial because it allows direct
comparison of water availability before and aftémate change, allowing water companies
to explain the impact of climate change on theatem. However, it is also questionable
because there is no reason to expect that futotggtts will be scaled versions of past
droughts.

UKWIR (2006) provided monthly change factors fanfall and evaporation and also
monthly river flow factors for 70 catchments, obtad from six GCMs. The mean changes
estimated across the six models formed a ‘Mid’ adgerof future climate, while changes at
plus one and minus one standard deviations frormien were described as ‘Wet’ and ‘Dry’
scenarios, respectively. The flow factors corresiiogto these scenarios are used to scale
the observed time series, which can then be useald¢alate the corresponding DO. UKWIR
(2006) then recommends use of a triangular pd&®(defined by the ‘Mid’, ‘Wet’ and ‘Dry’
points) in the headroom calculation.

Climate change and demand

Relatively little attention has been paid to the@auat of climate change on the demand for
water in England and Wales. This is at least pétigause there is no unified theory or model
that identifies the drivers of demand, though gdarumber of possible factors have been
identified. Herrington (1996) explored several wayshinking about the impact of climate
change on demand, including gathering demand irdoom from other parts of the world
with similar economic and social characteristicd sarmer climates. Downing al. (2003)
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built on a scenario approach to dind forecastingEnvironment Agency, 200;
Environment Agency, 2001badjusting specific mic-components of demand to refle
changes in use as a result of higher temperatioe®xample, the frequency of garc
watering and showering or bathing may be expedédcreasedn a warmer climateOn the
other hand, demand can be less in wet or dull veeasars, though these reduction:
demand can in due course ‘bounce back’ to the lyidgrtrend.

The WRPGrecommends the use of the results from Dowiet al. (2003). In jractice, this
adds a few percent to total mains water demantid2®20s or 2030s. Other factors
expected to change demand much more, at least imetkt two decades: for examgfurther
reductions in leakage will help to conserve watetthe intoduction of water metering me
lead to water savings of ten to fifteen per ((Environment Agency, 2009

The UK CPO09 climate change scenarios

In June 2009 the latest climichange scenarios for the UK (UKCP0®mlaunched. The
scenarios are based umpa large ‘perturbed physics’ ensemble of the M@t®Hadley
Centre’s HadCM3 GCM, dynamically downscaled to x25km grid using the HadRI
regional climate model. The climate projectionsarailable for the period 20-2099, using
seven overlapping 3@ear timeslices that move forwards in decade steps (i.e0—2039,
2020-2049, etc. until 2072899). An innovative methodology for assessmeninakertainty
in the scenarios was develop(Murphy et al., 2007)so the results are reported at differ
probability levels e.g. 10% (very unlikely to bagethan), 50% (central estimate), 90% (\
unlikely to be greater than). These ranges forguted precipitation change can be large ¢
in the 2020s (see for examjFigure 2).
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Figure 2 UKCPO09 projected changes in mean summer rainfall for southwest England for the
2020s (medium emissions scenario)

The UKCPO09 pojections are presented as being conditional upaetdifferent emissior
scenarios (High, Medium and Low). No informatiomprevided about the relative likeliho
of these emissions scenarios, as fuemissionswill be determined by human decisioln
principle this presents difficulties for incorpdrag these scenarios INWRMF, but in
practice there is not a significant difference kegnprojections based upon differe
emissions scenarios up to the 20

The scenarios are accompanieca Weaher Generator (WG) which simulattime series of
local (5km scale) futurdaily precipitation, temperature, PE and otiverathe variables. The
WG uses well established stochastic simulation outor daily weather variabl(Kilsby
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et al., 2007), calibrated from observations. Chariggween the reference period (1961-
1990) and future decades are extracted from theatdi model outputs and factored into the
WG, so that it can be used to simulate long séhi@sincorporate the changes projected from
climate models, yet are grounded in observed cbiogy. The WG can be used to simulate
very long series of weather events which are remtasive of the selected time-slice, so
facilitates more extensive sampling of climate ahtlity than is possible by applying change
factors to observed series (the approach adoptd&WIR (2006)). Even for the reference
period, some of these simulated series may be teghéx have droughts that are more severe
than in the observed record. In UKCPO09 a large rermabWG parameterisations (10,000)
have been generated — this large ‘ensemble’ reftbet climate model uncertainties.

The combination of probabilistic quantificationaimate model uncertainty with stochastic
simulation WG technology makes the UKCP09 scenanisnationally ground-breaking.
However, there are still limitations, the most #igant from a WRMP perspective being:

1. Whilst the weather generator reproduced the statist the control period well, in future
predictions is makes use of change factors fromatk models (see above) since there
are remaining issues with how well the climate ni®dan predict the control period
climate, especially for precipitation and prolonded dry spells.

2. The WG effectively reproduces daily and monthlyia@on in climate variables. The
variance in annual rainfall totals has also beemwshto be reproduced well. Year-to-year
patterns are independent, so persistent multi-gemarghts occur no more frequently than
would be expected under the assumption of indeperashenual totals. UK rainfall series
do not exhibit significant ‘long memory’, but a neovariable climate may bring with it
increased risk of persistent multi-year droughtscWhivould be very significant for the
water industry, so the possibility of long memorggesses (which may, for example, be
associated with large scale climate oscillationsjits attention.

3. The UKCP09 WG simulates stationary series thatepeesentative of thirty year time
slices. Ideally, adaptive management strategied teebe tested with respect to how they
perform in a changing (non-stationary) climate, ehhiequires transient climate scenarios
(i.e. scenarios that simulate how climate is exgebtd change as one goes through the
21° Century) of the type generated by Burbial. (2010).

4. The UKCP09 WG produces weather series for indiidilas, whilst for water resources
purposes, spatially coherent precipitation variglalee required over whole catchments,
and also for groups of catchments in cases whege lasin transfers are significant.

INCORPORATING THE UKCP09 SCENARIOSIN THE EXISTING WRMP
FRAMEWORK

The headroom framework outlined above is probalulso can accommodate probability
distributions derived from UKCPOQ9. In this sectwa set out how this may be achieved.
Whilst this approach is probabilistic, for reasareswill explain in the next section, it is not
explicitly risk-based, nor is it well suited to apjsal of adaptive management strategies.
Therefore in the next section we set out the casa fisk-based alternative method that goes
beyond the existing headroom methodology.

The framework set out in Figure 1 and Equationvdlves separating out mean estimates of
the impacts of climate change on supply and denfrand the associated uncertainty (which
is incorporated within the headroom calculatiorfje Bpproach proposed here therefore
proceeds by constructing a probability distributadrclimate change impacts on supply and
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demand and then separating this into a mean adéflwifh zero mean. Projected changes in
supply may be obtained by a number of means ubmty KCPQ09 scenarios. Here we
describe an approach based upon the WG, the aitrding that the WG enables extensive
sampling of natural variability in weather condit& providing a well developed route for
generating statistical estimates of drought fregyen present and future climate.

There are two levels of uncertainty that the UKCMIS can be used to explore:

U1: Natural variability: The WG generates synthetic time series of weatleables
(including precipitation, temperature and PE). dfcalating supply, series of precipitation
and PE need to be input to rainfall-runoff modalsd/or groundwater models where
appropriate) in order to give flow (and groundwassel) series that can be input into the
water companies’ water resource models in ordgeterate corresponding predictions of
DO for different water resource management optidamperature series from the same WG
run can be used to estimate changes in demandstwlbiling conveniently with the
correlation between supply and demand. Long sinauatfor the reference (1961-1990) and
future time slices (2020s and 2030s) can be usedtemsively explore natural variability in
weather conditions that may be (statistically) eteé in present and future climates.

U2: Climate change uncertainty: For future climates, the WG analysis of U1 candpeated
for different sets of change factors from the clienaodel ensemble, enabling exploration of
the range of uncertainty associated with projectedate changes. This second layer of
uncertainty is referred to as ‘epistemic uncertaias the distribution of change factors
represents the range of uncertainty associatedowitttack of knowledge about the
behaviour of future climates. Thus U2 will generatdistribution of estimates of DO.
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Figure 3 Typical cumulative probability distribution of DO for the baseline, 2020s and 2030s
using a sample of UKCPQ9 probabilistic outputs.

Suppose that the three distributions of DO illusilan Figure 3 are written &3asdine: F2020s
andF030s The mean climate effect on supply in the 202Q8d%s— Lbaseline A SMmooth curve
may be fitted throughpaseiine M2020s8Ndp20300 €nable construction of a time trend of mean



DO, similarly through the quantiles Bfasdine, F2020sandF2030st0 €nable construction of
climate change uncertainties for each interveneay.y

An inevitable consequence of UKCPO09 is that wabenganies will have to do more
simulations using their water resource models thag are accustomed to. Judicious
sampling of natural variability (U1) and episteritcertainties (U2) can ensure that the
number of simulations is still manageable. Note gicample, that in Figure 3 more cases
have been sampled at the lower tail of the distiaiouof DO, so that the probability estimates
are more accurate in the circumstances that aremglesant to the WRMP. As the
simulations are independent of one another iragitforward to deploy them on distributed
or cloud computing facilities (Harvey and Hall, 201

A RISK-BASED APPROACH TO WATER RESOURCES MANAGEMENT
PLANNING IN ENGLAND AND WALES

Theneed for arisk-based approach

The approach to WRMP set out in Figure 1 is esskdéiterministic, but has embedded
within it frequency-based definitions of LoS angdrababilistic approach to dealing with
uncertainty via headroom. The deterministic congmaribetween supply and demand is
conceptually simple and easy to explain, whicldigaatageous given that water company
plans have to be published and are subject to@ubfisultation. However, the WRMPs that
emerge from this analysis cannot be describedsksased: a risk based approach would
make explicit the probabilities of a range of olabtes outcomes (e.g. water shortages of
different severity), at present and in future,daange of different management options. The
focus upon abstract supply metrics (DO) rather thiaservable outcomes (the frequency with
which customers experience, or are predicted temaipce water shortages) makes it
difficult objectively to weigh up the risks and t®sssociated with alternative strategies for
water resources management.

The use of the term ‘Level of Risk’ (LOR) suggesiat the current approach is risk-based,
but LoR is defined on a scale of headroom unceitdil/d), so has no direct interpretation
in terms of the probability that a given LoS witlwill not be achieved. The probability that
the available headroom is less than zero approgsratthe probability that the LoS will not
be achieved (though the use of the Dry Year AnAuatage Daily Demand means that even
this approximation is biased), but any other guesitof headroom uncertainty cannot be
directly interpreted in terms of the frequency withich customers are expected to
experience water shortages.

Whilst the probabilistic headroom methodology exgsoa number of sources of epistemic
uncertainty, natural variability (reflected for emple in the occurrence of wet and dry years)
is only incorporated but testing the observed sdeegy. of flows, precipitation etc.). Of
course this record forms the basis for our undedste of natural variability, but the ust
testing observed series is very limiting in terrhghe severity, sequencing and spatial extent
of droughts. Yet these extreme events largely deter the risk of shortages to which water
customers are exposed, now and in the future, sih caeeful statistical analysis (Tallaksen
and van Lanen, 2004), including proper treatmenhefassociated statistical parameter and
model uncertainties (Coles, 2001).

It is clear from Figure 1 that the WRPG separabesdasting of supply and demand from
analysis of uncertainty in those quantities. THosexample, in allowing for the impact of
climate change on the supply-demand balance, tla@ wlanate change effect is included in
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the supply and demand forecasts whilst the variandbat climate change projection is
included in the headroom calculation. This makeather difficult to trace the effect of
individual drivers (such as climate change) andiémtify the most appropriate adaptation
responses. It has also raised the question of hewnean value is selected for the supply and
demand calculation (in the absence of uncertaifiy).exampleDpya is taken as the demand
forecasting, which may be a reasonable conservasisemption, but thepya is not for an
average year, so it does not represent the meidue alistribution of demand uncertainty.

The explicit representation of uncertainty in UKQR{ts as a stimulus to re-evaluate the
representation of uncertainty in WRMP. In particu@fwat has required water companies
who want to propose further investment before @ price review to produce “reasonable,
risk-based, analysis consistent with the range @kpted outcomes reflected in the
application of a suitable analytical tool to UKCPQ8s the climate change signal grows
compared to natural climate variability, it is begog increasingly necessary to improve the
assessment of the impact of climate change on wedgeurces, and make demonstrably
proportionate adaptation decisions. Any new apgreaclimate change in WRMP must
concentrate on the main purpose of the water ressyplanning regime — to make sure that
water companies are taking timely and appropriggessto maintaining security of supply in
the face of all pressures. In doing this, attentiarst be paid to developing methods that
improve adaptation to climate change. Where uniceiga are large, it pays to build in
flexibility and modify strategies as new informatimaterialises, through a process of
‘adaptive management’. Analysis of phenomena thalve through time, be they deliberate
(like adaptive management strategies) or largetgide the control of decision makers (such
as the ‘bounce back’ phenomenon mentioned aboye)res an approach that simulates the
evolution of future sequences of events througle ti®f course these events are uncertain, so
simulation involves dealing with multiple time ssiof alternative futures and tracking their
performance with respect to relevant metrics (@gt and frequency of shortages) through
time. Adaptive management cannot be properly ardlysing existing approaches that are
based upon a series of annual ‘snap shots’ ofdlenbe between supply and demand for
each year individually, without tracking specifimgertain) sequences of events.

From the above discussion we conclude that theiregiBamework for water resources
planning is not fully fit for purpose because tlisinot genuinely risk-based (2) its reliance
upon observed series means that natural variakslitpt adequately explored (3) it separates
mean values from uncertainty, making the sourcdgtafe change and uncertainty difficult
to attribute and (4) it is not well suited to tegtiof adaptive management strategies.

Principles of arisk-based approach

A risk-based approach is one that explicitly coassdhe probability and consequences of
harmful events, in this case water shortages foplgeor the environment. We do not dwell
here upon quantification of the consequences oémghtortages, but take it that these are
proportionate to the severity of shortage and tlmalrer and vulnerability of water
consumers effected, amongst other factors. Firdgeveut some guiding principles for water
resources planning in a changing climate, befoe¢csling out a potential implementation in
practice.

1. The depth of analysis should be in proportion todéverity of risks of water shortage
and the scale of potential investment in adaptaifdhe water resource system. Where
risks (at present and in a changed climate) ard smé no major investments are
planned, then simplified approaches are justifiaBler emphasis here is on situations
where it is necessary to appraise major investmecisions.
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. Analysis of water supply should take full accouhth@ current and future requirements
for sustainable flows to support Good Ecologicat&. These requirements may change
in a changing climate (Environment Agency, 2009).

. Analysis should focus upon prediction of the fragueof water shortages and other
observable events that are directly related tootnsts. These events of relevance to
customers are typically triggered by physical (abdervable) thresholds within the water
supply system (e.g. reservoir levels) being passéolcus upon observable events is in
contrast to current emphasis upon DO, which isanditectly observable quantity.
Predicted frequencies of water shortages and ottearvable events that are directly
related to customers can be compared with Leve®&eofice (LoS), which are the target
probabilities of water shortages that a water camseeks to ensure will not be
exceeded (see also 7 and 8 below).

. The variability in hydrological conditions that megsult in water shortages should be
extensively explored using statistical analysigsThay be achieved through simulation
of events (and sequences of events) of a rangdf@fesht durations, spatial extents and
severities. The probability of events more extrehan in the observed record should be
estimated (along with accompanying uncertaintiesl) their consequences analysed.

. The evolution through time of a range of possibkeifes should be explored. Within this
simulation framework, water resource managemendapican be defined as adaptive
strategies, where the occurrence of particular Bvieiggers in investment or other
management actions. In order to estimate the prlaicgbof relevant quantities (e.qg.
water shortages) in any particular year, it is ssagy to do multiple simulations of
sequences of years and aggregate the resultsdioryear in the simulation.

. Uncertainty analysis should be an integral aspkttieowater resources calculation rather
than being separated from the central estimatesadrtain quantities. Thus the water
resources planning calculation should, throughthrnaligh, be an uncertainty analysis.
For climate uncertainties, the quantification adteaxists in UKCP09. For hydrological
model uncertainties this may involve calibratiotitl@ion exercises in order to generate
probability distributions for hydrological prediotis of catchment runoff/supply.
Uncertainty is dealt with by repeating the simwas in (5) for different samples of
uncertain quantities (i.e. demand assumptionsimaté change factors) (Lopez et al.,
2009).

. The key output is a distribution of the probabilifyshortages (corresponding to the
trigger conditions for various LoS), in each yehth® planning period. In other words,
we recognise that, because of uncertainty, we d¢gmeacisely predict the probability of
shortages, but we can estimate a distribution abgoilities and use that to calculate the
probability of failing to meet a range of LoS.

. The probability of failing to meet a LoS (to a giveumber of customers) is an objective
measure of the risk of water shortage. Investmgihé® water company is justified on the
basis of reducing this probability of not meetingas. Determining a tolerable
probability of not meeting a LoS involves weighimg (in the broadest sense) adaptation
costs with the consequences of water shortagaagtako account the interest of
customers and shareholders, alongside externahtésding the environment’s need for
water. There is a direct trade-off between the o8 the probability of not achieving it:
the higher the LoS (i.e. the lower the target pbiliig of water shortages) the higher will
be the risk of not achieving the LoS, all othengs being equal. Thus determining the
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tolerable probability of not meeting a LoS needtatee place in tandem with the process
of setting the LoS.

9. Even though uncertainty analysis is a central jpieqsee 6, above), responsible analysis
will include careful sensitivity analysis to expdothe implications of plausible variations
in distributions and other assumptions (includimigi-annual auto-correlation) and seek
to identify water resources management optionsateats far as possible robust to these
residual uncertainties, in that the options perfaaoeptably well over the range of
uncertainty (Dessai and Hulme, 2006; Hall, 2007nMag et al., 2009).

The WRPG and other aspects of the regulator regnmalready based upon several of these
principles (for example proportionality), but innse respects they represent a significant
development of existing practice, most notablyhi& treatment of uncertainty and risk.

Identify the observable conditions (e.g. reservoir
levels) that imply water shortages of varying levels of
severity. The events of these conditions occurring are

written Lz 1= 1,.., I. These events corresponding to /
Levels of Service (LoS), which are expressed in terms
of a target maximum probability (S;) of Z; occurring.

Identify sources of uncertainty (U2)
and assign probability distributions to
all s significant sources, including
correlations where these distributions
are not independent.

Foreach k do
m simulations (denoted j=1,..., m) of Construct n samples (denoted k=
the planning period (each year of which | —] L....,n, each one a vector of length 5)
is denoted 7) each of which represents a of the uncertainties (U2).
different sample of natural variability
(U1).
v : — :
For each year f in each simulation; For each £, estimate the probability of L, inyear¢:
> count which (if any) water shortage L — p (L)~ # simulations in which L, occurs in yeart
oceurs g m
y
Use each of the samples k= 1,.._, n to constructa

histogram of P(L,) (Figure 5), which represents the
uncertainty (U2) in the estimate P(L;) .

v

For each year f and L;estimate the probability of not
achievinga given LoS:

# simulations k in which P, .(L;) > S;

R:(L:) RS n

Figure 4 Overview of a ssimulation strategy for estimating the risk of water shortagesin a
changing climate

The flow diagram in Figure 4 provides an overvidvag@imulation strategy for calculating
the risk of water shortages in a changing climéke approach involves multiple simulations
of future series of rainfall, temperature, flonpgndwater levels and water supply for the
years 2010 to 2050. Each simulation is a diffepm#sible sequence of natural variability in
rainfall and other weather conditions (U1), whislolees through time due to the changing
climate change signal. This use of ‘transient’ Wweagenerator simulations actually involves
some extensions beyond UKCPO09, though methods so th@ve been developed (Burton et
al., 2010) and are now being adapted to UKCPO9ubimon of the water resource
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management system predicts observable quantitigsfi@vs, reservoir levels and
groundwater levels). If and when the value of thgsantities trigger restrictions on water use
(at various levels of severity), then this is refiéel in the subsequent demand. The output
from each simulation is a record of the relevargesbable quantities of the water resource
system and the timing and severity of any watertalges. Repeating this process for
different simulated weather series enables an asiof the probability of water shortages
(at various levels of severity), Py(L;), in each year of the simulation to be built up. More
simulations will enable more stable estimates eséhprobabilities to be obtained. Note that
P(L;) will change from year to year due, for exampbethte effects of changing demand,
climate change and investment in new resourceseXflect that changes in climate and
demand will lead to relatively smooth changePR(h;) between one year and the next,
whereas commissioning of new resources may leatefpchanges. For each year of the
simulationPy(L;), extracted from the simulations for yeacan be compared with the
corresponding LoS to see whether, according tcetsoaulations, the LoS will or will not be
met.

As Figure 4 illustrates, the process describetienprrevious paragraph needs to be repeated
in order to test the effect of uncertainties (U2jhe assumptions that go into each
simulation. Thus we generate multiple estimate(f), so that the distribution of these
multiple estimates reflects the uncertainty thavusly has appeared in the headroom
calculation. Figure 5 is an example of a histogadrastimates oP;(L;) extracted from a
simulation exercise of this type. It shows how iogtnof the result®:(L;) is less tharg, so in
these cases the Level of Service is predicted iag Ipeet, whilst in a few cases it is not. The
probability of not achieving a given LoS in ye&as our proposed measure of the risk of water
shortages in that year. As illustrated in Figurd équally weighted Monte Carlo samples are
used, this measure of risk can simply be estimasetthe proportion of the total number of
simulations that fail to meet the level of servibtare formally, ifFp, (. is the cumulative
distribution function oP(L;) (which may be estimated empirically from the dsttawn in
Figure 5), then we define the rigk(L;), in yeart associated with LoS as:

Rt(Li) =1- FPt(LL-)(Si) (6)

300 -
250 -
200 -

150 -

Freugency

100 -

50 - |

0 s
3 P(L)

Figure 5 Histogram of simulated probabilities P(L;) of water shortages of severity L; being
imposed in year t

If Ry(L;) is intolerably high then it will be necessarypt@pose water resource management
options that cost-effectively reduce the risk. Opsi can be implemented in the water
13



resources simulation and thus compared in terneffectiveness in reducing(L;).
Identification of preferred options should be supgd by sensitivity analysis of the
robustness of the choice of options to major assiompin the analysis.

CONCLUSIONS

In this paper we have set out how the current fraonke for WRMP in England and Wales
may be updated to incorporate UKCPOQ9 climate chaogearios. However, the emergence
of UKCPO09 has also provided a stimulus for a marelamental re-evaluation of WRMP in
England and Wales and an opportunity to recast & more transparent risk-based footing.
Whilst in this paper we have set out a number asoes why the WRMP framework cannot
be considered to be fully risk-based, we have aoght to analyse the history for why this is
the case, other than as far as has been necesspidin the current approach to calculating
headroom and analysing the impacts of climate ahahige existing WRMP framework
benefits from its simplicity and back-compatibiligth deterministic approaches to
balancing supply and demand that have existedeinviiter industry for more than half a
century. However, as with other fields where deteistic approaches have been superseded
by risk-based methods (such as in flood risk mamage and earthquake engineering), the
risk-based approach ultimately offers a more rigerapproach to dealing with uncertainty
and forms the basis for more efficient and transpiaresource allocation and regulatory
decisions. Moreover, a move towards a probabilstitulation approach also provides more
opportunity for statistical validation against ohstions, as the basis of the approach is the
simulation of sequences of rainfall, flows, etcd &neir observable consequences (e.g. water
shortages) rather than being constrained by assomsbout Level of Service or focussed
upon generation of probability distributions of &hst quantities (such as DO) that are hard
to validate.

We have set out essential principles of a workai@éhodology: (1) the depth of analysis
should be in proportion to the risks of water shget and magnitude of proposed investment;
(2) analysis should take full account of the curiaamd future requirements for sustainable
guantities of water for the environment; (3) anayhould focus upon prediction of the
frequency of water shortages and other observafelete that are directly related to
customers; (4) variability in hydrological condit®that may result in water shortages should
be extensively explored using statistical analgsid simulation; (5) analysis should be based
upon simulation of sequences of events through; t{)euncertainty analysis should be an
integral aspect of the water resources calculafionthe key output of the uncertainty
analysis is a distribution of the annual probapitit water shortages (whose severity
corresponds to the trigger conditions for variooS); (8) these probability of failing to meet
a LoS (to a given number of customers) is an objecheasure of the risk of water shortage;
(9) analysis should careful analysis of the sengjtdf decisions to plausible variations in
distributions and other assumptions. In particutarelation to the 9 principle, we recognise
that the probabilistic quantification of uncertgimt UKCP09 does not embrace all sources
of climate uncertainty and is subject to a rangmethodological assumptions, as is the case
with other sources of uncertainty in water resosifganning. However, far from

undermining the risk-based approach presented ther@resence of significant residual
uncertainty further underlines the need for a dexiffamework that can be used to evaluate
sensitivity to assumptions and residual uncertasnéind that can accommodate further
guantification of uncertainties when it becomesilabée.

In a short paper, it has not been possible towgehalgorithmic detail how a risk-based
approach can be implemented. A worked examplebeilihe subject of a subsequent paper.
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However, we have sketched a possible simulationoggp that implements the risk-based
principles. An inevitable consequence of this setioh approach is that water companies
will have to do more modelling of their water reemisystem than they are accustomed to.
The computation expense can be reduced throughdibigtion of efficient sampling
strategies and using models that are appropriaterig term strategic analysis. Extensive
simulation studies will not be justifiable wherethisks are small and the scale of future
investment in water resources is negligible. Howelzaglish and Welsh water companies
proposed at least £1.5billion of investment in balag supply and demand in response to
climate change in their submissions to PR09 sotatlap decisions on this scale easily
justify a modicum of analytical effort.
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