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EXECUTIVE SUMMARY

This report details work undertaken during project W5-032. The objectivéiseof
project are: To improve the scientific basis for the guidancdimmate change to the
flood management community, by applying climate change scenaricetecéed range
of catchment types, making explicit use of UKCIP02 scenarios. bk technical

approach is to ‘drive’ hydrological models with input climate data iti@rporates the

changes indicated in the UKCIP02 Technical Report (Hdtrad. 2002).

Two types of hydrological model have been used, due to the wide rangtlminent
size, meaning that five of the study catchments have been modetleel daily time
step, and five at the hourly time step. The models, their catibratid performance are
described, as are the uncertainties due to model calibration. Moudgatons have
assumed stationarity of all hydrological processes and land usedpetvaseline and
scenario time periods.

The UKCIPO2 rainfall scenarios have been applied through the development of
“combined” scenario that incorporates both the percentage changegageavainfall
and the change in frequency of daily rainfall required for each madther scenarios
have also been applied based on the use of statistical downscalimagsnfr rainfall,
using the Statistical Downscaling Model (SDSM, Wilby 2002) and treztdise of data
from the 25km Hadley Centre Regional Climate Model (RCM).

The results show the impacts of climate change on flood frequendyeirstudy
catchments, under the selected scenarios, to be considerably lowdrdabea previously
determined (Reynardt al. 1998, 2001). This is determined primarily by the fact that
the current version of the Hadley Centre GCM, driving the climb#ges, produces
significantly drier and warmer summers and autumns, so that, déspitetter winters
(on average), flood frequencies in many catchments decrease. Thisadoecessarily
apply to those catchments that are more responsive, i.e. steep-si@ddorsurban
catchments, but even in these the precise response is determineel $patial and
temporal detail of the climate changes.

For each of the catchments a range of climate impacts haslto@en. In only a few of
these are there obvious tendencies towards either a decredsgr(the 30004 and the
Beult - 40005) or an increase (the Duddon - 74001 and the Anton - 42012). All other
catchments present a range of change, both positive and negative.

A wider range of impact was presented using resampled rad#td] but even with
these data the maximum impact from UKCIP0O2 scenarios was loove 20% for three
of the catchments by the 2080s. In general, the range of impabis study is wide,
across catchments, time slices and scenarios, but usually below the 20%eindreese
results suggest that, under these scenarios, the current 20%vibersaind appears
appropriate as a precautionary response to the uncertainty of flitnegecchange
impacts on flood flows. To a very large degree this conclusiorntesmimed by the dry
and warm nature of the Hadley Centre model used to generatee aténarios, and
using other GCMs will undoubtedly produce different results.
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The impact of climate change on the duration of high flows has begdorec through

the seasonal Q3 statistic (the flow exceeded 3% of the tiMe$t catchments show an
increase in Q3 in the winter but a decrease in all other season®lly greatest in the
summer. However, for the Anton (42012) and the Thames (39001), autumn shows a
more extreme impact due to the contribution of baseflow sustainingf dumafg the
summer. Comparison of downscaling methods shows the pattern of changdas
across the seasons.

Some tentative relationships between catchment properties and ghet iai climate
change on flooding are suggested. These are not necessarilyaitse and effect’
relationships. They could each be surrogates for something else,each other, and

so the same relationships may not hold in other locations. For examitle UK more
westerly catchments are also more likely to have a lower BFI and a higherltitade.a

Thus it seems that location may be the dominant factor in detegnineé impact of
climate change on flooding, but whether this is due to the spatiairpatt climate
change or to the partial dependence of catchment type on location (or both) is difficult to
distinguish given the relatively small number of catchments studied.

Finally, it is important to consider all the various sources of taicgy involved in
climate change impact studies, and how this uncertainty impacdhe aetision that the
research informs (Willows and Connell 2003). This research hasletgree, addressed
some of these uncertainties.
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1 INTRODUCTION

1.1 Background and project objectives

This is the final report for project W5-032: Impact of climatenggon flood flows in

river catchments. The project is in Theme 5.3 of the joint Ddira Flood and Coastal
Defence R&D programme (within the Climate Change sub-themiinnvithe Risk

Evaluation and Understanding of Uncertainty theme). The project spdgifiddresses
the following Scientific Objectives within the ROAME A Statement for theridre

* Provide information on climate change scenarios, impacts and undgestaint
related to flood and coastal defence based on the best availabiéfiscie
evidence, over a range of relevant parameters;

* Ensure that so-called ‘climate surprises’ and non-linearitiesdantified and
possible implications are assessed, in order to understand mort@déutigssible
implications of climate change.

Within the context of these ROAME Objectives the specific project objectiees a

e To help to meet the needs of the flood defence community for more
sophisticated guidance on climate change impacts than are currently available;

 To provide a rapid and cost-effective case study assessmeninatecichange
impacts on flood flows driven by the UKCIP02 scenarios;

* To demonstrate, and provide feedback on, the opportunities for impacts
assessment presented by state-of-art detailed catchment modelling.

The interim report (report number W5-032/TR1), produced in March 2003, ddtsled
work undertaken during Year 1 of the project, concentrating on the descipttbe
impact of the UKCIP0O2 scenarios on the flood flows of the Thames awmdrng
catchments. This constituted a re-working of the methodology desdrikdedynard
et al. (1998, 2001) by applying the new UKCIP scenarios to the CLASSIC hydralogi
model in precisely the same way as was done before. It wasritjaal work which
under-pinned the 20% guidance in the Defra Project Appraisal GuidaAG @eries
for investigating potential sensitivities to climate change. Wbek described in the
interim report therefore provided a direct comparison with theeeanirk, while
acknowledging the relatively simplistic way in which the scesarof change,
particularly for rainfall, were derived. For this report, a witkrge of scenarios have
been developed, particularly for precipitation, and applied for a largerber of
catchments. These sources of precipitation include the use of bu#ticsiaand
dynamic downscaling.

1.2 Report structure

This report first describes the catchments used in the studylirdethie reasons for
selection and providing a range of catchment characteristicsabdr @ them. The
second section describes the hydrological models used. Due to the ofatine
catchments selected it was necessary to use two models,ialgseme “lumped”
catchment model for the six smaller catchments and a semipdistt model for the
four larger catchments. The calibration of the models is dedcilbeng with a
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discussion of the evaluation of model performance and an estimate lofditzdogical
(calibration) uncertainty.

Section 4 describes the range of climate change scenarios Wieabéen used in the
project, including the UKCIP0O2 scenarios, statistically downscatedasios and the
direct use of information from the latest Hadley Centre regiclivaate model (RCM).

The statistical and dynamic (use of RCM data) downscaling methods both gendyate dai
(or hourly) rainfall series for the baseline as well as t@mario time periods. This
section also includes a comparison of the baseline, 1961-1990 rainfiglicsteftom

both of these sources, compared with the observed rainfall seriesefiected
catchments. The impact on river flows of which of these souraesndéll data is used

is also illustrated.

Section 5 draws together the key flood frequency results under etighsaienarios, for
selected catchments in terms of potential changes to the freqaeth¢gr magnitude of
flood flows (the full set of results for all scenarios, all fettime horizons and for all
catchments is given in Appendix I). In addition, there is an anadjgise impacts of
climate change on the duration of flood flows, with regard to thecpéatly striking
feature of the autumn / winter 2000 / 2001 floods in the UK (CEH-W#tirdg Met
Office 2001), and an estimation of uncertainty in the impacts due traithiall data
sources, through statistical resampling.

Section 6 provides the key set of outcomes from the results, hightight important
messages for users and policy-makers. This section descrileffetiteof the choice of
emission scenario and scenario downscaling technique and presentsuttee akethe
pair-wise comparison of catchment response to climate changdy Huesl conclusions
are drawn in Section 7.

1.3 Uncertainty in climate change impact studies

There is, and always will be uncertainty in all aspects dihaate change impact study.
The process whereby uncertainty accumulates throughout the procéssaté change
prediction and impact assessments has been described as a "adsocadertainty”
(Schneider 1983) or the "uncertainty explosion” (Henderson-Sellers 198f)re B.1
shows some of the major sources of uncertainty within an impact stigtiyas this one,
with the specific hydrological uncertainties at the end. Thoses anebold italics have
been considered to some degree within the current project, those inl textmaave
not. The Figure represents the authors’ subjective view of theveetantribution from
each source of uncertainty (blue lines) to the overall uncertaiatyy (ashed line),
although Jenkins and Lowe (2003) suggest that the relative uncertairty theerange
of GCM simulations is greater than either emissions uncertainty or natuieddiig

While some of these sources have been considered, the full range rtdintcbas not
been sampled in any of the categories. For example, although th&K@LiP02

emissions scenarios have been used, they were all derived byngesical ensemble
mean using one of the Intergovernmental Panel on Climate Chang€)(IPRES
(Special Report on Emissions Scenarios) scenarios; the A2 (#0Q). Only one
alternative emissions scenario has been used, that being the B2ositenanjunction

with the statistical downscaling (see Section 4.3). Within theohggical modelling,
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the uncertainty due to model calibration has been considered, but thab dia¢at
quality, model structure and the uncertainty from fitting a flooduescy curve to the
points has not.
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Figure 1.1 Some of the sources of uncertainty in a climate changapact study.
Those labelled in italics have been addressed, to some degreethis
study. The blue spikes are the individual contributions d uncertainty
with the red spikes showing the cumulative uncertainty. e relative
sizes represent the expert opinion of the authors.

Furthermore, there is no accounting for the propagation of uncertaimygthrthe
phases of the project. Figure 1.1 presents this in simple cumwdatge, but this could
equally be multiplicative.

1.4 Description of analysis tools
1.4.1 Frequency curves

The flood frequency curve, relating the peak flowss{thon the y-axis to the return
period (years) on the x-axis, has been used throughout this reportaaalgsis tool.
The return period is the average time interval, over a large nuohbears, between
events exceeding a given size. Note that actual intervals dretexeents of a given
return period can vary. The partial duration, or peaks-over-threshold),(R@thod
(Naden 1993) was used to fit frequency distributions to the modelledineaseid
scenario flow series. The magnitudes of the POT were fittea ubie generalised
Pareto distribution, with the peak arrival times assumed to corregpoadPoisson
distribution. Fitting was carried out using the method of probabildighited moments
(Hosking and Wallis 1987). An average extraction rate of three syentyear was
used for the flood frequency analyses, with standard rules employeatstice ethat

extracted flood peaks were independent events (by imposing a minimum sepametion t
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period of three times a typical event time-to-peak, and specifiyatghe flow between
two peaks must drop to at least two thirds of the higher peak).

A similar methodology has been used for comparing rainfall frequercieone and
five day periods. For these analyses an average rate of on@ergaar has been used
with independence for the five day cumulated rainfalls achieved by agoidi
overlapping periods.

1.4.2Flow duration curves

The flow duration curve expresses the percentage of time thaem fipw has been
equalled or exceeded taken over a long time period, such as a 30ngealide. The
percentile flow is commonly designated as Qn where, for examples Qe flow that is
equalled or exceeded 5% of the time. For looking at impacts catelichange on the
high flow series, rather than just flood peaks, the Q3 statistibdes used. Q3 can be
used to represent situations of potential flooding and has been used téydrends in
high flows (CEH-Wallingford / Met Office 2001).
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2 STUDY CATCHMENTS

The 10 catchments were selected to have a good geographical $pgeael 2.1), and
to incorporate different catchment areas, permeabilities and lasd uBhe selection
aimed to provide a range of comparisons of catchment characteasiic locations.
The list of catchment names, numbers and a description of the catdlame use and
geology is given in Table 2.1, with Table 2.2 listing the catchment characteristics

The Thames at Kingston (39001) and the similarly-sized SeverrvaBHdge (54057)
are included because they were used in earlier studies (Reyraril998, 2001, 2003).
The Severn at Haw Bridge is also located within a catchmedt fosghe Catchment
Flood Management Plan study (HR Wallingford 2002), as is the BeitilatBridge
(40005; within the Medway catchment). The Anton at Fullerton (42012) proaides
example of a highly permeable chalk catchment, whereas the upland Daiddoddon
Hall (74001) in the Cumbrian Mountains has a low permeability. TheaR€althorpe
Park (28039) is a highly urbanised catchment, contrasted with thé.yaralat Partney
Mill (30004). The Halladale at Halladale (96001) in northern Scotlarsdinzduded for
comparison with catchments having a more southern climate. Two rsiddbk
catchments were selected; the Ouse at Skelton (27009) in northeandryld the
Severn at Bewdley (54001) in the west.

Table 2.1 Catchment number, name and description

Catchment Catchment

Comments
number name

27009 Ouse at Predominantly rural catchment with mixed geologyluding limestones,
Skelton grits, sandstones and clay.
Rea at

28039 Calthorpe Very responsive, almost totally urbanised catchment
Park

30004 Isg::gea; Mill Entirely rural catchment on sandstone and Boultisr. c
Thames at Diverse geology including Oolitic limestone, chalkd Oxford, London and

39001 Weald clay. Land use mainly agricultural but wittbstantial urban

Kingston development particularly in the lower catchment.
Beult at Stile . ,
40005 Bridge Predominantly rural catchment with scattered segiets on Weald clay.
42012 Anton at Unresponsive chalk catchment. Rural land use withesurban centres.
Fullerton
Severn at . . . .
54001 Bewdley Mixed geology with land use covering moorland, ng and agriculture.
54057 Sﬁ\ézren at Haw As 54001 plus catchment of the Avon which inclugelstantial urban areas.
Duddon at . . , .
74001 Duddon Hall Steep impervious catchment with agricultural lasd.u
Halladale at ,
96001 Halladale Largely moorland with a peat based cover.
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Figure 2.1 Topography and location of the 10 study catchments
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Table 2.2 Catchment characteristics for the 10 study catchments

Location of river

Mean

Catch- - Urban SAAR
Catchment ment flow gauge (m) Rgnge of altitude Base extent Mean 1961-1990
altitude (m) flow flow
number area East-  North- : (from 3.1, (mm)
> : : (m) (from index (m’s7)
(km?) ing ing FEH) FEH)
(km) (km)
27009 3315 456.8 455.4 5-716 185 0.43 0.010 49.0 900
28039 74 407.1 284.7 104 - 286 168 0.48 0.331 0.8 81 7
30004 62 540.2 3676 15-132 65 0.66 0.011 0.5 685
39001 9948 517.7 169.8 5-310 109 0.64 0.043 66.6 706
40005 277 575.8 147.8 12 -50 45 0.24 0.006 2.1 690
42012 185 437.9 139.3 40-203 113 0.96 0.024 1.9 73 7
54001 4325 378.2 276.2 17 -827 175 0.53 0.012 61.9 913
54057 9895 384.4 227.9 6 — 827 145 0.57 0.027 105.3 792
74001 86 319.6 489.6 15-810 315 0.28 0.000 5.0 6522
96001 205 289.1 956.1 23 -580 175 0.25 0.000 5.0 1021
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3 HYDROLOGICAL MODELLING

This section describes the hydrological models used in more detdie model
structures are presented and described as is the model parsatietercalibration and

the performance of the models in simulating the river flows in the studymants. No
allowance has been made for snowmelt, which is a factor in the timing and magnitude of
observed flood peaks in several of the study catchments.

3.1 Hydrological models

Two hydrological models have been used in this study. For the latpdmntents (the
Ouse, the Severn at Haw Bridge and Bewdley and the Thames),nthdisibuted
model, CLASSIC, was used, running at a daily time step. For th#esmmatchments
the PDM was used at an hourly or daily time-step, as data lalitjlallowed (Table
3.1).

Table 3.1 Details of model and data availability for each catchment.

Data availability Data availability

Catchment Model Resolution of hourly flow and of daily mean

number catchment-average
. flow
hourly rainfall
27009 CLASSIC  Daily 1969-2002
28039 PDM Hourly 1985-2001 (1967-2002)
30004 PDM Hourly 1987-2001 (1962-2002)
39001 CLASSIC  Daily 1883-2003
40005 PDM Hourly 1985-2001 (1958-2001)
42012 PDM Daily 1975-1999
54001 CLASSIC  Daily 1921-2003
54057 CLASSIC  Daily 1971-2002
74001 PDM Hourly 1985-1994 (1968-2002)
96001 PDM Hourly 1989-2001 (1976-2002)
3.1.1CLASSIC

The semi-distributed continuous simulation rainfall-runoff model, CLES$Climate
and Land-use Scenario Simulation In Catchments), was developed foatasii the
impacts of climate and land use change in large catchments aniditialy tested on
the Thames, Severn and Trent drainage basins (Cetaks1996). It has been further
developed and used in the earlier climate change impact studigsa(&et al. 1998,
2001). A schematic of the model structure is shown in Figure 3.1.
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Figure 3.1 Conceptual structure of the CLASSIC semi-distihuted hydrological

model.

The model, which comprises three component modules, is applied on aagreivork
with climatic inputs of rainfall and potential evapotranspiration (PE) to eddtlsguare.
The components are a soil water balance module to determineveffeainfall, a
drainage module, and a simple channel routing module. The soil waac®&ahodule
operates as a soil moisture accounting system characteribed pgrameters, the total
depth of water available to vegetati@wg) and the percentage of this depth from which
evaporation occurs at the potential rgier(). When the soil moisture deficit (SMD)
exceeds this depth, loss of water is determined by an exponelsianghip between
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PE and SMD (Caldest al. 1983). The hydrologically effective rainfall generated by the
soil water balance module forms the input to the drainage module ah Wie water is
held in storage reservoirs. Soils overlying permeable substeatacgelled with a one-
component store, with time constahig soils overlying substrata with no significant
underlying aquifer are modelled with two component stores, represaniiok and
slow flow, operating in parallel. These stores have time constatfsndts with the
split between them given bgpl. Urban areas have a separate water balance and
drainage module and the total grid square outflow is given by the stime olutflows
from each storage reservoir operating within a particular gricare. The routing
module convolves the grid square outflow with a measure of the catclumambel
network determined from a DTM (Digital Terrain Model). Thisfusther convolved
with a routing function, which has two parameters, for wave velodyapnd a
coefficient of diffusion D), which are determined by calibration with observed flow
data. Individually routed grid square flows are summated to provide the total flbev a
calibration site, normally a gauging station.

The main land use groups and soil types are incorporated into the fersatien of
each grid square for which characteristic values for the sedrvialance and drainage
modules parameters for different land use groups and soil clagsesdetermined
during development of the model. One of the fundamental principles ofdtiellimg
system, and important in the calibration of the model, is that tesguare parameter
values are the same regardless of the downstream location pdittieon the river at
which the flow is simulated. This principle ensures that, althoughotaenumber of
parameter values to be set is comparatively high, the resulttagneter space is quite
tightly constrained. Once the model has been calibrated for a partatdhment it can
be used to simulate flows at other ungauged locations within the catchment.

The grid square size is catchment-specific, depending on area amarifon of
climatic and physiographic conditions within the catchment. A 40 koh gpguare,
compatible with MORECS PE data (Thompsatnal. 1982, Houghet al. 1997), was
used for the initial development of the model, but smaller grid $iaes been used in
later modelling. Figure 3.2 below shows the Ouse catchment overldirthe 10 km
modelling grid used in this project. Applying the model at differgpatial and
temporal scales while keeping the same grid square pararagteisshas tested the
robustness of the model structure and calibration.
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Figure 3.2 Ouse catchment and 10 km CLASSIC modelling grid.

The model was run at a daily time step using grid square agechgebserved daily
rainfall (Gannon 1995) and MORECS monthly PE, divided equally into dailliesato

simulate mean daily flow. Monthly PE values for grid sizes lkk&n 40 km were
derived by interpolation. The MORECS data provide PE rates foass ¢gnd cover;
those for the other land use classes used in CLASSIC (deciduous woadiaifer,ous

woodland, upland and arable) were determined using regression relaticiostepsh

month, derived from daily data from the Met Office for a synopte relevant to each
catchment being modelled. PE for urban areas is assumed to halyenaaganum of

0.5 mm depending on rainfall.

3.1.2PDM

The Probability Distributed Model (PDM; Moore 1985, 1999) is typicahefrelatively

simple model structures that nevertheless can be applied effigetivess the UK. It is
based on conceptual stores, and attempts to represent non-linedméyremisformation
from rainfall to runoff by using a probability distribution of soil ntare storage. This
determines the time-varying proportion of the catchment that consiliateunoff,

through either ‘fast’ or ‘slow’ pathways. The full PDM has a numdbiedifferent

formulations, but the version used here, with five parameters, is onbakagroven
useful for a wide range of catchments across the UK. The reduntithe number of
parameters is useful in limiting the problem of equi-finality, keha number of quite
different parameter sets can result in very similar modefopeance. A brief
description of the model and its remaining parameters is given balong with a
diagram illustrating its conceptual structure (Figure 3.3).

Rainfall inputs to the soil store are first multiplied (atretime step) by a rainfall factor
fe. This serves as a volume adjustment factor to compensate, fmmaesfor loss or
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gain of water across the catchment boundary via subsurface pathWagssoil store
can be depleted through evaporation, with content of the store determim@ng t
proportion of the potential evaporation that actually occurs (via arlfneation). The
distribution of the soil storage capacity can be described, in thelw, by any of a
number of specified functions. In this case the distribution is asstieduniform. In
addition, it is assumed that the minimum capacity of any point witi@rsoil store is
zero. The maximum capacity of any point is given by the paramgterThe soil store
then generates direct runoff from a varying proportion of the catchameat depending
on how full it is. It is generally assumed, in the full PDM, tkttz direct runoff
(overflow) from the soil store is routed through a fast flow stgnear-] surface
storage), and that downward drainage from the soil store is routadjtha slow flow
store (groundwater storage). An alternative formulation, used Bei@assume that a
proportiona of the direct runoff goes to the fast flow store, whilgt goes to the slow
flow store. In this case the split parametgr,s set to be 1/106f the catchment’s
standard percentage runoff (SPR) as estimated through HOST (Boetrah 1995)
soil classes (SPRHOST, Institute of Hydrology 1999). Both fastséma routing
systems can be represented by a number of types of storagmireisethe full PDM,

but in this case a linear fast flow store and a cubic slow $imre are assumed. The
time constants of the stores &@andk, respectively. The catchment discharge is then
produced from a combination of fast flow (surface runoff) and slow flow (baseflow).

precipitation

Ay

evapotranspiration direct runoff
T T T / I - fast flow store » fast flow
2 //ﬂ j o kg
=
3 carchiment
=3 discharge
o
L
=N
g
2
“ 1-o
- slow flow store ! slow flow
c k (baseflow)
max b
| |

1 0
cumulative distribution of storage capacity

Figure 3.3 The conceptual structure of the five-parameter versn of the PDM
rainfall-runoff model.

The PDM rainfall-runoff model requires driving data as timeesenf catchment-
average rainfall and PE. The model is capable of running with atagay time-
discretisation. However, it is not appropriate to use a daily-sieye for relatively
small, or fast-responding, catchments, as there is too much smoothimgpefak flows
(Spijkers and Naden 1994). Thus an hourly time-step is used for fihe cix PDM
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catchments, for which hourly flow and rainfall data were readiljiaa (collated for a
previous Defra project, see Table 3.1 for a summary of data aligi)alvhilst a daily
time-step is used for the remaining catchment (42012). This ledtehment was
specifically included as an example of a southern, groundwater dothicetithment,
since no such examples were available in the hourly database dadritbwainfall data.
As such, and considering the catchment's reasonably large catclameent it is
sufficient to use a daily model time-step. For flood estimatiopgsaas at least, the
time-step of the PE data is much less critical than thateofdinfall data, and as such
monthly PE data (obtained from MORECS 40km squares; Thomesal. 1982,
Hough et al. 1997), is disaggregated uniformly down to the time-step of the input
rainfall.

3.2 Model performance - calibration and validation

Model calibration (determining model parameter values to provide afgdoetween
observed and simulated flows) and model validation (testing of modeirperice
using the calibrated parameter values with a different datad)eare important criteria
in the use of hydrological models. This is particularly the edsen the models are
used to predict the impact of changed input conditions on flows at edreimthe
range. ldeally a model should be calibrated and tested over aa waidge of observed
climatic conditions as possible to provide confidence in the modelled output.
description of the calibration and validation procedures used for the tvolbgical
models is given below.

3.2.1CLASSIC

CLASSIC was used to model the four larger catchments in thecproj@mely the
Thames at Kingston, the Severn at Haw Bridge and Bewdley andudes & Skelton,

all operating at a daily time step. The Thames had been tadllaring earlier studies
(Crookset al. 1996, Crookset al. 2000), the latter using a 20 km grid structure (see
section 3.1.1). The Severn at Haw Bridge had been calibrated wittkka 4@id size
(Crooks et al. 1996), while a 10 km grid was used in the calibration of the Ouse
catchment to Skelton (Crooks 2002). The Upper Severn to Bewdley warsiteal for

this study using a 20 km grid, ensuring that parameter values ferghdssquares were
consistent with those for the catchment to Haw Bridge.

An initial calibration model run uses pre-set values of grid squeam@meters,
determined using GIS data bases of soil type (Boomhah 1995) and land use (Fuller
1993), but these can be modified during further runs. Calibration is basedhiogeaof
criteria describing the fit between observed and modelled flows ingvannual and
monthly water balances, shape of recession curves, flood peaks and ffio@eicg

(Nash and Sutcliffe 1970). The Thames and Severn were calibratgddasa for 1981

to 1990, the Ouse 1986 to 1995, and validated with data both for earlier and later
periods, covering both extreme dry summers, for example 1976, and wetswint
2000/01.
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Figure 3.4 Examples of model fit, flow hydrographs, flow duration andflood
frequency curves for the CLASSIC model in the Ouse and &vern
catchments. The modelled flow is from a time series begimy in 1961,
flow duration and flood frequency for the Ouse are for 1970 to 1990.
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Examples of model fit, flow hydrographs, flow duration and flood frequencyes,
were given in the interim report (W5-032/TR1) for the Thames an&¢lrern at Haw
Bridge (Reynarckt al. 2003) and in Figure 3.4 of this report for the Ouse and Severn at
Bewdley. The modelled flow in Figure 3.4 for both these catchmen#kés from a
time series beginning in 1961, but the flow duration and flood frequency dorvise
Ouse are for complete years from the start of the observedlye®f0, to 1990. It
should be noted that observed flows for both these sites are gaugedwithws
modifications to the natural regime through abstraction for publievsatpply. The
data base for land use was 1990 (Fuller 1993) which has been assumexbnstast

for all baseline and scenario model runs.

3.2.2PDM

For the PDM, the parameters were estimated through a combinatarnoohatic and
manual calibration, using the whole period of available data. The ke whole data
period was considered necessary, bearing in mind the shorter recitaflaya order
to cover the widest range of observed conditions. Where a previous roaliation
existed, this was retained unless a subsequent automatic catitpedved to perform
better. Automatic calibration in this case involves a two-paggeseial calibration of
parameters. In the first stage, Monte-Carlo sampling of thairéng parameter space
is performed at each step, and the selection of the best paramleieris based on
optimising objective functions measuring the fit of observed and siedulfdws (a
different objective function is chosen, dependent on the parameter biaad). fi A
second-pass is then performed, to allow re-adjustment of the parametsrorataesach
parameter has been calibrated once. Some manual tuning of pareahetsrcan then
be attempted, to obtain a final calibrated set. Figure 3.5 illustrates the fit ofedbsad
simulated flood frequency curves for the six PDM catchments, \Wwihcalibrated
parameter values.
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Figure 3.5 Comparison of modelled (dashed lines and filled sgtes) and observed
(dotted lines and open circles) flood frequencies for thesix PDM
catchments.
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3.2.3Validation of soil moisture replenishment

One of the main assumptions frequently made in the use of conceptualobia
models to simulate rainfall-runoff systems under future climatesthat the
representation of hydrological processes by model parametersataditbor conditions
in the current climate is equally appropriate for the futureatkm By calibrating and
validating a model over a wide range of climatic conditions theopaence of the
model in extreme conditions can be assessed. Although it is floqpakefrey, and by
implication changes in extreme rainfall, which is the concertisfibvestigation, the
impact of hotter, drier, summers is also of importance. The continuation of depleted soil
moisture levels through the autumn controls the flood potential of &ncaft to
autumn and winter rainfall. Realistic model performance duringatitemn, and
particularly following periods of drought, is therefore important fesessing future
flood liabilities.

The driest conditions for much of the UK during the standard baseliioel pérl 961 to
1990 occurred in the summer of 1976, following on from the low rainfalls dtineg
winter of 1975/76. The drought period ended very rapidly during the autumn of 1976.
Observed and modelled flows for the year beginning in March 1976 areigi¥egure
3.6a, for the four catchments modelled with CLASSIC. The Ouse (27009) dembenst
a rapid recovery of soil moisture levels and runoff response in cotdrése slower,
more sustained recovery of the Thames (39001). Of the six catchmedétied with
the PDM only the permeable, baseflow-dominated catchment of the AR6mh2) has
data for the same period and is also shown in Figure 3.6a. All of¢chesenents show
a similar tendency for modelled flows to exceed observed flows datoly times of
soil moisture replenishment, but the timing of modelled flow respangedd. For the
five remaining catchments modelled with the PDM a corresponding drqegitdd
within the hourly data record is the year beginning in March 1997. d&igW8b
compares time series of observed and modelled flows for the Anton (430d2)
Halladale (96001) for this period. The latter catchment remagponsive to rainfall,
even within a generally dry period, due to the impermeability otitfuerlying geology
and the lack of accumulation of large soil moisture deficits. dther four PDM
catchments show similar response patterns related to their permeability.

Model performance thus indicates that simulations of flow under fotumates, where
conditions may not be more extreme than in 1976 but the frequency of saté reay
be different, is more likely to over- than under-estimate runoff duflmgd events
following drought periods, assuming no other changes occur affecting hydablog
response
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Figure 3.6 Time series plots comparing modelled (red) and obrsed flows (black)
over a period of recovery from drought. Catchments 27009, 39001,
54001 and 54057 are modelled with CLASSIC; 42012 and 96001 are
modelled with the PDM.
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3.3 Uncertainty

Uncertainty in this aspect of the project might come from twocssummodel structure
and model parameter estimation. The first of these is not lgiauisidered here, but
the calibration uncertainty is discussed below for the PDM. Thbkadef calibration
(see Section 3.2.1) for CLASSIC uses an understanding of the physiced péthe
parameters and their relationship to measured catchment datemmidet parameter
values.

PDM

For the PDM, the parameters are estimated through a combinateutashatic and
manual calibration for the whole data period. To obtain an estimatalibfation
uncertainty, an adaptation of a statistical technique called jafikdr{iShoa and Tu
1995) is applied using the automatic calibration method. This techniquesasvol
obtaining a number of different sets of calibrated parametens,besed upon leaving
out one year of flow data when assessing model performance (tfelrand PE data
are all retained, so as to maintain the water balance throughawintheThus if there
are N years of input data for a catchment, N sets of calibfzaeameter values are
obtained, each valid when a different year of flow data is discountadgdtive
calibration process. The rainfall-runoff model can then be run fdér etoof parameter
values, so that N flood frequency curves are produced.

Error bars can then be constructed for the flood frequency curves dificspeturn
periods (or specific peak flow magnitudes), by calculating an atiwf the variance
(o) from the values of the N jack-knifed flood frequency curves atétatn period (or
peak flow magnitude). The 95% error bars can then be plottet2as wherep is the
mean of the N jack-knifed values. However, jack-knife theory reqthiegghe variance
be calculated slightly differently to a usual sample, with atiplidr of (N-1)/N rather
than 1/N (Shoa and Tu 1995). This inflates the size of the error bars somewhat, possibly
over-exaggerating the calibration uncertainty. Figure 3.7 below sti@vgck-knifed
flood frequency curves for each of the six PDM catchments, with bars at specific
return periods determined by both the standard variance (solid linegackakinife
variance (dashed lines).
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Figure 3.7 lllustration of the effect of calibration uncertainty (estimated through
jack-knifing) on modelled flood frequency curves. Each colouredine
represents a flood frequency curve modelled using a jack-kisd
parameter set. Also shown is the flood frequency calculatedroin
observed flows (dotted line and open circles), and that moded with
observed rainfall data using the ‘proper’ calibrated parameter set
(dashed line and filled squares). Two sets of error bars arghown for
each catchment, at return periods of 1, 2, 5, 10 and 30 years. The inne
error bars use the standard estimate of variance, whilst theuter ones
use the jack-knife estimate of variance.
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4 CLIMATE CHANGE SCENARIOS
4.1 Introduction

A range of techniques has been used to derive climate change aedomdpplication
in this project.

1. For theUKCIPO2 scenarios the changes in monthly rainfall have been applied to
the daily rainfall baseline time series in such a way aspgmduce the changes in
seasonal daily rainfall frequency described in the UKCIP02 TedhRieport
(Hulmeet al. 2002).

2. The Statistical DownscalingModel (SDSM), developed by Wilby (1998, 2003),
has been used to provide daily time series of rainfall to drivéhydeological
model CLASSIC (Wilby 2003; McSweeney 2003).

3.  For dynamic downscaling links with a Defra-funded Hadley Centre Annex 15
project “Change in Flood Prediction using a RCM”, have allowed theotise
hourly output from the ~25 km RCM directly to drive the PDM and CLASSIC.

All these downscaling techniques are described in more detail Snsédtion. In
addition there is a comparison of the rainfall data (both for thdilasend the future)
derived using each of these methods and the effects of thesenditfata series on the
flow simulation in the study catchments.

4.2 UKCIPO2 scenarios

Previous work on modelling the impacts of climate change on flood freguessc
scenarios derived from the HadCM2 Global Climate Model (GCM) deeel by the
UK Hadley Centre. The more recent, UKCIP02, scenarios (Helna¢ 2002) were
developed using a combination of the HadCM3 GCM and the HadRM3 RCMo(Régi
Climate Model). They are based on new global emissions scenaddfie use of the
RCM, which adds physically based information to the GCM results.

There are significant differences in seasonal temperature a&uipifation changes
between HadRM2 and HadRM3, notably a warmer and drier summer overraouthe
England with HadRM3, and smaller increases in precipitation in s@mugautumn
with, in some areas, a decrease in these seasons. Increaseelirprecipitation are
also smaller for most areas with HadRM3 (see Figure 81 in életral. 2002). These
differences between the old and new scenarios result in quiteediffenpacts on
flooding, as will be seen.

The UKCIP02 scenarios comprise a set of four alternative futumates spanning a
range of global emissions, namely the Low, Medium-Low, Medium-High Higth

Emissions scenarios, for three future 30-year time-slices, the ,22288s and 2080s.
The climate change pattern for each set of emissions within teae-slice has been
derived from a single master set of patterns, which is the gaveyhthree climate
change simulations made by HadRMS3 using the Medium-High emissienarsx for

the 2080s. All the other scenarios are derived by applying scabitaysao this one
averaged set. Therefore, the patterns associated with eachlitien@nd emissions
scenario are the same but the magnitudes are different. Annuakeasonal
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comparisons between a 2080s HadRM3 B2 (Medium-Low) emissions simdatioa
Medium-low scenario obtained from pattern-scaling the A2 scenagcskaown in

Hulme et al. 2002 (Figure 80). Differences are generally small but charagyethé

autumn have opposite signs; negative with scaled A2 but positive withviB&) has
considerable hydrological implications for satisfying summer rsoilsture deficits and
the consequent flood-producing potential of autumn and winter rainfall.

The UKCIPO02 scenarios are presented as monthly changes, compérdiaewii®61-90
baseline, either percentage or absolute, in 15 climatic variablea, 30 x 50 km grid
across the UK. This resolution means that 104 grid boxes repres&iK tfrather than
just four under HadCM2). For hydrological purposes changes in rainfalpatential
evapotranspiration (PE) are required. Changes in PE have been edlaidatig the
Penman-Monteith equations with climatic variables of monthly meapdgrature, wind
speed, relative humidity, and net surface longwave and shortwave cadi®E was
calculated for the baseline period, and after applying the scenaainges to the
monthly baseline climatic variables. The percentage change ia ®n derived for
each time horizon and emissions scenario. Calculated percentage<ia seasonal
PE (winter (DJF), spring (MAM), summer (JJA), and autumn (SOdt)jhe Medium-
High 2080s scenario are shown in Figure 4.1. It should be noted that, queshyitati
50% increase in PE in winter may be only a few millimetres a month but 40 to 50 mm in
summer. Percentage changes in precipitation are directlyalbleaias one of the
climatic variables. Examples of the impact of the High 208@saté change scenario
on average baseline monthly rainfall and PE for two UKCIP02 gridregjweere given
in the Interim Report (Reynaket al. 2003).

4.2.1Downscaling UKCIP02 scenarios

The use of monthly percentage change scenarios with modelling ypild#al requires a
method for downscaling between monthly and daily timescales. Foma Rimple
proportional change throughout the month is acceptable but for rainfalteanative
approach is required. In earlier work (Reynatdal. 1998, 2001) three perturbation
methods (proportional, day change and enhanced storm) were applied to otdadyved
rainfall. However, as described in the Interim Report to this grojene of these
methods on their own resulted in a satisfactory translation toethered patterns of
seasonal daily rainfall frequency and intensity, as defined in Hatrak (2002). This
is particularly the case where the monthly percentage changa &id square is
negative but daily rainfall for a specified return period showsharease. Therefore, a
new method was devised to perturb the observed daily rainfall setiesadly achieve
the overall percentage change and change in frequency of dailyinaqtared for each
month.

Seven categories for perturbing the observed rainfall seriesdséned and applied to
each month of rainfall data. The method requires the monthly scegrenéentage
change in rainfall and an indicator of change in frequency of the 20:gie@n period
rainfall (www.ukcip.org.uk/scenarios/maps/dailyfor each season (winter, spring,
summer and autumn) for the specified scenario and time horizon. Thbatardiook
one of four values as defined in Table 4.1. The method for perturbing theebdaily
rainfall for each category is described in Table 4.2.
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Figure 4.1 Percentage change in seasonal potential evapotranspiratidor the
Medium-High emissions scenario, 2080s, UKCIP02.
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Table 4.1 Indicator values for the percentage changes in the 20-ye&turn period

daily rainfall.
Percentage change in 20-year Indicator value
return period daily rainfall
>5 1
-5t0 +5 0
-20to -5 -1
<-20 -2

Table 4.2 Method for perturbing the observed daily rainfall for each category of

change.

Scenario Indicator Method of change

percentage changevalue

in rainfall

Positive 1 For winter: sliding scale (P1l) between 100%
proportional and 100% rain day change depending on
average winter percentage change.
Spring and autumn: increase added to wettest day in
month if this is > P2, otherwise as winter.

Positive 0 Rain day change (increase added equally to every third
day where rainfall < P3).

Positive -1 Maximum daily rainfall in month decreased by 20%

and this amount added to the increase for the month.
Then rain day change.

Negative 1 If the wettest day in the month is > P2 then days wit
rainfall < P4 changed to dry and the value S added to
the wettest day, otherwise proportional decrease.

Negative 0 Summer: days with rainfall < 5.0 mm changed to dry
otherwise (up to monthly decrease)-RR*R/Rmax
Spring and autumn: days with rainfall < 10.0 mm
changed to dry (up to monthly decrease).

Negative -1 The average decrease (decrease for month/days in the
month) subtracted from daily rainfall (not < 0.0). Any
deficit carried forward to next day and at end of month
to corresponding month of following year.

Negative -2 As for indicator of -1 but daily rainfall decreased by
25% if this was more than the average decrease (up to
monthly decrease).

The monthly increase or decrease is the total rainfall fomtbeth multiplied by the
scenario percentage change. P1, P2, P3 and P4 are model parameters where:
* Pl is the percentage of the change to be achieved by the proportional method;
* P2 is a threshold daily rainfall above which the frequency is liteelyncrease,
approximately given by the 1-year return period rainfall for autumn;
* P3is arainfall threshold (e.g. 0.2 mm) for creating new wet days;
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* P4 is an initial threshold for creating new dry days (e.g. 3.0 mhighwnay be
increased during the model run.
S is the sum of R minus the monthly decrease (where R < Pi§)tHe rainfall on day t
and Rnaxis the maximum rainfall in the 30 year record for that month.

The rainfall perturbation model, termed the “combined method”, wasdtest several

grid boxes for the Thames and Severn catchments. Examples aill raiedfuency
curves using the combined method, the original proportional method and the dbserve
baseline series for each season are shown in Figure 4.2 and Figuldnds@. compare

with Figures 8 and 9 of the Interim Report. This “combined method” preddeay of
applying the UKCIP02 percentage changes to an observed baseline aratimggree
rainfall time series representative of an emissions sceaaddime horizon. However,

it is still based on the observed data series and changes inaitbtr that may affect
future spatial and temporal distribution of rainfall are not included.
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Figure 4.2 Daily rainfall frequency for observed rainfall, 1961-90, and peurbed
using the combined and proportional methods for the UKCIP02 Hih
2080s scenario, compared with corresponding percentage changes for
the 2, 5, 10 and 20-year return periods applied to the observed rdail
frequency for a grid box in the Thames catchment.
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Figure 4.3 Daily rainfall frequency for observed rainfall, 1961-90, and peurbed
using the combined and proportional methods for the UKCIP02 Hih
2080s scenario, compared with corresponding percentage changes for
the 2, 5, 10 and 20-year return periods applied to the observed rdail
frequency for a grid box in the Severn catchment.

The combined method was used with the UKCIP02 scenarios to model renedtf for
all the catchments and four emission scenarios for the 2050s and 2080se tki¢he
method was used for the four large catchments modelled with CICASS$imple GIS
technique was used to downscale the climate change percentagesnbttestwo grid
systems. Seasonal indicator values (Table 4.1) were specifieddbrCLASSIC grid
square but the same parameter values were used for the whbleeatic The aim was
to reproduce an overall perspective of geographical variation in chamgesfall
without adhering rigidly to frequency changes for individual UKCIPO@ gaxes. For
application to the catchments modelled with hourly data, the hourly data were sdmmate
to daily values, and the combined method used to perturb the daily data. Hisveeyi
then disaggregated back to hourly values using the same tempoeah patbugh the
day as the original data set. The climate change percentagie fsmaller catchments
were determined by area-weighting the values from the UKCIR@2bgxes covering
each catchment.

4.3 Statistical downscaling

The Statistical Downscaling Model (SDSM) was used to genéndpendent time
series of daily rainfall data using the A2 and B2 emissions atiook. SDSM
represents the hybrid of regression-based and stochastic weatleeatge statistical
downscaling techniques (Wilbet al. 2002, 2003). The technique develops a
relationship between the observed, single-site daily precipitatioes send large-scale
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atmospheric variables (simulated by the GCM), together witlo@hastic element to
generate an ensemble of daily rainfall time series. Folipieeon, SDSM is run
conditionally, such that the final time series is based on two motheds first
determining whether rain falls or not (the event threshold can be specified, insthit ca
0.3mm) and the second determining the rainfall amount on wet days.

This downscaling method was used to derive a continuous time sedasyofainfall

data for the 20 km grid squares used for the Severn at Bewdley ad@ #ma grid
squares for the Ouse at Skelton from 1961 to 2099 for the A2 and B2 emissions
scenarios. These rainfall series were used as direct inlltA8SIC. Initial use of
SDSM generated time series of rainfall individually for eagtd gquare (McSweeney
2003) treating each as a single-site application. The method nhasiced for this
project using multi-site generation to include spatial correlatioainfall between grid
squares over a catchment.

For PE, the same data sets were used as for modelling withbskeved rainfall series

and UKCIP0O2 scenarios, that is, MORECS monthly data for 1961-1990, and after
applying UKCIP02 Medium-High (A2) and Medium-Low (B2) percentage chsarigr

the 2050s (2041-2070) and 2080s (2070-2099).

4.4 Dynamic downscaling

As stated previously, the Hadley Centre RCM for Europe used to pridtutdKCIP02

scenarios has a spatial resolution of about 50 km over the UK. Howleigeproject

also had access to data from a further-improved Hadley Centre RCM (ihkongx 15

of the Hadley Centre’s Defra-funded Climate Prediction Progmynmvhich is

otherwise the same as that used in UKCIP02, except that it $petial resolution of
about 25 km over the UK. Rainfall data from the control and enhancedhgrese

gas/sulphate aerosol runs of this RCM (Table 4.3) were used yitectirive both

rainfall-runoff models. This is additional to work done for the Hadleptre under the
Defra Climate Prediction Programme, using a spatially gesedaversion of the PDM
rainfall-runoff model (Kayet al.2003, Kay 2003).

Table 4.3 RCM runs

Hadley

Reference Boundary . . Emissions
Centre . Time-period )
Name conditions scenario
run name
Current ACQQA GCM Jan 1961 - Dec 1990  Observed
greenhouse gases
and sulphur
Future ACQQB GCM Jan 2071 - Dec 2100 SRES A2 (IPCC
2000)

4.4.1Production of rainfall-runoff model inputs from RCM data

As RCMs do not output PE data directly, it was first necegsacpnstruct time series
of PE for each RCM grid-square. This was done using the Penmaniid@tdeation
(Monteith 1965), which estimates PE via a calculation involving tertyrerehumidity,
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wind speed and net radiation, each of which can be obtained from the RGM (
details are given in Appendix D of Kat al. 2003). Note that the Penman Monteith
equation is also used within MORECS (Thompsbal.1982, Hougtet al. 1997).

CLASSIC

As CLASSIC is a grid-based model the RCM rainfall and PE wata used to directly
drive the model runs. The model parameterisations for the catchmedtdled with
CLASSIC, derived from DTM, soils and land use databases, wenfinared for the
RCM grid boxes (~25 km). This gives a slightly coarser gria tsed with observed
data for the Thames and Severn at Bewdley (20 km), much coamddorgthe Ouse
(10 km) and finer grid for the Severn at Haw Bridge (40 km). Cheeks made with
observed data to ensure that the flows simulated with the diffgreghtscales were
compatible with small adjustments made to the channel routing paramehere
necessary. When comparing results from different downscaling methasisthe
differences between time periods or scenarios, modelled with e grad framework,
which are compared.

The hourly data from the RCM were aggregated to give daily salaeuse with
CLASSIC. The model also requires PE for six land use groups. Mdothls of PE
from the RCM were used in previously determined regression equatlemant to each
catchment to calculate monthly PE for each group. These weggigated evenly
through the month to provide daily values.

PDM

The PDM rainfall-runoff model requires driving data as timeesenf catchment-
average rainfall and potential evaporation (PE). Since the RGMfBIts are averaged
over RCM grid-squares, methods are needed to convert from grid-avetage
catchment-averaged values.

Combining the two grid-square PE time series using area-wajghtproduces a
catchment-average PE. This is achieved by multiplying by the prapoof the

catchment area in each grid-square. This method is sufficierRHEosince it only
changes slowly with spatial position.

Total precipitation is a direct output from the RCM. However, alirdan be highly
spatially variable, and some areas can receive consistentlyranoial than others, due
to topography and the direction of travel of weather systems. Aochéhat can take
some account of these additional factors affecting the spatiabiiy of rainfall is
therefore needed. Standard average annual rainfall (SAAR) dataaj indication of
consistently differing amounts of rainfall in different areas, el availability of a
1 km grid of SAAR values for the UK for the period 1961-1990 means thatesiage
SAAR can be calculated for any area. This information can be disedg the
production of catchment-average rainfall from grid-average rainfiddle method used
was to multiply each grid-square rainfall by the ratio of cammhn$AAR to grid-square
SAAR, before combining data from each grid-square using area-wgghto give the
catchment-average rainfall.
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The use of SAAR values to scale the rainfall should compensatdatgeaextent, for
differing topography between squares, although it may not fully comgefmathe
topographic variability within grid-squares.  Note that this method of spatial
downscaling has been chosen in order to have as much comparability inke poisis
the method used to produce catchment-average rainfall from obseruegbce)
rainfall data, bearing in mind the size of the catchments usédtatPDM. Slightly
different methods may be more appropriate for larger catchmeittsmere internal
variability in SAAR values.

4.5 Baseline and scenario inter-comparison

Before using these alternative “baselines” and applying the $sgnan inter-
comparison exercise was undertaken to assess the differencesrbéiwse data sets.
In addition, the alternative baselines are also compared in terthe ahpact on the
simulation of the baseline flows. The statistical and dynamic downscaliingasdboth
generate daily rainfall series for the baseline as welbascenario time periods. The
statistics of any generated rainfall series will differsome extent from those of an
observed series for the same time period. When comparing thes refshitdrological
modelling using these different series it is important to bereawé the variation
between the baseline series. In addition, although all three downscaling metbdhds
same GCM, there are differences in the mean monthly percechtagges between
scenario timeslice and baseline and in the seasonal variation of these chaidesaw
all have an impact on the statistics of flow modelled with these rainfalsserie

4.5.1Monthly rainfall

Figure 4.4 shows a comparison of mean monthly rainfall for the thesira series
(top histogram) and for the Medium-High 2080s scenario (bottom histodaanthe
Upper Severn. The indicator bars show the range betweeff'thigt®est and ™ lowest
monthly rainfalls. It shows the observed/perturbed series (black)tteeheettest of the
three methods in the autumn, the RCM (red) the wettest during titervend the
statistically downscaled series (green) the wettest during the summer.
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Figure 4.4 Comparison of mean monthly rainfall for the three baséhe series and
for the Medium-High 2080s scenatrio.

4.5.2Rainfall frequency

Differences in the frequency of 1-day rainfall, and longer timerwads for the larger
catchments, impact more on flood frequency than changes in monthlyllrainfa
Comparisons of 1-day rainfall for catchment-averaged rainfallh®rmhames (39001)
for the two baseline series (observed and RCM) and two downscalitigpdae
(UKCIP0O2 “combined” scenario and RCM) are given in Figure 4.5 (Medigh-
2080s). Comparisons of the 5-day rainfall for the three baselines\etsstatistical
and RCM) and three scenarios (UKCIP02 “combined”, statistical &mll)Ror the
Upper Severn (54001) are shown in Figure 4.6. These figures highlighitfdrences
(and similarities) between the methods, with no overall trend appa@mtthe whole,
catchment 1-day and 5-day rainfall frequencies for the two gederatefall series
compare well with observed data for the baseline period although thehR€E higher
intensity rainfall in the spring and autumn than observed for the Thé88661) and
two Severn catchments (54001 and 54057) and the SDSM has lower intendhies
autumn.
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Figure 4.5 Seasonal comparison of the 1-day rainfall for the Thame®rf two
baseline series: observed (black solid lines and filledrdes) and RCM
(red solid lines and filled triangles), and two downscaling ethods:
UKCIP02 “combined” (black dashed lines and open circles) andcRCM
(red dashed lines and open triangles).
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Figure 4.6 Seasonal comparison of the 5-day rainfall for the UppereSern for
three baselines: observed (black solid lines); statisticédjreen solid lines)
and RCM (red solid lines), and three scenarios: UKCIP02 “comined”
(black dashed lines); statistical (green dashed lines) anBCM (red
dashed lines).

4.5.3Flow simulation

The SDSM and RCM generate rainfall for the baseline period amdithsed above

there are spatial and temporal differences between these eta#a and observed
rainfall. Therefore, baseline flow series simulated from geadrrainfall may have
different statistics to those simulated from observed raintatpact of these different
rainfall series on flow simulation during the baseline is ilatsa by differences
between the respective flood frequency curves. These are giveguned-b.3 and 5.4
for the SDSM and Figures A13 to A23 for the RCM (further explanabiothese

Figures is provided in Section 5).

The RCM baseline flood frequency curve for several catchments (28039, 30004, 54001,
54057 and 96001) is considerably more extreme than the observed baseline curve,
though the opposite is true for others, notably the Anton (42012). Only thee$ham
(39001) shows a good fit between observed and RCM baseline curves. It should,
however, be noted that the time periods for catchments modelled witly klatal are
different as the RCM data is for the standard 30-year period aséhe observed
record is shorter and includes data outside the 1961-90 period. For that¢civments
modelled with the SDSM, the correspondence between the baselireisepgte good
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for return periods above 1 year, particularly for the Severn at Bgw@XW001). A
comparison of flood frequency curves for the baseline period (observedilmelled
from observed rainfall, SDSM A2 and B2 and RCM) is given in Figurefer.the
Severn at Bewdley (54001).

800

600 —

3

peak flow [m’s™]
»
S
T

0 L I
0.1 1.0 10.0 100.0
return period [years]

Figure 4.7 Comparison of baseline (1961-1990) flood frequency curves ftire
Severn at Bewdley, observed flows (black dotted), modelled from
observed rainfall (black solid), SDSM A2 (red), SDSM B2 (greenRCM
(blue)

4.6 Discussion

Three alternative sets of scenarios have been presented based DIKGH02
scenarios, and statistical and dynamic downscaling. As the two dalimgsmethods
also produce alternative baseline series the characteristibe odinfall, and the flow
series they generate, have also been analysed.

While various methods for generating scenarios have been used, thealtseenative
emissions scenarios has been limited to just two (A2 and B2), artathiseen further
limited by their application to only the statistical downscalingtiod (all other
scenarios have been generated, or re-scaled, from the A2 emissions scenario).

Also, the uncertainty due to the choice of GCM or RCM is not considerthis project

as all the scenarios have been generated from the Hadley Geteds. Inclusion of

the output from more GCMs would provide a much wider range of impaciven r
flows. For example Figure 4.8 shows the range of changes in awerage over the
British Isles as predicted by nine different of GCMs. Whilenabdels predict an
increase in winter rainfall, the changes range from 1% to 60% (Jenkins and Lowe 2003).
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Figure 4.8 Change in average winter rainfall over the British Isés for the 2080s for
nine GCMs forced with the A2 emissions scenario (from: Jéins and
Lowe 2003).
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5 RESULTS

5.1 Introduction

This results section draws on the full set of graphical and taletildts in the
Appendix. The results are presented in a method-based way, accorthiegstenario
generation method. The impacts have been analysed in two waysatiges in the
frequency and magnitude of flood flows, using flood frequency curves; amachphaets
on the duration of high flows. The impacts on flows have been calcytaiedy
through changes in rainfall and PE; no allowance has been made irodedimg for
other impacts that might arise through changes in climate. Thelsele changes in
land cover, cropping patterns, soil properties and their hydrological behaviour
relationships between potential and actual evapotranspiration, andrsté@ds for PE
between grass and other vegetation types. Finally in this sectioonthly rainfall
resampling technique was used to estimate the uncertainty mplaets due to “natural
variability”. This technique was used to produce 100 ensembles of tire fainfall
series.

5.2 Flood frequency results

Flood frequency curves for the 10 catchments for four emission scefaartbe 2050s
and 2080s using UKCIP02, two catchments using SDSM and for 10 catchmengts us
RCM data are given in the Appendix. Percentage changes betweximdd$961—
1990) and scenario flood frequencies for a range of return periods betvwaah 50
years are also given in the Appendix. These percentages have bddo determine
the pattern of impact for each catchment for each downscaling metsmtibed in the
following sections. Generally, the impact falls into one of two patterns:

* Type 1-the percentage change has a positive gradient (i.e. the 5@tygarperiod
change is higher, numerically, than the 1 year return period change);

* Type 2- the percentage change has a negative gradient (i.e. the 50 year rébarn per
change is lower than the 1 year return period change).

For Type 1 the change may be negative at low return periods andgasitiigh return
periods and vice versa for Type 2. The return period at which thexeraschange
varies between catchments and scenarios, and some catchments hascresse or
decrease for all plotted return periods.

5.2.1UKCIPO2

The flood frequency curves for the impacts under all the UKCIPO2 sognéor all
catchments are given in the Appendix in Figures Al.1 to A1.10. Pereectiagges
between baseline and scenario flood frequencies are given in Tablefokltihe
catchments modelled with CLASSIC and in Table Al1.2 for the PDighoagnts. The
combined method (see Section 4.2) was used to apply the UKCIP02 montelgtpge
changes to the observed baseline rainfall series. The resuksimamarised in Table
5.1 for the Medium-High scenario for the 2050s and 2080s.
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Table 5.1 Summary of percentage changes for UKCIP02 scenarios (Madi-High
2050s and 2080s)

2050s 2080s
Impact

Catchment Impact

5-year 50-year 5-year 50-year

Type Type
27009 2 03 3.9 2 04 71
28039 2 73 1.3 2 28 7.6
30004 2 4.0 8.3 2 45  -139
39001 1 29 1.2 1 25 0.6
40005 2 51 4.6 2 98 112
42012 1 -1.8 4.7 1 17 8.5
54001 1 -30 0.9 2 47 6.7
54057 1 -1.6 1.0 1 05 4.2
74001 2 69 4.2 1 101 219
96001 1 21 2.0 2 28 2.9

The results show:

* There is an overlap in impact between the 2050s and 2080s, with the High of t
2050s generally similar to the medium-low of the 2080s.

* Four catchments have an increase in the 50-year (2050s and 2080s) rébdrn per
flows (42012, 74001, 39001 and 54057).

» Four catchments have an increase in the 5-year (2080s) return pewad fl
(28039, 40005, 74001, and 27009).

* Only one catchment has an increase at all return periods (74001).

* For most catchments the percentage changes follow a simitarrpatross the
four emission scenarios and time-slices. The main exception is 28039 (the urban
catchment) where the Medium-Low and Low scenarios for the 2050s and Low
scenario for the 2080s show an increase at the 50-year return perioegasvite
other scenarios show a decrease.

» Half the catchments show a Type 2 impact on flood frequency for the,2050s
where the percentage change decreases with increasing retiodh (6686 for
the 2080s).

* Two catchments, 39001 (Thames) and 27009 (Ouse), have an “outlier” highest
peak, particularly for the 2080s, with a return period in excess of 100 years.

» For most catchments the impact of the increase in winter Hamfzfset by the
increase in PE (see Figure 4.1) and generally hotter, drier aoredduring the
summer and autumn.
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Figure 5.1 Flood frequency curves for the Thames (39001) for the ime (black
dashed line) and the four emissions scenarios (Low — blue edlium-Low
— green, Medium-High — orange, High — red) for the 2050s and the 2080s.
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Figure 5.2 Flood frequency curves for the Duddon (74001) for the balgne (black
dashed line) and the four emissions scenarios (Low — blue edlium-Low
— green, Medium-High — orange, High — red) for the 2050s and the 2080s.
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Figure 5.1 shows the flood frequency curves for the Thames (39001) wdtchiange

at the higher return periods by the 2050s, but some increases by the ZD&8s.
reduction in lower flows is quite evident, arising from the prolongedmeraand drier
summers and autumns. Figure 5.2 shows the same results for the Duddon. (74001)
This is a quite different, smaller, more responsive catchmenbannorth west of
England. For this type of catchment the impact of the wetteersirtb the north and

west of the country becomes apparent, as long-term antecedent condrgotess
critical to this type of catchment. Hence a more marked isergaflood frequencies is
evident under all scenarios, particularly for the 2080s.

The impact of the UKCIP02 scenarios on flood frequency is dependent orottie of
occurrence of the main flood events in the baseline series. Due tature of this type
of scenario application (perturbing the current 1961-1990 series) theoealkowance
for changes in these seasonal patterns or the annual sequencesibf saifor changes
in the spatial distribution.

5.2.2Statistical downscaling

Flood frequency curves were derived for the two emission scenaricandB2, and
three time-slices, the baseline period of 1961-1990, the 2050s and the 208@sod he
frequency curves for the impacts of the SDSM data are givemgumeb.3 for the Ouse
(27009) and Figure 5.4 for the Severn at Bewdley (54001). In addition a flood
frequency curve was also derived for the single-site (independensauare) rainfall
time series for the baseline period. The difference betweermwiheblue lines in
Figures 5.3 and 5.4, and comparing these curves to the black “observed” bagsetme
an indication of the positive contribution of using spatially correlatedj-site, rainfall
fields from SDSM in generating flood runoff. The uncorrelated, sisigde rainfall for
the model grids greatly under-estimates the baseline flood fragaeaascthe large-scale
rainfall events, which are more likely to produce floods in catchmenigarge as the
Ouse or the Severn, are not being simulated. The percentage cheivggsesn baseline
and scenario flood frequencies are given in Table A2.1 of the Appendixte3iies are
summarised in Table 5.2.
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Figure 5.3 Flood frequency curves for the Ouse at Skelton (27009der the A2
and B2 scenarios. The black dashed line is the 1961-1990 basefinen
observed rainfall, the blue dashed line is the baseline ing single site
SDSM and the blue solid line is the baseline using thepatially
correlated SDSM. The green line is for the SDSM 2050s andethed line
is the SDSM 2080s.
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Figure 5.4 Flood frequency curves for the Severn at Bewdley (540Qinder the A2
and B2 scenarios. The black dashed line is the 1961-1990 basefioen
observed rainfall, the blue dashed line is the baseline ing single site
SDSM and the blue solid line is the baseline using thspatially
correlated SDSM. The green line is for the SDSM 2050s andehed line
is the SDSM 2080s.
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Table 5.2 Summary of percentage changes for SDSM scenarios (Medium-High, A2,
and Medium-Low, B2, for the 2050s and 2080s)

2050s 2080s
Catchment Timeslice Impact 5-year 50-year Impact 5-year 50-year
Type Type
27009 A2 2 3.9 -0.5 2 4.6 -9.3
B2 1 5.2 13.7 1 6.7 6.8
54001 A2 1 -2.8 13.9 1 3.7 8.2
B2 1 0.4 20.3 1 7.9 11.6

The results show:
 The B2 scenario shows an increase in flood frequency for all retuiodpe
greater than 5 years.
* For the Ouse (27009) the two emissions scenarios have an opposite impact.
* The highest increase for both catchments is shown to be for theeB&riecfor
the 2050s for return periods greater than 20 years

5.2.3Dynamic downscaling — use of RCM data

The flood frequency curves for the impacts of the RCM data are givéull in the
Appendix in Figures A3.1 to A3.11. Percentage changes between basdliseeaario
flood frequencies are given in Table A3.1 for the catchments modeille dCWASSIC
and Table A3.1 for the PDM catchments. The percentage changes reselt
summarised in Table 5.3 below.

The generation of a high flood peak for the Thames (39001) in the basetlioe using
RCM data is caused by extreme rainfall over the catchmentaowétical 5-day period
(see Figure A3.2 of the Appendix). Because this peak distorts tledineafiood
frequency curve, curves have been calculated omitting the highestrpea&dch series
to provide a more realistic estimate of the percentage chahgedrethe baseline and
scenario time periods, (Figure A3.3). However, the generation of suckvent
underlines the limitation, and dangers, of basing estimates of isnplaciimate change
on only one model run for 30-year time periods. The generated peaksflovore
extreme than anything that occurred between 1900 and 2000, but is sinufse that
occurred in 1894. In comparison, the estimated return period for the highkstrpthe
Thames during October/November 2000 was five years (CEH-Wallingfdet Office
2001).
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Table 5.3 Summary of percentage changes for the RCM (Medium-High, 2080s).

Catchment I¢5§gt 1-year 5-year 50-year
27009 1 5.0 8.7 11.7
28039 2 13.7 0.3 -23.4
30004 2 6.1 -2.7 -18.4
39001 1 7.0 14.2 17.7
40005 2 9.3 -2.3 -21.5
42012 2 12.4 10.8 -2.2
54001 2 -3.3 -12.1 -23.8
54057 2 -4.0 -9.9 -17.8
74001 2 17.3 16.9 15.7
96001 2 14.5 5.0 -15.2

" Percentages for flood frequency curves omitting the highest peak.

The results show:

» Eight of the catchments show a Type 2 impact on flood frequency, Wihta
two of these having a decrease in excess of -15% at the 50eysar period.
Only three catchments show an increase at the 50-year retuwsd.pé&he results
for the Lymn (30004) are re-produced in Figure 5.5 to illustrate this change.

* Most catchments show a significant increase at the 1-year return period.

* The results are for only one scenario for one time-slice, so hoehtrege for
the 2080s relates to change in the intervening period cannot be identified.
Neither can the variability in the change, had an ensemble of R@Mbéan
available.
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Figure 5.5 Flood frequency curves for the Lymn at Partney Mill 80004). The
black dotted line is the curve generated from observed flowsThe black
dashed line is the curve for modelled flows from observed rafall for the
1961-1990 period. The blue line is modelled using the RCM basel
data, and the green line is modelled using the 2080s RCM data.

5.3 Impact on duration of high flows

Climate change has an impact on all aspects of the flow regiim&xamine the impact
on the length of time high flows are sustained in catchments, thenpage change in
the Q3 flow (see Section 1.4) was calculated. This is the fiaw it equalled or
exceeded just 3% of the time. It has been calculated sepdoatétg four seasons, to
highlight the impact of the increased winter and decreased suramé&ll. The Q3
flow was calculated for four emissions scenarios for 2050s (UKCI&@2}wo or three
methods for the 2080s (depending on the catchment). The percentage ahamien
in Table 5.4 for the CLASSIC catchments and Table 5.5 for those nuadelie the
PDM. It should be noted that the magnitudes of these changes in QBemags
reliable for the catchments modelled with the PDM than for thosdelied with
CLASSIC, for a number of reasons: the PDM is a parameteresparaped model,
calibrated with regard to peak flows in particular, and running (y3uwlla finer time-
step than CLASSIC. Reproducing the whole range of flows well isrttare difficult,
particularly in the drier seasons. However, the results for thé B2 consistent with
those for CLASSIC in that they show the same type of seasonaimads discussed
below.

Almost all the catchments show a decrease in the Q3 flow faspiieg, summer and
autumn. Almost the only exceptions to this occur in the spring foFlibenes (39001 -
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2080s, RCM), the Ouse (27009 - 2080s, SDSM), the Beult (40005 - 2080s, RCM) and
the Duddon (74001 - 2080s, RCM). The two catchments on the Severn, 54001 and
54057, both also show a decrease in the Q3 winter flow. The catchnusteben with

the PDM generally show larger increases in the winter Q3 fltam the CLASSIC
catchments, which may reflect the modelling method as much asttlement size.

For most catchments the biggest decrease occurs in the summé the Thames
(39001) and the Anton (42012) autumn shows a more extreme impact due to the
contribution of baseflow sustaining runoff during the summer. Examplesasonal

flow duration curves are given in Figure 5.6 for the Thames and Sev&ewalley
(2050s) and Figure 5.7 for the Anton (2050s and 2080s).

Comparison of downscaling methods for the 2080s on the Q3 flow shows that the

pattern of change across the seasons is generally consistent theugbel of change
may differ.

Table 5.4 Percentage change in Q3, by season, for the four CLASSIC catchments

Catchment Timeslice Scenario Winter Spring Summer Autumn

39001 2050s High 03 -7.1 -31.2 -53.8
M-High 0.3 -6.6 -29.2 -50.0

M-Low 0.7 -5.8 -27.8 -46.7

Low 0.0 -4.9 -25.0 -41.8

2080s M-High 0.0 -8.8 -37.5 -59.9

RCM 9.2 7.4 -21.1 -48.9

27009 2050s High 3.8 -3.8 -50.7 -12.4
M-High 3.8 -3.1 -44.8 -10.8

M-Low 3.4 -2.5 -41.1 -9.1

Low 3.0 -1.9 -36.8 -8.1

2080s M-High 6.8 -5.7 -63.2 -22.4

RCM 7.1 -131 -42.9 -5.1

SD A2 18.1 8.2 -15.3 1.0

54001 2050s High -3.5 -10.1 -46.5 -30.8
M-High 2.4 -9.6 -42.3 -26.9

M-Low -1.7 -7.4 -39.4 -24.4

Low -1.0 -6.4 -35.2 -21.4

2080s M-High -4.2  -13.3 -56.3 -38.8

RCM -5.7 -194 -42.9 -18.4

SD A2 48 -14.7 -53.6 -32.5

54057 2050s High -26 -8.1 -41.1 -45.4
M-High 2.4 -7.8 -37.8 -41.7

M-Low -1.9 -7.5 -35.1 -38.3

Low -1.5 -7.2 -32.4 -33.9

2080s M-High -09 -11.2 -50.4 -52.2

RCM -3.2 -21.8 -55.7 -29.0
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Table 5.5 Percentage change in Q3, by season, for the six PDM catchments

Catchment Timeslice Scenario Winter Spring Summer Autumn

28039 2050s High 54 -19.6 -40.1 -13.0
M-High 4.8 -16.7 -34.5 -11.3

M-Low -05 -104 -30.7 -10.4

Low -0.6 -8.7 -26.2 -8.6

2080s M-High 8.2 -265 -54.7 -18.7

RCM 16.4 -12.1 -47.5 -9.9

30004 2050s High 1.6 -8.5 -40.9 -24.7
M-High 1.3 -7.2 -35.3 -21.0

M-Low 1.3 -6.3 -32.5 -19.0

Low 1.1 5.7 -27.1 -16.1

2080s M-High 25 -12.1 -53.0 -34.6

RCM 17.3 -1.6 -44.1 -16.7

40005 2050s High 12.7 -2.6 -42.5 -17.9
M-High 10.6 -2.3 -36.7 -15.1

M-Low 9.7 -2.0 -33.4 -13.5

Low 8.2 -1.9 -28.9 -11.7

2080s M-High 18.5 -3.7 -55.4 -26.9

RCM 126 14.8 -47.6 -21.2

42012 2050s High 3.1 -0.9 -9.9 -25.7
M-High 2.6 -1.0 -8.6 -22.4

M-Low 2.6 -0.8 -7.5 -20.2

Low 2.4 -0.7 -6.5 -17.9

2080s M-High 3.7 -1.0 -13.0 -33.5

RCM 19.5 -10.9 -51.3 -32.7

74001 2050s  High 134 -31 -37.6 -4.6
M-High 11.3 -2.8 -33.2 -2.6

M-Low 10.1 -2.5 -29.8 2.1

Low 8.4 2.1 -24.2 -1.1

2080s  M-High 19.6 -4.1 -53.5 -8.1

RCM 19.2 8.5 -51.9 1.6

96001 2050s  High 2.6 -1.2 -194 2.7
M-High 1.4 -1.3 -13.7 -1.7

M-Low 1.2 -1.3 -12.0 -1.6

Low 0.9 -1.0 -9.6 -1.3

2080s  M-High 10.0 -1.8 -25.0 -3.2

RCM 7.2 -105 -31.6 3.4
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Figure 5.6 Seasonal flow duration curves for the Thames (39001), top, aBévern
at Bewdley (54001), bottom, for baseline series — observed flow (IKac
solid), modelled from observed rainfall (black dashed), and UK®02
2050s four emissions scenarios (Low — blue, Medium-Low — green,
Medium-High — orange, High — red).
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Figure 5.7 Seasonal flow duration curves for the Anton (42012), compagn
baseline observed (dotted black line) and modelled (dashdxiack line)
with those modelled under the four UKCIP0O2 emissions scanos (solid

lines; Low — blue, Medium-Low — green, Medium-High — orange,
High — red) for the 2050s and 2080s.

5.4 Rainfall resampling

An attempt was made to give some allowance for “natural vatdhbih the future
rainfall series by developing a method of resampling the raimfbither derived from
UKCIPO2 percentage changes or from the RCM. This involved making benuwh
different time series from the original rainfall seriessklecting the rainfall month-by-
month, with replacement. That is, the rainfall for, say, “January 1864"series being
constructed is taken from a randomly selected January of the bsgimes; “February
1961” is taken from a randomly selected February, and so on. This methodshpvi
does not change the sub-monthly variability (for example the hourly or dahsities),
but does allow changes in rainfall accumulations over a number of moltissthis
that can result in quite different flood frequencies from the rpkairseries to those
from the original series. For instance, a wet winter, which praseded by a dry
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autumn in the original series, could be preceded by a wet autumesarapled series,
thus greatly increasing the chance of flooding during that winteogoerAssuming
independence between monthly, and particularly seasonal, rainfall thesplesseould
have occurred in reality, therefore the flood frequencies that fesaitthe use of any
resample to drive the rainfall-runoff model are all possible distributions.

If a large number of resampled series are used to produceeanangber of flood
frequency curves, an average flood frequency can be calculated, atbngneertainty
bounds. Here, 100 resampled rainfall series were generated so it8wsze used to
produce flood frequencies (including the original series). At edalmrperiod plotting
position, the 101 flood peak values are then ordered, so that theakfe at each
position gives the median. These points are then linearly interpolategive the
median flood frequency ‘curve’. Similarly, th& Bind 98 values can be selected and
interpolated, to give the 90% upper and lower bounds.

Note that this resampling method has only been applied with the Pbigh wequires

catchment-average rainfall. It is a non-trivial exercis@pply this technique to the
gridded rainfall required by CLASSIC. It should also be noted tha®@@k& upper and
lower bounds represent a description of the more extreme scenatiost than

assigning any measure of likelihood.

Table 5.6 summarises the results from resampling the UKCIPOZaddtee 2050s and
the 2080s (the baseline rainfall data perturbed according to the “cathboenario). It
gives the percentage changes in flood peaks at the 20-year refoth pemparing the
mean of the change for the four single UKCIP scenarios (frorfigines in section Al
of the Appendix) with the mean, minimum and maximum changes when using 100
resamples for the four scenarios (from the figures in section é#the Appendix).
The results are summarised across all four scenarios, rafimeseparately, to simplify
their interpretation, and because the differences between emissamerios are small
relative to the uncertainty bounds produced by the resampling. The mamcha
maxima are thus taken as the percentage change to the lowesBt bound of the
four scenarios, and the highest upper 90% bound of the four scenarios, velpecti
The mean is that of the four scenario medians, and a comparison altieswith the
mean from the four single scenarios shows where the latter lie in the distribution.

These results demonstrate that it would only take a slightlgrdift sequencing of
events to push some catchments into rather higher percentage chantesd
frequency (note, though, that resampling the observed rainfall tirres seyuld also
result in quite a range of flood frequencies). The maxima sutigashighly urbanised
catchments (e.g. 28039), groundwater catchments (e.g. 42012), and hilly caschme
the north west (e.g. 74001) may be generally more susceptible to shargjenate of
this nature.

Figure 5.8 shows the median, maximum and minimum flood frequency curves generated
from the 101 UKCIPO2 rainfall series for the 2050s under the four mm$sscenarios

for the urbanised catchment, the Rea at Calthorpe Park (28039). Téeplalhation of

the line colours is in the box below the figure.
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Figure 5.8 Flood frequency curves for the Rea at Calthorpe Park28039) for
median, maximum and minimum changes from the 101 resampled
rainfall series for the 2050s under the four UKCIPO2 emissions

scenarios. (full explanation of the line colours is given in thtext box
below).

Black dotted line and open circles — from observed flows.
Black dashed line and filled squares — modelled usingmesl rainfall.
Red solid line — median modelled, using 100 resampietet UKCIP02 high emissions scenario.
Dotted lines — 90% upper and lower uncertainty baunding 100 resamples under UKCIP02 high
emissions scenario.
Orange solid line — median modelled, using 100 resampieten UKCIP02 medium-high emissiong
scenario. Dotted lines — 90% upper and lower uag#st bounds, using 100 resamples under
UKCIP02 medium-high emissions scenario.

solid line — median modelled, using 100 resampfeteu UKCIP02 medium-low emissions
scenario. Dotted lines — 90% upper and lower uag#st bounds, using 100 resamples under
UKCIP02 medium-low emissions scenario.
Blue solid line — median modelled, using 100 resampieten UKCIP02 low emissions scenario.

Dotted lines — 90% upper and lower uncertainty beyungding 100 resamples under UKCIP02 low
emissions scenar
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Table 5.6 Summary of results (at the 20-year return period) uson 100 resamples of
the UKCIPO2 data.

100 resamples for UKCIP02

Mean  minimum of maximum of
Catchment Time- UKCIP02 scenario mean of scenario
number slice  scenario minima scenario maxima
change (within 90% medians (within 90%
bounds) bounds)
2050s 5.1 -22.5 -1.5 24.2
28039 2080s -1.1 -28.5 -6.0 20.5
2050s -5.0 -24.9 -7.6 9.5
30004 2080s -8.0 -28.3 -10.6 7.1
2050s 0.1 -22.8 -4.9 9.9
40005 2080s -2.4 -24.7 -5.3 9.4
2050s 2.1 -8.5 6.6 25.7
42012 2080s 3.8 -8.4 6.9 29.6
2050s 5.8 -14.4 2.6 17.0
74001 2080s 13.2 -13.0 9.3 30.4
2050s -0.1 -20.4 -2.3 16.2
96001 2080s 2.1 -22.1 -4.6 16.0

Table 5.7 summarises the results from resampling the basetgajaand the 2080s
(acqgb) RCM rainfall data. It gives the percentage changesod fleaks at the 20-year
return period, using the RCM data directly (from the figures uti@e A3 of the
Appendix) and when using 100 resamples of the RCM data (from thesfigusection

A4.2 of the Appendix). In this case the minima and maxima are tek#re percentage
change from, respectively, the upper 90% bound for acqga to the lower 90% bound for
acqqgb, and the lower 90% bound for acqqa to the upper 90% bound for acqqb.

Table 5.7 Summary of results (at the 20-year return period) uson 100 resamples of
the RCM data (Medium-High, 2080s).

100 resamples of RCM data

Catchment RCM  minimum maximum
number data (within 90% median (within 90%
bounds) bounds)
28039 -14.0 -35.6 -5.7 38.6
30004 -12.0 -30.0 -6.8 29.7
40005 -13.8 -38.4 -13.3 20.3
42012 3.5 -73.0 20.9 474.3
74001 16.3 -2.9 15.9 39.6
96001 -6.9 -28.7 -7.3 30.6
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These results are rather more difficult to interpret than thdsere the UKCIP02-
derived data have been resampled, due to the fact that it is mgcesgaerform
resampling for the baseline period as well as for the futuredqettius the minimum
and maximum percentage changes for each catchment give a deryamge. The
results for the Halladale at Halladale (96001) are shown in Fig@ras illustrative of
this set of resampling results.

The maxima are somewhat consistent with those for the UKCIRB@2nming, as they
suggest there may be a particular susceptibility for groundwatehments like 42012,
for urbanised catchments like 28039, and for hilly catchments in the negtlike
74001, since these have the highest maximum percentage changes. eG&t@0004
and 40005 (rural catchments in eastern and southern England) appear tddasstthe
susceptible for both the UKCIP02 and RCM resampling.

The patrticularly large maximum for catchment 42012 is due to the @@8erbounds
being significantly higher than the medians for both the baselineutun@ ftime-slices.
This is likely to be because 42012 is a groundwater catchment, arfdvaesampled-
series may give sufficient rainfall over a sustained perio@wdral months to fill up the
groundwater store and cause significant flooding, whereas the majaliitallow
sufficient respite between events for the groundwater level ltadain. As such, the
extremely high maximum percentage change given in the table cepriglsent a real
susceptibility of such catchments. (Alternatively, it could beodehstructure issue in
that the model is over-predicting flows when the high, longer duratmmadations of
rainfall are presented to it. Also, note that the RCM is not daiparticularly good job
of modelling the rainfall for that catchment anyway, as the R@adelled flood
frequency for 1961-90 is significantly lower than the observed flood fregueSee
Figure A3.9 in the Appendix).

It is useful also to look at the absolute changes in flows as asethe percentage
changes, especially for the particularly high percentage chanflesv shown in Table

5.7 and in the tables A6.1 to A6.4 in the Appendix section A.6. Table 5.8 below show
changes in flow, in fis?, for the six PDM catchments under the maximum and
minimum resampled scenarios from UKCIP02 and RCM information.

Table 5.8 Summary of absolute changes in flow @) at the 20-year return period
using 100 resamples of the UKCIP02 and RCM data for the 2080s.

UKCIP0O2 UKCIP0O2 RCM RCM

minimum maximum minimum maximum
Catchment — ihin 90%  (within 90%  (within 90%  (within 90%

bands) bands) bands) bands)

2803¢ -18.7 13.t -30.4 22.1
3000¢ -3.2 0.8 -4 . 3.2
4000¢ -23.¢ 9.1 -36.¢€ 13.C
4201z -04 14 -3.2 4.8
74001 -31.¢€ 74.¢ -4.7 54.1
96001 -39.1 28.2 -72.F 56.7
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The very high percentage changes in flow, for example for the AARE1R2) under the

RCM maximum resampling scenario (a 474% increase) only repsesenhcrease of
about 5 ms™.

96001
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Figure 5.9 Flood frequency curves for the Halladale at Halladale (96001fpr
median, maximum and minimum changes from the 101 resampled RCM

rainfall series for the baseline and the 2080s (full explanatioaof the line
colours in text box below).

Black dotted line and open circles — from observed flows

Black dashed line and filled squares — modelled usingmes! rainfall.

Blue solid line and filled triangles — modelled usingg191990 RCM data (acqqga).

Blue dashed line — median modelled, using 100 resangblt® acqga data.

Blue dotted lines — 90% upper and lower bounds, usirtgré8amples of the acqqga data
solid line and filled triangles — modelled using7r262100 RCM data (acqgb).
dashed line — median modelled, using 100 resangbld®e acqqgb data.
dotted line— 90% uppr and lower bounds, using 100 resamples of thetadate
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6 INTERPRETATION FOR USERS AND POLICY-MAKERS

6.1 Introduction

This section of the report brings together the results from eactheofscenarios
presented in Section 5 to provide an overview of more relevance to the potential users of
these research results. The impacts on flood flows are comperask ascenario
methods to draw out key messages about the modelled responses t® cliarge in

this project. This Section briefly discusses absolute changes in flowsulaaly where

the percentage changes are high and, through the application of dageleischarge
relationships, potential changes in flow levels. There is alsecaigion of responses

due to catchment characteristics.

6.2 Comparison across methods

The seasonal distribution of rainfall, and the sequence of wet and rlrggever a
range of time scales, is of critical importance in determirting impact on flood
frequency. Throughout the UK the dominant impact of the climate chaeg®rios
used in this study is to impose a greater seasonality on the hydrologrcaleaability

to realistically model replenishment of soil moisture following, iy summers, as
shown in Section 3.2.3, is therefore important for minimising the uncgrtad the
calculated percentage changes in flood frequency due to the hydrological modelling.

Differences in flood frequency between the UKCIP02 scenarios and tloysethe
RCM may reflect differences between the two rainfall sefte the baseline period as
well as changes in rainfall patterns over a range of tempodakpatial scales. For
example, the RCM produces wetter 1- and 5- day cumulated catchandfiadls in
spring and autumn than the observed / perturbed record. Geographic vanation
changes in longer duration rainfall with return period may alsofbetar. Increases in
flood frequency using RCM data for the larger catchments of them@$439001) and
Ouse (27009) may reflect changes in frequency of n-day rainfallkevitneger durations
show a bigger increase for a given return period. Such changes tirdayutainfall
events over the UK between 1961 and 2000 have been investigated by Fowler and
Kilsby (2003) and show little change for 1- and 2- day rainfalls, but ggnifincreases

in 5- and 10-day annual maxima during the 1990s over Scotland and NorthemdEngla
Decreases in RCM flood frequency for both Severn catchments (54001 and 54§57)
reflect other influences such as rain shadow effects from moumains headwaters of
the catchment. Central Wales also shows (UKCIP02) largeeakes in spring and
autumn rainfall than areas around, as well as decreases inraafll frequency in
these seasons.

For the Thames, the increase in flood frequency under the RCM scet@mpared
with very little change under UKCIPO02, is also partly a resulthef more extreme
rainfalls occurring in January and February, rather than Decembéculzaly when
these fall within a wetter winter following a not-spectacylafhty autumn, i.e. these
events have more impact when there is no soil moisture deficit to be replenished.

The impact on urban catchments (the example here being the Balthairpe - 28039)
depends on the seasonality of the flood events in baseline period. High period
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floods in summer from convective rainfall may decrease but thayeoman increase in

the flood frequency curve at lower return periods from the averageas® in winter
rainfall, coupled with the increased intensity of winter rainfallhe increased winter
rainfall has a direct impact on impermeable catchments (7400Xhess is no
accumulation of large soil moisture deficits during the summererefore the flood
regimes of these catchments are highly susceptible to insreasainfall, as is seen in

the increase in flood peaks for all methods, time-slices and ne¢wmwds. In contrast,

the impacts on permeable catchments (42012) are highly dependent ore precis
sequencing of wet and dry summers, autumns and winters.

The impacts discussed above are all highlighted in the results thenrainfall
resampling which demonstrate that it would only take a slightfgréifit sequencing of
events to push some catchments into rather higher percentage chantesd
frequency. The maximum values in Table 5.6 show that highly urbanisgtdnemnts

(e.g. 28039), groundwater catchments (e.g. 42012), and catchments in the north wes
(e.g. 74001) may be generally more susceptible to changes in climate of this nature.

From the statistically downscaled scenarios it is possibledk &t impacts due to
different emission scenarios. The B2 scenario shows a largacinhan the A2 as
there is less of a decrease in summer rainfall and less eumarming under this
scenario, therefore the increases in winter rainfall have more of an effect.

Many of these key points can be seen in Table 6.1. This shows a suwintae
impacts across scenarios for the ten catchments for the 2080 f@04year return
period flow. The gaps occur as all scenario methods could not be applit
catchments, for example the statistical downscaling was only takdarfor the Ouse
(27009) and the Severn at Bewdley (54001), and the resampling technique was onl
applied to the six PDM catchments. Equivalent tables for the 205Gsrathe 50-year
return period flows are given in the Appendix (Section A6).

Table 6.1 Summary of the percentage changes in the 20-year retuperiod flows
for the 2080s.

UKCIPO2 Relj‘;g‘;,“”g SDSM RCM Re;%m,\f"”g
Catchment
Low 'IY'O?S mgﬂ High Min Max B2 A2 A2  Min Max
27009 2.2 36 38 4.2 70 38 107
28039 6.4 25 26 55 -285 205 140 -356 386
30004 35 -56 -99 -131 283 7.1 120 -300 29.7
39001 -1.6 -16 00 28 16.7
40005 05 -15 -39 37 247 94 138 -384 203
42012 25 32 46 50 -84 296 35 73.0 4743
54001 -2.1 2.7 -54 6.7 104 6.8 -19.4
54057 12 1.2 30 44 145
74001 6.6 83 161 219 -13.0 30.4 163 2.9 396
96001 0.1 09 31 46 -22.1 16.0 89 287 306
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The CFMP catchments used in this study are the Severn at hHidge B54057) and the
Beult at Stile Bridge (40005), within the Medway. The Severn showis@ease in

flood flows under the UKCIP02, but a decrease using the RCM datacorBgarison

with the impacts for the upper Severn (54001) however, larger incresges be

expected for the Severn at Haw Bridge under the statistical daiimg method,

particularly the B2 scenario. These catchments differ in thgdacts as the larger
Severn catchments includes significant areas of the Midlands, tieecimate change
scenarios suggest somewhat larger increases in winterllr#iafia they do for central
Wales.

For the Beult at Stile Bridge (40005) all scenarios show dea@adlwod flows. This

change is driven fundamentally by the location of the catchment sothk-east, where
the scenarios suggest the greatest warming and drying. oitlyisby looking at the

maximum change from the resampled data that any increase inflil@mdis seen for

this catchment.

6.3 Absolute changes and changes in levels

Simply analysing percentage changes in flows can be misleadiigujaaly when the
baseline flows are low. The Anton (42012) has a current 20-year flpwstof.0 mis?,
under the minimum (5%) resampled baseline, so even the 500% incneasatesi
under the maximum (95%) resampled scenario equates to an inerdlsesi of just
4.8 nts®. For some of the larger catchments this relationship is, of egawersed.
The absolute changes for the six PDM catchments under the redasuplearios are
summarised in Table 5.8.

Of course, the impacts on flood flows provide an indication of changeood fl
frequency, but do not tell us of possible changes in flood risk. To gain arsiamdiéng

of this impact a simple stage-discharge relationship has beaacafipthe flows in the

Anton (42012) to assess the potential change in river flow levels500% increase in

flows discussed above means a 420 mm increase in the current 20-year level of 212 mm.

6.4 Catchment intercomparison

As part of the analysis of these results, it was hoped thatatrniesponses to climate
change could be drawn out through comparison of pairs of catchments. alrgulex

the effects of catchment location might be examined by compaatofproents with

similar properties, such as size and geology, in different parteeotountry. This

analysis proved difficult for several reasons. First, therdéoardew catchments in the
study to allow this type of analysis and second, there are too maalplga changing at
the same time.

In order to try to extract any relationships between catchmeetapnd the impact of
climate change on flooding, various measures of the impact weredoémainst various
catchment properties (see Section A5 and Figure A5.1 of the Appendtkefdull
comparison). Most plots do not show any clear dependencies, partioutemyusing
measures of climate change impact based on use of RCM data. véipwesmall
number of plots may hint at the existence of some sort of dependexcthese are
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discussed below. Note that this is a preliminary exploration oétaodology that may
eventually lead to a regionalisation of flood frequency changes, buhthaample size
used here is too small to elicit truly reliable relationships at this stage.

L ‘ ‘ \ ]
R2=0.52
5 _
. *42012
: “ \74001
a ~ |
\0 - N 1
X 96001 .
5 - RN :
L 54057
o 0 AN —
§ ° ™ AN
o I 54004 . i
L 28039 N 39001
Y L \ |
E AN
9 - . ]
7 N
C: [ ] .
. i 27009 ™~ -
Q0
2 5| 40005 —
s | N
AN
| | | 30004 |
300 400 500 600
easting

Figure 6.1 Plot of the 2050s impact on the 50-yr return period floogeak versus
easting, illustrating a possible dependence between the two’&R.52).

The first possible relationship is in terms of Easting (of #telenent outlet), for higher
return period floods. As shown in Figure 6.1, it is suggested that meseerly
catchments (lower easting value) may experience a greapaci than more easterly
catchments. For the 2050s at the 50-year return period, the bestefitot this
relationship has an%f 0.52. This reduces to 0.32 for the impact at the 20-year return
period. The corresponding values for the impact in the 2080s are 0.30 and 0.22.
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Figure 6.2 Plot of the 2080s impact on the 50-yr return period floogeak versus
mean catchment altitude, illustrating a possible dependendeetween the
two (R?*=0.47).

The second possible relationship is in terms of mean catchmental{altbar) for
higher return period floods. As shown in Figure 6.2, it is suggestethtiratlow-lying
catchments may experience a lesser impact than catchmehtsnatie high-ground
within them. For the 2080s at the 50 or 20-year return period, the tolse fior this
relationship has an%bf 0.47. This reduces to 0.21 for the impact at the 5-year return
period. The corresponding values for the impact in the 2050s are 0.35, 0.40 and 0.15.
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Figure 6.3 Plot of the 2050s impact on the 5-yr return period floogeak versus an
adjusted baseflow measure, illustrating a possible dependendetween
the two (RP=0.49).

The third possible relationship is in terms of the adjusted baseflasure (adjBFI) for
lower return period floods. As shown in Figure 6.3, it is suggesteddlaiments with

a lower effective baseflow (either through a low BFI or, possibljigh amount of
urbanisation) may experience a greater impact than catchmigimta higher baseflow.
For the 2050s at the 5-year return period, the best fit line foresisonship has anR

of 0.49. Initially this relationship does not appear to hold at highemrgieriods, but
this appears to be due to the somewhat anomalous behaviour of just bneea&tthe
Anton (42012). This catchment has an extremely high baseflow (BFI = 0.96), but shows
large increases in flood peaks at higher return periods. Thal&es, at the 5 and 20-
year return period, when catchment 42012 is excluded from the fit are@d6@.50
respectively. The explanation for this could either lie in a semceptibility of
catchments with such a high groundwater element, or be an artefact of the modelling.
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It is important to say that none of these suggested relationshiwsdpe catchment
properties and the impact of climate change on flooding are ndbesti@ct ‘cause

and effect’ relationships. They could each be surrogates for soigpetlse, or for each
other, and so the same relationships may not hold in other locationexdfople, in

the UK, given the geological gradient across the country, moressyestitchments
(lower easting) are also more likely to have a lower BFI ahiglzer mean altitude than
those in the south and east. Thus it seems that location may dbentivent factor in

determining the impact of climate change on flooding, but whetheistidse to the

spatial pattern of climate change or to the partial dependencatafnoent type on
location (or both) is difficult to distinguish given the relativeljnadl number of

catchments studied.

6.5 Uncertainty

The results presented in this report should be interpreted in lighé eincertainty in a
climate change impact study. This uncertainty comes from a variety of sources:

» future emissions of greenhouse gases;

» the representation of physical processes within the global climate model (GCM)
« natural climate variability;

» scenario development (downscaling);

* hydrological impact model (model structure and parameterisation).

Some of these sources of uncertainty have, to a degree, been aduirébsecurrent
study. Four of the IPCC SRES emissions scenarios (IPCC 2000) raveided with
the UKCIPO2 data, but these are actually scaled from the A2 bleseman, so that the
spatial patterns of change are the same under each emissiom®scBwa of the IPCC
SRES emissions scenarios have been used in conjunction with thdicatatis
downscaling method for two catchments. In this case the B2 sceasaaictually
modelled rather than scaled from the A2 scenario, and behaves sorddfehextly to
how a scaled A2 would be expected to behave. The rainfall resanggimgque has
considered an aspect of natural climate variability. Three doWmgcichniques
(adjusted baseline, statistical and dynamic) have been used budrthetber statistical
downscaling methods that could be explored and the output from altern@Ms R
could also be used. The hydrological model uncertainty due to calibra®imeen
discussed and quantified, but other sources of hydrological uncertaintyasuitie
model structure, or the flood estimation from the flow time sdréa& not. Also, the
effect of this hydrological uncertainty on the range of impactd@gémate change has
not been addressed.

Other sources of uncertainty have not been addressed. The output froone@@LCM
has been used, and only the UKCIP0O2 scenarios represent any use dblensdm
results from an individual model (they were derived as the medmesf €nsemble runs
from the Hadley Centre model). It is worth noting that Jenkins awlelL(2003)
suggest that the relative uncertainty due to the range of GRMations is greater than
either emissions uncertainty or natural variability. Indeed thecuestimate is that the
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range of change in global-mean precipitation18% depending on the choice of GCM,
compared witht25% for the choice of emissions scenario (Jenkins and Lowe 2003).
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7 CONCLUSIONS

7.1 Summary

The results of this study show the impacts of climate changeood ftequency in the
study catchments, under the selected scenarios, to be considerablytHawehose
previously determined (Reynaed al. 1998, 2001). This is determined primarily by the
fact that the current version of the Hadley Centre GCM, drivingclineate changes,
produces significantly drier and warmer summers and autumns, salésaite the
wetter winters (on average), flood frequencies in many catchrdeatsase. This does
not necessarily apply to those catchments that are more resparesivaeep-sided,
small or urban catchments, but even in these the precise respdesermsined by the
spatial and temporal detail of the climate changes.

For each of the catchments a range of climate impacts hash@an. In only a few of
these are there obvious tendencies towards either a decrease (30dQ0@&)dor an
increase (74001 and 42012). All other catchments present a range of, dhathge
positive and negative.

A wider range of impact was presented using resampled rad#td] but even with
these data sources the maximum impact from UKCIP02 scenarsosniygabove 20%

for three of the catchments by the 2080s. In general, the range of impacts in this study
wide, across catchments, time slices and scenarios, but usuallythel 20% increase.
These results suggest that, under these scenarios, the currente28¥vity band
appears appropriate as a precautionary response to the uncertdintyrefclimate
change impacts on flood flows. To a very large degree this comelissdetermined by

the dry and warm nature of the Hadley Centre model used to geakrdte scenarios,

and using other GCMs will undoubtedly produce different results.

The suggested relationships between catchment properties and tloé ahpgimate

change on flooding are not necessarily direct ‘cause and eféationships. They
could each be surrogates for something else, or for each other, ahe sante
relationships may not hold in other locations. For example, in the Wi€nghe

geological gradient across the country, more westerly catchrmentdso more likely to
have a lower BFI and a higher mean altitude. Thus it seemodagion may be the
dominant factor in determining the impact of climate change on flopbuigwhether
this is due to the spatial pattern of climate change or to thelpdependence of
catchment type on location (or both) is difficult to distinguish givenrelatively small
number of catchments studied.

Finally, it is important to consider all the various sources of taicgy involved in
climate change impact studies, and how this uncertainty impache aetision that the
research informs (Willows and Connell 2003). This research haslegree, addressed
some of these uncertainties, but not all.
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7.2 Development of a strategy for research into climate change impacts on
flooding

The modelling methodology developed for this project provides the framefwork
future developments. Scenarios of climate change will continue tipdeted, from a
range of GCMs and RCMs and from improved downscaling techniques andniliese
need to be applied to assess their impact of flood flows. Itgeriant that studies such
as these sample from as much of the uncertainty as is possibiejsaparticularly vital
to consider those areas where uncertainty is large enough to iefltlenclecision or
development of policy that the science has been designed to informis phisicularly
the case for using the outputs from more than one GCM.

The results from this project are finding a higher degree ofiaspadriability and
catchment response than was initially anticipated. To further ajeveis, the need to
extend the basic research to more catchments remains. Thabiltgrihas been
additionally borne out by the ongoing work under the Hadley Centre Annex djgatpr
directly using the RCM data for 15 other UK catchments. The neexkgand the
spatial representation of these impacts will also need to do dowetiai FD2106
(National system for flood frequency estimation using continuous fiovulation)
funded under the BSM Theme of the joint program, which can provide a method f
estimating impacts across the country using hydrological models geéneralised
parameters, and quantified uncertainty, for ungauged sites.

These impact analyses need also to move on from just changes irlqueskand
durations to the wider flood risk measures of the impacts on futmragtiof flood
peaks, flood levels and extents through linking hydrological with hydrawndidels.
Estuaries are at risk from flooding both from high river flows anthfcoastal variables
such as sea surges and waves. The new RCM and shelf-seas modglavigipgtfrom
UKCIPnext may be used to estimate the joint probability of cbasthriver flooding in
the fluvial-tidal river reach.

Climate change over the next 100 years cannot be treated astesdpama other
environmental change. Changes in land use need to be modelled in combiuitation
changes in climate, therefore requiring the alignment of thaczi@ this type of study
with the research in projects such FD2114 within the Defra / EA joint R&D programme.
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APPENDIX: RESULTS IN FULL

This appendix contains the full set of all catchment results wald#re climate change
scenarios that have been applied in the analysis. It is divided #lerighes of the
Results section in the main report, i.e. according to the scegpgo-The first section
describes the impacts under the UKCIP02 scenarios, the secondekeshbg results
using the statistically downscaled rainfall series and thel thection describes the
results from applying the rainfall data from the Hadley CeR&rgional Climate Model.
The fourth section presents the full set of resampling resulite the fifth presents the
full set of graphs looking for dependence between climate changaci on flood
frequency and various catchment properties. The sixth sectisenpse tables
summarising the impact for each catchment under the various $seaad methods,
for the 2050s and 2080s and at the 20 and 50-year return period, in termsnfgugrc
changes. The seventh section presents some of the percentages diagig in section
A6 in terms of absolute changes to flows, ifst

AL UKCIPO2Z ..ttt ettt ettt e e e e e e e e e e e e e e e e s s e bbb bbb e e e e e e 68
A2 Statistical dOWNSCAIING ....euuuiiiiiieeee e e e e 76
A3 Dynamic downscaling — use of RCM data ...........ccovvvvviiiiiiiiiiiiiieee e 78
A4 Resampling rainfall............ooooii e 85

A4. 1 UKCIPOZ2 reSampPliNg...cccciie e eeeiiieeeeeeiisis s e e e e e e e e e e e e ee e s e e e e e e e e aaaeeeees 85

A4.2 RCM reSamPlING.....cuuuuiiuiiiiiiee et e s 90
A5 Catchment INtErCOMPANISON .......cvvuiieiiiiieies e e e e e e e e e eeeeeeeeeeaeraa e e e e e e aaaeeaaeeeeeeennnnes 94
A6 Summary tables for percentage change in flows ...........ccooooiiiiiiiccice, 96
A7 Summary tables for absolute 1) change in flows under resampling .............. 98
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Al UKCIPO2

Key for figures in this section:
Black dotted line and open circles — from observed flows.
Black dashed line and filled squares — modelled using observed rainfall.
Red solid line and filled triangles — modelled under UKCIPO2 high ssmins
scenario.
Orange solid line and filled triangles — modelled under UKCIPO2 mediuni-hig
emissions scenario.

solid line and filled triangles — modelled under UKCIP02 medium-low
emissions scenario.
Blue solid line and filled triangles — modelled under UKCIP02 low emissions scenario.
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CLASSIC

Table Al.1
Time- . Return period (years)
caichment gjice SCeMaNO— 55 10 15 20 25 30 50
27009 2050s High -1.0 0.2 -0.3 -15 -24 32 372 56
M-High -1.2 0.0 -0.3 1.1 -1.7 22 -26 -29 93
M-Low -1.0 00 -04 -12 -18 -23 -26 -3.0 -4.0
Low -0.9 -0.1 -0.4 -1.2 -1.8 -2.3 2.7 -3.0 -3.9
2080s High 54 6.9 5.6 3.5 2.0 0.9 0.0 -0.7 -2.8
M-High 0.3 1.6 0.4 -1.4 2.1 -3.8 -4.6 -5.2 -7.1
M-Low -0.9 0.3 -0.4 -1.8 -2.8 -3.6 -4.2 -4.8 -6.2
Low -1.2 0.0 -0.3 -1.1 -1.7 -2.2 -2.6 -2.9 -3.9
39001 2050s High -10.8 -5.9 -3.0 2.1 -1.8 -1.7 6-1.-1.6 -1.5
M-High  -10.1 -5.6 -2.9 -1.9 -1.6 -1.4 -1.3 -1.3 1.2
M-Low 96 54 -27 -16 -12 -10 -08 -0.7 50
Low 90 52 -24 -12 -06 -0.3 0.0 0.0 0.4
2080s High -129 -60 -10 -13 -23 2.8 3.2 35.24
M-High -126 -65 -25 -09 -0.3 0.0 0.2 0.3 0.6
M-Low -11.2 -6.2 -3.1 2.1 -1.8 -1.6 -1.5 -1.4 41
Low -10.4 -5.8 -3.0 2.1 -1.8 -1.6 -1.6 -1.5 -1.4
54001 2050s High -8.3 -5.5 -3.4 -2.5 -2.2 -2.0 -1.91.8 -1.6
M-High -7.6 5.1 -3.0 2.1 -1.7 -1.4 -1.3 -1.2 .90
M-Low -7.1 -4.6 -2.8 -2.0 -1.7 -1.5 -1.4 -1.3 11
Low -6.3 -4.1 -2.5 -1.8 -1.5 -1.4 -1.3 -1.3 -1.2
2080s High 9.1 -5.9 -5.0 -5.5 -6.2 -6.7 -7.1 -7.58.7
M-High -9.2 -6.1 -4.7 -4.8 5.1 -5.4 5.7 -6.0 .76
M-Low -85 58 -38 -31 -29 -27 -27 -27 62
Low -78 53 34 -26 -23 -21 -20 -19 -18
54057 2050s High 97 50 -16 -0.2 0.4 0.7 09 01 14
M-High -8.7 -4.5 -1.6 -0.4 0.1 0.4 0.6 0.7 1.0
M-Low -8.0 -4.2 -1.5 -0.4 0.0 0.3 0.5 0.6 0.9
Low -7.0 -3.6 -1.3 -0.4 0.0 0.1 0.3 0.4 0.6
2080s High -12.5 -5.3 0.1 2.6 3.7 4.4 4.8 51 5.9
M-High  -11.5 -5.2 -0.5 1.5 2.4 3.0 3.3 3.6 4.2
M-Low -9.5 -4.5 -1.0 0.3 1.0 1.2 1.3 1.5 1.8
Low -8.6 -4.1 -1.0 0.3 1.0 1.2 1.3 1.5 1.8
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Table A1.2
Catchment "M€" Scenario Return period (years)
slice 2 5 10 15 20 25 30 50
28039 2050s High 4.4 7.3 6.4 3.7 1.5 -0.2 -1.6 -2.7 -6.2
M-High 3.8 7.0 7.3 5.7 4.3 3.1 2.1 1.2 -1.3
M-Low 1.5 55 8.1 8.7 8.6 8.4 8.2 8.0 7.2
Low 3.1 7.2 9.5 9.7 9.4 9.1 8.7 8.4 7.2
2080s High -1.8 -04 -1.2 -3.0 -4.4 -5.5 -6.4 -7.2 -9.5
M-High 1.5 3.6 2.8 0.6 -1.2 -2.6 -3.7 -4.7 -7.6
M-Low 4.1 6.6 51 1.9 -0.6 -2.5 -4.0 -5.3 9.1
Low 4.7 8.6 9.7 8.6 7.4 6.4 55 4.8 24
30004 2050s High 0.3 0.2 -1.2 -2.8 -3.9 -4.7 -5.4 -5.9 -7.5
M-High -2.5 -2.9 -4.0 -5.1 -5.9 -6.4 -6.9 -7.2 -8.3
M-Low -2.1 -2.3 -3.1 -4.1 -4.7 -5.2 -5.6 -5.9 -6.8
Low -1.3 -1.3 -1.9 -2.6 -3.1 -3.5 -3.8 -4.1 -4.8
2080s High -1.7 -3.3 -6.7 -98 -11.7 -131 -142 -151 -175
M-High -0.9 -1.8 -4.5 -7.1 -8.7 -99 -109 -11.7 -139
M-Low 0.1 -0.1 -1.7 -3.5 -4.7 -5.6 -6.3 -6.8 -8.5
Low 0.5 0.6 -0.5 -1.9 -2.8 -3.5 4.1 -4.6 -5.9
40005 2050s High 6.9 7.5 5.3 24 0.4 -1.1 -2.4 -3.4 -6.4
M-High 5.9 6.7 51 2.8 11 -0.2 -1.2 2.1 -4.6
M-Low 55 6.3 5.0 2.9 1.5 0.3 -0.6 -1.4 -3.7
Low 4.8 5.6 4.8 3.3 2.2 1.3 0.6 -0.1 -1.9
2080s High 11.1 10.8 6.5 1.7 -1.4 -3.7 -5.5 -7.0 -11.3
M-High 9.9 9.8 5.8 1.3 -1.7 -3.9 -5.7 7.1 -11.2
M-Low 7.2 7.8 54 2.3 0.2 -1.5 -2.7 -3.9 -7.0
Low 6.2 6.9 5.2 2.6 0.9 -0.5 -1.6 -2.5 -5.2
42012 2050s High -6.8 -5.0 -1.9 0.6 2.0 3.0 3.8 4.4 6.0
M-High -5.8 -4.4 -1.8 0.2 14 2.2 2.9 3.4 4.7
M-Low -5.2 -4.0 -1.8 0.0 11 1.8 2.3 2.8 4.0
Low -4.4 -3.5 -1.7 -0.2 0.6 1.2 1.6 2.0 2.9
2080s High -8.0 5.1 -1.0 2.0 3.8 5.0 5.9 6.6 8.6
M-High -7.9 -5.6 -1.7 1.5 3.3 4.6 55 6.3 8.5
M-Low -7.0 -5.2 -1.9 0.7 2.2 3.2 4.0 4.6 6.4
Low -6.2 -4.6 -1.9 0.4 1.6 2.5 3.2 3.7 5.2
74001 2050s High 6.2 6.4 7.0 7.5 7.8 8.0 8.2 8.4 8.9
M-High 6.6 7.1 6.9 6.4 5.9 55 5.2 5.0 4.2
M-Low 4.4 4.8 5.2 54 55 5.6 5.7 5.7 5.8
Low 4.0 4.4 4.5 4.4 4.3 4.1 4.0 4.0 3.7
2080s High 104 108 136 17.2 19.8 21.9 23.6 25.1 29.7
M-High 8.3 82 101 127 14.6 16.1 17.4 18.521.9
M-Low 6.7 6.9 7.3 7.8 8.0 8.3 8.4 8.6 9.0
Low 6.3 6.8 6.9 6.8 6.7 6.6 6.6 6.5 6.2
96001 2050s High -3.3 -3.6 -2.9 -1.8 -1.1 -0.5 0.0 0.4 1.7
M-High -2.5 -2.7 -2.1 -1.1 -0.4 0.1 0.5 0.9 2.0
M-Low -2.3 -2.5 -1.9 -1.0 -0.4 0.1 0.5 0.8 1.8
Low -2.0 2.1 -1.6 -0.9 -0.3 0.1 0.4 0.7 1.6
2080s High -0.5 -1.9 -3.3 -4.0 -4.4 -4.6 -4.8 -5.0 -5.3
M-High -0.9 -2.0 -2.8 -3.0 -3.1 -3.1 -3.1 -3.0 -2.9
M-Low -1.1 -2.0 2.1 -1.7 -1.3 -0.9 -0.6 -04 0.4
Low -2.6 -2.9 -2.2 -1.2 -0.4 0.1 0.6 1.0 2.2
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A2  Statistical downscaling

This method was only used for the two smaller catchments mddeille CLASSIC —
the Ouse at Skelton (27009) and the Severn at Bewdley (54001). Figrgisear for
two emissions scenarios A2 (Medium-High) and B2 (Medium-Low).

Key for figures in this section:
Black dashed line and filled squares — modelled using observed rainfall 1961-1990.
Blue solid line and filled triangles — modelled using 1961-1990 SDSMwiigitaspatial
correlation.

solid line and filled triangles — modelled using 2041-2070 SDSM wéta
spatial correlation.
Red solid line and filled triangles — modelled using 2070-2099 SDSM dakaspatial
correlation.

Blue dotted line and open triangles — modelled using 1961-1990 single site SDSM data.

Table A2.1
Time- . Return period (years)
Catchment ;.. Scenario — 2 5 10 15 20 25 30 50
27009 2050s A2 60 53 39 27 19 1.3 0.9 05 -05
B2 08 18 52 77 92 103 111 118 137
2080s A2 11.2 9.2 4.6 0.5 -2.0 -3.8 5.1 -6.2 9.3
B2 3.8 5.6 6.7 7.0 7.1 7.0 7.0 6.9 6.8
54001 2050s A2 -10.9 -8.0 -2.8 1.9 4.7 6.9 8.5 9.93.9
B2 77 53 04 58 92 11.8 138 15.520.3
2080s A2 -3.5 0.5 3.7 55 6.3 6.8 7.2 7.5 8.2
B2 2.8 5.5 7.9 9.3 9.9 10.4 10.7 10.9 11.6
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A3 Dynamic downscaling — use of RCM data

Key for figures in this section:

Black dotted line and open circles — from observed flows

Black dashed line and filled squares — modelled using observed rainfall.

Blue solid line and filled triangles — modelled using 1961-1990 RCM data (acqga).
solid line and filled triangles — modelled using 2071-2100 RCM data (acqqgb).

CLASSIC
Table A3.1
Return period (years
Catchment P b )
1 2 5 10 15 20 25 30 50
27009 5.0 6.8 8.7 9.7 10.3 10.7 11.0 11.2 11.7
39001 7.0 11.1 14.2 15.7 16.3 16.7 17.0 17.2 17.7
54001 -3.3 -7.0 -12.1 -15.8 -17.9 -19.4 -20.5 -21.4-23.8
54057 -4.0 -6.0 -9.9 -11.9 -13.5 -14.5 -15.4 -16.0-17.8
PDM
Table A3.2
Return period (years
Catchment P v )
1 2 5 10 15 20 25 30 50
28039 13.7 8.7 0.3 -6.8 -11.0 -14.0 -16.3 -18.2 -23.4
30004 6.1 2.8 2.7 -7.3 -10.0 -12.0 -13.6 -14.8 -18.4
40005 9.3 4.8 -2.3 -8.0 -11.4 -13.8 -15.7 -17.3 -21.5
42012 12.4 13.2 10.8 7.5 5.2 3.5 2.2 1.0 2.2
74001 17.3 17.2 16.9 16.6 16.4 16.3 16.2 16.0 15.7
96001 14.5 11.5 5.0 -0.8 -4.3 -6.9 -8.9 -10.6 -15.2
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A4 Resampling rainfall

A4.1 UKCIPO2 resampling

Key for figures in this sub-section:
Black dotted line and open circles — from observed flows.
Black dashed line and filled squares — modelled using observed rainfall.
Red solid line — median modelled, using 100 resamples under UKCIP02 high
emissions scenario.
Red dotted lines — 90% upper and lower uncertainty bounds, using 100 resamples
under UKCIPO2 high emissions scenario.
Orange solid line — median modelled, using 100 resamples under UKCIP02 medium-
high emissions scenario.
Orange dotted lines — 90% upper and lower uncertainty bounds, using 100 resamples
under UKCIP02 medium-high emissions scenatrio.

solid line — median modelled, using 100 resamples under UKCIP02 medium-
low emissions scenario.

dotted lines — 90% upper and lower uncertainty bounds, using 100 resamples
under UKCIP02 medium-low emissions scenario.
Blue solid line — median modelled, using 100 resamples under UKCIP02 low
emissions scenario.
Blue dotted lines — 90% upper and lower uncertainty bounds, using 100 resamples
under UKCIPO2 low emissions scenario.
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Table A4.1 gives percentage changes in flood peaks at the 20etean period,
comparing the mean of the change for the four single UKCIRasics (from figures in
section |I.1) with the mean, minimum and maximum changes when usingsdifiples
of the adjusted-baseline data for the four scenarios (figures snséution). As the
results for the four scenarios in each time-slice are so, dleseesults are summarised
across all four scenarios, rather than separately. The manchanaxima are thus taken
as the percentage change to the lowest lower 90% bound for the foarieseand the
highest upper 90% bound for the four scenarios, respectively. The mézat df the
four scenario medians, and a comparison of this value with the nmanttie four
single scenarios shows where the latter lie in the distribution.

Table A4.1
100 resamples from UKCIP02
Mean o i

Catchment L. dlice UKCIPO2 g/lclgggﬁcr)n o Mean of (I\)/ll‘as)g(rennuarﬂo

number scenario minima scenario maxima
change (within 90% medians  (within 90%

bounds) bounds)
28039 2050s 5.1 225 -1.5 24.2
2080s -1.1 -28.5 -6.0 20.5
30004 2050s -5.0 -24.9 -7.6 95
2080s -8.0 -28.3 -10.6 7.1
40005 2050s 0.1 -22.8 -4.9 9.9
2080s -2.4 -24.7 -5.3 9.4
42012 2050s 2.1 -85 6.6 25.7
2080s 3.8 -8.4 6.9 29.6
74001 2050s 5.8 -14.4 2.6 17.0
2080s 13.2 -13.0 9.3 30.4
96001 2050s -0.1 -20.4 -2.3 16.2
2080s 2.1 -22.1 -4.6 16.0
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A4.2 RCM resampling

Key for figures in this sub-section:
Black dotted line and open circles — from observed flows
Black dashed line and filled squares — modelled using observed rainfall.
Blue solid line and filled triangles — modelled using 1961-1990 RCM data (acqga).
Blue dashed line — median modelled, using 100 resamples of the acqga data.
Blue dotted lines — 90% upper and lower bounds, using 100 resamples of the acqga
data.
solid line and filled triangles — modelled using 2071-2100 RCM data (acqqb).
dashed line — median modelled, using 100 resamples of the acqqgb data.
dotted lines — 90% upper and lower bounds, using 100 resamples of the acqgb
data.

Table A4.2 gives percentage changes in flood peaks at the 20-ygarpetiod, using

the RCM data directly and when using 100 resamples of the RCM Taaminima

and maxima are taken as the percentage change from, respedtieelypper 90%
bound for acqqga to the lower 90% bound for acqgb, and the lower 90% bound for acqqa
to the upper 90% bound for acqqgb.

Table A4.2
100 resamples of RCM data

Catchment RCMdata Minimum _ Maximum
(within 90% Median (within 90%

bounds) bounds)
28039 -14.0 -35.6 -5.7 38.6
30004 -12.0 -30.0 -6.8 29.7
40005 -13.8 -38.4 -13.3 20.3
42012 3.5 -73.0 20.9 474.3
74001 16.3 -2.9 15.9 39.6
96001 -6.9 -28.7 -7.3 30.6

R&D Technical Report W5-032/TR
A90



28039
2080s

140

120

100

©
o

peak flow [m’s™]

@
o

40

20

o1 1.0 10.0 100.0

Flg ure A4.7 return period [years]

30004

2080s

20

peak flow [m’s™']
>
T

0.1 1.0 10.0 100.0
return period [years]

Figure A4.8

R&D Technical Report W5-032/TR
A91



150

100 —

peak flow [m’s™]

50 -

n n Lo n n S T |
0.1 1.0

100 ‘ T oo
. return period [years]
Figure A4.9

42012
2080s

peak flow [m’s™]
~
T

. . L . . |
0.1 1.0

10.0 100.0
return period [years]

Figure A4.10

R&D Technical Report W5-032/TR
A92



2080s
400 —
°
300 - B
:(I)
£
= 200 =
o
<
@
(]
Q
100
0 n P T S S T | n P S S S S | L
0.1 1.0 10.0 100.0
. return period [years]
Figure A4.11
2080s
400 - ——
300 -
T(l)
£
= 200 (-
°
<
[
i3
Q
100
0 L L L L M| | L L L L Lo
0.1 1.0 10.0 100.0

return period [years]

Figure A4.12

R&D Technical Report W5-032/TR
A93



A5  Catchment intercomparison

Figure A5.1 show various measures of the impact of climate clmanfieod frequency
plotted against various catchment properties.

The impact measures are the percentage change in flood frequenay thiregde
scenarios:

* 2050s UKCIPO2,

» 2080s UKCIPO2, and

« RCM (2080s A2).
Each taken at the 5, 20 and 50-year return period.

The catchment properties are

» easting of catchment outlet (in km),

* northing of catchment outlet (in km),

« catchment area (in Kiy

* mean catchment altitude (altbar, in m),

« mean flow (gbar, in fs?),

* catchment standard average annual rainfall (SAAR, in mm),

* baseflow index (BFlI),

* FEH’s extent of urban and suburban development (URBEXT1990), and

e an adjusted BFI (adjBFl), which is calculated as BFI — URBEXT189@ake
account of the fact that more highly urbanised catchments will aay@cker
response than their BFI may indicate.
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A6  Summary tables for percentage change in flows
2050s:

Table A6.1 Range of 2050s impacts for the 20-year return period flow.

Catchment 1 2 3 4 5 6 7 8 9 10 11
27009 -2.3 -2.3 -2.2 -3.2 10.3 1.3

28039 9.1 8.4 31 -0.2 -225 24.2
30004 -3.5 -5.2 -6.4 -4.7 -24.9 9.5
39001 -0.3 -1.0 -1.4 -1.7

40005 1.3 0.3 -0.2 -1.1 -22.8 9.9
42012 1.2 1.8 2.2 3.0 -85 257
54001 -1.4 -1.5 -1.4 -2.0 11.8 6.9

54057 0.1 0.3 0.4 0.7

74001 4.1 5.6 55 8.0 -14.4  17.0
96001 0.1 0.1 0.1 -05 -204  16.2

Table A6.2 Range of 2050s impacts for the 50-year return period flow.

Catchment 1 2 3 4 5 6 7 8 9 10 11
27009 39 40 -39 56 137 -05

28039 72 72 13 62 317 274
30004 48 68 -83 -75 299 127
39001 04 -05 -1.2 -15

40005 1.9 37 -46 6.4 306 9.1
42012 29 40 47 60 7.6 36.6
54001 1.2 -11  -09 -16 203 139

54057 06 09 1.0 14

74001 37 58 42 89 -20.1  23.0
96001 16 18 20 17 253 233
Key:

1 UKCIPO02 low

2 UKCIP02 medium-low

3 UKCIP02 medium-high

4 UKCIPO2 high

5 SDSM B2 (medium-low)

6 SDSM A2 (medium-high)

7 RCM (medium-high)

8 UKCIPO02 resampling minimum

9 UKCIPO2 resampling maximum

10 RCM resampling minimum (medium-high)

11 RCM resampling maximum (medium-high)
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2080s:

Table A6.3 Range of 2080s impacts for the 20-year return period flow.

Catchment 1 2 3 4 5 6 7 8 9 10 11
27009 -22 -36 -38 -42 70 -38 107
28039 64 -25 26 -55 -14.0 -285 205 -356 38.6
30004 -3.5 -5.6 -9.9 -13.1 -120 -283 7.1 -30.0 297
39001 -1.6 -1.6 0.0 2.8 16.7
40005 -0.5 -1.5 -3.9 -3.7 -13.8 -247 9.4 -384 203
42012 25 3.2 4.6 5.0 35 -84 296 -73.0 4743
54001 -2.1 -2.7 -5.4 -6.7 104 6.8 -19.4
54057 1.2 1.2 3.0 4.4 -14.5
74001 6.6 8.3 16.1 21.9 16.3 -13.0 304 -29 39.6
96001 0.1 -09 -3.1 -4.6 -89 -22.1 16.0 -28.7 30.6

Table A6.4 Range of 2080s impacts for the 50-year return period flow.

Catchment 1 2 3 4 5 6 7 8 9 10 11
27009 39 62 -71 28 68 93 117

28039 24 91 -76 95 234 -363 195 -400 47.4
30004 59 -85 -139 -175 -184 -343 102 -37.7 33.1
39001 1.4 14 06 42 17.7

40005 52 7.0 -11.2 -11.3 215 -329 86 -473 176
42012 52 64 85 86 22 75 416 -740 494.1
54001 -1.8 26 -67 87 11.6 82 -23.8

54057 1.8 18 42 59 -17.8

74001 62 9.0 219 297 15.7 -193 372 -85 465
96001 22 04 29 53 -152 -27.6 22.6 -409 312
Key:

1 UKCIPO02 low

2 UKCIP02 medium-low

3 UKCIP02 medium-high

4 UKCIPO2 high

5 SDSM B2 (medium-low)

6 SDSM A2 (medium-high)

7 RCM (medium-high)

8 UKCIPO2 resampling minimum

9 UKCIPO2 resampling maximum

10 RCM resampling minimum (medium-high)

[EEN
=

RCM resampling maximum (medium-high)
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A7  Summary tables for absolute (ms™) change in flows under resampling
2050s:

Table A7.1 Range of 2050s impacts for the 20-year return period flow.

Catchment 1 2 3 4
27009

28039 -14.7 15.9
30004 -2.9 1.1
39001

40005 -21.9 9.5
42012 -0.4 1.2
54001

54057

74001 -35.2 41.6
96001 -36.2 28.8

Table A7.2 Range of 2050s impacts for the 50-year return period flow.

Catchment 1 2 3 4
27009
28039 256 222
30004 40 17
39001
40005 -36.2  10.8
42012 04 18
54001
54057
74001 -56.8  65.0
96001 51.0 47.0
Key:
1 UKCIPO2 resampling minimum
2 UKCIPO02 resampling maximum
3 RCM resampling minimum (medium-high)
4 RCM resampling maximum (medium-high)
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2080s:

Table A7.3 Range of 2080s impacts for the 20-year return period flow.

Catchment 1 2 3 4
27009

28039 -18.7 135 -304 227
30004 -3.3 0.8 -4.5 3.3
39001

40005 -23.8 9.1 -36.9 13.0
42012 -0.4 14 -3.3 4.8
54001

54057

74001 -31.9 746 -4.7 541
96001 -39.1 284 -72.5 56.7

Table A7.4 Range of 2080s impacts for the 50-year return

Catchment 1 2 3 4
27009
28039 294 158 -43.7 335
30004 46 14 70 4.3
39001
40005 389 102 574 133
42012 04 21 -3.80 5.3
54001
54057
74001 545 1051 -155 681
96001 557 455 -1345 678

Key:

1 UKCIPO2 resampling minimum

2 UKCIPO02 resampling maximum

3 RCM resampling minimum (medium-high)

4 RCM resampling maximum (medium-high)
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