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Abstract

Over the last two decades, the frequency of water resource drought in the UK, coupled with the more recent pan-European drought of 2003,
has increased concern over changes in climate. Using the UKCIP02 Medium-High (SRES A2) scenario for 2070-2100, this study investigates
the impact of climate change on the operation of the Integrated Resource Zone (IRZ), a complex conjunctive-use water supply system in
north-western England. The results indicate that the contribution of individual sources to yield may change substantially but that overall
yield is reduced by only 18%. Notwithstanding this significant effect on water supply, the flexibility of the system enables it to meet modelled
demand for much of the time under the future climate scenario, even without a change in system management, but at significant expense for
pumping additional abstraction from lake and borehole sources. This research provides a basis for the future planning and management of the

complex water resource system in the north-west of England.
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Introduction

In the UK, in the late 1980s and early 1990s, as a recurrent
outcome of increased hydrological seasonality (Marsh and
Monkhouse, 1993), the frequency of droughts has increased
(Bryant et al., 1994; Marsh and Turton, 1996) and
culminated in the severe drought of 1995-96 which affected
mainly the north and west of the country (Marsh, 1996).
The recent pan-European drought of 2003 increased concern
that climate is changing and, under global warming, large
increases in temperature variability during the summer
months have been suggested (Schir er al., 2004).
Additionally, current trends in UK rainfall (Fowler and
Kilsby, 2002) and future projections from Global Climate
Models (GCMs) suggest that winters will, on average,
become wetter and summers drier (Giorgi ef al., 2001a,b;
Hulme et al., 2002); the UKCIPO02 scenarios (Hulme ef al.,
2002) indicate that, by the 2080s, summer reductions as
high as 50% and winter increases of 30% may occur.
However, more importantly, under global warming, climate
models indicate increases in the future frequency and

magnitude of extreme events (McGuffie ef al., 1999). By
the end of the century, a 10—30% increase in the magnitude
of UK rainfall events up to a 50-year return period (Fowler
et al., 2007; Ekstrom et al., 2005) has been predicted as
well as an increase in the severity and frequency of droughts
of 3- and 6-month duration, particularly in the south-east
(Fowler and Kilsby, 2004). Such changes would have serious
implications for the future management of water resource
systems.

Increases in seasonal rainfall contrasts as well as extreme
events, such as the droughts in the 1990s (Marsh, 1996)
and the floods of 2000/01 (Marsh, 2001), affect the water
balance of river basins severely. They also influence the
availability of water resources, as well as the frequency of
flooding and of ecologically damaging low-flows. Despite
numerous studies of the effects of climate change on
hydrological regimes, few have considered the impact of
climate change on a complex water resource system such
as that described by Fowler et al. (2003); many have
concentrated on modelling simple systems such as individual
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storage reservoirs (Vogel et al., 1999; Lane et al., 1999;
Maier et al., 2001; Kay, 2000), although some US studies
have considered both sophisticated downscaling methods
and the modelling of complex water resource systems
(Christensen et al., 2004; Payne et al., 2004; VanRheenen
et al., 2004). Most, however, addressed only changes in
mean climate, using the ‘perturbation method’ (Prudhomme
et al., 2002) to alter the observations input to a hydrological
model on a monthly, seasonal or annual basis according to
future changes projected by GCMs (Arnell, 1992; Arnell
and Reynard, 1996; Hewett ef al., 1993; Wardlaw et al.,
1996; Pilling and Jones, 1999, 2002). Within the historic
record, this allows examination of changes to mean flows
without separate consideration of changes in variability
(extremes) or sequences of storms and dry periods (Wood
et al., 1997). However, it is precisely these that will have
the greatest effect on hydrological processes (Burlando and
Rosso, 2002a,b; Arnell, 2003).

Much of the north of England relies on surface water
resources because the geology of the north-west results in
groundwater storage potential of only 15% (Fowler et al.,
2003; Walker, 1998). Therefore, short-term summer drought,
as well as longer droughts such as that in 1995-96, can have
an extremely detrimental effect on water supplies (Marsh,
1996) in the Integrated Resource Zone (IRZ) of United
Utilities. This network of impounding reservoirs, river and
lake abstractions, inter-river transfers and groundwater
abstractions is linked to the major urban centres through
major aqueducts (Walker, 1998). Rainfall, mainly from
weather systems in the westerly quadrant, leads to a seasonal
flow regime, with the runoff largest in winter and spring
and least in summer. During the 1995-96 drought, the most
severe in the historic record, the 18-month rainfall of only
56% of the long-term average caused reservoirs to be at
their lowest historic levels in the spring of 1996 (Walker,
1998). Despite the success of management in avoiding
severe restrictions on water supply throughout the 1995—
96 drought, the need to quantify the likely effects of climate
change on the IRZ was highlighted as a priority.

This paper examines the effect of future climatic change
upon the performance of the north-western England IRZ
using the Medium-High UKCIPO02 climate change scenario
(Hulme et al., 2002); based on the A2 SRES emissions
scenario (IPCC, 2000). Daily rainfall and temperature data
from the HadRM3H Regional Climate Model (RCM) have
been used to drive the UKCIPO02 scenarios directly as input
to catchment models. Such a direct input of dynamically
downscaled RCM data to hydrological models has been
successful in representing historic inflows in US studies
(Wilby et al., 2000; Hay and Clark, 2003; Wood et al., 2004).
In north-west England, this method reproduces the statistical
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distribution of historic flows (Fowler and Kilsby, 2007).
Compared to statistical downscaling, RCMs produce spatial
patterns of climate variables, such as rainfall and temperature
which, while more homogenous, may be no more realistic
(Cubasch et al., 1996; Mearns et al., 1999). However, the
direct input of RCM data to hydrological models in impact
studies allows proper consideration of changes in variability
(extremes) or sequences of storms and dry periods, the
variables that most affect hydrological processes.

This analysis, representing the state of the art in the
assessment of the potential impacts of climatic changes on
water resource systems, builds on the methodology
developed by Fowler ef al. (2003) but uses dynamical rather
than statistical downscaling to provide inputs to the
hydrological models. Here, the ‘perturbation method’ is
improved and changes to mean rainfall amount, spatial
patterns, sequencing and variability are incorporated in the
analysis by the direct use of ‘bias-corrected’ RCM data. This
study provides not only an insight into the potential impact
of future climate changes on the performance of the north-
west England IRZ but also a robust and repeatable
methodology for the modelling of such climatic impacts on
complex water resource systems.

The north-west England Integrated
Resource Zone (IRZ)

The water supply system in north-west England can be
classified into complex, linked systems and stand-alone
sources. Here, modelling will be confined to the IRZ, which
provides 56% of freshwater public supplies to industrial,
commercial and domestic customers in the region (Walker,
1998). An interconnection of major aqueducts links sources
(impounding reservoirs, river abstractions etc.) with demand
centres (Fig. 1). Thus, Thirlmere and Haweswater
impounding reservoirs in the Lake District, and sources in
Lancashire, the River Lune abstraction and Stocks reservoir,
are linked to the Manchester conurbation and central and
east Lancashire through the Thirlmere and Haweswater
aqueducts. Similarly, Liverpool and the southern part of the
region are served by aqueducts from Vyrnwy reservoir and
the River Dee in north Wales in addition to groundwater
sources. The Rivington aqueduct is bi-directional, enabling
water from the rivers Dee and Vyrnwy to be transferred to
Greater Manchester and water from Thirlmere and the river
Lune to be transferred to the Liverpool area. The Pennine
region is served mainly by local sources such as the
Longdendale reservoir group backed up by supplies from
the Lake District aqueducts. In this study, the eight largest
individual sources which are modelled comprise six
impounding reservoirs, Haweswater, Thirlmere, Rivington,
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Stocks, Longdendale (the largest individual source in the
Pennine South group) and Vyrnwy; and abstractions from
the rivers Lune and Dee; other inflows derived from these
sources are determined using regression relationships.

Data

CLIMATE VARIABILITY AND CHANGE SCENARIOS

The HadRM3H RCM, developed at the Hadley Centre of
the UK Met Office was derived from the HadCM3 (Gordon
et al., 2000; Johns et al., 2003) GCM. HadRM3H
integrations were used to produce the new UKCIPO02 climate
change scenarios for the UK (Hulme et a/., 2002). Boundary
conditions are derived from the global atmosphere model,
HadAM3H, (Pope ef al., 2000) which is intermediate in scale
between the coarser resolution HadCM3 and HadRM3H.
An ensemble of three integrations has been run for a
reference baseline or ‘control’ period (1960—1990) using
observations of sea-surface temperatures (SST) and sea-ice
instead of their HadCM3-modelled counterpart (Hulme et
al., 2002). The three integrations have similar long-term
characteristics but show significant year-to-year and decade-
to-decade differences due to internal climate variability. An
ensemble of three integrations has also been produced for a
future period (2070-2100) based upon the IPCC A2 SRES
(Special Report on Emissions Scenarios) ‘storyline’ (IPCC,
2000) (the UKCIP02 Medium-High Emissions scenario) and
driven by changes in the SST and sea-ice predicted by
HadCM3 added to the observations. This combination of
models gives a more realistic representation of the North
Atlantic storm track compared to the use of a GCM alone
(Hulme et al., 2002) but has the disadvantage that only the
A2 SRES emissions scenario and the period 2070-2100 are
simulated.

SIMULATING RAINFALL, PE AND HYDROLOGIC
INPUTS

Rainfall and potential evapotranspiration (PE) series were
produced using a methodology detailed in Fowler and Kilsby
(2007). Daily rainfall and temperature series were extracted
from the HadRM3H model for grid cells corresponding to
the six impounding reservoir and two river sources for both
the control and future scenarios. However, the control
scenario data underestimated the historic mean rainfall
significantly as well as over-emphasising seasonality, with
wetter winters and drier summers. Even when corrections
were made for differences in elevation (Fowler and Kilsby,
2007), errors were in excess of 50% in some months in some
catchments, Additionally, high temperatures were over-
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estimated when compared with observations (Fowler and
Kilsby, 2007). These ‘biases’ in RCM data have been noted
elsewhere (Wilby et al., 2000; Hay and Clark, 2003; Wood
et al., 2004) and ‘bias-correction’ of RCM data is deemed
necessary to produce realistic sequences of streamflow
(Wood et al., 2004).

The standard practice for dealing with corrections to
modelled climatic variables has been to apply monthly
factors based on the ratio of the control climatology to
observed values on a grid box basis as in Durman et al.
(2001) although Wood et al. (2004) developed a more
sophisticated method, using ‘quantile-based mapping’ of the
control scenario data onto the observed distribution for bias
removal. Here, the Durman et al. (2001) approach was used
and ‘bias-correction’ (B-C) was performed on the control
scenario rainfall and temperature data such that the modelled
monthly average in the control climate matched the monthly
average observed over the period 1961-90. The same B-C
factors were then applied to RCM data for the future
scenario. This approach corrects only the monthly climate
means and does not consider corrections to the variability
by the Wood et al. (2004) ‘quantile-mapping’ approach. This
simpler modification of mean monthly climate was adequate
for simulating the control climate to represent observed
climatic statistics such as variability and skewness (Fowler
and Kilsby, 2007) without placing further constraints on
the correction of the future scenario by assuming that the
rainfall distribution will be approximately the same in a
future climate.

The Blaney-Criddle approach (Blaney and Criddle, 1950)
was used to calculate PE for the control and future scenarios
(Ekstrom et al., 2007b). This assumes that the coefficients
of'an empirical Blaney-Criddle equation based on an historic
1961-1990 monthly relationship between temperature and
PE (Walsh and Kilsby, 2007) can be extrapolated to a future
climate. The equation is given by Walsh and Kilsby (2007).

PET, = p(a T+ 5) , (1)

where
PET = PET estimated by Penman-Monteith formulation
p, = mean daily percentage (for the month) of total
annual daytime hours
o = empirically derived, 0.456
[~ empirically derived, 0.416
T = temperature in °C

PE for the control and future simulation of HadRM3H was
then computed using the above relationship, but substituting
bias-corrected daily temperatures from HadRM3H into the
equation to estimate daily PE values.
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For the control scenario, the B-C rainfall data provided a
good match to observed (1961-90) rainfall statistics,
although the variance is under-estimated slightly by the
simulated data, as was noted by Hay and Clark (2003). The
calculated PE data for the control scenario also well matched
that calculated using observed temperature values.

A simplified version of the Arno hydrological model
(Todini, 1996) was then used to translate the rainfall and
PE data into streamflow series that could be used as input
to the water resource system model. Model calibration for
each catchment was achieved using a method of genetic
algorithm optimisation, the shuffled complex evolution
method for global optimisation (SCE-UA), developed by
Duan et al. (1992), with the Nash and Sutcliffe ‘efficiency’
measure (CE) (Nash and Sutcliffe, 1970) as the optimisation
criterion. Historic rainfall, PE and flow data from the period
1961-90 were used in a split-sample calibration and
validation. CE values ranged from 0.58 to 0.76 and the water
balance was within 7% of the derived historical inflows in
all cases (Fowler and Kilsby, 2007).

Daily flow sequences were produced in this way for each
catchment for both the control and future scenarios using
the B-C rainfall and PE data series as input to the calibrated
ADM catchment models. This gave 92 years of flows for
both the control and future scenarios respectively, with the
first year of simulated flows being discarded as a model
‘warm-up’ period. Figure 2 shows the monthly percentage
change in runoff between the control and future simulations
at Haweswater, Longdendale and the lower Dee. These
respectively represent other sources in the Lake District,
Pennines and Wales, as other sources behave in a similar
way under the future climate scenario.

As simulated flows are derived using output from a
regional climate model and are thus synthetic, then droughts
and other events would not be expected to occur in the same
sequence as during 1961-90; rather, the average flow
statistics are the same as those observed during 1961-90.
The ADM model parameters are used unchanged for the
future impact assessment. This assumes that there are no
significant changes in land use or hydrological response for
the future scenario.

Modelling approach and results

THE MOSPA WATER RESOURCE MODEL

To examine the performance of the IRZ under climatically
changed conditions, the Mospa model was used and the
outputs of the water resource system were evaluated with
reference to an imposed demand.

Mospa is a complex water resources planning model of

United Utilities and the UK Environment Agency using
components such as demand zones, reservoirs, boreholes,
river abstractions and treatment works. These are connected
by a network of pipes which move water around the system
from the sources to the demand zones via the treatment
works.

Mospa allows assessment of the performance of the entire
IRZ water resource system, taking account of restrictions
such as abstraction licence conditions, pipe capacity and
treatment works. This allows a conjunctive use element
(Wood et al., 1997; Lettenmaier et al., 1999) to be defined
as, although the reliability, resilience and vulnerability of
water sources within a system can be determined on an
individual basis, shortages in supply may occur only when
shortfalls are concurrent at more than one source.

Mospa can be used for several types of run including a
basic simulation for a specified period and a yield search in
which the model iterates demand on the system to find the
maximum yield of the system (i.e. the largest demand on
the system that can be met throughout the length of the run
without deficits). It can also be used to optimise control
rules.

The model requires a number of inflow sequences. Inflows
to the major sources (6 impounding reservoirs and 2 rivers)
were derived using the climate change model as detailed
above. Other inflows were factored from control and future
flows modelled at nearby sites. Additionally, at two minor
sites, average data were substituted into both the control
and future scenarios as no suitable sites were available to
factor the flow.

MODELLING APPROACH

Water resource system behaviour in the IRZ is examined
using Mospa for: (a) control climate using bias-corrected
RCM data for the ‘baseline’ period 1961-1990, and (b) a
future climate scenario (UKCIP02 Medium-High or SRES
A?2) for the period 2070-2100. In each case two runs were
performed: (i) a basic simulation with demand specified as
2224 Ml d™, and (ii) a yield search, with all resources starting
full and based on control rules used by United Utilities in
November 2003, a period when the north-west region was
suffering from drought conditions. These control rules aim
to conserve storage in Haweswater and Thirlmere.

An initial run was carried out using observed inflows for
the period 1961-1990 to check that the model control run
accurately simulates the observed ‘baseline’ period. The
yield obtained, 2313 Ml d™', is 98% of the control scenario
yield, 2358 M1 d™'. Therefore, the control run is deemed to
simulate the observed ‘baseline’ adequately. However, yield
calculations by United Utilities and the Environment Agency

119



H.J. Fowler, C.G. Kilsby and J. Stunell

Haweswater

40
30
20
10

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, l_l

-10
-20
-30
-40
-50
-60
-70
-80
-90

Change in monthly runoff (%)

prguMywwHHﬁﬁ

T _— T
— —Oct— — Nov — —Dec-

-100

Month

Longdendale

40

30
20 4
10 1

-10 -
20 1
230
40 1
250 4
-60
270
-80
-90
-100

Change in monthly runoff (%)

40

30
20 -
10

_—
-10 4 Jan — —Feb- — Mar— — Apr —
-20
-30 +
-40
-50
-60 1
-70
-80
-90

-100

Change in monthly runoff (%)

ay— — Junf — —|Jull

— Aud— —Bep —

Month

Fig. 2. Percentage change in monthly runoff between the HadRM3H control and future scenarios.

are based on the full record period from 1927-2002 rather
than the 30-year period from 1961-1990 used in this study.

For the basic simulation and the yield search, monthly
model outputs from both the control and future scenarios
were analysed on the basis of overall system yield available
and on data on the performance of individual sources. The
model outputs included: average end of month storage, total
spill and compensation releases, average abstraction and
the percentage of total abstraction for individual sources,
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including reservoirs, boreholes and rivers. However, drought
water use restrictions are imposed by the model when the
combined storage at the Haweswater and Thirlmere
reservoirs drops below a certain amount, temporarily
reducing the demand to be met.

A caveat to this modelling approach must be noted. Here,
the future scenario has been run using the same control rules
as the ‘baseline’ run. In practice, control rules may well be
modified under conditions of climate change and, in
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addition, adjusting the control rules for individual sources
would probably increase the overall system yield. However,
this study is aimed at indicating how the system may respond
to the medium-high UKCIPO02 climate change scenario and
at suggesting which control rules need to be changed to
adapt to this possible scenario of climate change. Further,
more detailed, analysis will allow control rules to be changed
to develop a more sustainable strategy.

Results

BASIC SIMULATION

Table 1 shows the results for the basic simulation run for
the control scenario, with no drought restrictions imposed
through the entire period. In contrast, in the future scenario
simulation, the system failed to meet demand in three
periods: two in October, when it was unable to meet demand
from the river Dee and one in March, when it was unable to
meet the requirement for river flow release from Vyrnwy
reservoir. Also, drought restrictions were imposed during
the future scenario simulation for 39 days during one autumn
period.

Under the future scenario, there is a substantial decrease
in the minimum storage of the reservoirs (not shown).
Although the number of days that the reservoirs’ spill is
lower under the future scenario, the maximum flow

downstream of Windermere and Ullswater (lake sources) is
higher (Table 1). This suggests that, under the future
scenario, more high flow events may occur.

In terms of river abstractions, there is a significant
reduction in the minimum abstraction from the River Dee
under the future scenario, although the average abstraction
is similar (Table 1). Abstraction from the Dee is halted under
the future scenario during the periods when the model is
unable to make releases from Brenig and Celyn reservoirs
in the upper part of the Dee catchment.

Yield search

The yield search shows results similar to the basic simulation
but with more detail on individual sources. In general, the
future scenario reveals an overall decrease in yield of 18.3%
compared to the control, decreasing from 2358 Ml d' to
2033 Ml d'. The contribution of individual sources to the
overall yield is spatially highly variable; however, the take
of individual sources shows an increase (decrease) of up to
80% (—77%) under the future climate change scenario (Table
2). There is reduced abstraction at most sources, as would
be expected for a lower yield, with river and reservoir
abstraction generally lower. Decreases in abstraction are
particularly noticeable in Vyrnwy and the river Dee (22—
33%) in Wales, in the Longdendale reservoirs in the south
Pennines (23%) and in Haweswater in the Lake District
(18%) (Table 2). River abstractions decrease from most

Table 1. Comparison of statistics from the basic simulation runs for the control and future scenarios.

CONTROL SCENARIO RUN
Average (Ml for storage,
Ml d* for abstractions and

Days Full(%)

FuUTURE ScENARIO RUN
Average (Ml for storage, Days Full(%)

Ml d'! for abstractions and

Slows) flows)
STORAGE
Haweswater 81560.3 13.2 77998.6 15.0
Thirlmere 39125.1 34.7 37470.7 31.0
Rivington 15866.6 36.4 14893.9 27.4
Stocks 11463.3 49.2 10769.7 40.5
Longdendale 52029.9 474 47025.6 33.7
Vyrnwy 49269.0 11.2 45046.5 9.9
LAKE ABSTRACTION
Ullswater 55.8 61.2
Windermere 99.9 99.9
RIVER ABSTRACTION
Lune 40.4 30.0
Dee 516.8 515.5
River Frow
Pooley Br (Ullswater) 638.7 638.4
Newby Br (Windermere) 978.4 1010.4
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Table 3. Yield search results: summary of abstractions for each type of source

for the control and future scenarios.

Abstraction from each type of source

Ml % Contribution
Control Future Control  Future
Total Reservoir 80480.4 63618.6 71 72
Total Borehole 5591.7 5710.2 5 6
Total River and Lake 27913.9 23813.8 24 22
Sum 113986.1 93142.6 100 100

sources, with abstractions from the rivers Lune and Wyre
being reduced by over 70% under future climate change.
However, despite the lower system yield overall, there are
large increases in abstraction, 67—79%, from the Franklaw
and Broughton boreholes in the Fylde Area.

There is a small impact on the average end-of-month
storage with a <10% decrease at most reservoirs except for
the Brenig and Celyn reservoirs in the River Dee catchment
in North Wales, which show decreases of 13.9 and 21%
respectively (Table 2). Many reservoirs also show a large
increase in total spill and compensation releases under future
climate change. In the Lake District, all reservoirs
(Haweswater, Thirlmere) and lakes (Ullswater and
Windermere) show increases of +3 to +42% (Table 2). The
largest increases are at Haweswater and could be a
consequence of winter rainfall and flow increases and an
increase in the magnitude of extreme flows (see Fowler and
Kilsby, 2005).

In terms of the contribution of each source to the
abstraction of the system overall, there is very little change
under the future scenario (Table 2). The biggest decrease in
abstraction is from the River Wyre (-2.09%), with increasing
abstractions from reservoirs at Thirlmere (+1.11%) and the
Pennine North Group (+1.09%). Examination of the
contribution to overall abstraction by the different groups
of sources under the future scenario indicates (Table 3) a
slight increase from reservoirs from 71 to 72%, a small
increase from boreholes from 5 to 6% and a decrease from
rivers and lakes from 24 to 22%.

Discussion and conclusions

This study highlights both the utility and flexibility of a
conjunctive use water resource system. The contribution of
individual sources to the overall yield is highly variable in
space; individual sources show increases (decreases) in take
of ~80% (~"77%) under the SRES A2 future emissions
scenario. The overall effect on system yield is lower; a
reduction of only 18.3%, but this has a significant impact

on water supply reliability. Nevertheless, the flexibility of
the system means that it is still able to meet the modelled
demand of 2224 M1 d*! for the most of the time under this
climate change scenario, although this may not include the
worst possible drought situation, even without a change in
current control rules. However, peak demands may exceed
this and the basic simulation runs indicate that the system
would fail to meet demand for a few periods under the future
climate. However, the flexibility of the system allows the
demand to be met, even when the system is very close to its
maximum yield, although this flexibility may be
compromised under the future scenario. In fact, there is a
significant difference in the mechanism controlling
maximum yield between the control and future simulations.
In the control scenario, the maximum system yield is
controlled by the Lake District sources but, in the future
scenario, the controlling influence is the Welsh sources. This
suggests that substantial changes in the management of the
IRZ water supply system may be essential under climate
change. Mitigating the effects of climate change through
alternative reservoir operating policies designed to mitigate
reservoir system performance losses (Payne et al., 2004)
will be investigated in a further study.

However, changes in abstraction licensing conditions,
possibly as a result of various EU environmental directives
such as the Habitats or Water Framework Directive, may
lead to a decrease in take from individual sources that have,
for example, a requirement for higher compensation releases
or higher ‘hands-off flows’ (minimum acceptable flows
below which no abstraction is allowed). Whether these
individual changes are likely to be large enough to affect
overall yield is, however, uncertain.

Although the IRZ is able to meet modelled demand most
ofthe time under climate change, there is a cost implication
of the change in usage of individual sources. In particular,
additional pumping from boreholes in the Fylde area
(Broughton, Franklaw and Fylde groups) (+ 67—79%) will
be much more expensive than abstracting water from
gravity-fed reservoirs. Thus, under a future climate change,
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meeting current demand may be increasingly expensive —
an important conclusion for the future of water management
in north-west England. To investigate the impact on cost
further, optimisation runs would be required to examine
revised operating rules to optimise cost. This will be the
subject of further work.

There are some caveats to this modelling approach.
Although it is customary for climate change studies to use
30-year normal periods, such periods do not provide
sufficient length of record to represent extreme events. Such
events are crucially important in this study, since the
droughts of 1995-1996 and 1928 are the standard ‘design’
events for system testing and optimisation. Excluding these
events by using 1961-1990 as the normal period causes a
major bias in the baseline for the system.

It is also important to examine the uncertainty in projected
changes (Ekstrom et al., 2005). Here, results are presented
for an impact study assessing a single climate change
emissions scenario, the SRES A2 scenario (IPCC, 2000)
from a single model, HadRM3H, and a single time-slice,
2070-2100, with pattern-scaling used to produce results for
other emission scenarios and time-slices. This selection
reflects the substantial computational cost associated with
the double-nesting method used to produce the HadRM3H
outputs as well as the computational expense and
complications of interpretation of the Mospa model. The
experimental design adopted for the UKCIP02 scenarios
utilises a hierarchy of climate models (as explained earlier
and in Hulme et al., 2002). The output from the coupled
ocean—atmosphere HadCM3 experiments provided the
boundary conditions to drive a high resolution (~120 km)
model of the global atmosphere, HadAM3H, and the outputs
from these time-slice experiments (run over the period 2070—
2100) provided the boundary conditions to drive the high-
resolution (~50km) regional model, HadRM3H. This
double-nesting approach improves the quality of the
simulated European climate, particularly the position of the
major storm tracks but has the disadvantage that only the
A2 SRES emissions scenario and the period 2070-2100 are
simulated.

Uncertainty in climate change projections may result from
many different areas, future emissions, model
parameterisation and natural climate variability being just
a few. This study does not examine uncertainties associated
with modelling the climate system response to climate
change or model parameterisation, as the only available high
resolution simulations of future UK climate for the new
[PCC SRES emissions scenarios come from the HadRM3H
model. Climate change impacts are likely to be highly
sensitive to small shifts in the position of the major storm
tracks and these may be very different for large scale forcing
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using alternate climate models. Equally, as only one scenario
is used, there is no quantification of the uncertainty
associated with the chosen emissions scenario, A2, although
the A2 scenario applied in the HadRM3H integrations is
near the centre of the range of the new IPCC estimates in
terms of mean global temperature change (Johns et al.,
2003). Additionally, this study provides results from the first
set of Mospa model runs. Further work is needed to
understand model output in detail, although the principal
methodology has been tested robustly here. In particular,
more sophisticated rainfall-runoff modelling methods must
be used to translate the B-C RCM inputs into inflows, testing
whether the simple models used here are adequate to make
the linkage between climate simulations and water
management model or whether more physically-based
hydrological models should be used. The results from this
study are, therefore, illustrative of the impacts that can result
from climate change, a plausible indication of the future,
rather than a definitive projection of future hydrological
impacts. However, it is hoped that water resources planners
will respond to this challenge.

Further work will develop robust estimates of uncertainty
to produce probabilistic estimates of the impacts of climate
change on water resources in the north-west of England. A
methodology first developed by Wigley and Raper (2001)
and further advanced by Ekstrom ez al. (2007¢) for north-
west England will be used. This combines probability
distribution functions for global temperature increase
(Wigley and Raper, 2001) and for scaling variables, such as
the change in regional temperature/precipitation per degree
of global annual average temperature change, to produce a
probability distribution for regional temperature and
precipitation.

Research is under way to assess whether Mospa can be
adequately ‘mimicked’ by a computationally cheaper
method, such as an artificial neural network, trained on a
number of control and future simulations. Monte Carlo
simulations using this technique could then be combined
with probability distribution functions for north-west
England (Ekstrom ef al., 2007¢) to assess uncertainty in the
estimates of climate change produced using only one
scenario. This would then allow a much larger range of
scenarios and future operating policies to be assessed (Payne
et al., 2004). In this way, it is hoped to provide a new
methodology for the robust assessment of the impacts of
climate change on water resource systems.
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