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EXECUTIVE SUMMARY

The purpose of the project “Comparison of Rainfall-Runoff Models for Hrawdcasting” is
to provide guidance to the Environment Agency on the choice o&hlarohoff model for use
in different catchments for flood forecasting purposes. A literaterdew of models
presented in the Part 1 Report recognised that whilst therelistteora of “brand-name”
models there is much similarity between many of them. Beraamall set of model functions
IS common to many models and they differ in the detail of tlwfiguration. Eight models
were selected for a more detailed assessment of performsingedata from nine catchments
of varied character and spread throughout the regions of the Agencreslifts are reported
in this Part 2 Report along with conclusions and recommendations.

The chosen models encompass those used operationally by the EA toggtluere overseas
model and a simple distributed model previously developed for the Agé&ocy of the
models are lumped, conceptual models with continuous water accounting pescetier
Thames Catchment Model (TCM), the Midlands Catchment Runoff Mod€IRM), the
Probability Distributed Moisture model (PDM), and the US NationatatNer Service
Sacramento model (NWS). A fifth model, the Isolated Event Mo@#l)] is an event model
modified to operate continuously in real-time. Water balance iplas are used for soil
moisture accounting and water storage routing but an empiricatidantnks the two
components, controlling runoff production as a function of soil moisture. iXtiersodel is a
simple Transfer Function (TF) model whilst the seventh is a @nstl form of TF model,
referred to as the Physically Realisable Transfer Fun@E&TF). The TF types of model are
black-box models which empirically relate rainfall and flow, cam felated to unit
hydrographs and can be subject to conceptual interpretation as formgiong function. The
last model, the Grid Model, is included as a simple form ofibiged conceptual rainfall-
runoff model suitable for use in flood forecasting and able tomesgher radar estimates of
rainfall in grid form. Each model is associated with an updatinggaiure whereby recent
measurements of flow are incorporated into the model so agptovmforecast performance
in real-time.

The strategy for assessment used is based on first calip@tiomodels in “simulation-
mode”, where each model is used to transform rainfall (and pdtemtiporation) to runoff
without using flow to update the model forecast. Each model is thémags@ using periods
of data not used for calibration. This simulation-mode evaluatioresev focus on the
process model capabilities of a given model. Subsequently, each modehluated in
“forecast-mode” in which an updating scheme is used to incorporatureesents of flow up
to the “forecast time-origin”. This emulates the forecastoperance expected operationally
at different forecast lead times. Perfect foreknowledge offathiis assumed so as not to
confound the model assessment with uncertainties in rainfallafsisecThe statistics used for
model assessment aré Bnd a Threshold CSI (Critical Success Index). TRestRtistic,
giving the proportion of the variability in the flow accounted for bg model forecasts, is
used to provide a broad guide to model performance. The Thresholdafi§licsts used to
judge the efficacy of a model to correctly forecast the edeece of a set of flow thresholds,
particularly relevant to the use of a forecast to trigger lart &evel of a given severity.
Forecasts are also judged more informally via hydrograph plotscattérsplots of observed
and forecast flood peaks. Whilst the main assessment reldtes tise of raingauge estimates
of rainfall as input to the models, for three of the catchments the assessrapds ¢aithe use
of weather radar, both in raw form and as raingauge-calibratkd estimates of rainfall.
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Whilst forecast accuracy is the focus of the model assesswotbiet issues are taken into
consideration including ease of model configuration, initialisation and cadibrat

The form of model assessment used, employing long continuous recaréigext 15 minute
time-step typically eight months in duration, has meant that ibeas difficult to emulate the
operational performance of TF and PRTF models. These models dréyusise Agency in
“event mode” and commonly operate on baseflow separated runoff where basefkenm iaga
the flow at the start of the event. The opportunity exists to ntignadjust the model
parameters affecting the volume, shape and timing of the for@sdise flood develops. Also,
the model time-step and model order are commonly chosen with regdné t@sponse
characteristics of the catchment. The results reported Hate te TF/PRTF models without
baseflow separation, using an automated method of model parametémadjusnd using a
fixed model time-step and model order. The approach most resemlilesdbzon the River
Medway to support the operation of the Leigh Flood Barrier and the methadtomated
model gain adjustment has also been used in Anglian Region. The results relak/{gRIHF
models should be interpreted against this background.

Overall, the results suggest that no one model consistently outsperédr others across all
catchments. The TCM is one of the best performing models wheaduding the Rstatistic
whilst the PDM is more successful according to the Thresholdc@8tion (relevant to the
issuing of flood alerts) and in forecasting flood peaks. Whilst tB®¥Ts the most complex
model and can be a challenge to calibrate, the PDM is of intieateecomplexity. For a
simple model, the IEM is surprisingly successful, particularlierms of Threshold CSI. The
simplest models, the TF and PRTF, are easiest to calibrateidiatise and can provide
acceptable forecasts for some catchments. For smaller cattshmeparticular, TF models
compare favourably with other models when used with error predicairerr than state
updating. The MCRM proved sensitive to initial conditions of soil moidtutecan work well
on small-to-medium sized catchments. The NWS model, despite rgs laumber of
parameters, proved easy to calibrate using automatic optiomisatid provided reasonable
performance. Use of radar data gave as good, and sometimdy biggter results than using
raingauge data alone, provided the radar was functioning well, angaugie-calibration
generally helped. The Grid Model was the only distributed modelsssd and can utilise
radar data in grid form. For the three catchments on which itewalsiated in simulation-
mode it consistently gave the second best model simulations ia 6§ but did less well
according to the Threshold CSI criterion.

Operationally, the TCM, PDM and IEM models appear to be the mosompge flood

forecasting models to use, of those assessed, the choice dependimg aomplexity of

catchment response whilst all models have value in the rightisiiud he advantage of
model familiarity acquired through past use is employed to guitae specific

recommendations for each EA region. It is recommended that mamaated applications of
TF/PRTF models be pursued which accommodate the effects of catclwetaess on runoff
production through effective rainfall transformations and incorporateflbasvia parallel

“fast” and “slow” transfer function routing components. Opportunitie$udher research on
model formulation and configuration, updating schemes, and catchnadmt-smnfall

estimation are identified.
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1. INTRODUCTION

1.1 Background

The purpose of the project “Comparison of Rainfall-Runoff Models for Hlawdcasting” is
to provide guidance to the Environment Agency on the choice ofhlaiohoff model for use
in different catchments for flood forecasting purposes. This has approached in two
phases, the first phase providing a literature review of modelstwthie second phase
assessed the performance of a selected set of models acangge af catchments. The first
phase is reported in EA R&D Technical Report W242, referred todsetke Part 1 Report,
whilst the second phase is the subject of this Part 2 Report.

The Part 1 Report recognised that whilst there is a plethdtararid-name” models there is
much similarity between many of them. A rather small sehofiel functions are common to
many models and they differ in the detail of their configuration. Eight med®is selected to
carry through to the second phase of the project, involving assgsshygerformance using
data from a variety of catchments. The chosen models encompassisiedsoperationally by
the EA together with one overseas model and a simple distributatel npreviously
developed for the Agency. Four of the models are lumped, conceptual models with continuous
water accounting procedures: the Thames Catchment Model (TtedMylidlands Catchment
Runoff Model (MCRM), the Probability Distributed Moisture model WD and the US
National Weather Service Sacramento model (NWS). A fifth meldellsolated Event Model
(IEM), is an event model modified to operate continuously in rea-tiWater balance
principles are used for soil moisture accounting and water stooagjeg but an empirical
function links the two components, controlling runoff production as a function of soi
moisture. The sixth model is a simple Transfer Function (TF) medést the seventh is a
constrained form of TF model, referred to as the Physicalljiddbte Transfer Function
(PRTF). The TF types of model are black-box models which emiyriedate rainfall and
flow (or baseflow separated flow), can be related to unit hydpbgr and can be subject to
conceptual interpretation as forms of routing function. The last intue Grid Model, is
included as a simple form of distributed conceptual rainfall-runaifieh suitable for use in
flood forecasting and able to use weather radar estimatest#llran grid form, as opposed
to an average over the catchment.

Whilst a detailed description of these eight models is provideldeifPart 1 Report, the next
section provides an overview of each model by way of background. Thideésanformation
on the type of updating procedure used with each model type. The terntifigpdefers to
the technique used to incorporate recent measurements of flow soimprove model
performance in real-time. Section 1.3 outlines the selection ofitieecatchments to be used
in the detailed assessment of models. A more detailed descripttbe oatchments and the
supporting data for each is deferred to Section 2.

Section 2 outlines the strategy for assessment to be usedalsad on first calibrating all
models in “simulation-mode”. In this mode each model is used to tramsfinfall (and

potential evaporation) to runoff without using flow to update the fordcast the model.

Each model is then evaluated using periods of data not used fmatiah. This simulation-
mode evaluation serves to focus on the process model capabilitiasgofen model.
Subsequently, each model is evaluated in “forecast-mode” in which arningpdaheme is
used to incorporate measurements of flow up to the “forecast tigia*oiThis emulates the
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forecast performance expected operationally at different fdréead times. However, in

order to focus on comparing models, perfect foreknowledge of rainadisismed. Section 2
also introduces the statistics used for model assessment?$taific, giving the proportion

of the variability in the flow accounted for by the model forésas used to provide a broad
guide to model performance. A Threshold CSI (Critical Succesx)iredatistic is used to

judge the efficacy of a model to correctly forecast the edeece of a set of flow thresholds,
particularly relevant to the use of a forecast to trigger lart &evel of a given severity.

Forecasts are also judged more informally via hydrograph plotscattérsplots of observed

and forecast flood peaks.

Sections 3 and 4 present the results of the model calibration andtenakand form the core
of the report. Whilst the main results relate to the use of rageggastimates of rainfall as
input to the models, for three of the catchments the assessnemieto the use of weather
radar, both in raw form and as raingauge-calibrated radaratetinof rainfall. Section 5
discusses other issues relating to model choice beyond penfgraasessment, focusing on
ease of model use. Finally, Section 6 provides a summary ofefh@trand the main
conclusions reached. A set of recommendations is presented rétatiogh general issues
and more specific operational aspects. Opportunities for further work ardigtenti

1.2 Models for Intercomparison

The eight rainfall-runoff models selected for assessmentsaerasriety of catchments are
outlined here by way of background. Seven of the models are introducedlen afr
complexity starting with the Thames Catchment Model (TCM)hes most complex and
ending with the Physically Realisable Transfer Function modeTH as the simplest. The
Grid Model is presented last as a special case, being dulistl flood forecasting model
designed for use with weather radar data. This order is maidtainde model assessment
that follows.

Thames Catchment Model (TCM)

The structure of the Thames Catchment Model, or TCM (Greenfl®l84), is based on
subdivision of a basin into different response zones representingxdarple, runoff from

aquifer, clay, riparian and paved areas and sewage effluent solfitei. each zone the
same vertical conceptualisation of water movement is useddiffexent characteristic
responses from the zonal areas being achieved through an apprdpmiedeot parameter set,
some negating the effect of a particular component used in thieaveonceptualisation. The
zonal flows are combined, passed through a simple routing model (optanmhkyo to make
up the basin runoff. In this study the same, catchment-average, rainfall isuatadnes.

The conceptual representation of a hydrological response zone TCMaeis illustrated in

Figure 1.2.1 using nomenclature appropriate to an aquifer zone. Thistroctere is used
for all types of response zone but with differing nomenclaturegfample, percolation is
better described as rainfall excess for zones other than mdtfitain a given zone, water
movement in the soil is controlled by the classical Penman st@@gfiguration (Penman,
1949) in which a near-surface storage, of depth related to the raletuly of the associated
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Figure 1.2.1 Representation of a hydrological response zone withithe Thames
Catchment Model.

vegetation and to the soil moisture retention characteristicseodh (the root constant
depth), drains only when full into a lower storage of notional infinite defpvaporation
occurs at the Penman potential rate whilst the upper store comaimsand at a lower rate
when only water from the lower store is available. The Penmaasstye replenished by
rainfall, but a fractionf (typically 0.15, and usually only relevant to aquifer zones) is
bypassed to contribute directly as percolation to a lower “unsatustorage”. Percolation
occurs from the Penman stores only when the total soil moisture deficit has lwkeapna

The total percolation forms the input to the unsaturated storage.bEhiaves as a linear
reservoir, releasing water in proportion to the water storedaeaontrolled by the reservoir
time constant, k. This outflow represents “recharge” to a fudtueage representing storage
of water below the phreatic surface in an aquifer. Withdraaadsallowed from this storage
to allow pumped groundwater abstractions to be represented. A quadi@tages
representation is used, with outflow proportional to the square of #ter wh store and
controlled by the nonlinear storage constant, K.

Total basin runoff derives from the sum of the flows from the quads&dre of each zonal

component of the model delayed by a titgeProvision is also made to include a constant
contribution from an effluent zone if required. A more recent eidansf the model passes
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the combined flows through an additional channel flow routing componeequired. This
component of the model derives from the channel flow routing model develypdie
Institute of Hydrology (Moore and Jones, 1978; Jones and Moore, 1980) which basit
form, takes the kinematic wave speed as fixed. The model empldysite difference
approximation to the kinematic wave model with lateral inflow. @aky and attenuation of
the flood wave is controlled by the spatial discretisation use@ anmtiensionless wave speed
parameterg. The parameters of the TCM are summarised in Table 1.2.1.

Table 1.2.1 Parameters in the Thames Catchment Model

Parameter name  Unit Description

Zone parameters

A km? Area of hydrological response zone

g none Drying rate in lower soil zone (usualiy0.3)

Rc mm Depth of upper soil zone (drying or root constant)

Rr mm Depth of lower soil zone (notionally infinite)

f none Direct percolation factor (proportion of rainfall
bypassing soil storage

k h Linear reservoir time constant

K mm h Quadratic reservoir time constant

a nt st Abstraction rate from quadratic reservoir

Other parameters

n, none Number of zones

Oc m’ st Constant flow (effluent or river abstraction)
ty h Time delay

N none Number of channel sub-reaches

q none Dimensionless wave speedttOx

US National Weather Service Sacramento Model (NWS)

The US National Weather Service (NWS) rainfall-runoff modell$® called the Sacramento
Soil Moisture Accounting Model or simply the Sacramento Model.ds$ weveloped in the
early 1970s at the NWS River Forecast Centre in Sacramenttm{@a), principally by Bob
Burnash and Larry Ferral, as a classic lumped, conceptual, sotunsoa&counting model.
The basic source document is the report by Bureash (1973).

A schematic of the model is shown in Figure 1.2.2 which highlightshleatnodel comprises
three principal storages:
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(1) unsaturated zone store generating direct runoff to the basirt antlerainfall excess
feeding the saturated zone below after a proportion contributes to surface runoff;

(i) saturated zone store generating interflow and draining downwards a¢apiercto the
groundwater zone; and

(i)  groundwater zone store which is divided into water held urelesion and water that
is free to drain, both contributing to baseflow after losses have tad@m into
account.

A general outline of the NWS model formulation follows.

Evaporation from the unsaturated zone storageeBuces linearly with water in storage, S
from the potential rate, E, when the store is full to capag]8, to zero when empty. During
periods of rain, direct runoff,qqis generated from the fraction of the catchment that is
impervious, f. This fraction is made up of fixed impervious and repletiséresion water
fractions, f and {, respectively. Rainfall excess is then calculated by coityi and passes
downwards to the saturated zone store. Surface runpff generated as a fraction (1-f) of
the rainfall excess leaving a residual rainfall excess rierethe saturated zone store.
Interflow, q, from the saturated zone store is proportional to the water isatheated zone

store, § with an adjustment for the potential (maximum) impervious fracfigeefi+f .

The lateral flows generated from the unsaturated and saturatedtaceges are summed and
routed using a classical unit hydrograph convolution. Channel evaporaaondunted for as
a simple fraction, c, of the potential evaporation.

Drainage (percolation) from the saturated zone into the groundegateroccurs as a function
of the degree of saturation in the saturated zone and the defitie igroundwater zone.
Drainage to groundwater is split between tension wajeartsl free water g Tension water
supplies evaporation loss from groundwater as a function of the potesatpadration still to
be satisfied and the proportion of total groundwater storage thatromeaision water. Free
water is split between primary and secondary compartments, watkimam storage

capacities §;* and S respectively, and generating separate primary and secondary

baseflows. These are summed to give the total baseflow. iEfféctseflow is calculated after
taking into account losses,. dhe total flow at the basin outlet is given by the sum ef th
effective baseflow and the routed lateral flows from the unsatlirahd saturated zone
storages. The parameters of the NWS Model are summarised in Table 1.2.2.

Midlands Catchment Runoff Model (MCRM)

The Midlands Catchment Runoff Model (MCRM) (Bailey and Dobson, 1981liingfrd
Water, 1994) comprises three main stores: an interception stavé,aossture store and a
groundwater store (Figure 1.2.3). Rapid runoff is generated from theaisiture store, the
proportion of the input to the store becoming runoff increasing expolemiith decreasing
soil moisture deficit. “Percolation” to the groundwater store mcwhen the soil is
supersaturated, increasing as a linear function of the negatieé. d&hen supersaturation
exceeds a critical value, “rapid drainage” also occurs as @rpfumction of the negative
deficit in excess of the critical value (the so-called egasater). This rapid drainage along
with rapid runoff forms the soil store runoff. Evaporation occurs peefally from the
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Table 1.2.2 Parameters of the NWS Model

Parameter Unit Description

It none Rainfall factor

fi none Fraction of the catchment that is impervious

f max none Maximum additional fraction of impervious area which
develops as tension water requirements are met

c none Fraction of the catchment covered by streams, lakes and
riparian vegetation

S mm Capacity of unsaturated zone tension water store

S mm Capacity of unsaturated zone free water store

Ki day* Rate of interflow from saturated zone

g none Proportional increase in percolation from saturated to dry
conditions

d none Exponent in equation for percolation rate

Syt mm Capacity of groundwater zone tension water store

Sys X mm Capacity of groundwater zone secondary free water storage

Kgs day* Lateral drainage rate from secondary groundwater zone

Sep mm Capacity of groundwater zone primary free water storage

Kgp day* Lateral drainage rate from primary groundwater zone

p none Fraction of percolated water going directly to groundwater
zone free water store in preference to tension water store

s none Fraction of groundwater zone free water not available for
resupplying lower zone tension water store

interception store at a rate which is a fixed proportion of thehoant potential evaporation.
A proportion of any residual evaporation demand is then met by watke soil store, the
proportion varying as a function of the soil moisture deficit. Drainaigthe groundwater
store to baseflow varies as a power function of water in stotlagesxponent being fixed at
1.5. The total output, made up of baseflow and soil store runoff, is theedlaygl spread
evenly over a specified duration to represent the effectmdlaton of water from the ground
to the catchment outlet. Finally, the flow is smoothed using two meelistorage functions,
one for routing in-bank flow and the other out-of-bank flow, the two comporisitsy
summed to give the catchment model outflow. A summary of the pteesmevolved in the
MCRM are presented in Table 1.2.3.
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Table 1.2.3 Parameters in the Midlands Catchment Runoff Model

Parameter Unit Description

fe none Rainfall factor

Shax mm Capacity of interception store

f none Fraction of catchment evaporation potentially
met by interception storage

Co none Minimum value of rapid runoff proportion

C1 mm* Parameter in rapid runoff proportion function

Crax none Maximum value of rapid runoff proportion

qre mm h* Maximum percolation rate

Dsurp mm Maximum soil store moisture surplus

0! none Soil function exponent controlling rapid
drainage

Kqg h mm%?! Solil function coefficient controlling rapid
drainage

Tp none Potential transpiration factor

Tm none Minimum transpiration factor

EP mm Deficit below which potential transpiration
factor applies

EP mm Deficit above which minimum transpiration
factor applies

Kg h mn?-° Time constant in baseflow storage function

t h Time lag applied to total runoff

T h Duration of time spread applied to total runoff

Sot mm Channel storage at bankfull

Ker ht mm® % In-channel routing storage coefficient

Chr none In-channel routing storage exponent

Kor ht mm® % Out-of-bank channel routing storage
coefficient

Gor none Out-of-bank channel routing storage exponent
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Probability Distributed Model (PDM)

The Probability Distributed Moisture model, or PDM,a fairly general conceptual rainfall-
runoff model which transforms rainfall and evapmatdata to flow at the catchment outlet.
Figure 1.2.4 illustrates the general form of thedeloThe PDM has been designed more as a
toolkit of model components than a fixed model ¢ared. A number of options are available
in the overall model formulation which allows a adorange of hydrological behaviours to be
represented. Here, only a standard form of the Pl2aMbeen used.

Runoff production at a point in the catchment istoalled by the absorption capacity of the
soil to take up water: this can be conceptualiseda asimple store with a given storage
capacity. By considering that different points inachment have differing storage capacities
and that the spatial variation of capacity can bscdbed by a probability distribution, it is
possible to formulate a simple runoff productiondalowhich integrates the point runoffs to
yield the catchment surface runoff into surfaceagie. The standard form of PDM used here
employs a Pareto distribution of store capacitras) the shape parameter b controlling the
form of variation between minimum and maximum valag, and .axrespectively. Drainage
from the probability-distributed moisture store g@sinto subsurface storage as recharge. The
rate of drainage is in proportion to the water tore in excess of a tension water storage
threshold.

The subsurface storage, representing translatimmgaslow pathways to the basin outlet, is
restricted here to be of cubic form, with outflovoportional to the cube of the water in store.
An extended subsurface storage component is useeptesent pumped abstractions from
groundwater; losses to underflow and external ggrean also be accommodated.

Runoff generated from the saturated probabilityridisted moisture stores contribute to the
surface storage, representing the fast pathwatsetbasin outlet. This is modelled here by a
cascade of two linear reservoirs cast as an eauivdtansfer function model (O’Connor,
1982). The outflow from surface and subsurfaceasfes, together with any fixed flow
representing, say, compensation releases fromvaeeior constant abstractions, forms the
model output. The parameters involved in the stahftam of PDM model are summarised
in Table 1.2.4.
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Figure 1.2.4 The PDM rainfall-runoff model.
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Table 1.2.4 Parameters of the PDM model

Parameter name Unit Description
fe none rainfall factor
tq h time delay
Probability-distributed store
Cmin mm minimum store capacity
Crmax mm maximum store capacity
b none exponent of Pareto distribution
controlling spatial variability of store
capacity
Evaporation function
be none exponent in actual evaporation function
Recharge function
Kg hmm® ! groundwater recharge time constant
by none exponent of recharge function
S mm soil tension storage capacity

Surface routing
ks h time constant of cascade of two equal
linear reservoirs &k;=k»)

Groundwater storage routing

Ky h mni™? baseflow time constant
m none exponent of baseflow nonlinear storage
O m®s? constant flow representing

returns/abstractions

Isolated Event Model (IEM)

The Isolated Event Model, or IEM, was originallywe®ped for design applications as part of
the UK Flood Studies Project (NERC, 1975). In maegpects it is very similar to the single
zone representation of the Thames Catchment Madeding the Penman stores concept and
a quadratic reservoir for routing. However, the akéhe Penman stores concept is not done
as part of an explicit soil moisture accountinggeure as is the case with the TCM. Rather,
the soil moisture deficit it provides is used asiadex of catchment wetness within an
empirical equation which relates the proportionraihfall that becomes runoff - the runoff
coefficient - to the soil moisture deficit, D. Sifexally the runoff coefficient is defined by the
exponential function, f a exp(bD), whereb is a parameter with units (mm watégnda is

a dimensionless parameter. Note that the IEM usesamdard a Penman upper store of depth
75 mm, the root constant for short grass, with gpalssing {=0). Because the original
formulation was event-based and for design, theffuaoefficient, f, was applied to the whole
storm and D was the soil moisture deficit at thertsdf the storm. The parametzrcan be
interpreted as a “gauge representativeness facorte, with zero deficit (saturated
conditions), a proportiom of the rain becomes runoff. The storm rainfall girgeries is
multiplied by the factor f to give an “effectiveiméall” series. This is then subject to a time
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delay before being used as input to the quadratiage reservoir, the outflow from which
forms the IEM model flow prediction.

For real-time flood forecasting applications the@ept of an “event” is an awkward notion to
work with. The IEM has been modified for real-timge by redefining the runoff coefficient,
f, to be a time variant function of the deficit Dhus, we havefaexp(bD;). The calculation

of Dy is calculated continuously, within and betweenrat@vents, using the Penman stores
water accounting procedure. No use is made byEw df the outflows from the Penman
stores, only the deficit as an index of catchmeetiness and its impact on the ensuing volume
of flood runoft.

Further modifications of the classical IEM formudat resulted from trials undertaken in the
context of the study by Mooret al. (1993). The first is to replace rainfall by neinfall
(rainfall less evaporation) prior to applying tleetor f to yield effective rainfall. The second
modification is to replace the simple time delaytbe effective rainfall by a triangular time
delay function. Thus the inflow to the quadratierage is a weighted combination of delayed
effective rainfalls up to the current time, withettveighting defined by a triangular function.
The final modification is that a constant flows, ¢an be added to the outflow from the
quadratic storage to give the total basin outflow.

The similarity between the IEM and a single zonetlttd TCM has been exploited by
implementing the IEM as a variant on the TCM, vitik overall model code being referred to
as the PSM (Penman Store Model). The IEM paramateras for a TCM zone with=1, A
equal to the catchment area=R5, R=999 andf, k, a,tq and N set to zero. The remaining
parameters, together with additional parametersispéo the IEM, are listed in Table 1.2.5.

Table 1.2.5 Parameters of the Isolated Event Model

Parameter name Unit Description
a None Coefficient in runoff proportion equation
None Exponent in runoff proportion equation
mm h Quadratic storage constant
ts h Delay to start of smoothing triangle
tp h Delay from start to peak of smoothing triangle
te h Delay from start to end of smoothing triangle
o m® st Constant flow
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Transfer Function Model (TF)

Transfer Function or TF models are a class of ter@es models popularised by Box and
Jenkins (1970). They are linear models with whiohoatput variable can be forecast as a
linear weighted combination of past outputs andiispin a rainfall-runoff context the output
is usually flow (or baseflow separated flow) and thput rainfall (or effective rainfall). Any
residual model error can be represented througloiae nmodel which is normally of
autoregressive moving average (ARMA) form. The allemodel is termed a Transfer
Function Noise, or TFN, model.

A linear transfer function model relates an outputime t, y, to r previous values of the
output and s previous values of an input with délay.,, such that

Yi=-hYeim @2Y o o O Yo T Wolet AU 1t ot WaaUp s

where {d} are r autoregressive parameters amd}{are s moving average parameters
operating on the past outputs and inputs respégtiVéith y; as basin runoff (or baseflow
separated runoff) and; as rainfall (or effective rainfall) this TF modean be used as a
simple rainfall-runoff model. The notation TF(r)sib used to indicate the order of the model
in terms of the number of parameters and the tietayd

The TF model is equivalent in form to the lineardeb
Y =VoUtbt Vilrpat Volipat ...

where the weightsgy vi, Vo, ... define the model’'s impulse response functiaquiiealent to
the unit hydrograph for effective rainfall as inpamd baseflow separated runoff as the
output). In general the number of parameters r#tentransfer function representation is far
fewer than in the impulse function representatibis is strictly infinite although in practice
can be treated to correspond to a significant mgnemgth. The transfer function model thus
offers a parsimonious parameterisation of a lisgatem response.

The model output,iycan be related to the observed outpytthbugh the relation

Yt = yt+ ht
whereh=Y Y, is the simulation-mode model error. This modebemay be represented by
an ARMA error predictor (discussed later) to obtaal-time updated forecasts. In this form,
the overall model is referred to as a Transfer EandNoise (TFN) model as popularised by

Box and Jenkins (1970).

A special case of the TFN formulation, referredat Autoregressive Moving Average on
eXogenous inputs or ARMAX, is given by

Yi=- Y1 d2Yi-27 o= O Yior T Wolint MAUtb-1T o We iU p i1 T X,
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where x; also represents model error and can be represéyteah ARMA noise model
structure. If possible dependence in the modelragaot explicitly represented then the
above can be used to justify the TF prediction #goa

Vi =- WY1~ d2Yi-27 om Yoot Wolint MAUp 1T oo WUy gi1-

It is this TF predictor that is most commonly usedthe basis of operational forecasts by the
Environment Agency regions using TF models. Thedipter simply operates to form a
forecast as a weighted sum of present and pass feowl lagged rainfall inputs. (The flows
may be baseflow separated with baseflow taken edlthv at the start of an event. This
possible distinction is assumed below without fartbomment.) Observed values of flow are
used in the right hand side of the above equatidrab the forecast lead time increases the
latest forecast value replaces the not-yet-avalabkerved flow at future times. This forecast
formulation in which observed flow values are us@@ctly can be referred to as “full state
correction”.

With the input-output pair of a TF model being fallrunoff then the nonlinearity known to
exist by hydrologists is clearly not representegdlieitly. The state correction formulation is
one way of reducing the effect of this weaknessowihg the model parameters to be time-
variant and tracking the variation using a recwsistimation scheme provides other
opportunities for improvement. For example, Clucknel Owens (1987) employ a TF model in
such a way that a single model gain parametgrcddtrolling the proportion of rainfall that
becomes runoff, is recursively estimated. Spedificthey use the reparameterised TF model

Yi=- ¢hiYe1- @2Yi2- - & Yer T Gt-l(Wo Utb T WAltp1 T - W 1Up . s+1)
for forecasting, with the time-varying model gasrgmeter calculated as

Y +aY, Ay,

Wo ut-b + Mut—b-l+ et WS-lut.b. s+l

Gt = MG+ (1-m

Here,mis a smoothing factor in the range (0,1) usedampkn out erratic fluctuations in.G
This form of TF model with time-varying model gam included here in the assessment of
models using catchment data. It has been usedtmmadty for flood forecasting in Anglian
(Page, 1991), and Southern (Pollard, undated) megib the Environment Agency. In Anglian
region the output has been taken to be baseflowratnl runoff. Also two sets of model
parameters are sometimes used to cope with diffeemponses under “fast response” and
“average” conditions. In the assessment that faltve output is taken to be total flow and only
a single set of model parameters has been usesl.afises from the use of continuous long
records in the assessment, typically of eight memthration, and where the concept of an
event required to define baseflow has no place.

A related approach in focussing on real-time tnaglof the model gain is used in the Nith flood
forecasting system in Scotland (Lextsal, 1993). In this case the model gain is trackedgus
recursive least squares, assuming a random walkegsofor the parameter variability. A
drawback of such approaches involving recursiverpater updating is that the variation is
merely “tracked” and not “anticipated”. Our undargling of hydrological science, for
example, tells as that antecedent wetness caremntifuthe gain or runoff proportion and that
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soil moisture accounting model components can bd tsanticipate this effect. This leads one
to recognise that the role of the transfer funct®primarily that of a linear routing operation

and can be incorporated as such into a conceptadkelras merely one component form.

However, an important purpose of this study issialdish whether TF models used in practice
provide acceptable model performance when comparether models.

Another approach to accommodating nonlinear effieces linear TF model is through the use
of a nonlinear loss function to transform rainfall“direct runoff” or “effective rainfall” and
using this as the input variable &unctionally, the transfer function serves asmlke linear
routing function. Alternatively, a parallel systeofi two transfer function models can be
envisaged together with a partitioning rule whidkects rainfall to the two functions which
operate as slow and fast translation pathways.ri&gtyaof nonlinear loss functions and parallel
TF model functions were investigated in the UK fme in flood forecasting (Moore, 1980,
1982). Most recently, improved estimation schenwesttis class of parallel TF model have
been developed (see, for example, Young, 1992niaket al, 1990) which overcome some of
the problems encountered in this earlier work. €asdified forms of TF model are not used
by the EA operationally and are therefore not asxbhkere.

Physically Realisable Transfer Function (PRTF) Model

The basic idea in formulating the Physically Reddle Transfer Function, or PRTF, model
(Han, 1991) is to choose a parameterisation whictstrains the impulse response function to
have a physically realistic form in a hydrologicantext. Principally, this means that it
should be positive and not exhibit oscillatory bebar (it is stable). The basic idea in the
PRTF formulation is to replace the set of autoregjkee parametersl;, dy, ds,...., by a single
parameterb, related to them by

ai= (' b)-i cr',
where the combinatorial has the standard definition

. r! _r(r-1)..4r- k+
Ck_(r-k)!k!_( 1)5! 1)'

This is referred to as an “equal root” parametéogaand gives a stable impulse response
function forb>1. An important feature of the equal root paramsaéon is that it allows the

r autoregressive parameters of the TF model teeeced to one, the robt through the use
of the above relation. However, the form of TF masgeestricted as a result.

It is of interest to note special cases of the ab&or dependence on one past output (r=1) we
have d;=-1b and for two past outputs (r=2h=-2/b and d,=1/b% The impulse response
function for a single, unlagged input (s=1, b=0y{®=b™ for r=1 and v(t)=(1+tp™ for r=2.

Han (1991) suggests that choosing r to be 2 o@iges sufficient flexibility of the impulse
response function, provided the moving averagenpaters {v} can take on negative values
S0 as to lower the recession limb. To make the inodee physically intuitive the equal root
parameterisatiob is substituted by the time-to-peajsak of the impulse response function.
For r=2 when v(t)=(1+)" we have for the reparameterisation
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B 1
b =exp (—)1+tpeak .

Note that feak is actually the time-to-peak of the impulse reg@ofunction corresponding to

the autoregressive part of the PRTF model, exctudmoving average and pure time delay
effects. Unless the moving average parameters amstrained to be positive then the
parameter is better interpreted as indexing the aatwhich the tail decays and fails to be
indicative of the time-to-peak.

Han (1991) recognises that the TF model, withiked impulse response function, will not
provide an adequate representation of the rainfialbff process which is both nonlinear and
time variant. He chooses to address this problemadjysting the form of the impulse
response function to reflect each flood situatisntas encountered in real-time. To ease this
task Han introduces three types of adjustment fat#signed to alter the volume, shape and
time response of the TF model. For volume adjustrittenmoving average parametens;}{

are scaled using a facta, the proportion of volume change, such that thgisteld
parameters are given by

w =(1+a)w i=0L..,s- 1.
Note that the autoregressive parameteai$, &re not affected by this adjustment.

The shape of the impulse response function is d@dhngth reference to a shift in the position
of the peak of the autoregressive part of the isguésponse function. The shape adjustment
factor,g, is defined as

g= tpeak - tpeak

Wheret;eakdenotes the adjusted peak time. For r=2 this neagxpressed in terms of the equal

root parameterisatiof, of the original model and the adjusted mdulelto give
-1

. 1
b =ex +—
g Inb

It follows that the adjusted autoregressive paramsedre obtained by substituting the above in

d=(n) c,.

The third form of adjustment is to time shift th@pulse response system. This simply
involves a change to the pure time delay parambtarsed to delay the rainfall inputs to the
transfer model.

Wedgwood (1993) recognised the difficulty of implming such simple adjustments,
especially for fast responding catchments and wimeeasts from many catchments may be
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required. He explored knowledge-based procedurashwémploy logical rules, developed
from an analysis of synthetic and historical statata, to automate the adjustment of the
PRTF model. A drawback of the approach is theahdcquisition of knowledge concerning
the thresholds, linkages and relationships invalved

Presently, the PRTF model is used in North-west &ndth-west regions in a form that
requires the user to manually adjust the threeofaatontrolling the volume, shape and time
response of the model as the flood develops to lgetiter agreement between past observed
and forecast flows. The approach is not automatmbgective and could not be satisfactorily
incorporated in the model assessment procedure bseel The PRTF model has been
incorporated in the assessment as a restricted 6 model and used in conjunction with
two forms of updating: ARMA error prediction ancitg updating (full state correction with
model gain updating).

To restrict the scope of assessment of both THP&IF models, the same order of model has
been used throughout. This has dependence on tstdlpas and four lagged rainfalls such
that the model takes the simple form

Y= aiYi1- @2Y ot Wolst MAUb 1t Walih 2t WaU-3

with two autoregressive parametéisandd, and four moving average parametegs wi, W,
andws. In PRTF form this reduces from six to five paraéenge through the relation of the
equal root parametér (reparameterised as the time-to-peglggtto d; andd,. This is thought
to have sufficient flexibility in TF response bel@aw to provide a reasonable indication of
the performance of the TF approach across a rafgmtohments and is supported by
comments made by Han (1991). It was also suppdstedxploratory studies aimed at
identifying the optimal model order for use acrtss study catchments.

The selection of the optimal TF model structure teeeived much attention and can include
consideration of both model time-step and modekotdgether with the search procedure
involved (Isermann, 1980; Powell and Cluckie, 19&3yens, 1987). Isermann (1980)
comments that model order determination is notcatitfor single input - single output
systems and in many cases there is not one defbett” order. Jakeman and Young (1984)
comment that the orders are usually smaller thamnd often only 1 or 2. The extensive
datasets available here for model calibration mehasthere is little penalty in adopting a
higher order than is needed for some catchmentss, the pragmatic approach adopted here
of using a TF(2,4,b) model throughout is considefastified in providing sufficient
flexibility of response behaviour across catchmebising a fixed time-step of 15 minutes,
even for slowly responding catchments, has notttedifficulties that can arise with the
autoregressive parameters approaching the unstadilen, although care has been taken to
preserve the precision of the estimated parame®etstracting the lowest flow on record as
one form of baseflow separation was consideredréjetted on account of the very small
values involved, when compared to flood flows.

Jakeman and Hornberger (1993) advise that the sagnipiterval should be selected to be
preferably less than the time constant of the qstidentifiable response but caution that this
can make identification of the slower componentsnarcally difficult unless suitable
estimation algorithms are used. Suitable algorithresch as the simplified refined
instrumental variable (SRIV) algorithm, have noebeised here because these do not feature
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in EA operational practice. This highlights a diefitcy in operational practice where
recursive least squares is used to identify TF nsofle catchments whose response is
dominated by a very slow decay of smaller volumesélow or “slow flow”) superimposed
on a higher volume and faster decaying componéntn{srunoff or “quick flow”). The
practice of using a fixed value of baseflow cormexting to the flow at the start of the event
and varying the model time-step according to casfitmesponse is not considered the most
appropriate way of dealing with this problem. TH2MPtoolkit, which includes forms of TF
model in parallel as model options, provides anothay of addressing this problem. A
parallel structure of flow processes is assumedn fitbe outset together with nonlinear
estimation (a simplex search procedure). This seleahe restriction of a linear model
structure demanded for SRIV estimation to be used] allows the parameters of the
nonlinear loss accounting component to be estimagedell.

Grid Model

The Grid Model was developed by the Institute ofiljogy for the Environment Agency to
exploit the distributed nature of radar data and degital datasets on elevation, land use and
soils (Mooreet al, 1992; Bell and Moore, 1998). It is configuredstoare the same grid as
that used by the weather radar. Each radar gridrecarea is conceptualised in the catchment
as a storage which receives water in the form e€ipitation and loses water via overflow,
evaporation and drainage. The storage used inasie lbborm of model is a simple store (tank
or bucket) having a finite capacity,s This capacity can be thought of as an absorption
capacity characterising the area of the square gncdompassing surface detention, soil
moisture storage, and the interception capacityegfetation and other forms of land use. A
fundamental idea used in the basic form of modéhas absorption capacity is controlled by
the average gradieng, of the topography in the grid square which can &eutated readily

from a digital terrain model (DTM).

Specifically, for a given grid square, the follogitinkage function is used to relate the
maximum storage capacityys, and the average gradieigt, within a grid square:

Smax: 1- i Crnax

max

for g£ g, . The parametersyg, and Gax are upper limits of gradient and storage capacity

respectively and act as “regional parameters” far basin model. A measurement of the
mean gradient within each grid square of the rbasin is obtained from the DTM. Values of
Smax for all grid squares are determined using onlyttix@ model parameters;,g and Gax
together with measurements @ffor each square.

A grid storage loses water in three possible wdiyshe storage is fully saturated from
previous rainfall then any net addition of wateillspover and contributes to the fast
catchment response. Drainage from the base otdine is controlled by the volume of water
in store and contributes to the slow catchmentarsg. Thirdly, water is lost via evaporation
to the atmosphere. Figure 1.2.8 (a) illustrategoacal grid storage and the components of the
water balance involved. Evaporation loss occurshet rate, E which is related to the
potential evaporation rate, E, and the store wadcit, D, through a simple linear decrease
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from the potential rate as a threshold deficit, B*exceeded. The value of D* is common
across grid squares. Drainage from the grid stonagech contributes to the slow catchment
response, occurs at a rate controlled by a powsstiin of the water in store. Finally, the

updated water storage is given by continuity takitg account the initial storage and losses
to evaporation and drainage. The direct runoff catetributing to the fast basin response is
calculated as the rainfall less loss to any stolefjavailable.

Water is routed from each grid square storage ¢éoctiichment outlet using DTM-derived
isochrone pathways. The construction of isochrendises joining points of equal time of
travel to the basin outlet — is achieved by assgrthat water travels with only two velocities
depending on whether the pathway involves a hpkslor a river channel. In this way it is
relatively easy to construct isochrones by diraftrence from the distance of a point to the
basin outlet and the nature of the pathways inwblvEhe catchment is subdivided into
reaches according to these isochrones and wateutisd along the reaches to the catchment
outlet using a discrete kinematic wave routing pthoe. This not only advects water
between the reaches but also incorporates a difusiomponent seen in observed
hydrographs.

Figure 1.2.8 (b) shows an idealised catchment isdbhrones overlaid onto the grid squares.
Water storage accounting for any grid only paniafiside the catchment is treated in the
normal way and an adjustment made when accumuldtiagrunoff/drainage across the
catchment. The water input to each isochrone staip be readily calculated as an area
weighted summation of the outflow rates from thiel gquares encompassed by the strip. The
outflow can be the direct runoff rate,,opr the drainage rate;;ddepending on whether the
routing scheme relates to the fast or slow resppatievay to the catchment outlet.

The n isochrone strips are represented by a casdadesaches, with each reach represented
by a discrete kinematic wave equation with latemlow. The number of strips, n, together
with a dimensionless wave speed paramejergontrols the lag and attenuation of water
movement through the reaches (Moore and Jones,).197@ lateral inflow,r, can be

defined as direct runoff or drainage which are eduseparately using two parallel discrete
kinematic wave models, characterised by differeavavspeedsls and g, respectively. A
schematic depicting the overall structure of thasib form of Grid Model is shown in
Figure 1.2.8 and Table 1.2.8 provides a summatiiefodel parameters.

Note that only the basic form of Grid Model has bessed in this study. Other variants
involve using alternative mechanisms of runoff prcttbn which include: (i) the distribution
of slope within a grid square to underpin a prolighdistributed store formulation, (i) a
topographic index control, and (iii) an integrataid capacity control based on soil survey
data. Also, land use classification of urban ama loe used to delineate the fraction of each
grid square that can be considered to have zeragaaapacity. A variant of the translation
component allows drainage from each grid squaré&raeel to the basin outlet in a way
governed by a separate set of isochrones, repnegehe slow response pathway, which is
determined by the path length and a Darcy velazitffow. This velocity is estimated from
the local gradient of the terrain (calculated frene DTM) as an approximation to the
hydraulic gradient.
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Figure 1.2.8 The Grid Model.
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Table 1.2.8 Parameters of the Grid Model

Parameter Description Unit

fr Rainfall correction factor -

D* Storage threshold deficit (or root constantguaporation function mm
S Proportion of total storage capacity initiallylful -

Omax Regional upper limit of gradient -
Crax Regional upper limit of storage capacity mm
Imax Maximum infiltration rate mm ht
Kqg Storage constant of (cubic) drainage function * mm?
Os Wave speed parameter for routing direct runoff -
b Wave speed parameter for routing drainage -
VL Advection velocity of flow along land path it s
VR Advection velocity of flow along river path ms

Model updating methods

So far the set of rainfall-runoff models includeztén for assessment, with the exception of the
TF and PRTF models, have been reviewed as simulatiodels transforming rainfall (and
possibly evaporation) to runoff. Flows measuredaphe time the forecast is made can be
used for improving model performance using somenfof updating schemen reviewing
the TF and PRTF models we have seen that direstisution of simulated flows by observed
values in the forecast equation acts to re-inggathe model and is a form sthte correction.
Also, varying the model gain of the TF model witkference to recent observed flows
provides a simple means parameter-adjustmenfThe TF (and PRTF) model can also be
used with a simple ARMArror predictionscheme, in which the dependence in present and
past simulation-mode model errors are used to grédgiure ones. In this form the model is
referred to as a TFN (Transfer Function Noise) rhode

For the TCM, NWS and MCRM models a simple ARMA erpoediction scheme has been
used since this approach can be used with any nstdeeture. The PDM model has its own
state correction procedure which apportions modedre to adjust the water contents of
different stores within the model. It can also bgedi with ARMA error prediction.
Preliminary trials have been made in this studydédermine which approach to use in
different situations. The IEM is readily updatedhgsstate correction of the quadratic storage
since its outflow is directly related to the obsshflow. Whilst the Grid Model has its own
form of state correction as one updating optioty dme ARMA error prediction approach has
been used here. A brief review of the ARMA errcggiction scheme follows along with state
correction schemes used by the PDM and IEM.
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Error prediction

A feature of errors from a conceptual rainfall-rifnmodel is that there is a tendency for
errors to persist so that sequences of positivererfunderestimation) or negative errors
(overestimation) are common. This dependence steicin the error sequence may be
exploited by developing error predictors which irpmrate this structure and allow future
errors to be predicted. Predictions of the erreratded to the deterministic model prediction
to obtain the updated model forecast of flows. &her prediction scheme is wholly external
to the deterministic model operation and thus mayged in combination with any model.
Error prediction is now a well established techeidar forecast updating in real-time (Box
and Jenkins, 1970; Moore, 1982). The basis ofélelrtique is summarised below.

A real-time forecast of flow, gk, madeR time units ahead from a forecast origin at time t
may be expressed as

qt+ |t:qt+ +ht+ t*

where @r is the simulation-mode model forecast am@r: denotes a prediction of the
simulation-mode erroh..r, madeR steps ahead from a forecast origin at time t. (Juféx
notation tRJt should be read as.g being a forecast of the value at timeRtgiven
information up to time t.) Based on an ARMA modRek error prediction equation used is

ht+ =" flht+ At fzht+ ot T T fpht+ -p|t+qlai+ -1It+L72 Qe+ -21t
+ ..t gqa qpts =12,...

where {fi} and {qgi} are autoregressive and moving average paramesspectively,

0 - 1>0

B e = a, otherwise

and ari is the one-step ahead prediction error
ari ~Qu.i- G A+ i

where Q:ridenotes the observed flow at tim&itand the simulation-mode error is given by

By o=l = Qu - Gy for -i£0.

t+ -it

The error prediction equation is used recursivelgroduce the error predictiohs., N1y, ..,
hure from the available values of, &.1, ... andhy, he, ... . Using this error predictor
methodology, the model simulation-mode forecask, &6 updated using the error prediction
hurt to calculate the required real-time forecastrig Note that this real-time forecast
incorporates information from the most recent obsons of flow through the error
predictor, and specifically through calculatiorntloé one-step ahead forecast errgg;a
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Alternative error predictor schemes may be deviseavorking with other definitions of the
basic errors: for example by using proportionabesrof errors from a logarithmic model.
Only the standard additive form is used here. Tten3fer Function Noise (TFN) Modelling
Package has been used to identify the form of AR&tor predictor and to estimate its
parameter values. Also a means exists within IFBCAL (Time Series CALibration) Model
Calibration program to estimate the ARMA error peceat parameters for an assumed model
structure. This has been used as a complemeng fbRN package on occasions for parameter
estimation and always to produce the final forecastlts. Whilst error prediction provides a
general technigue which is easy to apply, its perémce in providing improved forecasts
will depend on the degree of persistence in theaghedors. It is least successful at correcting
the more variable errors that can occur in thenitigiof the rising limb and peak of the flood
hydrograph.

State correction for the PDM and IEM

State correction techniques have been developest lwas adjustment of the water content of
conceptual storage elements in the belief thatntlaén cause of the discrepancy between
observed and modelled runoff will arise from errarsestimating basin average rainfall,
which in turn accumulate as errors in water storeggent. The main state variables in the
PDM model are the water contents of the surfacegradndwater stores,&nd 3, and of
the probability-distributed soil storage, @ising the notation of Figure 1.2.4). The flowesat
out of the conceptual stores can also be regarslsthée variables: examples agethje flow
out of the surface storage, ang the flow out of the groundwater storage. Whenregor,
e=Q-g=Q—(g+qy), occurs between the model prediction, g, andotheerved value of basin
runoff, Q, it would seem sensible to “attribute thlame” to mis-specification of the state
variables and attempt to “correct” the state valioeachieve concordance between observed
and model predicted flow.

A formal approach to state correction is providgdhe Kalman filter algorithm (Jazwinski,
1970; Gelb, 1974; Moore and Weiss, 1980a,b). Whilst provides an optimal correction for
linear dynamic systems subject to random variatiwhgh may not necessarily be Gaussian
in form, this is not the case for nonlinear dynanmmdels due to the linearisation
approximations needed to be introduced. The imgpdinaof this is that simpler, intuitive
adjustment schemes can be devised which potenpatlyide better adjustments than the
more complex and formal extensions of the Kalmédterfiwhich accommodate nonlinear
dynamics through approximations. Such schemes whatte physically sensible adjustments
will be referred to here asmpirical state adjustment schemds the PDM a simple
apportioning of the errog, between the surface and groundwater stores jpoption to their
contribution to the total flow is used such that

*

9,=-9,+ag,€e

*

q.=q.+(1- a)g.e

where
a=q,/(a.+ a,)
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and the superscript * indicates the value aftenstdjent. Thgain updatecoefficients, g and
ds When equal to unity yield the result that- g, equals the observed flow, Q, thus achieving

exact correction of the model flow to equal theeavleed value. Values of the coefficients
other than unity allow for different adjustmentsb® made, and,gand g can be regarded as

model parameters whose values are establishedgthi@ptimisation to achieve the “best” fit

between state-adjusted forecasts and observed.fldiMs scheme is referred to as the
proportional adjustment scheme.

A super-proportional adjustment schemeleveloped as a generalisation of the above avith
defined as

= —qb
b,q.+ b,q,

with the incidental parametels andb, chosen to weight the apportionment towards or away
from one of the flow components; in practiceandb, are assigned values of 10 and 0.1 to
apportion more of the error adjustment to the serfstore. Note that the adjustment is carried
out at every time step and the time subscripts Heeen omitted for notational simplicity.
Replacinga and (1a) by unity yields the simpleston-proportional adjustment schernla

this study only the super-proportional adjustmehiesne has been included in the assessment.

The PDM also allows other state variables to beisdg but these variants have not been
assessed here. It should be noted that empiriat sbrrection is of the same basic form as
that employed by the Kalman filter in which an uigdibstate estimate is formed from the sum
of the current state value and the model error iplidtl by a gain update coefficient.
However, instead of defining the gain statisticalhg the ratio of the uncertainty in the
observation to that of the current state valus, first related to a physical apportionment rule
multiplied by a gain factor. This gain factor aatsa relaxation coefficient which is estimated
through an off-line optimisation using past floogst data.

State correction of the IEM is particularly strdiginward since only the quadratic storage is a
candidate for correction. Adjustment of its outflogy is made using the standard form of
adjustment witta equal to unity, such that=g+ge, where g is the gain update parameter and
eis the model error.

1.3 Selection of Study Catchments

The main aim of the Part 2 Report is to assespdnwrmance of the eight rainfall-runoff
models across a variety of catchments using datasetompassing a wide range of flood
events. In order to draw general guidelines on rholdeice in different situations, a careful
selection of catchments for use in the assessrsergquired. The selection of catchments
included in the model intercomparison is presentedable 1.3.1 and their locations are
mapped in Figure 1.3.1. At least one catchmentbleasn chosen from each of the eight EA
regions. The choice has been guided by operation@rtance as well as ensuring a mix of
hydrological characteristics, such as small/medangé, upland/lowland, ground/surface
water dominant, and urban/rural. Very large catahisiéave been excluded as these would
normally be represented by a network configurattbmrainfall-runoff models and channel
flow routing models, these being outside the sadibe present study.
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Table 1.3.1

Catchments selected for model assessment

EA Region Catchment Area Characteristics
km?
North East  Trout Beck at Moorhouse 11.4 Smaland rural.
Thames Silk Stream at Colindeep 29  Small urban, clay.
Lane

3. Midlands Dove at Izaak Walton 83  Small/mediuighhrelief, rural,
moorland mudstone/sandstone
headwaters. Carboniferous
limestone.

4. Southern Lavant at Graylingwell 87.2 Small/mediephemeral
stream in a permeable (Chalk)
catchment, mainly rural,
groundwater abstractions, well
records.

5. Welsh Rhondda at Trehaford 100.5 Medium, steeg headwaters,

6. South West Brue at Lovington

7. Midlands Stour at Shipston

8. North West Roch at Blackford Bridge

9. Anglian Witham at Claypole Mill

urban/industrial development in
valleys, 24% forest.

135.2 Medium, raethment,
springfed headwaters. Clays,
soils and oolites. Modest relief.

185.0 Medium, ruUfaiiper Marl.
Modest relief.

186  Meditmghly urbanised in
lower half with moorland above.

297.9 Large, miyrural lowland
catchment with clay (50%),
limestone (40%) and gravel, low
relief.

One catchment, the Stour to Shipston, was incladethg the course of the study in response
to the “Easter 1998 Flood” and the need to havecatehment significantly affected by this
major flood event. The conditions of super-satoratbrought on by this event might bring
into play different flood mechanisms that requimebe modelled. The Lavant is included as
representative of a catchment with a flood respesaperimposed on a dominant groundwater
regime, and which has well level records and pungiestractions. Only two of the models,
the TCM and PDM, have the capability to accommogatmped abstraction data and to
represent ephemeral streamflow behaviour explicAly a consequence, only these models
are applied to the Lavant catchment along withTtRemodel (using rainfall and flow data
only), serving primarily as a point of referencéeTRoch is included with the knowledge that
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Figure 1.3.1 Location of the study catchments.
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this has been extensively used in model developmerit in the EA Northwest, especially
for TF and PRTF models. Use of the Brue reflectsatailability of a very dense raingauge
network installed by the EA under HYREX (HydrologicRadar EXperiment), a NERC
Special Topic, along with supporting radar datarfréd/ardon Hill in Dorset. Trout Beck, a
typical small upland catchment, is the focus ohavanelt forecasting project and an existing
dataset at IH. The Dove at Izaak Walton was tle datchment in the Midlands to be chosen,
because of its relevance to flood warning and tizh had been collated in support of an
extension to the snowmelt forecasting project. $hke Stream is a small urban catchment in
London with a good dataset of raingauge, flow amdar data brought together under the
NRA Project “Evaluation of FRONTIERS and Local RadRainfall Forecasts for use in
Flood Forecasting Models”. TCM, PDM and IEM modeisl already been developed for this
catchment. The Rhondda to Trehafod provides a gaadhple of a medium-sized catchment
with steep slopes. This catchment has been theedulnf study in the NRA Project
“Development of Distributed Flood Forecasting Madelsing Weather Radar and Digital
Terrain Data”, from which the Grid Model was deyad and compared in performance to
the PDM. The Witham was chosen by hydrologists nglin region as representative of a
large, low-lying rural catchment in Eastern Englamdl because of its importance to flooding
of Lincoln. Further details of the catchments ahdirt associated data are presented in
Section 2.6.

Only three of the catchments — the Silk Stream,Stwur and the Roch — are assessed here
using radar data whilst all catchments are assassiag raingauge data. This reflects the cost
and time-consuming nature of handling radar dafdired at the present time. Data from the
Clee Hill radar were used for the Stour, the HamelHill radar for the Roch and the Chenies
(London) radar for the Silk Stream. Single sitegd@\2) 2 km radar data (or 5 km data outside
the 75 km range) have been used. Nimrod correcatal (@olding, 1998) are not available
over the period of a decade used for model assessiiso, the Nimrod product has only
been stable since circa 1998 and is available fonlthe coarser resolution of 5 km. Details of
the periods of data used in the model assessmertoth raingauge and radar data are
presented in Section 2.8. The Grid Model has ordgnbapplied to the three largest
catchments — the Stour, the Roch and the Withanmerevthe benefit of using a distributed
model formulation is likely to be most beneficial.
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2. STRATEGY FOR MODEL ASSESSMENT

2.1 Introduction

The basis of the model assessment is to compaln¢ migpfall-runoff models using datasets
from nine catchments of varied character distriduteoughout England and Wales. Sections
2.2 and 2.3 set out a split-sample strategy forehadsessment based model calibration
using part of the datasets ambdel evaluatioron datasets not used for calibration. The
calibration phase focuses on the models used inlatron-mode, without correction using
observed flows, although the parameters involvagpisiating are also estimated. Performance
statistics and visual aids used for model assegsimdroth calibration and evaluation phases
are introduced along with the specialised termigplosed.

Section 2.4 presents some of the tools developesipport model and data configuration.
This includes use of the IH Digital Terrain Mod&TM) and digital spatial datasets to
support calculation of catchment average rainfiadl 80 define response zones in the Thames
Catchment Model. Also a new method to adjust weathdar data with reference to
raingauge data is presented.

Section 2.5 outlines how the models have been pedpfor assessment, using the RFFS
Model Calibration Facility as a unified environmdont model calibration and evaluation.
Detalils relating to reconfiguring models to openatthin this facility are given, including the
setting of initial conditions and accommodating ugrdwater and abstraction data where
needed.

Section 2.6 outlines the catchments used in theelmassessment along with the supporting
hydrometric records. Section 2.7 outlines issu&sting to data management including data
quality control and the creation of a Model Datahakhe selection of periods of data to be
used for model calibration and model evaluatiorpas of a split-sample model assessment
procedure is the subject of Section 2.8.

2.2  Strategy for Model Calibration

A rainfall-runoff model may be used to compute foim simulation mode based solely on
rainfall and potential evaporation inputs, orupdating mode when additional use is made
of observed flow data. The updating procedures use are ARMA (Autoregressive
Moving Average) error-prediction and state cor@ttiThese procedures have been briefly
reviewed in Section 1.2 whilst further details gieen in Section 12 of the Part 1 Report.
Model calibration involves estimation of the paraeng of both the rainfall-runoff model and
of the updating procedure before a forecast canmbaele. How these two tasks are
accomplished is discussed below.

2.2.1 Calibration of rainfall-runoff model parameters

Calibration of a model is achieved by comparisomlzderved and modelled flows, both in the
long term (comparing daily flows) and for sets lobtl events (comparing 15-minute flows). It
may involve a mixture of manual adjustment, reggiran understanding of the physical basis of
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the models and visual inspection of the model hydyoh, and automatic optimization aimed at
minimising anobjective function which provides a measure of the difference betvobserved
and computed flows. The objective function usedhia study is the root mean square of the
differences between observed and computed flowadt time step, with provision to exclude a
warm-up period for each event and flows outsidevangrange. When calibrating the parameters
of a rainfall-runoff model as a flow simulator, themputed flow used to form the objective
function is the simulation-mode flow.

For a given model type, catchment, and source iofath data, the procedure is to adjust

parameter values interactively and/or automaticalperating the model in simulation-mode to
arrive at an optimum set. The automatic optimisatmnploys a robust and straightforward
simplex (polytope) minimisation procedure (Nelded avlead, 1965) modified to incorporate

ideas suggested by Gill, Murray and Wright (198T)e slow components of a model may be
roughly calibrated using daily data over a longiqekrand then refined, along with the

parameters of the fast components, using 15-mamateeover periods encompassing many flood
events.

The calibration procedure adopted for the TF and@ifP&ffers from that used for other models
and further details are provided in Section 2.5.2.

2.2.2 Calibration of updating parameters

State-correction schemes are available for the PIEM, TCM and Grid models. To calibrate
the updating model parameters, the individual emtagach time-step is taken as the difference
between the observed flow and a computed flow basagpbdating up to the previous time-step
(theone-step-ahead erroy.

Error-prediction parameters have been fitted usangdransfer Function Noise modelling
package which estimates ARMA model parameters usingApproximate Maximum
Likelihood Algorithm (Young, 1974). The Approximatdaximum Likelihood Algorithm

estimates the p autoregressive and g moving av@ageneters of an ARMA(p,q) model of
the model errors resulting from a simulation-modedei run. These ARMA model
parameters can also be estimated or adjusted astogatic optimisation as required.

2.3 Strategy for Model Evaluation
2.3.1 Introduction

Model evaluation has been undertaken in both sitiemlanode, which tests the rainfall-
runoff model component alone, and in updating-made&vhich flow forecasts are computed
making use of recent flow measurements. This seatidl explain the different forecast
modes and types, clarify the terminology used auntline the different statistics used to
compare model performance.
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2.3.2 Forecast Construction and Terminology

A rainfall-runoff model may be used to compute ffoim simulation mode employing only
rainfall and potential evaporation as inputs, oupdating mode when additional use is made
of observed flow data. A flow value computed frorgigen time, using information up to this
time, for some future time isfarecast valuewith aforecast origin at the given time andlaad
time equal to the difference between the times of ¢hechst origin and the forecast value. The
time-series of forecast values computed from alesifyecast origin is termed fexed-origin
forecast

In this historical emulation of a real-time foreigas fixed-origin forecast can be generated at
every time-step using information on flows up te tlorecast time-origin. To focus on the
relative performance of different models it is amsed that the future rainfall inputs are known.
Otherwise, uncertainty in the rainfall forecast Woserve to confuse the assessment of different
model types. A synthetic example is shown in Figu®1, in which the thick line shows an
observed hydrograph and the thin lines show fixagiroforecasts with origins at a selection of
times and lead times up tohours ahead. The dotted line connects all the#&stevalues with
lead times ot hours and is called fixed lead-time forecast Such forecasts are very useful in
characterising the average performance of a modal given lead time, as discussed in the next
section.

.....
o "

o 3
fixed origin forecasts

L) SCCRCEET TS " CTEVEST T EERERE SRPERE

fixed lead time forecast

) ) (P L . N Ry —

threshold

hydrograph

_____
.....

Figure 2.3.1 Definition sketch for types of flow forecast.
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2.3.3 Measures of Forecast Performance

Various measures of the performance of a timesefi¢orecast flows, {@, for times t=1, 2, 3
,..., relative to observed flows, {are possible. These can be divided into quadiragasures,
such as the root-mean-square erromase and other categorical skill score measures, asch
the Critical Success Index or CSI. Measures baseskternal factors, such as cost of flooding,
are not considered here.

Quadratic measures

One of the simplest quadratic measures of perfoceanthe root-mean-square error
rmse= (n‘1 ef)”2 (2.3.1)

where the error at time t is=€}-g; and the summation is computed owevalues. A related
performance measure is thé $gatistic:

S¢

2-q. __2&
i S(Qt '6)2

(2.3.2)

whereQis the mean of the observed flows over the n valliéss gives the proportion of

variability in observed flows accounted for by thedel forecast. Note that this can be negative
if the forecasts are worse than that provided byutiknown mean flow.

For fixed lead-time forecasts these performancesarea would be computed over the full
period assessed, whilst for fixed-origin forecdabesy would be computed over a perigdd

to+t, where § is the forecast origin andis the lead time. However, they are most commonly
applied to fixed lead-time forecasts because tgesefewer measures per period assessed (one
for each possible lead time rather than one foh gassible origin) and relate to a quantity of
interest (lead time) which has a common meaningsacdifferent assessment periods and
catchments, so allowing model comparison. Forshidy the R measure is preferred, since it is

a relative measure of forecast accuracy which geromparison across assessment periods and
catchments of different size.

Categorical measures

The evaluation of forecast performance on the bafsategorical measures applied to fixed-
origin forecasts is an attractive proposition, siitas closely related to the operational procedur
whereby different categories of flood warning aleould be chosen based on the most recently
available forecasts and measurements. However,icaegjuired to design a measure that is
simple, meaningful, does not rely on arbitrary diecis, and can be applied to any catchment.
The procedure described below is an attempt taiicmisuch a measure. The procedure is based
around the notion of a threshold flow, which mayneay not be exceeded during a given
assessment period. The thresholds actually in yshebEA are not used here, firstly because
they are essentially arbitrary, and secondly becthere are very few exceedences of the higher
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Figure 2.3.2 Threshold crossing criteria.

thresholds. Instead, the following procedure i®atgd over a wide range of possible thresholds
to give an overall skill score related to a patéclead timet.

Points are identified when a given threshold fldwjs exceeded on rising limbs for both the
observed and forecast hydrographs. If forecasbésdrved exceedences occur within a given
time, Dt, of each other, they are matched up and denstedamdt’, with i identifying the
occurrence. This is repeated for a range of thitdshHoom Ty, to Tax in Steps ofmagnitude
DT. Skill scores are then calculated based on thetyloifithe model to forecast crossing of
the range of thresholds within tini# of the observed series also crossing the thrdsfdle
threshold skill scores are defined as follows:

Critical Success Index: CSI=n,,/(n, +n, +n,) (2.3.3)
Probability of Detection: POD=n,,/(n,, +n,,) (2.3.4)
Correct Alarm Rate:  CAR=n,,/(n,, +n,,) (2.3.5)
where:
m1 = number of times thresholds are crossed in bottemled and forecast
hydrographs within a timet of each other
n2> = number of times thresholds are crossed in obdepezies, but not in
forecast series within a tini% of each other
N1 = number of times thresholds are crossed in fotesades, but not in
observed series within a tini# of each other
N, = number of times thresholds are not crossed ih bbserved and forecast
hydrographs within a timBt of each other, and
n =  nitnotno+nes, as shown in Table 2.3.1.
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Table 2.3.1 Two-way contingency table for categorical evaluation

Threshold exceeded Threshold not exceeded
during event during event
Threshold exceeded Ni1 o1
during forecast
Threshold not exceeded Nio Moo

during forecast

These threshold skill scores may be plotted agd@ast-time to show the rate at which skill
declines with increasing lead time. In each cdmeskill index ranges from 0 to 1, with an index
of 1 indicating a perfect forecast.

2.3.4 The forecasting process

The procedure for generating flow forecasts adopézd is straightforward and results in a set of
flow forecasts for each of the evaluation periods iparticular catchment. Two sets have been
produced.

() For all catchments, except the slow respondiraundwater catchment (the Lavant), 24
fixed lead-time forecasts have been produced fad kemes of 0.25, 0.5, 0.75, 1.0,
...,5.75 and 6 hours. These are used to provideotleedst performance measures. For
the groundwater-dominated catchment, lead time& 2%, 0.5, 0.75, 1.0, ...,5.75 and 6
dayshave been used.

(i) Fixed-origin forecasts, six hours long, witkttveen 4 and 6 time origins before a major
flow peak. These forecasts are used to provid&tiditive hydrographs.

2.4 Model and Data Configuration Tools
2.4.1 Methods of raingauge weighting for calculating catchment average rairifa

Rainfall data for catchments which have more tha@ @ingauge located nearby need to be
pooled to derive catchment average rainfall. Vagionethods are available for estimating
areal rainfall from multiple raingauges, rangin@nir simple weighted averages to more
complex surface fitting methods. In the presenttuquality control of the rainfall data
reveals that for eight of the nine catchments, moenthan two raingauges per catchment can
be relied upon to provide good quality data. A®sult, simple weighted average schemes
have been used in preference to more complex sufitiog methods.

Areal average rainfall is calculated as the limeaighted sum of n raingauges, such that

p= WP, (2.4.1)
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where pis the rainfall measured at thtlh gauge and wis a raingauge weighting. The IH DTM
(Digital Terrain Model) has been used to supporivdéon of these weights and the four
schemes outlined below have been considered.

(i) Thiessen weights

Each raingauge is weighted according to the prapof the catchment for which it is the
closest gauge. The Thiessen weight (Thiessen, 191therefore a distance weighting only,
based on a “nearest neighbour” principle.

(i) SAAR-adjusted Thiessen weights

For a given catchment where Thiessen weights h@aen lzalculated, the weight of each
raingauge is adjusted according to the SAAR (Stahdserage Annual Rainfall) in the region
of the gauge. Specifically, an adjusted weighengd as

WEMR= % Wr (2.4.2)
where w is the Thiessen weight_? is the mean SAAR over the Thiessen area for thayg
and P is the SAAR of the gauge. (The gauge susfinmitted for notational simplicity). The
effect of this adjustment is to reduce the weighttha gauge that is in a region of higher rainfall
relative to rainfall in the Thiessen area of thauge.

(ii) Elevation-dependent weights

For regions where orographic effects are importantl precipitation is dependent on
elevation, a new scheme combining the Thiessemrdist weighting with a DTM-derived
elevation weighting has been developed. Thiesstardie weighting is used first to select the
nearest gauges to the catchment. Gauges that wotlde included in a Thiessen scheme are
similarly excluded from the elevation-dependentesch. The raingauge weights are then
recalculated according to the proportion of thecloaient that is closest ielevationto each
gauge, as lllustrated in Figure 2.4.1. This schémag been of particular use in the Stour
catchment, for which two raingauges are availal@eipping Campden and Shipston at
elevations of 123 and 65 m respectively. Figurel2cbmpares the Thiessen raingauge areas
with the elevation-derived area weights for thege gauges. The Thiessen method gives greater
weight to the Shipston raingauge because mucheotaichment lies closer to that gauge. In
contrast the elevation method gives greater weattte Chipping Campden gauge, which may
be more representative of rainfall in the high&efareas in the catchment.

(iv) SAAR-dependent weights

This fourth method is similar to that used to derslevation-dependent weights, but uses
SAAR instead of elevation. More specifically, afteae Thiessen distance scheme has been
used to select the nearest gauges to the catchraeigiauge weights are recalculated according
to the proportion of the catchment that is closeSIAARto each gauge.

Table 2.4.1 compares the raingauge weights detgaty each of the four schemes above,

together with the weight used in this study and dbmparable weights used by the EA (if
known). The EA weights for the Stour, which wereivked empirically by hydrologists in the
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(a) Thiessen scheme

Raingauge

B chipping Campden

B shipston

Raingauge

' - Chipping Campden

- Shipston

227 —+— — .
411 415 419 423 427 431 435 439

Figure 2.4.1 Comparison of raingauge weights derived using the Tlsgen and
elevation schemes.

R&D Technical Report W242 35



oS0 8¥¥'0 oS0 TvZ'0 6€C°0 weyym yinos

- 091°0 ¢SS0 0910 €eL’o T9.°0 plojsisles wreylmn
TEV'0 TZ8°0 TEV'0 GEE0 GSE0 SJIIOIA

- 6950 6.T°0 6950 G.S0 G790 N Bunds yooy
€eeo [AAN0; 600 TAANY; TTL0 €290 uoisdiys

999°0 /8'08 €060 880 GLE0 LLE0 uspdwreD buiddiyo nois

T T T T T T umem-A-uA | eppuoyy

T T T T T ‘T 181s8ydiyd uene
€eeo 00S°0 T¥S0 9¢s0 A A Z¢6e0 ajljobuoT

‘099 0050 6510 .70 L6S°0 8090 ubnojosuljjoH anog
oor'0 €000 9TY'0 ov0'0 8€0°0 najpey

- 0090 L66°0 850 T96°0 296°0 IMH N weans Y|IS

T T T T T T TESMV  Xdo3g1noiL

siybiapn v3 pasn siybiopn VHS uonens|3 dvvsS/usssalyl  usssalyl (s)ebneburey juswyoe)d

spoylaw jualayip Buisn paauap siybiam abneburey Tt a|qel

36

R&D Technical Report W2¢



region, are closest to the elevation-dependenth®iJ he final choice of weight used in this
study depended on the circumstances. In most cattisnthe elevation weight has been used
in preference to the Thiessen distance weightcktmhments such as the Dove where there is
little difference in the weights, the raingauge gies have been pooled to give a 50-50
weighting between the two gauges. In the caseeofilk Stream, the weights used are in line
with those used in the Frontiers/Local Radar Réiffarecasting study (Mooret al, 1993)
and are similar to those derived using the elematieighting scheme. The Brue catchment is
excluded from the table because the catchmentiosndadense network of 49 raingauges as
part of the HYREX (Hydrological Radar Experimentoject. Data from the raingauge
network is quality controlled and averaged to fomgh quality, 15 minute rainfall
accumulations for the Brue catchment.

2.4.2 Raingauge adjustment of weather radar data

An improved estimator for the rainfall field can tetained by combining information from a
radar with data from a raingauge network. Moetel (1989, 1991, 1994a,b) present a
method which fits a multiquadric surface to “caditbon factors” formed by taking an adjusted
ratio of the gauge to the coincident pixel raddugaat each raingauge site. This calibration
factor surface is applied to the radar values taiol‘calibrated radar” estimates. (The term
“calibrated” is used here to mean adjusted witknezice to raingauge data, and not in relation
to the electronic calibration of the radar.) Thipeach has been adopted to obtain calibrated
radar fields for the Silk Stream catchment. Fors tbatchment data from an extensive
raingauge network exists and, as part of the Fean@nd Local Rainfall Forecasting Study,
time-series of catchment average rainfall haveadlyebeen obtained by this method.
However, for the remaining catchments, typicallyad@om only two raingauges are available
in the Model Database. This has led to a new liom scheme being developed which is
more appropriate when only data from a few raingaugre available. The scheme first
adjusts for any bias in the mean of the radar adlifield. The multiquadric surface fitting
method is then applied to the calibration factdrtamed using the mean field bias corrected
radar values instead of the raw values. A diffeferh of multiquadric surface is used so that
the calibration factor surface tends towards adfixalue of 1 with increasing distance from
the raingauges. This reflects the requirementHerdalibration factor field to tend to 1 since
the radar field has been adjusted to remove thenriielal bias so the ratio of radar to gauge
value should be unity, on average. The approachleagonceptualised as one in which the
dynamic gauge adjustment dominates at short distawbilst at longer distances the rainfall
estimate tapers towards the climatological medd fialue of rainfall. Detail of the theory of
the new method and its application to the studghoaents is presented in Appendix A. The
calibrated grid square radar estimates of rairsfisdl aggregated to form a catchment average
estimate for each 15 minute time interval, using fmoportion of each square within the
catchment as a weighting.

2.4.3 Derivation of TCM response zones using digital datasets
The structure of the Thames Catchment Model, or T&Mbased on subdivision of a basin

into different response zones representing, fomgte, runoff from aquifer, clay, riparian and
paved areas. Delineation of these zones has bééwved using the IH DTM for the UK in
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conjunction with a number of digital spatial dataselable 2.4.2 summarises the spatial
datasets used in defining differing response zernisn a given catchment.

Table 2.4.2 Spatial datasets used to delineate the TCM response zones

Dataset TCM response zone
IH urban areas Urban
IH 100 year flood risk map Riparian

WRAP (Winter Rain Acceptance Potential)  Clay, &gibaseflow, ...

Each of the spatial datasets has been combined thétHH DTM catchment delineation
procedures to calculate the proportion of eachystadchment that is urban and riparian and
as a guide to other response zones such as claiferagnd slow response (“baseflow”). The
WRAP class dataset divides the UK into five soddy at a 1 km resolution, according to the
Winter Rain Acceptance Potential of the region (NER975). The five soil classes are
summarised in Table 2.4.3. The IH urban areas efates been produced by combining the
ITE (Institute of Terrestrial Ecology) Land Coverapl of Great Britain with settlement
polygons from the Ordnance Survey. These data declland classified as urban and
suburban; although available at a 25 m resoluttbey have been used here at a 50 m
resolution to correspond to the resolution of tHe&DITM. Riparian areas have been delineated
using the 100-year flood risk map of England andea/arhese data have also been used at a
50 m resolution.

Table 2.4.3 WRAP (Winter Rain Acceptance Potential) data classes

WRAP class Description

1 Well drained permeable, sandy or loamy soils

2 Permeable soils

3 Mixed permeable/impermeable soils

4 Clayey, loam over clay soils or impervious lageshallow depths

5 Wet upland soils, peaty, shallow permeable, oky®oils on steep slopes

Table 2.4.4 summarises the properties of the nindyscatchments characterised by the
proportion of differing land types. By way of exalepthe TCM response zones for the Roch
catchment are shown in Figure 2.4.2. A completeo$etatchment maps is provided in
Appendix B. In calculating the proportions of edemd type, a dominance hierarchy is
assumed with urban areas wholly incorporated, thparian excluding urban, and the
remainder apportioned using the WRAP class propustias a guide. In the Thames
Catchment Model these proportions are multipliedthy area of the catchment to give an
initial value for the size of each response zonealFvalues for the area of each zone may
differ from these initial values, as zone size gaegameter in the TCM and can be adjusted to
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give optimum model performance. In addition, thenewsize can act as a multiplicative
rainfall factor, adjusting for the representativemef the raingauges used. Therefore the total
area of the zones may differ from the size of thliment after calibration and also their
relative proportions.

Table 2.4.4  The proportion of each land type in each catchment

Catchment Urban Riparian WRAP Class

1 2 3 4 5
Trout Beck 0. 0.002 0. 0 0 0. 0.998
Silk Stream  0.543 0.003 0. 0 0 0.454 0.
Dove 0.0023 0.018 0.678 0 0 0.016 0.285
Lavant 0.011 0.013 0.844 0. 0. 0.132 0.
Rhondda 0.126 0.015 0. 0. 0.416 0. 0.443
Brue 0.012 0.032 0.023 0.001 0.656 0.276 0
Stour 0.029 0.019 0.141 0 0.308 0.503 0.
Roch 0.173 0.021 0.078 0. 0. 0.307 0.421
Witham 0.033 0.060 0.354 0.033 0. 0.520 0.

WRAP CLASS
WRAF CLASS
WRAP CLASS
WRAP CLASS
WRAP CLASS
URBAN
RIPARIAN

o B O M =

380 384 388 382 396 400

Figure 2.4.2 DTM-derived TCM response zones for the Roch.
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2.5 Preparation of Models and Data for Assessment
2.5.1 Introduction

In order to assess the eight rainfall-runoff modelan impartial way, the IH River Flood
Forecasting System (RFFS) Model Calibration Fachias been used as the single platform
for model intercomparison. This provides a consisevironment for model calibration and
evaluation across the models chosen for intercosgrar The eight models selected for
assessment are:

TCM Thames Catchment Model

MCRM Midlands Catchment Runoff Model

PDM Probability Distributed Moisture model

IEM Isolated Event Model

NWS National Weather Service model

TF Transfer Function model

PRTF Physically Realisable Transfer Function etod
Grid Model Simple distributed Grid-based Model.

At the start of the project, four of these modekravalready configured for use within the
RFFS Model Calibration Facility: the TCM, PDM, IE&hd the Grid Model. In addition, the
PDM model included a TF(2,2) model as a constitymant. The remaining models - the
NWS, MCRM and TF/PRTF - required reconfigurationomler to fit into the RFFS Model
Calibration Facility. The NWS already existed ifoam suitable for use within an evaluation
framework, but had only previously been used aaiy dime-step, while the MCRM and
TF/PRTF required substantial coding in order to Viithin the RFFS framework. The
following sections outline the main changes thatemmade to these models, and discusses
model initialisation and data requirements.

2.5.2 Model configuration and initial conditions
National Weather Service Model (NWS)

The main modifications made to the NWS model wetated to the change from the original
daily time-step to the 15 minute time-step usedughout the model intercomparison. In its
original formulation the NWS was run on a daily ¢4step and flow was routed via an
externally derived unit hydrograph coupled withagdred routing component described as
“Muskingum” routing. While the use of a prescribedit hydrograph is feasible at a daily
time step (typically only 3 to 5 hydrograph ordesimay be required), at a 15 minute time
interval this routing method becomes onerous agltaals of hydrograph ordinates will be
needed. Instead the routing component, which caseberibed more accurately as layers of
linear reservoirs rather than “Muskingum” routimgs been used to translate flow across the
catchment. A single rather than multi-layered Imesservoir was thought to be sufficient,
and for a 15 minute time-step, this was found tohigecase. When a daily time-step was used
for soil moisture accounting, the unit hydrograitian could be invoked as originally coded.

Early trials indicated that for some catchments pleeformance of the model could be
improved through the use of a time delay in the afisdresponse to rainfall, and this has
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therefore been added to the model formulation awdked as appropriate. Use of a time
delay is consistent with the other rainfall-runoibdels assessed here.

Midlands Catchment Runoff Model (MCRM)

Reconfiguring the MCRM for use within the RFFS Mb@alibration Facility was found to
be relatively straightforward, and few changes waegle to the model structure. The model
time-step was generalised from one hour to any-8tap to allow operation at the 15 minute
and daily time-steps used here. However, findinglkaust algorithm for initialisation was a
challenge as the model is extremely sensitive éartitial model states. When the MCRM s
used operationally, the soil moisture is adjustecheveek with reference to MORECS data.
This was thought to be impractical in a model icbenparison, and instead the model has
been initialised using a “warm-up” period where egsary; this is discussed in more detail in
Section 2.4.3. Use of a different, and externaimf@f soil moisture model (MORECS) to
adjust the MCRM'’s soil moisture model is also saginconsistent, albeit useful in practice.

Grid Model

The Grid Model is designed to exploit the distrdaltnature of radar data and has been
configured so as to share the same grid as thdthysthe weather radar data. The Grid Model
has been calibrated on the three largest catchpweiitsh were thought most likely to exhibit a
distributed catchment response to rainfall. Unbiieer models, which were calibrated using a
mixture of manual adjustment and automatic optitiieaof model parameters, the Grid Model
was calibrated by manual adjustment alone. Forge laatchment and a model resolution of
2 km, the Grid Model is extremely slow to calibratsing automatic methods and manual
adjustment was preferred.

Transfer Function Models (TF/PRTF)

The Transfer Function (TF) model is a class of tseges model with which an output
variable can be forecast as a linear weighted coatibn of past outputs and inputs.
Specifically, for a TF(r,s,b) model, the outputtiate t, y, is related to r previous values of
output and s previous values of input with delayp, such that

Y =+ dlyt-l - dzyt-z T dryt-r T WUy T WU T T WUy o (2-5-1)

where {d} are the r autoregressive parameters am$l ére s moving average parameters. The
number of autoregressive and moving average paeaspetand s determine the model order,
which must be as small as possible, but large émtmgrovide a physically realistic impulse
response function. A TF(2,4,b) model order has baeéopted here to provide sufficient
flexibility in the impulse response function to aoamodate most river flow situations, and
has been used here for both the TF and the PRAksfof transfer function model. Formal
identification of model order for each catchmenswsalled but the results were not clear-
cut. It was not critical to obtain a minimum oreeodel for each catchment on account of the
extensive dataset available for calibration. Thightinot be the case if single flood events
were used in isolation for model calibration, asthe usual practice in the EA where
TF/PRTF models are used.
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Calibration of a conceptual rainfall-runoff modslich as the TCM or the NWS, results in an
optimal parameter set which can be used in botlulsiion and forecast mode. In simulation
mode, rainfall data alone are used to calculate,fihile in forecast mode, ARMA error
prediction or state-updating is used to correctrtioelel output with reference to observed
flow. In order to achieve comparable simulation dodecast results from the TF/PRTF
models, the models have been calibrated twice. Ancsimulation mode, where the
calculated flow is based purely on past rainfatiufp and once in updating mode, for which
the forecast is determined with reference to phserved flow and rainfall values.

For the simulation-mode calibration, an Instrumkekariable (1V) algorithm (Young, 1974)
has been used to estimate the parameters of a4lth)(Byodel for each catchment. Experience
suggests that the Instrumental Variable algoriterquicker to run, and more likely to arrive
at a physically appropriate set of parameters, thansimplex-based automatic parameter
optimisation used with the conceptually-based edrtinoff models. However, the simplex
scheme was used to obtain an initial estimateHerpure time delay, b, for use with the IV
algorithm. The resulting set of parameters was igdigefound to provide a robust TF model
for smaller responsive catchments, though for largatchments with a significant
groundwater component, some further calibration weguired to achieve an acceptable
model simulation. The special form of the PRTF nme#at its parameters could not be
estimated using the IV algorithm. Instead, the T4 parameter set was used to provide an
initial set of parameter values from which to stagimplex optimatisation.

In forecast mode, the parameters of the state-cteadeform of the TF model (in which
observed flows are used to forecast future flowsyewestimated using a recursive least
squares algorithm. For the PRTF, only the movingrage parameters can be determined in
this way, given aptacvalue,which determines the autoregressive parameters.iJlaichieved

by embedding recursive least squares estimatidheofnoving average parameters within a
simplex optimisation ofgta Whilst not identical in detail, this approachcsnsistent with
that used in the MATH code used in practice byERAefor PRTF model calibratioriPossible
autocorrelation in the forecast errors is ignordth these model formulations.

Both error-prediction and gain-updating (Owens, 6)98an be used with the TF/PRTF
models. The time-varying model gain updating schemténed in the Part 1 Report has been
used in preference to ARMA error-prediction becails& scheme is used in practice by the
EA. However, trials suggest that a classical TranBtinction Noise model (a TF model with
ARMA error-prediction) can give as good or bettesults than gain-updating. Owens (1986)
recommends a number of updating constraints thatildhbe applied to gain-updating to
ensure that large, erratic variations in model glmot occur. Most of these constraints have
been applied in the TF/PRTF model formulation apdear to result in a robust updating
scheme.

2.5.3 Model initialisation

In operational flood-forecasting systems, rainfattoff models are generally initialised using
the model states stored from a previous model @me way of emulating this in an off-line
model intercomparison study is to automatically isétal model states to reflect saturated
conditions, such as would be expected during winéeiods, and to allow the models a period
of “warm-up” if the chosen period begins during drgnditions. During model calibration
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some experimentation with initial conditions wasriea out to determine which models were
sensitive to initialisation, and to ensure that elazhlibration was not unduly affected by the
setting of initial states. Once calibration was ptete, the scheme used for model evaluation
was as follows. If the evaluation period startetdMeen 1 April and 1 November, the model
was allowed a warm-up period beginning 1 ApriltHé period started after 1 November but
before 1 April, conditions were assumed to be aetl the automatic model initialisation was
assumed to be adequate. Initial trials suggestat ttitree models — the TCM, IEM and
MCRM - should be initialised in this way, while th&VS, PDM and Grid Model were less
sensitive to initial conditions and were initialisassuming predominantly wet conditions.
The TF and PRTF are readily initialised using a feast observed flow and rainfall values,
dictated by the model order.

Determination of a robust initialisation scheme &tirmodels is a challenging problem, and
provides scope for further research. The schem@edthere is thought to be an acceptable
compromise for a difficult problem, and is thougihtoe as fair as possible to all models. The
long (approximately 6-8 month) periods used for elazhlibration and evaluation will also
ensure that any poor model performance arising froistspecified initial conditions will
have a negligible effect on the overall model pernfance.

2.5.4 Incorporation of groundwater abstraction and well level data

The River Lavant has been included in the modetraamparison as an example of a
catchment where a regime of natural recharge anficial abstraction exerts a primary
control on flood generation. Abstractions are maate two sites whilst well level
measurements are made at three locations. Extengmnthe models are required to
accommodate such data.

Two models have been reconfigured for use withydalistraction data: the TCM, which
already included the option of a constant abswaatate, and the PDM. Within these models,
daily abstraction data from the two sites are comdb converted to a 15 minute time-step and
divided by the catchment area to give a value lerdepth of water extracted (in mm per 15
minute time-step). The well level data have notlyetn fully incorporated into the rainfall-
runoff models. There is scope for further work ¢ tuse of these data in calibration,
state-updating and for assessing model forecagfoahdwater level.

Reconfiguration of the TCM and PDM for use with gndwater abstraction data has resulted
in the introduction of four model parameters:

Ky Underflow time constant (hours)

Dmax Maximum depth of groundwater available for unaeafl

fs Proportion of the baseflow lost to the catchmengxernal springs, (set here to 0.)
fa Abstraction factor (usually set to 1).

Only two of the new parameters have been usedaictipe, K, the underflow time constant,

and Dnax the groundwater depth above which water leaves#tchment as underflow. The
spring factor § which determines the proportion of the baseflogt i@ springs outside the

catchment has not been invoked. The abstractidorfalg, applied to the abstraction data to
account for unmeasured abstractions has been ggityo
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2.6 Study Catchments and Data for Model Assessment

2.6.1 Introduction

This section provides a brief description of th&clsments used in the study gleaned from the
IH/BGS publication “Hydrological data UK: HydrometrRegister and Statistics 1991-95” and

documents held in the IH Surface Water Archive.ld@x%.1(a) provides an overall summary of

the flow characteristics. Table 2.6.2(b) gives therent alarm sensor settings used for
operational flood warning. These serve as a pdirgference to indicate the relative severity of

the events used in this study.

For each catchment the following information is vided: (i) a brief description of the
catchment and its gauging station, (ii) a photdgrafpflooding, either within the catchment or
downstream, serving to highlight the relevanceldod warning, (iii) a table summarising the
hydrometric stations and data availability, and évmap of the catchment and its hydrometric
stations. In reading the catchment descriptions ftiw, reference should be made to these
Tables and Figures to obtain an overall picturehef study catchments and their associated
hydrometric data.
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Table 2.6.1

(a) Flow characteristics

Flow characteristics and Alarm Sensor levels for the study catolents

River Gauging Station Area Mean Peak Baseflow Loss Runoff
Km? flow flow index mm  coefficient
mis? mis?
Trout Beck  Moor House 114 0.55 455 0.15 402 0.79
Silk Stream  Colindeep Lane 29.0 0.25 28.7e 0.28 417 0.39
Dove Izaak Walton 83.0 1.95 20.7 0.79 380 0.66
Lavant Graylingwell 87.2 0.28 8.1 0.84 841 0.11
Rhondda Trehafod 100.5 5.56 206.4 0.42 501 0.78
Brue Lovington 135.2 1.85 95.5 0.47 457 0.49
Stour Shipston 185.0 1.47 91.4 0.45 425 0.63
Roch Blackford Bridge 186.0 4.94 282.9 0.50 413 70.6
Witham Claypole Mill 297.9 1.75 37.5 0.67 432 0.30
(b) Alarm sensor levels
River Gauging Alarm level
Station
Trout Moor House 0.80m 0.90m No flood 1.548 m
Beck 9.98 nis? 13.02 nis* warnings for 415nist
Standby Area Alert this station Bankfull
Silk Colindeep Lane  1.00 m 1.35m 1.55m 1.80 m 143 st
Stream Standby 6.2n st 9.2nis? 13.1nfs*  Bankfull
Low Medium High
Dove Izaak Walton 10 frs* 20t st 1.607 m
Yellow Amber 27.98 mi st
Highest
Lavant Graylingwell 0.46 m 0.60m 0.70 m
1.995 nist 3.406 ms' 4.555nis!
Yellow Amber Red
Rhondda Trehafod 1.60m 290m 3.40m
58.7 ms! 113.3ms'  134.2nms!
Yellow Amber Red
Brue Lovington 19m 24m 3.7m 19m
249 nist 36.0nis’  71.33nms' 249nis!
Yellow Amber Red Bankfull
Stour Shipston 15m 21m 25m 3.6m 3.94m
9.38 nis? 155 st 200nfst  572nfs’ 914nist
Standby Yellow Amber Red Highest
Roch Blackford 0.75m 27.8 nis!
Bridge Standby Bankfull
Witham  Claypole Mill 0.69 m 0.77m 0.85m 0.986 m 1.086 m
6.1ms! 20t st 25 nt st 35 nrst 43ni st
Control room  Operational Operational Red Red
open (2) (Trigger 2)  (Trigger 3)
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2.6.2 Trout Beck at Moor House

The Trout Beck catchment is the smallest of thelysttatchments with a drainage area of
11.4 knf to the gauging station at Moor House. This retdgivemote upland catchment reaches
an altitude of 847 m and supports peaty moorlandeldped mainly on Carboniferous
Limestone. The flow regime is responsive and natdraompound Crump weir is used for flow
measurement and was designed to gauge flows irs®xafe70 ms?, although the highest
recorded flow is 45.5 frs'. Upstream shoaling and low winter temperatures aféect the
precision of flow measurements.

Plate 2.6.2  Flooding at Croft on the Tees, March 1968
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Table 2.6.2 Data availability for Trout Beck at Moor House

Data Type Station Name NGR Station Data
Coords.  Number Available

River Level Trout Beck at Moor House NY759336 25003 18/6/91-1/6/98

Flow Trout Beck at Moor House NY759336 25003 1816196/98
Rain Cow Green Reservoir NY817291 26644 5/6/919R/6/
Rain (hourly) Moor House AWS NY758328 AWS31 28/5/91-1/1/99
535

— Catchment Boundary

® Raingauge

Moor House AWS

530 I
370 375

Figure 2.6.2 Catchment map for Trout Beck at Moor House.
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2.6.3 Silk Stream at Colindeep Lane

The Silk Stream at Colindeep Lane extends over n#%rea of north-west London which is
heavily urbanised (Stanmore and Edgware) exceptsfoural/suburban headwaters with woods
on the highest ground. This together with Londoayieing the exclusive lithology makes it a
very responsive catchment. Altitude ranges from 4@rine gauging station to 153 m. With an
average annual rainfall and runoff of 688 and 27, rgiving a loss of 417 mm and a runoff
coefficient of only .39, it is clearly significagthffected by artificial influences. Whilst artiiat
influences are evident at low flows, the net effgfcabstractions and returns are uncertain. The
flat-V weir used for gauging appears good excepstone bypassing at flood flows. A bridge
down:%re?m may cause the weir to drown out at liiglvs. The mean annual flood is
152ns".

Plate 2.6.3  Flooding of the Silk Stream in Edgeware
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Table 2.6.3 Data availability for the Silk Stream at Colindeep Lane

Data Type Station Name NGR Station Data
Coords. Number available

River Level Colindeep Lane TQ217895 39049 16/948593
Flow Colindeep Lane TQ217895 39049 16/9/85-1/8/93
Rain Mill Hill TQ241920 246627 15/9/85-1/8/93

Radlett TL148002 277406 1/1/87-1/7/94
PE (15 min) Lower Lee - - 1/9/85-1/9/93

4 " Radlett
188

193

® Ml Hill

—— Catchment Boundary

» Raingauge

188 I I
514 519 524

Figure 2.6.3 Catchment map for the Silk Stream at Colindeep Lane.
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2.6.4 Dove at Izaak Walton

The Dove catchment in the Midlands region is a loagow rural catchment draining an area of
83 knf to its gauging station at Izaak Walton. The upgatchment is moorland with Millstone
Grit mudstone and sandstone; a steep Carbonifdrousstone ridge forms the western
boundary. The river passes through deep limestorngeg, such as Wolfscote Dale and Dove
Dale. The gauging structure is a Crump profile -Maweir which is modular up to bankfull.
Some bypassing on the left bank may occur at Hahst Table A.2 presents the yellow and
amber “forecast level thresholds” used for the Dioased on the Izaak Walton station. Forecast
flows of 80 and 90 rhs™ on the Manifold at llam (an adjacent branch offieee) are also used
to issue yellow and amber alerts whilst the red &driggered by forecast levels exceeding 2 m
at Rocester Weir downstream.

Plate 2.6.4  Flooding in the Dove catchment at Hanging Bridge, 20 December 1991
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Table 2.6.4 Data availability for the Dove at Izaak Walton

Data Type Station Name NGR Station Data
Coords. Number Available

River Level Dove at Izaak Walton SK146509 28046 /90117/12/97
Flow Dove at Izaak Walton SK146509 28046 1/1/907438
Rain Ashbourne St. Oswalds SK173465 3322 1/1/98/28
Rain Carsington Dam SK242503 3580 1/1/98-14/7/98
Rain Cauldon Low SK058480 3570 1/1/90-14/7/98
Rain Chapel Reservoir SK069795 3572 1/1/90-1/1/98
Rain Hollinsclough SK066665 3307 1/1/90-15/7/98
Rain Longcliffe SK228553 3576 1/1/90-14/7/98
Rain Stanley Reservoir SJ929519 3573 1/1/90-81//9
Rain Tideswell SK155746 3578 1/1/90-1/1/98

370

365

360

355— ¢ | ongcliffe

——  Catchment Boundary
o Raingauge
350 I T I
402 407 412 417

Figure 2.6.4 Catchment map for the Dove at Izaak Walton.
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2.6.5 Lavant to Graylingwell

The groundwater-dominated catchment of the Riverabain southern England drains an
area of 87 krhito its gauging station at Graylingwell. It is aphemeral stream on the dip-
slope of the South Downs. This rural Chalk catchimisrhighly permeable. Land use is
agricultural with significant woodland and only &tlé urban development close to
Graylingwell. Significant groundwater abstractiofiem wells at Brick Kiln and Lavant
reduce river flows. The gauging structure is a-¥laiveir with a weir capacity of 6 s™.
Bypre:?si{]g occurs during extreme events, such agaheary 1994 flood peak estimated at
8.1n's".

Plate 2.6.5  Flooding of the River Lavant near Chichester 1994
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Table 2.6.5 Data availability for the Lavant at Graylingwell

Data Type Station Name NGR Station Data
Coords. Number Available
River Level Lavant at Graylingwell SU871064 41023  1/1/90-31/3/98
Flow Lavant at Graylingwell SU871064 41023  1/1/90-31/3/98
Rain Chichester SU879052 265313501  8/10/90-28/4/98
Daily Rain Chilgrove SuU360144 320994  1/1/90-30/6/98
Daily Rain S. Mundham SuU880003 320401  1/1/90-3@6/9
Daily Rain Walderton SU788105 321551  1/1/90-31/5/98
Well Level Chilgrove SuU836144 81001  21/6/93-10/7/98
Well Level Portfield Depot SU878052 245313030  101&8/97
Well Level West Dean Colworth SU852151 245221016 1/82-29/9/97
Well Level West Dean Nursery SU863131 245222008 1/26f1/8/97
Daily abstraction Brick Kiln SuU835124 1051  1990-899
Daily abstraction Lavant SU856097 2051  1990-1998
119
y West Dean Colworth
Sl v Chilgrove
. il P?Lﬁw"w?st Dean Nursery
/
1094
- Raingauge
v Well Level
s Daily Abstr. » BgpiieldDepot
104 , , I
480 485 490 495
Figure 2.6.5 Catchment map for the Lavant at Graylingwell.
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2.6.6 Rhondda at Trehafod

The River Rhondda in south Wales drains an ared06f knf to its gauging station at
Trehafod. The hilly upland areas are rural witlestock farming whilst there is industrial and
urban development in the valleys. Geology is Co&ablires with valley alluvium. About
24% of the catchment is forested. There is an imgmg reservoir in the upper catchment
and flows are also affected by mine-water dischargbe gauging station is of velocity-area
type in a formalised trapezoidal channel able tasnee over the full flow range.

Plate 2.6.6  Flooding of the River Rhondda at Trehafod, 1979
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Table 2.6.6 Data availability for the Rhondda at Trehafod

Data Type Station Name NGR Station Data

Coords Number available
River Level Rhondda at Trehafod ST054909 57006 /88:Q/7/93
Flow Rhondda at Trehafod ST054909 57006 6/10/883/7
Rain Tyn-y-Waun SS933992 490291 21/9/89-1/7/93
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Figure 2.6.6 Catchment map for the Rhondda at Trehafod.

R&D Technical Report W242 55



2.6.7 Brue at Lovington

The River Brue in South-west England drains a pmedantly rural catchment area of
135 knf to its gauging station at Lovington. Headwateeams are fed by springs from the
Mendips and Salisbury Plain. The responsive catolriselargely impermeable with Oxford

Clay and Great Oolite in the upper part and Ye8aihds and Inferior Oolite in the lower part.
Low flows are gauged with a Crump weir whilst faglher flows (above 2.2 frs?) the station

is used as a velocity-area type with a reliablengaup to bankfull (1.9 m); summer weed
growth affects the stability of the rating. Tablé.2(b) indicates the flood warning alarm
levels for this station. Above a level of 2.16 ime _ower Brue at North Drain and Westhay
overtops and the B3151 road floods. At 2.6 m (41sh) the road at Cow Bridge starts to
flood. Above 3.1 m, (54 frs?), minor roads at West Lidford flood.

The Brue catchment was used as the focus of HYREXIrological Radar EXperiment), a
NERC Special Topic which ran from May 1993 to ApfiP97 (Moore, 1999). The
Environment Agency funded the installation of agkeraingauge network over the catchment
with most 2 km radar squares coincident with thiehraent having at least one raingauge.
Data management, quality control and archiving wees responsibility of the Institute of
Hydrology with MAFF funding. Data from this networkas been used to provide an
unusually accurate estimate of catchment averagtalia

Plate 2.6.7  Flooding of the Brue at Bruton, July 1982
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Table 2.6.7

Data availability for the Brue at Lovington

Data Type Station Name NGR Station Data
Coords Number available
River Level Brue at Lovington ST590318 52010 1/1192/98
Flow Brue at Lovington ST590318 52010 1/1/92-1/7/98
Rain Brue catchment average - - 19/9/93-1/10/98
Rain (daily) Brue catchment average - - 19/9/9B/Ma
PE (daily)  Bridge Farm AWS ST638351 IHIS/029 2/9338/96
141
136
131
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Figure 2.6.7 Catchment map of the Brue at Lovington.
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2.6.8 Stour at Shipston

The Stour in the Midlands region is a major triloytaf the Worcester Avon draining an area
of 349 knfto the Avon confluence and 185 kio the gauging station at Shipston used as the
study catchment. The primarily northern flowingerivhas a relatively narrow floodplain and
steep gradient. Soils originate predominantly fideuper Marl. The village of Shipston lies
15 km south-east of Stratford-on-Avon on the ledhlk of the Stour. It has experienced a
number of floods in recent years, notably in 194d 4968 in addition to the flood of Easter
1998. The EA Midlands Region in its Lower Severredprovide a flood warning service
supported by flood wardens and telephoned warrimngeme individual properties.

River levels can fall below the intake of the gamggstation stilling well: this has caused
flows to be overestimated at low flows for the pdd August-September 1995, July-October
1996 and June-October 1997.

The Easter 1998 flooding was associated with amstisaturated catchment prior to the onset
of prolonged heavy rain starting on 9 April anditas for two days. Rainfall totalling 66 mm
over the 15 hour period from 04:00 9 April was meleal by the Shipston raingauge. The
hydrograph peaked at 16:45 9 April at 63.21 mAQOIighér than the previous level of 62.85
mMAOQOD recorded in 1968, and estimated to have armrgiariod of 40-80 years. A total of 20
properties were flooded. Flood warnings were issated0:13 (yellow), 11:40 (amber) and
14:05 (red) on 9 April.

Plate 2.6.8  Flooding of the River Avon at Evesham, downstream ofi¢ confluence
with the Stour, Easter 1998
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Table 2.6.8 Data availability for the Stour at Shipston

Data Type Station Name NGR Station Data
Coords. Number available
River Level Stour at Shipston SP260405 2092 1/1/3/9/98
Flow Stour at Shipston SP260405 2092 1/1/90-13/9/98
Rain Chipping Campden SP164393 1761 1/1/90-1/9/98
Rain Langley SP005282 1005 1/1/90-1/9/98
Rain Stratford, Milcote SP182529 1086 1/1/90-1/9/98
Rain Shipston SP268411 1087 1/1/90-1/9/98
Rain Wellesbourne SP271565 1165 1/1/90-1/9/98
247 —
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Figure 2.6.8 Catchment map for the Stour at Shipston.
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2.6.9 Roch at Blackford Bridge

The catchment of the River Roch in north-west Emgldrains an area of 186 krto the
gauging station at Blackford Bridge. It is highlsbanised in its lower half, encompassing the
town of Rochdale, whilst there are peat moorlandshe upper reaches and mostly Coal
Measures with Millstone Grit to the east. There segeral water supply reservoirs in the
headwaters. The gauging structure is a broad-cresti-type curved (in plan) weir with a
damaged crest and affected by debris. A ratingvddrirom current metering is used with
high flows measured from a road bridge 0.5 km @asir.

. . i,

Plate 2.6.9  Flooding of the Roch, January 1995
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Table 2.6.9 Data availability for the Roch at Blackford Bridge

Data Type Station Name NGR Station Data
coords. Number available
River Level Roch at Rochdale ETW SD882127 690203  /2/28-3/4/98
River Level Roch at Blackford Bridge  SD807077 60020 1/1/90-3/4/98
Rain Kitcliffe SD960124 561468 1/2/90-10/3/98
Rain Naden H’er Hill SD837184 561777 1/1/90-10/3/98
Rain Spring Mill Reservoir SD875168 561660 1/3/233198
422 —
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Figure 2.6.9 Catchment map for the Roch at Blackford Bridge.
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2.6.10 Witham at Claypole Mill

The largely rural catchment of the River WithamQiaypole Mill in East Anglia drains an
area of 298 kimwith a lithology of clay (50%), limestone (40%) agdavel. The gauging
structure is a Lea-designed broad-crested weirexes from an old weir at three levels. The
structure is rated theoretically and there is npasging or drowning. There is an abstraction
for public water supply at Saltersford.

Plate 2.6.10 Flooding of the River Witham at Lincoln, downstream of Bargate Weir
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Table 2.6.10 Data availability for the Witham at Claypole Mill

Data Type Station Name NGR Station Data
Coords. Number available

River Level Witham at Claypole Mill SK842480 30001 1/1/90-21/5/98
Rain Brant Broughton SK927546 S15 1/1/90-16/4/98
Rain Ropsley TF001336 ui7 1/1/90-16/4/98
Rain Saltersford SK926335 S12 1/1/90-1/4/98
Rain South Witham SK929198 R0O5 1/1/90-16/4/98
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Figure 2.6.10 Catchment map for the Witham at Claypole Mill.
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2.7 Data Management

2.7.1 Data quality control

Raingauge data were quality controlled by comparing cumulative toggaphs of several
neighbouring raingauge stations with each otheis $arved to expose periods when certain
raingauges were malfunctioning or where data webbsemt. When assessing model
performance a consistent set of raingauges wasreeqior all periods, both for calibration
and evaluation. In some cases raingauges weredextlitom the study altogether because
they malfunctioned at frequent intervals and sddoot be used in a consistent way over all
periods. Raingauges available for the Witham cawstinwere particularly affected by
intermittent missing data. This, combined with oalgmall number of significant high flow
periods, restricted the period of record availdbtenodel assessment for the Witham.

For Trout Beck, hourly data at raingauge AWS 31 weeferred to the fifteen minute data
available for Cow Green since more good qualitypdegre available and model performance
was generally improved. This contrasts with resoittined within the Snowmelt Forecasting
Study where AWS 31 proved to be a less useful satiace in modelling flow during snow
events. The number and duration of periods useel foerTrout Beck was limited in order to
avoid frequent winter snow periods.

The quality offlow data was assessed by plotting hydrographs to idenafiods where data
were missing or seemed to be poor. Most periodsravites was the case were excluded,
particularly where problems occurred over a lomgeti For the Roch and the Witham only
level data were provided and rating equations weeal to convert levels to flows. A revised
rating developed by HR for the Roch at BlackforddBe was used and for the Witham the
existing EA rating for Claypole Mill was employed.

Data from threeadars were used in the study at Clee Hill, Chenies aatheldon Hill. Both
uncalibrated and raingauge-calibrated radar data haen used. Anomalies in the radar field
due, for example, to blockages or radar proximitgrevidentified using anomaly maps
constructed from long-term radar rainfall total€o2 and 5 km pixel areas. Figures 2.7.1 and
2.7.2 show anomaly maps for the Hameldon Hill ateke®ill radars. The figures indicate the
position of the Roch and Stour catchments witha 2hand 5 km radar fields and show that
the Stour is located at the edge of the Clee 2ddharrcircle whilst the Roch is located close
to the centre of Hameldon Hill 2 km radar circlexakination of the position of the study
catchments with respect to these anomaly maps lesl/éhat they were not affected by
anomalies. Uncalibrated radar data were used infoaw, whilst clutter removal techniques
were applied to the radar data prior to calibratiming software within HYRAD (Moore
et al, 1991; 1994b). Where a catchment was found tatligne boundary between the 2 and
5 km radar fields, the radar fields were combinethg methods within HYRAD. This was
the case for the Stour and was made worse by arpémaissing data in the 2 km field. Figure
2.7.3(a) reveals the spatial extent of missing 2data for Clee Hill, whilst Figure 2.7.3(b)
shows the combined 2 and 5 km radar fields. Theore#or these missing data stems from the
Met. Office’s use of the 10 km grid to centre tregadgrid for all radars whilst the Clee Hill
radar is sited in the NE extremity of its 10 kmdgsquare. This offset results in missing data
on the southwest periphery of the 2 km radar cirClee area of missing 2 km data was
replaced with 5km data and the resulting fieldowath in Figure 2.7.3(c) with the
discontinuity in the 2 km circle completely removed
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(a) 2 km field

(b) 5 km field

Figure 2.7.2 Anomaly maps constructed from long-term radar rainfalltotals: Clee Hill
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Plots of radar rainfall and raingauge totals wesmpared over the periods for which radar
data were available and any significant periodsre/inadar data were missing were excluded.
Radar data would frequently be missing intermitiefir a few hours and because of the
limited extent of the data it was impractical tackexle every period where this occurred. For
those times where enough radar data existed tocorperfa reasonable analysis of its
performance, the radar data were infilled with gamge data during its downtime. For a
particular catchment the raingauge-calibrated radara were infilled with the same
catchment average raingauge rainfalls used in théeimassessment. The uncalibrated radar
data were infilled with the same catchment averdgesadjusted for the mean-field-bias (see

Section 2.4.3).

Figure 2.7.4 presents for April 1998 cumulative tbgeaphs of catchment average rainfall
estimated from uncalibrated radar, calibrated raglad raingauge data over the Stour
catchment. The cumulative hyetographs highlight éfiect of raingauge calibration in
correcting for the underestimation in the uncaliédaradar data. Note that the rainfall that
resulted in the Easter 1998 Flood occurred on 8l Apr
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Figure 2.7.4 Cumulative hyetographs of catchment average rainfall ovethe Stour
estimated using uncalibrated and calibrated radar and raingauge ata:

1 to 30 April 1998.
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Similar cumulative hyetographs of rainfall over t8eour for January 1994 reveal a slight
“drift” in the cumulative radar totals over periodden the raingauge measured no rainfall
(Figure 2.7.5(a)). Further investigation has resdathat Clee Hill radar experiences low
levels of clutter that are not removed by the rapig-processing algorithms. The radar
rainfall field in Figure 2.7.6 shows six days acadation of clutter across the field, and
highlights that the Stour catchment lies in an aaffacted by the clutter. This low-level
clutter is thought unlikely to have a significaffieat on the assessment of model performance
for the Stour and has not been removed. Howeverchitter may be easily removed by
introducing a threshold of 0.05 mm on each radeselpralue below which zero is used. The
result of this correction is illustrated in Figut&.5(b).

2.7.2 Database management

River flow and rainfall data provided by the EA i@t were loaded onto the Model Database
based on Oracle, allowing fast and easy accesh®iFFS Model Calibration Facility. The
database was originally developed for the NRA tovjle a national archive of quality
controlled snowmelt data to support future snowrstltlies. The database component of the
Water Information System (WIS), a water-related @éSeloped at the Institute of Hydrology
in association with ICL, was chosen as the basishefdatabase. The underlying Oracle
database provides multi-platform support via SQithwhe facility to import data in standard
National Transfer Format (NTF).

The database holds raingauge, flow/level and ewjpor data (where available) for all
catchments at a 15 minute resolution. Daily raiggadata are also available to support
calibration of the slow response parameters at ity deme-step. Spatially distributed
uncalibrated radar data are stored in binary filefre being corrected for static anomalies
and calibrated with reference to raingauge dat@ rHdoar data are converted to catchment
average rainfall values before being loaded onw database. Distributed radar data over
catchment areas required by the Grid Model areedton ASCII files at a 15 minute
resolution.
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(a) Low-level clutter present
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Figure 2.7.5 Cumulative hyetographs for the Stour showing uncalibr&d and
calibrated radar data and raingauge data. Clee Hill radar, 1 to 31 Marh
1998.
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Figure 2.7.6 Radar rainfall field resulting from spurious clutter for the six day
accumulation 13 to 19 March 1998 for Clee Hill.

2.8 Selection of Calibration and Evaluation Periods

Periods of data to be used for calibration anduatain were mostly chosen to be between
4 and 8 months duration. In the case of the Lawahgre groundwater levels respond over
long periods of time, two of the three assessmenibgs were of the order of two years

duration. For each catchment between 2 and 4 eviede selected for calibration and 2 to 5
for evaluation. Use of periods comprising of sevenanths of data rather than single flood

events ensured that calibrations would be morestodnd that evaluations would give a more
accurate indication of model performance for défarcatchments. The aim was to make as
much use of good quality data as possible withodividual periods becoming too large to

work with efficiently. In general, the first parf a dataset was used for calibration and the
second for evaluation. An exception was for the drdy so that the performance of the

models over the important “Chichester Flood” cobédassessed. Calibration was performed
for each period and the parameter set that perfblyast across all periods was adopted.

Periods affected by snow for Trout Beck were idedi by examining snow survey forms
and excluded from the assessment. Trout Beck regesignificant snowfall each year and
this has meant that most of the periods includethenassessment occur between April and
December, with the exception of one starting ie Miarch. Snow survey forms exist for sites
in the Dove and the Stour, but these were used less stringent way because of the
requirement not to exclude more interesting ev@uasticularly those covering Easter 1998).
For other catchments where snow survey data areawailable, any periods used in
calibration which seemed significantly affected dnow were excluded. In evaluation, the
freedom to change periods once defined did not.ekisamination of ‘Weather’, ‘Journal of
Meteorology’ and the ‘Daily Weather Summary’ werged to exclude any obvious periods
affected by snow before formal model evaluationameg

The periods finally adopted for model assessmemgusingauge data are summarised in
Table 2.8.1.
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Table 2.8.1 Periods used for model calibration and evaluation: raingauge data
Catchment Calibration periods Evaluation periods
Trout Beck 1 July — 31 October 1991 13 April — 28cBmber 1995
16 April — 15 October 1992 15 May — 19 Novembe?d.9
1 April — 20 November 1993 20 March — 1 June 1998
2 August — 15 December 1994
Silk Stream 1 September 1989 — 15 January 1990  ul$@991 — 1 January 1992
15 January — 15 September 1990 1 April = 7 Octhbeép
15 September 1990 — 15 May 1991
Dove 15 January — 15 March 1990 1 September 1ZZMarch 1995
20 August 1992 — 31 January 1993 14 October 1986 July 1997
1 June — 1 December 1993 15 February 1998 — $0199i8
1 December 1993 — 30 June 1994
Lavant I June 1994 — 1 May 1996 8 December 1992ung 1994
25 December 1997 — 1 April 1998
Rhondda 15 October 1989 — 15 June 1990 10 SeptentizDecember 1991
15 September 1990 — 15 February 1991 22 Febru2rugust 1992
12 March — 12 August 1991 31 October 1992 — 301ApO3
Brue 1 October 1993 — 1 January 1994 1 Novembes 9B April 1997
1 January — 1 August 1994 1 November 1997 — 2@&M&998
1 August 1994 — 1 April 1995 20 March 1998 — 28eJ1998
1 November 1995 — 1 May 1996
Stour 8 January — 1 September 1990 24 March —y11.993
1 January — 1 September 1991 28 September 1993viadch 1994
1 November 1991 — 1 July 1992 15 March — 1 JuB419
1 July 1992 — 1 March 1993 22 October 1994 — 1lA®95
15 November 1997 — 1 May 1998
Roch 15 July 1990 — 15 March 1991 15 June — 30 bee 1994
1 August 1991 — 1 April 1992 30 November 1994 -Ap&il 1995
1 November 1992 — 30 June 1993 1 May 1997 — 2@Mu998
Witham 1 February — 15 September 1991 1 Septen@8d 1 1 May 1994

1 May — 1 December 1992
1 January — 1 March 1993

15 November 1997 — 15 M4898
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The strategy for model assessment using weathar teda needed to be constrained due to
the time-consuming nature and cost of handlingaampounts of radar data. It was decided to
focus on three catchments involving three radatsenizs (London) for the Silk Stream,
Hameldon Hill for the Roch, and Clee Hill for th&o8r. For the Silk Stream an existing radar
database at IH was made use of. However, no extertiatabase existed at IH for the
Hameldon Hill and Clee Hill radars and data neettetie extracted from the Met. Office
archive. A set of four or five wet months for winend summer periods were identified for
each of the two catchments with the purpose of mpessing both stratiform and convective
storm periods. This menu of events is presentetable 2.8.2 with M indicating the whole
month is of interest. In practice, due to problemith missing or unreliable data the final set
of periods used in the model assessment was msstelgensive, as indicated in Table 2.8.3.
Nimrod corrected data (Golding, 1998) have not besed since these data are for a 5 km
resolution and are only available since circa 1888a stable product. The data used
throughout are single site (Type 2) 2 km data, &mbdata outside the 75 km range of the
radar. The processing of these data to remove diesand their use in combination with
raingauge data have been discussed in Sectiorisaghd.2.4.2 respectively.

Table 2.8.2 Menu of events for possible use with weather radar data

(@) Roch at Blackford Bridge (Hameldon Hill radar)

Summer (April - September) Winter (October - March)

Event Peak Flow Event Peak Flow
m® s*(approx) m? s'(approx)

April 1994 (M) 38 15 January - 15 February 1995 (M) 150

September 1994 (M) 25 December 1991 (16-27) 115

July 1994 (M) 23 January 1992 (3-10) 70

May 1997 (M) 23 November 1996 (M) 68

September 1993 (M) 23 December 1993 (M) 62

Standby Bvel:0.75 (27.8 ms?)

(b) Stour at Shipston (Clee Hill radar)

Summer (April - September) Winter (October - March)

Event Peak Flow Event Peak Flow
m? s*(approx) m? s*(approx)

April 1998 (M) 90 January 1993 (M) 40+

15 May - 15 June 1992 (M) 13 December 1992 (M) 30+

September 1992 (M) 13 15 December 1997 - 15 Jari®88 (M) 20

April 1993 (M) 13 February 1990 (M) 27

January 1994 (M) 23

Alarm levels: Red: 3.6 m (57.2 rit)s Amber: 2.5 m (20 ths?); Yellow: 2.1 m (15.5 ris™)
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Table 2.8.3 Periods used for model calibration and evaluation: radar data

Catchment Calibration periods Evaluation periods
Silk Stream 1 September 1989 — 15 January 1990 ul§@991 — 1 January 1992
15 January — 15 July 1990 1 April — 30 Novembe219
15 October 1990 — 15 May 1991
Stour 15 September — 1 October 1992 1 — 31 Jarneesy
8 — 28 January 1993 1 March — 30 April 1998
Roch 16 — 27 December 1991 1 — 31 December 1993
5— 30 April 1994 1 — 30 September 1994

1 - 10 May 1997
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3. MODEL CALIBRATION

3.1 Introduction

Eight rainfall-runoff models have been calibratedtine catchments using approximately four
years of data for each. All models have been @klr using raingauge data, and for three
catchments, the Roch, Silk Stream and the Stoday rdata have been used in the assessment
alongside raingauge data. Typically, the four-yeeta record available for calibration has been
split into three or four flow/rainfall records of&months duration. Poor quality or missing data
have been avoided where possible. Following cdldoran simulation mode, all models have
been calibrated in updating mode using either AR&tor-prediction or state-updating, or, in
the case of the PDM, both. Calibration results gisaingauge and radar data are presented in
Sections 3.2 and 3.3 respectively.

3.2 Model Calibration using Raingauge Data
3.2.1 Simulation mode calibration

The calibration procedure followed the guidelinadined in Section 2 of this report. Results are
presented in the form of a table of Ralues in Table 3.2.1. The®Ralibration results are
presented in the Table with catchment size inangadown the page, and model complexity
decreasing from left to right, with the distribut&dd Model to the far right as a special case. In
addition, Figure 3.2.1 shows a graph of medign (&ross periods) across the range of
catchments using eight rainfall-runoff models. Tlees connecting the results between
catchments, while not formally correct, serve tghhght models that are performing well and
catchments for which there is a large variatiomadel performance.

Table 3.2.1 and Figure 3.2.1 both indicate thatilevho one model performs consistently

best, overall the TCM is best, with the NWS, MCRNMI&PDM close behind and the TF and

PRTF performing least well. The IEM performs well small or fast catchments such as the
Trout Beck, the Rhondda and the Roch, but lagsnidetiie more complex conceptual models
such as the MCRM on larger catchments with a sigant baseflow component. For the three
catchments on which the Grid Model was calibratélde- Stour, Roch and Witham - model

performance was comparable to that obtained frenNWS, MCRM and PDM.

Figures 3.2.2 and 3.2.3 give examples of obsermeldsanulated hydrographs for one of the
calibration events in each of two catchments, tilke Stream and the Stour. The event
selection is biased towards better performance.obiserved hydrographs are shownboyd
lines and the simulated flows and their componémseflow for the PDM and zonal flows
for the TCM) byfine lines. The subsidiary plots show rainfall on abitaary scale, and (for
the NWS, PDM and IEM) soil moisture deficit.
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Table 3.2.1

Calibration performance (R statistic) for different models, catchments

and periods of record using raingauge data (best results in bold)

Model
Catchment and period of record TCM NWS MCRM PDM IEM TF PRTF  Grid
Trout Beck
1 July - 31 October 1991 0.900 0.873 0.862 0.853 0.892 0.748 0.648
16 April - 15 October 1992 0.828 0.802 0.810 0.779.832 0.683 0.613
1 April - 20 November 1993 0.815 0.814 0.809 0.820.830 0.743  0.688
2 August - 15 December 1994 0.900 0.822 0.851 0.8T2903 0.808 0.766
Silk Stream
1 September 1989 — 15 January 1990 0.825 0.824 70.840.880 0.842 0.802 0.806
15 January - 15 September 1990 0.804 0.746  0.756 0.747 0.777 0568 0.579
15 September 1990 - 15 May 1991 0.757 0.55®.773 0.643 0.702 0.515 0.489
Dove
15 January - 15 March 1990 0.826 0.688 0.788 0.813 0.739 0.719 -0.029
20 August 1992 - 31 January 1993 0.815 0.831 0.839.839 0.702 0.362 0.267
1 June - 1 December 1993 0.657 0.6580.751 0.742 0.417 -2.797 -2.842
1 December 1993 - 30 June 1994 0.893 0.834 0.843 0.778 0.625 0.660 0.442
Lavant
[ June 1994 - 1 May 1996 0.926 - - 0.925- 0.395 -
25 December 1997 - 1 April 1998 0.631 - - -0.194 -0.056 -
Rhondda
15 October 1989 - 15 June 1990 0.929 0.922 0.899 0.917 0.905 0.818 0.818
15 September 1990 - 15 February 1991 0.904 0.8868820. 0.909 0.868 0.732 0.734
12 March - 12 August 1991 0.879 0.872 0.871 0.875 0.795 0.625 0.626
Brue
1 October 1993 — 1 January 1994 0.868 0.829.944 0.854 0.743 0.693 0.644
1 January — 1 August 1994 0.812 0.812 0.8040.815 0.729 0.273 0.386
1 August 1994 — 1 April 1995 0.912 0.905 0.850 0.834 0.804 0.503 0.568
1 November 1995 — 1 May 1996 0.803 0.704 0.783 0.687 0.765 0.144  0.413
Stour
8 January - 1 September 1990 0.969 0.805 0.921 0.928 0.824 0.770 0.568 0.847
1 January - 1 September 1991 0.897 0.518 0.844 0.731 0.812 -0.764 -0.002 0.774
1 November 1991 - 1 July 1992 0.704  0.6340.879 0.702 0.620 -0.511 0.447 0.577
1 July 1992 - 1 March 1993 0.701 0.795 0.741 0.743 0.519 0476 0.337 0.729
Roch
15 July 1990 - 15 March 1991 0.874 0.870 0.822 0.848 0.813 0.723 0.722 0.818
1 August 1991 - 1 April 1992 0.886 0.866  0.900 0.910.869 0.697 0.704 0.930
1 November 1992 - 30 June 1993 0.825 0.784 0.793 0.804 0.774 0.679 0.671 0.776
Witham
1 February - 15 September 1991 0.903 0.601 0.858 0.795 0.633 0.032 -0.372 0.456
1 May - 1 December 1992 0.706  0.6150.876 0.820 0.595 0.227 0.027 0.720
1 January - 1 March 1993 0.903 0.913 0.778 -0.201 0.555 -1.052 -1.894 0.851
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Figure 3.2.1 Variation in model performance (median Rstatistic) across catchments.

Figure 3.2.2 illustrates results for an eight mocdfibration period for the Silk Stream from
15 January to 15 September 1990. The main flow p&g.9 nis® occurred on 3 February and
exceeded the amber flood warning threshold. Talid 3hows that, in terms of Rhe TCM
performed best over this period, followed by th1IHhe NWS, PDM and MCRM were very
similar in performance, being slightly worse thha tEM, and the TF and PRTF models were
least successful. The PDM modelled the main floakpsf 16.9 ms* most successfully, with an
estimated 13.9 is’. The TCM, NWS, MCRM and IEM all estimated the peak
approximately 12 rhs?, compared with 8 to 9 ¥ usingthe TF and PRTF models. The main
reason for the success of the TCM appears to balthaugh it was less good at predicting the
main peak, it modelled the smaller spring and sunpeaks very well.

Figure 3.2.3 illustrates results for the Stour otlex calibration period 8 January 1990 to
1 September 1990. The main flow peak of 26°&hoccurred on 2 February as a result of the
wet weather that also resulted in the Silkstreagnewn 3 February. The best simulation result
was obtained using the TCM, with aA & 0.969, and the TF and PRTF performed least well
The highest flow peak on 2 February, which excegdedcamber warning level, was modelled
most accurately by the NWS model (28.1 1) with the PDM second best (29.5 &1). The
Grid Model overestimated the peak at 3% The TF and PRTF performed reasonably well on
the January flood, but the models’ inability to rabdoil moisture/groundwater effects meant
they were unable to reproduce the low flow condgion the summer months, resulting in
spurious flow peaks.
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Impulse response functions for the TF and PRTFsa@vn in Figure 3.2.4. The impulse
response functions (IRF’s) are displayed in ordéna@easing catchment size, and IRF’s for the
PRTF are displayed alongside those derived fof Fhmodels. Note that the IRF’s for the larger
catchments are displayed up to 200 time-steps days) ahead, while smaller catchments are
displayed out to 100 time-steps. The figure shoaw lthe smaller faster catchments have
narrow, peaky impulse response functions, whefeasatger, slower catchments are modelled
using longer, flatter IRF’s. The Dove, which isqad between the Silk Stream and Rhondda in
terms of catchment area, has a much flatter impelsgonse function than those catchments,
because of its greater groundwater component. 1@thlg a TF model for the groundwater-
dominated Lavant proved almost impossible, andltezsun an unrealistic impulse response
function which has been excluded from Figure 3.2.4.

In general, the IRFs from the TF models are moatistee looking than those for the PRTF
models. For the Dove, the IRF for the PRTF is ¥latyand there are spikes in the responses for
the Brue and the Stour. The PRTF equal root parasisetion restricts the flexibility of the
form that the IRF can take. Also, the primary u$d\b estimation for the TF models and
simplex for the PRTF models will also have somedaffFactors which are thought to influence
these results are use of a model structure whi@s dot incorporate a variable model gain
(runoff coefficient) with changing catchment wetesd use of estimation procedures which
are not tailored to identify parallel flow processath markedly contrasting volumes and speeds
of response. The most well behaved IRF’s are ®®Rhondda and the Silk Stream where these
two factors are arguably least influential.

3.2.2 Updating mode calibration

ARMA error prediction models were calibrated fdrrabdels except for the PRTF and the IEM
for which state-updating schemes are used opeaditioithe order (p,q) of each ARMA model
was identified from the autocorrelation and padiaiocorrelation functions of the time series of
model errors from the simulation mode rainfall-rimoodels. Table 3.2.2 lists the model order
of the ARMA(p,q) error-predictors for the differemtodels and catchments. Although some of
the model orders seem high, these were necessaaghieve stable and positive impulse
response functions. An Approximate Maximum Likebtofor Events (AMLE) procedure was
used to fit the resulting ARMA(p,q) models to theoe series, and the resulting impulse
response functions are shown in Figure 3.2.5.

Both the TF and PRTF models are used operatiomalbfate-updating mode, where forecast
flows are based on past rainfall and flow valudge parameters of the state-corrected form of
the TF model are estimated using a recursive Isqgares algorithm, while the PRTF is
recalibrated in updating mode using an embeddedrsie®e least squares estimation of MA
parameters within a simplex optimisation gt (providing estimates of the AR parameters)
Updating-mode impulse response functions (IRFstHerTF and PRTF models are shown in
Figure 3.2.6. The updating-mode IRFs resemble tlobdained in simulation mode, except
notably for the Rhondda and the Stour for which atiner IRFs are obtained in updating
mode, and for the Brue, where recursive least sguaesults in an oscillatory impulse
response function. Also a somewhat more physiaafistic IRF is obtained in updating
mode for the groundwater-dominated Lavant, whicls watremely difficult to calibrate in
simulation mode, but is not included in Figure 8.2The model structure and method of
estimation employed here again influence the fofmR# identified, as discussed in the
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previous section with reference to the importanteaichment wetness and parallel flow
processes on catchment response to rainfall.

Calibration of the state-updating parameters foMPahd IEM models was carried out using
the automatic optimisation procedure, and provebedtraightforward. The PDM updating
gains tended to be between 0.0 and 2.0, whereal&Eeaipdating gains were between 1.0
and 2.0. The model-gain updating smoothing paranused by the TF and PRTF models was
calibrated using automatic optimisation. The resuliresented in Table 3.2.3, indicate that
faster catchments such as Silk Stream and Trout Baiire a high smoothing factor, whilst
catchments where soil moisture effects are mor@itapt, such as the Roch and Stour, need a
much smaller smoothing factor, resulting in a none-varying model-gain.

3.3 Model Calibration using Radar Data

3.3.1 Simulation-mode calibration

Model calibration using radar data was undertaketihgee catchments only: the Silk Stream, the
Stour and the Roch. The calibration proceduresgusircalibrated and recalibrated radar data
were identical to those used with raingauge dagaul®s are presented in the form of tables’f R

values in Tables 3.3.1(a) and (b). The Tables ighhthe improvement in model performance

for the Silk Stream following calibration of thedex using rainguage data, although the
beneficial effects are less obvious for the StowrRoch.

Figure 3.3.1 presents a set of eight calibratiodrdgraphs for the Silk Stream, comparing
uncalibrated and recalibrated radar data for theRMCTCM, PDM and IEM rainfall-runoff
models. The set of hydrographs highlights the img@neent obtained using the raingauge
calibrated radar data. When uncalibrated radaratetased in the models, an erroneous peak of
up to 12 ms?is forecast a few days after the main flow peak®f+ s, while the main flow
peak is underestimated by approximately 50%. Wiadibrated radar data are used, the main
flow peak is simulated well by most models, andgxrious second large peak vanishes.

Figure 3.3.2 displays a similar set of hydrograftirsthe Stour. The main peak of 45 si
exceeds the amber flood warning threshold and wadehed most accurately by the MCRM
usinguncalibratedradar data. However, as Table 3.3.1 shows, uealibfated radar data gives
the best overall performance over both calibrgtemnods for the Stour.

Although it appears that the most successful modelthe model calibration stage are the
MCRM and the TCM, the short periods of radar datedufor calibration (typically 2 weeks)
may have resulted in a degree of overfitting. Firo@nclusions should therefore be drawn from
the evaluation results.

3.3.2 Updating-mode calibration

ARMA error prediction models were calibrated fdrrabdels except for the TF, PRTF, and the
IEM, for which state-updating schemes are usedatipeally. Table 3.2.2(b) lists the model

order of the ARMA error-predictors for the diffeteanodels and catchments. An Approximate
Maximum Likelihood for Events (AMLE) procedure wased to estimate the model parameters.
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Table 3.2.2

Model order of ARMA(p,q) error predictors for different models and

catchments (SU indicates where state updating has been eds in

preference to ARMA error prediction)

(a) Raingauge data

Model
Catchment TCM NWS MCRM PDM IEM TF PRTF  Grid
Trout Beck (2,0) (6,0) (7,0) (2,0) SuU (2,0) SU -
Silk Stream (4,0) (5,0) (5,0) (5,0) SuU (4,0) SU -
Dove (4,0) (4,0) (4,0) (4,0) SuU (5,0) SU -
Lavant (6,0) - - (6,0) - SuU - -
Rhondda (2,0) (2,0) (2,0) (2,0) SuU (2,0) SU -
Brue (4,0) (7,0) (8,0) (4,0) SuU (5,0) SU -
Stour (7,0) (4,0) (7,0) (7,0) SuU (5,0) SuU (5,0)
Roch (2,0) (4,0) (2,0) (2,0) SuU (5,0) SuU (2,0)
Witham (5,0) (3,0) (6,0) (4,0) SuU (5,0) SuU (3,1)
(b) Radar data
Model
Catchment TCM NWS MCRM PDM IEM TF PRTF  Grid
Silk Stream (2.0) (3,0) (3,0) (2,0) SuU SuU SU -
Stour (3,0) (2,2) (2,2) (3,0) SuU SuU SuU (3,0)
Roch - - - - - - - -

Table 3.2.3 Comparison of model-gain updating smoothing factors across catchn&n

Model Trout Silk Dove Lavant Rhondda Brue Stour Roch Witham
Beck Stream

TF 0.999 1.000 0.536 0.967 0.997 0.612 0.143 0.20%H31

PRTF 0.905 0.995 0.536 - 0.073 0.989 0.240 0.22B004
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Table 3.3.1 Calibration performance (R statistic) for different models, catchments

and periods of record using radar data (best results in bold)

(a) Uncalibrated radar data

Catchment
Catchment and event TCM NWS MCRM PDM IEM TF PRTF Grid
Silk Stream
1 September 1989 — 15 January 1990 0.610 0.549.639 0.582 0.582 0.534 0.544 -
15 January - 15 July 1990 0.633 0.707 0.668 0.696 0.608 0.5910.584 -
10 October 1990 - 15 May 1991 0.400 -0.2470.434 0.302 0.300 -0.141-0.018 -
Stour
15 September - 1 October 1992 0.756 0.830.893 0.821 0.625 0.820 0.769 0.733
8 - 28 January 1993 0.914 0.841 0.916 0.872 0.836  0.345 0.264 0.894
Roch
16 - 27 December 1991 0.970 0.9380.985 0.972 0.952 0.561 0.536 0.902
5 - 30 April 1994 0.655 0.917 0.810 0.831 0.692 0.6640.677 0.740
(b) Recalibrated radar data

Catchment
Catchment and event TCM NWS MCRM PDM IEM TF PRTF Grid
Silk Stream
1 September 1989 — 15 January 19900.885 0.820 0.881 0.872 0.832 0.7040.746 -
15 January - 15 July 1990 0.842 0.820 0.782 0.828 0.818 0.5430.666 -
10 October 1990 - 15 May 1991 0.783 0.4240.795 0.718 0.726  0.691 0.484 -
Stour
15 September - 1 October 1992 0.676 0.843.912 0.782 0.612 0.767 0.734 0.771
8 - 28 January 1993 0.860 0.8730.943 0.896 0.680 0.252 0.184 0.870
Roch
16 - 27 December 1991 0.958 0.9560.988 0.984 0.956 0.464 0.435 0.919
5 - 30 April 1994 0.650 0.929 0.845 0.808 0.683 0.6780.703 0.718
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Figure 3.3.1 Simulation-mode hydrographs using (i) uncalibrated andii) calibrated
radar data: Silk Stream, 12 to 28 December 1989.
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Calibration of the state-correction gain parameters?’DM and IEM models was carried out

using the automatic optimisation procedure, and/igutato be straightforward. The TF and

PRTF models were recalibrated in an updating madegurecursive least squares and the
smoothing factor in the time-varying model-gain walbrated by simplex optimisation.

3.4 Overview

Eight rainfall-runoff models, with complexity ramgj from conceptually—based models to
simple transfer function models, have been calgrain a total of nine catchments using both
raingauge and radar rainfall data. For both typesamfall data the models have been
calibrated in simulation and updating mode.

When raingauge data are used, the simulation-malilerations indicate that no one model
provides consistently superior results. The TCM atggerformed best overall, with the

PDM, MCRM and NWS models close behind. As expectieel, TF and PRTF models were
least successful in simulation mode; transfer fiencimodels are generally only used in
updating mode where observed flows are used teciothe model. The IEM was found to

work particularly well on small catchments suchttaes Trout Beck and Silk Stream, but less
well on larger catchments with a significant baseftomponent.

The model calibration using radar data highlightteel beneficial effects of calibrating radar

data using raingauges, particularly for the Chemgedar, for which a large number of

raingauges were available for the calibration. Bairge recalibration of the radar data
resulted in a modest improvement in flow simulasidor the catchments covered by the Clee
Hill and Hameldon Hill radars (the Stour and thecRo The model evaluation in Section 4
will determine whether radar or raingauge data iolthe best source of rainfall data for
flow-forecasting purposes.

ARMA error predictors were calibrated for all maglekcept the PRTF and the IEM, for which
state-updating schemes are used operationallyTFhand PRTF models were recalibrated in
state-updating mode using recursive least squBinesiesulting impulse response functions were
found to be broadly similar to those obtained i shmulation-mode calibration, and resulted in
improved, smoother IRFs for the Rhondda and therS&alibration of the model-gain updating
smoothing factors for the TF and PRTF suggestedsthaller, faster catchments may require a
larger smoothing factor (more constant model-gairjije catchments for which soil-moisture
effects are more dominant require model gains gr#later time variation.

The calibration results seem to suggest that th#, T@ith its flexible model structure and
greater number of parameters, is the most sucteasftall-runoff model. However, this result
may reflect a degree of overfitting, and under eatbn conditions the TCM may be found to be
less successful. The independent and large datsesgin evaluation should clarify the situation.
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4. MODEL EVALUATION

4.1 Introduction

As part of a split-sample testing procedure, thel@w calibrated in the previous section are
evaluated here using independent periods of dataisex for model calibration. For model

calibration, the focus of attention was to estdbhsgood process model for simulation and
less attention was paid to model performance iratipg mode. Here, whilst the simulation

mode performance is of interest, greater atteni®rpaid to performance in forecast

(updating) mode which is of direct relevance torapienal flood forecasting and warning.

In simulation mode the eight models calibrated acheof the nine study catchments are
evaluated using raingauge data for continuous g@geraf up to eight months in length. In
addition, the relative benefits of using raingaugecalibrated radar and calibrated radar data
are assessed for three of the catchments, the&S8#am, the Stour and the Roch. Results are
presented formally as tables of performance sizgisand visually as hydrographs and scatter
plots of simulated against observed peak flows.

In forecast-mode the models are updated usingresthte-updating or ARMA error prediction,
and fixed lead time forecasts are produced evemnibbites out to 6 hours ahead. Results are
presented both as tables, and graphs showing tia¢giama in forecast accuracy with lead-time. A
selection of hydrographs is used to compare mogidbmnance visually, and errors in timing
and resolution of peak flows are presented asesqatits. Results of the radar versus raingauge
simulation-mode evaluations are used to estaliisipteferred type of rainfall data to be used
for the three catchments for which radar data eadale. Where use of radar data is shown to
be beneficial, these data have been used in traugtion of additional flow forecasts, and
results are compared to those obtained using nagegdata.

4.2 Results Using Raingauge Data

4.2.1 Simulation-mode results

Tables 4.2.1(a) and (b) present the poolédaRd CSI statistics obtained when the eight
models for each of the nine catchments are rumlation-mode over the dataset used for
model evaluation. The Fstatistic measures provides an overall measutheoficcuracy of
simulation, whilst the threshold CSI statistic feea on a model’s ability to successfully
simulate exceedences of chosen flow thresholdgi(®e2.3.3). Figure 4.2.1 summarises the
results as a graph of?Rmodel performance across catchments of increasing, (the
groundwater-dominated Lavant is excluded here agllitbe treated as a special case and
modelled using only three of the rainfall-runoff dets). The use of straight lines joining R
values across catchments, whilst not formally appate, serves to highlight those
catchments most difficult to model and which modeis most successful. The graph reveals
immediately that there is least variation in mopetformance for responsive or urbanised
catchments such as the Rhondda, Trout Beck, SiikaBt and the Roch. For these
catchments, reasonable model performance is obtaim#ependent of the rainfall-runoff
model used, particularly if the TF and PRTF ardwded. (Transfer function models are used
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Table 4.2.1

mode using raingauge data as input

(a) R statistic

Evaluation performance for different models and catchmés: simulation

Model

Catchment TCM NWS MCRM  PDM IEM TF PRTF Grid |Catchment
Median

Trout Beck 0.779 0.760 0.753 0.754 0.802 0.692 0.598 - 0.753
Silk Stream 0.678 0.548 0.755 0.630 0.670 0.561 0.572 - 0.630
Dove 0.849 0.835 0.870 0.816 0.605 0.283 0.231 - 0.816
Lavant 0.888 - - 0.874 - 0.277 - - 0.874
Rhondda 0.918 0.925 0.911 0.919 0.874 0.818 0.819 - 0.911
Brue 0.835 0.713 0.709 0.805 0.733 0.407 0.571 - 0.713
Stour 0.804 0.442 0.595 0.686 0.637 0.496 0.306 0.703 0.616
Roch 0.831 0.830 0.858 0.828 0.795 0.638 0.637 0.852 0.829
Witham 0.579 0.261 0.362 0.535 0.438 -0.615 -1.075 0.537 0.400
Model Median  0.818 0.737 0.754 0.780 0.702 0.529 0.572 0.703
(Lavant excluded)
(b) Threshold CSI statistic

Model
Catchment TCM NWS MCRM  PDM IEM TF PRTF Grid |Catchment

Median

Trout Beck 0.587 0.503 0.529 0.546 0.579 0.476 0.446 - 0.529
Silk Stream 0.578 0.402 0.512 0.517 0.506 0.479 0.404 - 0.506
Dove 0.346 0.263 0.432 0.396 0.217 0.139 0.084 - 0.263
Lavant 0.370 - - 0.393 - 0.033 - - 0.370
Rhondda 0.638 0.580 0.626 0.621 0.519 0.455 0.464 - 0.580
Brue 0.524 0.421 0.461 0.467 0.412 0.387 0.354 - 0.421
Stour 0.370 0.331 0.382 0.399 0.246 0.272 0.182 0.348 0.340
Roch 0.489 0.469 0.551 0.563 0.433 0.334 0.331 0.524 0.479
Witham 0.384 0.175 0.300 0.307 0.297 0.053 0.074 0.323 0.299
Model Median  0.507  0.412 0.487 0.492 0.423 0.363 0.343 0.348
(Lavant excluded)
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operationally in updating mode, and are not exgktdeperform well under simulation-mode
conditions). Greater variation in model performamca@pparent for catchments such as the
Dove, the Brue and the Witham, where groundwatel swil moisture effects are more
dominant in the hydrograph response.

Table 4.2.1, which summarises thé &d Threshold CSI statistics, indicates that ne on
model performs consistently best across catchm@&hes.TCM performs best overall with the
MCRM, PDM and NWS not far behind. The TCM has thghkst CSI for five of the nine
catchments, and has the higheétfd® four of the catchments. For those catchmentsrevh
another model performs better, such as the Doveal@&och, the TCM is generally not far
behind. Figure 4.2.2 shows scatter plots of obskaral simulated peak flows for up to two
eight-month periods for each catchment. The selectf periods for plotting is biased
towards those with a large range of flows, or aiqguercontaining a flood of major
significance. Flood warning levels are displayedeach plot. As expected the scatter plots
tend to a 1:1 relationship between observed andlated flow, particularly for the more
responsive and urbanised catchments which arerdasmodel. The plots confirm that the
TCM is modelling the peaks reasonably well on atcbments, with the PDM, MCRM, and
Grid Model performing well on most peaks. The TH &RTF tend to underestimate the peak
flows particularly for the larger catchments sushl@e Roch and Witham.

Figures D.1 to D.8 in Appendix D present sets ofvfhydrographs obtained from all models
for typical events in each catchment. In genera@ $lets of graphs highlight the good
performance of the TCM in simulation-mode. The geaphs that now follow focus on an
extreme flood event in four of the study catchments

The Easter 1998 flooding of the Stour at Shipstas astimated to have a return period of 40
to 80 years. The main flow peak of 91.4 sh occurred on 9 April 1998 and resulted in the
flooding of 20 properties in Shipston. Figure 4(2)3presents the set of flow hydrographs
obtained from all models for the period 15 Janu##97 to 1 May 1998, which encompasses
the Easter flood. The second scatter plot of pkaisffor the Stour in Figure 4.2.2 highlights
the range of flows simulated for the Easter 19@®dl Clearly the two most successful
models for that flood event were the MCRM and thred ®odel, simulating flows of 95.2
and 84.6 ms? respectively. The least successful models aréNivS and PRTF, predicting
flows of 15.7 and 27.8 fis "

On 23 September 1992 a peak flow of 28%smresulted in flooding of the Silk Stream at
Colindeep Lane (Plate 2.6.3). Figure 4.2.3(b) pressthe range of flow hydrographs obtained
from the 7 models applied to the Silk Stream. Musdels perform though a large range of
peak flows is obtained for the September 1992 floasl shown in the scatter plot of
Figure 4.2.2. The models that simulated the peak fiest were the IEM and the PDM with
peak flows of 21.2 and 21.6%w" respectively, and the MCRM, which overestimated th
peak as 36.8 fis™.

The Roch at Blackford Bridge experienced a peak 6 149.7 nis* on 1 February 1995.
Figure 4.2.3(c) shows the range of flow hydrographtained for this flood event, and the
scatter plot of Figure 4.2.2 shows the range oflipted flows. The MCRM and Grid Model
came closest to modelling the peak correctly, 8@.8&nd 96.2 rs' respectively. The
threshold CSI and Rstatistics confirm that the MCRM and Grid Model re’ethe most
successful models overall for the Roch, althouglstnaonceptual models performed well on
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this catchment. The success of the TF and PRTHpdating mode on the Roch will be
determined in Section 4.2.2.

Flooding of the River Lavant in January 1994, asged with significant flooding of the
Chichester, gave rise to a peak flow of 8.2 sth Figure 4.2.3(d) presents simulated
hydrographs from the three models for this catcltimiae TCM, PDM and TF models. The
TCM and PDM have been configured for use with gowater abstraction data and the TF
model is included in the evaluation for comparisdihe TCM and PDM simulated
hydrographs show that the new model formulatiorssilteén a good flow simulation of the
River Lavant. The TF model was extremely diffictdt calibrate for the Lavant, and the
simulated hydrograph shows how poorly the TF mpéelorms for this catchment.

R&D Technical Report W242 98



Trout Beck
15/5/96 - 1%/11/96

Simulated peak flow (cumecs)

Silk Stream g
14 -7/10/92 E
2
3
e
153
@
[="R
=]
2
™
o |
E
w
Dove
15/2/98 - 20/7/98 =
B
=
8
3
=
ai]
(=8
a=]
b
o
=1
E
in
Rhondda

31/10/92 - 3W4/93

Simulated peak flow (cumecs)

Figure 4.2.2 Scatter plots of observed and simulated peak flowsvaluation using

raingauge data.

R&D Technical Report W242

ik
s ]

o]

Flood levels
1 standby

12—

Flood levels
1 yaliow

2 amber

3 red

St H

Flood levals
1 yallow

0
165

Flood lavels

1 yellow
2 amber
3 red

132

99
Observed peak flow (cumecs)

33 €6

99

1
165

lcm
s
Smem
+ pdm
X s
ofl

+prif

| magrid




Brue 1/11/96 — 1/4/97

Stour (i) 28/9/93 = 15/3/94

24
g Flood levals
E 1 yeilow
8 16— 2 ambar
x
o
=
W
&
= B
o
[}
=
E
@A
0-
o] 4 ] 12 16 20 24
Observed peak flow (cumecs)

Roch (i) 30/11/94 - 25/4/95

155
g 124 - Flood levels
3 . | sandoy
z 93 ?
=
o
§ 62~ S
B 0
g 314
E !
in n

o T T T T T

0 3 62 93 124 155
Observed peak flow (cumees)

Witham 15/11/97 — 15/3/98

st

* ol

“lem

+pdm
£&mem
Ll P

t +
o 25 =
g Flood loveis
E 20+ 1 eenlesl raem open
§_ 2 op
Z 15 ° e
— LS
'ﬁ U]
E 10
i !
5 57 ¥ '
i.%
2 3
0 T T 1 I 1

] 5 10 15 20 25
Obsarved peak flow (cumecs)

—g Fioad levels
E 1 yellow
a 2 ambar
z
=
4
@
&
B
®
=]
E
9]
0 B 16 24 32 40
Obsarved peak flow (cumecs)
(i) 15/11/97 — 1/5/98
85— A
n Flood levels
g L 1 yollow
2 2 nmber
i a jed
E 57 @ ™
= *
8 38 .
g =
< 18- -
2 #
@ fa 3
0 T | T T T
o 19 34 57 T8 85
Observad peak flow (cumecs)
(ii) 1/5/97 — 20/3/98
w-
Flood levals
E Lo 1 standby
= e
3 48 i "
= & & 2
- ®
2 21 4 ot %
o 28
5 8
& 184
g "
(7] X 1
0 T T I =
1] 16 3z 48 B4 8D
Observed peak flow (cumecs)
Lavant 1/6/94 = 1/5/96
— i o
¥ B = Flood levels
g 2 1 yellow
= 2 mmber
E & 3 rod
"4
] |
a
2 ok
H
@
1 2 4
o T T T T T T

6t 2 3 4 5 B 7
Observed peak flow (cumecs)

Bem |

Spdm

atl

Figure 4.2.2 (cont...) Scatter plots of observed and simulated pealos: evaluation

using raingauge data.

R&D Technical Report W242

100



Flow (m~*3/sec) Flow (m™3/sec) Flow (m**3/sec)

Flow (m**3/sec)

=]
0
=
Z
=
1 ]

45 'E 30
| £ 20
a1, red ’E
] o ] -+ T
10 : G
- » E ]
i :
0 T
in 178 178 174 176 178
Days Days
MCRM PDM
N -
o
I @
25 ?3 20
1 ed  E
yollow = 10
[&}
o
0 T ”
174 176 178 174 176 178
Days Days
IEM TF
30- s a0 -
- 3
4 fos o ambat € /
10 | R
g 10+
0- &
0 ]
174 174
Days
PRTF
30
20 i s
e S e e S &
£ i
0- I e -~ T
174 176 178 174 176 178

Figure 4.2.3(a) Simulated flow hydrographs from different models: Silk Stream,
21-25 September 1992. Observed flow: bold line; simulated flow: det
line; simulated baseflow: dashed line (TCM, PDM only); sdimoisture
deficit: long-dashed line (NWS, PDM, IEM only).

R&D Technical Report W242 101




TCM NWS

7]
E 50 e E 97
% =
o - d =
* .7, e . PP 3 Wﬂw - o
o ] f i i T T T T T T T T
143 145 147 149 151 153 155 143 145 147 149 181 153 155
Days Days
MCEM PDM
100-
o -
@ ]
G @
50 3 -]
= £ 5
g 2
i o o M
g | | T T T ] L pessso=peoenT : : r"‘——"“-
143 145 147 145 ' |
s 151 15 155 143 145 147 149 151 153 155
ays
Days
IEM TF
T ] s
s R
(i3] - (%]
] N red & ’
E ¥ £
= 4 E 50-
3 E
E § st m
K P
: | Sl e
143 145 147 ° : ! ! : : ]
143 145 147 149 151 153 155
Days
PRTF Grid
£T) Ty B
8 2
A @
E 507 % 50
g z
& : o
iy e e e
143 145 147 149 151 153 155 143 145 147 149 151 153 155
c =
£ . _LHMITNJI_'—H_A_H_'_;‘_L

143 145 147 149 151 153 155 143 145 147 148 151 153 155
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4.2.2 Forecast-mode results

The rainfall-runoff models werevaluatedin forecast-mode by comparing fixed lead-time
flow forecasts for a number of lead times. On eighthe nine catchments, forecasts were
produced for lead times of 0.25, 0.5, 0.75, 1.0,75%nd 6.0 hours ahead. For the slow-
responding groundwater-dominated Lavant, forecast® produced for lead times of 0.25,
0.5, 0.75, 1.0,...,5.75 and 6.0 days ahead. Restdtpr@sented as tables of performance
statistics and sets of graphs highlighting différagpects of the forecasting process, which
allow model intercomparison across a range of reaitéd selection of fixed origin forecasts
superimposed on observed hydrographs allows alisuagparison of model performance.

Table 4.2.2 summarises the performance statishitzired over the evaluation periods for the
different models applied across catchments forrtiqpdar lead-time and provides a general
overview of model performance. Figure 4.2.4 illagts how models performance varies with
forecast lead time and Figure 4.2.5 compares obdand forecast peak flow for a significant
event in each catchment and compares peak timnog. én conjunction with Figure 4.2.5,
Figure 4.2.8 shows how peak forecast accuracy vavith forecast lead time for all models,
and reveals that although a particular model mayope best at one lead time, it may
perform less well at other lead times. lllustrativeed lead-time forecasts for the Silk Stream
and the Stour are shown in Figure 4.2.6. Figure/4p2esents a set of fixed origin forecasts
for all models for significant flood events in tl&#k Stream and the Stour. Figures D.9 to
D.16 in Appendix D present typical sets of fixeddeime forecasts for all models in each
catchment. The figures suggest that there is dittésnto choose between models in updating-
mode.

The following provides an overview of the performarof each model in turn.
Thames Catchment Model (TCM)

Table 4.2.2 presents thé Bnd threshold CSI statistics for a representaéad-time for each
model and catchment. The table reveals that the T8Cdne of the best performing models in
forecasting mode using the? Rtatistic, although the performance is only averatpen the
threshold CSI criterion is used. These resultscardirmed by Figure 4.2.4, which shows the
variation in R? and threshold CSI with lead time. The poorer pemfmce in terms of
threshold CSI indicates that whilst the TCM perfermell, it is less well able to forecast the
flow peaks than other models such as the PDM. Eigw2.5 confirms that although the TCM
is reasonably good in terms of forecast peak flaal taming, other models (such as the PDM
and IEM) are as good or better. Figure 4.3.9, wisitbws how peak forecast accuracy with
lead time, indicates that the TCM performs wekllatead times on the Trout Beck, the Dove,
Rhondda, Brue and Roch, but less well on the Sitka®, compared to model such as the
IEM and PDM. The fixed-origin plots of Figure 4.2and 4.2.8 for the Silk Stream and the
Stour indicate the TCM forecasting reasonably wagtticularly for the Stour.

National Weather Service (NWS) Model

Table 4.2.2 and Figures 4.2.4 and 4.2.5 show tl@fNWS is a sound conceptual rainfall-
runoff model, with an overall performance on a wéh the IEM and MCRM. The NWS is
generally poorer than the TCM in terms &fgerformance and poorer than the PDM and IEM
in terms of threshold CSI. Figure 4.3.9 indicatest the NWS forecasts peak flows at a range
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of lead times more successfully on larger catchmenth as the Stour and Witham, but is
less accurate on smaller, faster catchments sucfir@st Beck and the Silk Stream.
Figure 4.2.7 confirms that compared to other mqgdbks NWS underestimates the peak flow
in the Silk Stream in September 1992.

Midlands Conceptual Runoff Model (MCRM)

Overall, the MCRM gives a comparable performanceh® IEM and NWS. The MCRM
performs the best of all models on the Silk Streath the Dove at longer lead times, although
the threshold CSI results for larger catchment$ ascthe Roch and Witham are poor. The
scatter plot of observed against forecast peak ftowhe Easter flood on the Stour shows that
at a 3 hour lead time the MCRM overestimates thak flow of 92 i s* by as much as
50 nT s, and the overestimation increases with forecast teme (Figure 4.3.9). The fixed-
origin hydrographs of Figure 4.2.8 illustrate thigerestimation in the Stour, and Figure 4.2.9
show that the MCRM also overestimated the Septet®@? flow in the Silk Stream.

Probability Distributed Moisture (PDM) Model

The PDM performs well in forecast mode for all tebents; it often gives the best
performance in terms of threshold CSI, showing thata good model for forecasting peaks,
although the TCM generally gives a better overatfgrmance as measured by thé R
statistic. At all but the shortest lead times theeshold CSI performance of the PDM is
particularly good for the Rhondda, the Stour arel Roch. At a 3 hour lead time the PDM
forecasts the Easter 1998 flood in the Stour mostirately, although it underestimates the
February 1995 flood in the Roch by approximatelyn®0s®. Figure 4.3.9 indicates that the
PDM forecasts the Easter flood well at a rangeeaflltimes in the Stour, and gave good
performance on the Silk Stream, Lavant and Withbm,forecasted the example peaks for
the Rhondda, Roch and Brue with less accuracy.illtistrative fixed-origin plots of Figure
4.2.7 for the Silk Stream show the PDM and IEM éasting the September 1992 flow peak
with greatest accuracy.

Isolated Event Model (IEM)

The forecast performance of the IEM on larger aathis is surprisingly good for a single
non-linear storage model with a soil-moisture dejeen loss factor. The model gives the best
performance in terms of threshold CSI for all I¢iatks on the Witham and the Brue, and also
performs well on the Roch and Rhondda. In termshefR criterion, the IEM is the best
model for the quickly responding Trout Beck catchind’he scatter plots of Figure 4.2.5
suggest that the IEM has a tendency to undere&tithat higher flow peaks, although the
plots of Figure 4.3.9 of forecast peak flow foré¢cascuracy with lead time suggest that the
IEM is forecasting the significant peaks reasonaidyl for catchments other than the Roch.
The fixed-origin hydrographs of Figures 4.2.7 an&.8 show the IEM providing good peak
flow forecasts for significant flood events in tB®ur and Silk Stream.

Transfer Function Models (TF, PRTF)
The TF and PRTF models give a comparable, thoughtlsl poorer performance to the more

complex, conceptually based rainfall-runoff modalserms of R for larger catchments such
as the Witham, the Roch and the Stour. Howeveterms of threshold CSI, which measures

R&D Technical Report W242 106



the models’ ability to correctly forecast flow erciing a number of thresholds, the TF and
PRTF models are very poor. The scatter plots ofeesl and forecast peak flow in
Figure 4.2.5 confirm that the TF and, in particuthe PRTF models tend to overestimate the
flow. This is confirmed by Figure 4.2.9 which showsgerestimation in the PRTF peak flow
forecasts increasing with lead time for the DoveyeB Witham and Stour. Figure 4.2.7
indicates that use of the TF and PRTF for fixedjiarforecasts in the Silk Stream results in a
reasonably good set of peak flow hydrographs, buthe Stour (Figure 4.2.8) use of the TF
and PRTF for forecasts leads to overestimatiomefpeak by a factor of two to three. When
used operationally, the PRTF is updated using aualampdating scheme, which may
improve upon the model performance indicated here.

The results discussed above were obtained usitg spating (full state-correction, with
model-gain updating) in preference to error predictto more closely emulate EA
operational practice. Results obtained by usingreprediction are summarised in Table
4.2.3. These results suggest that for some catdsnierecast accuracy can be improved
using a full TFN (Transfer Function Noise) modeicarporating ARMA error prediction,
instead of state updating. This is particularly thse for smaller catchments whilst less clear-
cut for larger catchments with state updating prgwsometimes beneficial for the Stour and
Rhondda. Figure 4.2.9 shows examples, for fouhefdatchments, of the variation in forecast
performance obtained using the two methods of upglaFigure 4.2.10 shows for the four
smallest catchments, where error prediction gaee dieatest improvement, how” Rnd
Threshold CSI statistics for different lead timesnpare with those from the other models.
Relating these with those previously shown in Fegdr2.4, it is clear that error prediction
used with TF models provides performance companattteother models. Notably, the poor
Threshold CSI performance has been substantiathecied.

Grid Model

The Grid Model is a distributed rainfall-runoff meldlesigned for use with larger catchments
which might be expected to exhibit a distributespanse to spatially distributed rainfall data.
The Grid Model was evaluated on the three largeshe eight study catchments, the Stour
Roch and Witham. Table 4.2.2, which showsaRd threshold CSI forecast statistics for all
models at a particular lead time, indicates that @rid Model is thesecond besimodel in
terms of R on all three catchments (the TCM or MCRM perforettér), and gives an
average model performance in terms of the threskx#dl Scatter plots of observed and
forecast peak flow indicate that the Grid Modeleftasts peak flow well on the Roch and
Witham, but can overestimate peaks on the Stogur€i4.3.9, which plots forecast peak
flow against lead time, confirms that the Grid Mbplerforms reasonably well across a range
of lead times on the Witham and the Roch. Howelegure 4.3.9 indicates that the Grid
Model overestimates the Easter flood on the Stawd, this is illustrated in the set of fixed
lead-time hydrographs of Figure 4.2.6, which shewset of peaky fixed lead-time forecast
hydrographs ranging from one to six hours at houmigrvals (the one hour ahead forecast is
closest to the observed flow).
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Table 4.2.2

mode using raingauge data as input

(a) R statistic

Evaluation performance for different models and catchmes: forecast

Model

Catchment TCM NWS MCRM PDM IEM TF PRTF Grid Lead time| Catchment
(hrs) Median

Trout Beck 0.962 0945 0947 0959 0961 0.897 0.889 - 1 0.947
Silk Stream 0.910 0904 0.908 0.910 0.903 0.895 0.820 - 1 0.904
Dove 0.988 0.988 0.990 0.982 0.978 0.976 0.945 - 2 0.982
Lavant 0.978 - - 0977 - 0.925 - - 96 0.977
Rhondda 0.987 0980 0.974 0976 0974 0.973 0.962 - 2 0.974
Brue 0.978 0.950 0.970 0.968 0.961 0.950 0.950 - p. 0.961
Stour 0.971 0950 0.965 0943 0.953 0.958 0.953 0.950 3 0.950
Roch 0.963 0951 0961 0954 0939 0.923 0.901 0.957 3 0.953
Witham 0.976 0958 0.957 0972 0.966 0.957 0.919 0.930 4 0.958
Model Median  0.974 0.951 0.963 0.964 0.961 0.954 0.932 0.950
(Lavant excluded)
(b) Threshold CSI statistic

Model
Catchment TCM NWS MCRM PDM IEM TF PRTF Grid Lead time| Catchment

(hrs) Median

Trout Beck 0.741 0640 0.634 0.624 0.631 0.247 0.239 - 1 0.631
Silk Stream 0.602 0.628 0.710 0.609 0.643 0.472 0.296 - 1 0.609
Dove 0.468 0.465 0.496 0.654 0.493 0.358 0.054 - 2 0.468
Lavant 0.242 - - 0.219 - 0.293 - - 96 0.242
Rhondda 0.658 0.624 0.5540.761 0.667 0.327 0.205 - 2 0.624
Brue 0.304 0.250 0.361 0.5600.644 0.180 0.181 - 2 0.304
Stour 0.460 0.347 0.525 0.706 0.546 0.261 0.234 0.296 3 0.404
Roch 0.453 0.447 0.339 0.607 0.557 0.178 0.129 0.367 3 0.407
Witham 0.395 0.290 0.185 0.5930.685 0.291 0.034 0.290 4 0.290
Model Median 0.464 0456 0.511 0.6170.637 0.276 0.193 0.296
(Lavant excluded)
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Table 4.2.3 Best TF model updating procedure for each catchment @sdged using
the R? statistic and Threshold CSI criterion. State Updating: SU;Error
prediction: ARMA

Catchment Best updating type

R? Threshold CSI

Trout Beck ARMA ARMA

Silk Stream  ARMA ARMA

Dove ARMA ARMA

Lavant - -

Rhondda SU (little difference between SU & ARMA) KR

Brue < 3.5 hr ahead, SU < 1.5 hr ahead, SU

> 3.5 hr ahead, ARMA > 1.5 hr ahead, ARMA
Stour SU (little difference between SU & ARMA)  <h2 ahead, SU
> 2 hr ahead, ARMA
Roch No difference ARMA/SU SuU
Witham ARMA < 2.5 hr ahead, ARMA

> 2.5 hr ahead, SU

R&D Technical Report W242 109



1.0
=
L)
gy E
I'rout Beck P
E @
3 3
=
g 2
is w
]
£
4]
0.0 T T T T | 1
0 1 2 3 4 5 6
1.0
b
3
Silk Stream E
: k=] - &
4] B @
s g
8
0.2 5
0.0 T T | | T |
(1] 1 2 3 4 5 6
Dove l
tem Eed
‘_‘-I'\WS- §
e TCETR ;
: et |
em
g 04— B a
vy
. |, | E
0.2- =
G
0.0 | — T I ]
0 i 2 3 4 5 6
Rhondda
»
]
E
H] 2
S 8
o =]
i 2
3
£
G
0.0 T i T I i 0.0 | T 1 T I |
0 1 2 3 4 5 8 0o 1 2 & 4 5 B

Figure 4.2.4 Variation in forecast performance (R and Threshold CSI) with forecast
lead time for different models.
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(a) Silk Stream (PDM): 22 — 23 September 1992
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Figure 4.2.6 Examples of fixed lead time evaluation forecasts.
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4.3 Results Using Weather Radar Data

4.3.1 Simulation-mode results

Tables 4.3.1(a) and (b) present the poolédai threshold CSI statistics obtained from all
models operated in simulation mode on the threehoa¢nts for which radar data are
available. Results are presented using three fafnrainfall input: uncalibrated radar data,
calibrated radar data and raingauge data. Thestaidiécate that for the Silk Stream and the
Stour, although no one source of rainfall dataasttor rainfall-runoff modelling, use of
calibrated radar data generally provides good flimulation results, particularly when
judged on the Rperformance statistic. Use of uncalibrated radsea dyenerally leads to
poorer model performance than that obtained withgeauge or calibrated radar data. For the
Roch, when model performance using raingauge athar rdata is compared, it is clear that
use of raingauge data results in superior modébpeance in all cases.

Figure 4.3.1 presents model hydrographs for a sefeof more significant flood events in
the three catchments obtained using raingauge alilokated radar data. lllustrative radar
fields at the radar field, storm and catchmentescate shown in Figure 4.3.2. Figure 4.3.1(a)
shows hydrographs for the September 1992 floodtemethe Silk Stream obtained using the
TCM, the MCRM, the PDM and the PRTF model. Overdie ability of the models to
simulate this flow event is disappointing. Howevirshould be stressed that this is an
unusually large flow peak which exceeded the reddiwarning threshold of 18°*s" by
approximately 10 rhs*. The PDM came closest to modelling the peak ctyrersing both
radar and raingauge data, whilst the MCRM overesttioh the main peak by 20°m'. Radar
rainfall fields displayed at different scales fdat:20 22 September 1992 in Figure 4.3.2(a)
serve to illustrate the associated storm field.

The 1998 Easter flood event in the Stour is shownFigure 4.3.1(b), which presents
hydrographs from the four best models on this ewet TCM, the MCRM, the IEM and the
Grid Model. In all cases model performance is impobthrough the use of calibrated radar
data, although the improvement is minor in the catdehe Grid Model. Note that the
differences in these hydrographs from those shawkigure 4.2.3(b), are due to models
being run over a shorter period for the evaluatising radar data, resulting in a shorter
warm-up than that used in the evaluation usinggaige data. The best models on this event
are the Grid Model, using both raingauge and caildal radar data, and the TCM with radar
data.

Figure 4.3.1(c) illustrates the poor model simolatiresults obtained for the Roch in

December 1993 using radar data, compared to hyajpbgrobtained using raingauge data.
Use of radar data resulted in overestimation obialrer of peaks and a poor overall model
performance. Figure 4.3.2(c) illustrates the asgedirainfall field estimated from Hameldon

Hill radar on 8 December but fails to reveal eviderof bright band or other forms of

anomaly.

Scatter plots of simulated and observed peak flowtlie three catchments are shown in
Figure 4.3.3(a) — (d). The peak scatter plots lier Roch confirm that many of the models
overestimate the peaks when radar data are uskdugh there is a tendency for the models
to underestimate the peaks slightly when raingaidsga are used. Figure 4.3.3(a) shows a
similar set of scatter plots for the Silk Streand a@erves to illustrate how calibration of radar
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using raingauges can reduce errors in flow simuativhen compared with the use of
uncalibrated radar data. Comparing parts (i) anyl ¢f Figure 4.3.3(a) shows that

overestimation in smaller peaks and underestimaitiothe main flow peak are lessened
following raingauge calibration of radar. Althoughe scatter plots show a considerable
spread of results, the TCM and IEM seem to modasV fbeaks well, and although the PDM
performs well for the main flood peak it tends t@estimate smaller peaks.

Figure 4.3.3(c) presents a set of peak-flow scaftes over the period 1 to 31 January 1994
for the Stour. The plots highlight the beneficiffeet of radar calibration on flow simulation
performance, reducing overestimation of flow pe#&kgure 4.3.3(d) shows the corresponding
set of scatter plots obtained for the Easter 1988d-on the Stour. The plots show that the
best peak simulation results were obtained usiagahd Model and the TCM with calibrated
radar data.

Summary and Discussion

The simulation results presented in the previoati@e suggest that improvements in model
performance for the Silk Stream and the Stour megpdhieved through the use of calibrated
weather radar data instead of rainfall estimatesnfraingauges. For the Silk Stream the
median R flow performance statistic increases from 0.63® 72 when calibrated radar
data are used, and for the Stour, this statisticeases from 0.622 to 0.703. Improvements in
rainfall estimation and flow simulation in the ThesnRegion through the use of Chenies
weather radar data are well documented (Maaral, 1989, 1993, Carrington and Moore,
1996). However there have been no detailed stuwdid®e performance of the Hameldon and
Clee Hill weather radars when used to provide adlirdstimates across a range of rainfall-
runoff model types. Cluckie and Owens (1987) inooaped radar rainfall estimates from
Hameldon Hill in their evaluation of the TF modealta-updating scheme over the Roch, but
Moore et al (1994) obtained mixed results when radar dataeweed instead of raingauge
data for flow simulation in the Wyre catchment. Tgoor results obtained for the Roch when
radar data were used could be attributed to a nuoflimuses:

(1) During the first two evaluation events in thedR, radar data were available only at a
resolution of 5 km. Data at a resolution of 2 knmravenly available during the May
1997 evaluation period. The lower data resolutiaayhave an adverse influence on
the results.

(i)  The presence or otherwise of bright band ia tlata was uncertain. Bright band flags
were present in much of the raw radar data, buéthee for the height of the bright
band was missing.

(i)  The three periods used in the evaluation ewplg radar data on the Roch were
dominated by stratiform rainfall, which is typicalimore spatially uniform than
convective rain, and is likely to be measured reabty well by raingauges. The
beneficial effects of radar over a large catchmmaty be more apparent during
convective storms, which are associated with rdirfii@lds that are more spatially
heterogeneous.

The long periods of radar and raingauge data alaifar the Silk Stream (eight years of data
were available) have ensured that a reliable cosgrarof the use of radar and raingauge
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rainfall for flow simulation in the catchment cae Imade. However, significantly shorter
periods of radar data are available for use inRbeh and Stour, which may have resulted in
less robust model calibrations using radar data tvare obtained using raingauge data.
Typically the period of data used for the radar eladhlibration on these catchments was 10
to 30 days, while the length of raingauge rainfatlord used for calibration was typically 6 to
8 months. Although the results suggest that theaincalibrations using radar data were not
adversely affected by the short periods of rad#a (flow simulation results in the Stour are
improved through the use of calibrated radar déke),short periods of record do not allow
the models to “warm up” so well. This may have hadceffect on model parameter estimation
and resulted in a less robust calibration. For eptantigure 4.3.1(b) for the MCRM shows
the poor model performance obtained for the Ed268 flood in the Stour when raingauge
data are used over a short period of record withomaarm-up period. The hydrograph for this
period obtained for the evaluation using raingawtga (Figure 4.2.3(b)) presents a
significantly better result for the MCRM model basa of the longer period of warm-up
used. These results highlight the difficulty ofaar fcomparison between radar and raingauge
data for use in flow simulation, and the sensiivf models such as the MCRM to initial
conditions. It is not clear how the correction mdares now available in Nimrod might have
led to improvements in the performance reportec;hscope for further work in this area
clearly exists. However, Nimrod at present canmgbye the potential benefit of the local
raingauge data employed in this study and hasadutesn of only 5 km.
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Table 4.3.1 Evaluation performance for different models and catchmes: simulation
mode using raingauge, uncalibrated radar and calibrated radar estimates
of rainfall as input

(a) R statistic

Model
Catchment Rainfall TCM NWS MCRM PDM IEM TF PRTF Grid |Catchment
Input Type Median

Silk Stream

Raingauge 0.688 0.556 0.762 0.635 0.681 0.566 0.577 - 0.635

Uncalibrated radar0.010 0.180 0.374 -0.237 -0.155 0.093 0.142 - ®.09

Recalibrated radar0.717 0.662 0.411 0.710 0.672 0591 0.664 - 0.664
Stour

Raingauge 0.805 0521 0.603 0.640 0.692 0554 0.354 0.788 0.622

Uncalibrated radar0.276  0.361 -1.387 0.015 0.528 0.4690.432 0.656 0.397
Recalibrated radar0.730 0.676 0.797 0571 0.839 0.463 0.422 0.892 0.703

Roch
Raingauge 0.862 0.843 0.853 0.880 0.833 0.737 0.730 0.966 480.8
Uncalibrated radar0.682 0.804 0.690 0.734 0.759 0.715 0.644 0.685 030.7
Recalibrated radar0.751 0.682 0.773 0.770 0.750 0.697 0.583 0.136  430.7

(b) Threshold CSI statistic

Model
Catchment Rainfall TCM NWS MCRM PDM IEM TF PRTF Grid |Catchment
Input Type Median

Silk Stream

Raingauge 0.589 0.404 0.510 0.519 0.505 0.500 0.424 - 0.505

Uncalibrated radar0.257 0.261 0.228 0.226 0.186 0.331 0.309 - 0.257

Recalibrated radar0.514 0.510 0.484 0.546 0.430 0.311 0.495 - 0.495
Stour

Raingauge 0.400 0.404 0.342 0.442 0.326 0.271 0.195 0.548 0.371

Uncalibrated radar0.326  0.237 0.172 0.254 0.391 0.210 0.184 0.400 460.2
Recalibrated radar0.418 0.342 0.484 0.446 0521 0.254 0.261 0.646 0.432

Roch
Raingauge 0.506 0437 0522 0517 0.465 0305 0.333 0.533 8604
Uncalibrated radar0.417 0.420 0.402 0.438 0.454 0.301 0.228 0.440 1920.4
Recalibrated radar0.475 0.338 0.406 0.476 0.444 0.266 0.159 0.438 220.4
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(a) Silk Stream, 1 April to 30 November 1992
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Figure 4.3.3 Scatter plots of simulated and observed peak flonsing (i) uncalibrated
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(c) Stour, 1 to 31 January 1994
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Figure 4.3.3 (cont...) Scatter plots of simulated and observed pealtfow using
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4.3.2 Forecast-mode results using radar data

The rainfall-runoff models areevaluated heren updating mode using both radar and
raingauge rainfall data by comparing fixed leadetiffow forecasts for a number of lead
times. The models are evaluated on two catchm#rgsSilk Stream and the Stour; simulation
results using radar data for the Roch were so padrthe forecast evaluation using radar data
has not been undertaken. Forecasts are presemtieddatimes of 0.25, 0.5, 0.75, 1.0,...,5.75
and 6.0 hours ahead. Results are summarised &s w@bperformance statistics and sets of
graphs highlighting different aspects of the fostitey process. Selection of fixed origin and
fixed lead-time forecasts superimposed on obsenyedographs allows a visual comparison
of model performance to be made.

Table 4.3.2 summarises the performance statishitzred over the evaluation periods for the
different models applied to the Silk Stream and 8teur for a particular lead-time and
provides a general overview of model performandgurieés 4.3.4 and 4.3.5 illustrate how
model performance varies with forecast lead timd &mures 4.3.6 and 4.3.7 compare
observed and forecast peak flow and peak timingreior a significant event in each
catchment. lllustrative fixed lead-time forecasis the Silk Stream and the Stour are shown
in Figure 4.3.6. Figures 4.3.7 and 4.3.10 presesdtaf fixed origin forecasts for all models
for significant flood events in the Silk Stream athe Stour. Figures D.17 and D.18 in
Appendix D present more typical sets of fixed I¢iate forecasts for all models evaluated
with radar data on the Silk Stream and the Stour.

The following sections compare model forecast perémce for the Silk Stream and the Stour
obtained using radar and raingauge data.

The Silk Stream

Table 4.3.2 and Figure 4.3.4 compare poolé@i threshold CSI performance statistics for
the two events for which radar and rainguage da&taised as model inputs. They suggest that
the best results for the Silk Stream are obtairs#aguthe TCM, MCRM or PDM models with
calibrated radar data, although results obtainedgusaingauge data are not dissimilar to
those obtained using radar data. By way of exanfjgire 4.3.8 presents a set of fixed lead-
time forecasts for the Silk Stream, using radar @mbgauge data, and shows how similar the
forecasts are from both types of rainfall data.ré€asts are shown at hourly intervals, the
one-hour ahead forecast being closest to the obddlow). The scatter plots of observed and
forecast peak flow, and peak timing error (Figurg.@) confirm that there is little to choose
between the use of radar and raingauge data f@itké&tream. Fixed origin forecasts for the
22 to 23 September 1992 flood are presented inr€&igL8.9. The IEM performs best on the
rising limb of the peak, while the MCRM over predity a factor of two. There seems little
to choose between the other models for this event

The Stour

Table 4.3.2 and Figure 4.3.5 indicate that althowglone model or type of rainfall estimate is
best, the MCRM, TCM, IEM and PDM all provide goamtdcasts at a number of lead times.
Use of calibrated radar data results in slightlyesior R values, while use of raingauge data
results in higher values of CSI. The Grid Modelfpens well overall in terms of Rbut
achieves better values of threshold CSI than atbeceptually-based models, suggesting that

R&D Technical Report W242 135



it is not forecasting the peak flows accuratelygure 4.3.8 provides illustrative fixed lead-
time forecasts for the Easter 1998 Flood on theirStsing the MCRM with raingauge and
calibrated radar data. (The one-hour ahead fordsaslosest to the observed flow). The
forecasts made using radar data seem to resulessaspiky’ hydrograph and result in better
model performance. Figure 4.3.10 presents for adels a set of fixed-origin forecast
hydrographs for the Stour using radar data as ingisually, the Grid Model and MCRM
result in a more accurate forecast hydrograph, goatl results are also obtained from the
TCM and NWS. The TF and PRTF models overestimatepdak flow by a factor of two
resulting in a poor set of fixed-origin hydrograph®wever, use of error prediction might
lead to improvement. Peak errors arising from tifferént models using radar and raingauge
data are displayed in Figure 4.3.7 for the Stolne $catter plots suggest that there is little
difference in forecast peak flow accuracy arisingnf the use of radar or raingauge data,
although using radar data for the January 1993 @egsults in some overestimation of the
peaks, which is not apparent when raingauge datasad.
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Table 4.3.2 Evaluation performance for different models and catchmes using
raingauge and calibrated radar estimates of rainfall as input

(a) Forecast mode R

Model
Catchment Rainfall TCM NWS MCRM PDM IEM TF PRTF Grid Lead |Catchment
Input Type time Median
(hours)
Silk Stream
Raingauge 0.913 0.906 0.911 0.912 0.906 0.898 0.821 - il 0.906
Recalibrated radai0.939 0.935 0.852 0.938 0.909 0.865 0.860 - il 0.909
Stour
Raingauge 0.960 0.927 0.947 0.911 0.950 0.924 0.917 0.929 3 0.929
Recalibrated radai0.948 0.940 0.969 0.892 0.958 0.904 0.911 0.964 3 0.944
(b) Forecast mode Threshold CSI
Model
Catchment Rainfall TCM NWS MCRM PDM IEM TF PRTF Grid Lead |Catchment
Input Type time Median
(hours)
Silk Stream
Raingauge 0.605 0.6290.723 0.621 0.658 0.471 0.302 - 1 0.621
Recalibrated radai0.675 0.680 0.556 0.687 0.603 0.352 0.338 - 1 0.603
Stour
Raingauge 0.507 0.366 0.4210.771 0.597 0.230 0.206 0.285 3 0.394
Recalibrated radai0.297 0.278 0.391 0.561 0.761 0.600 0.201 0.346 3 0.369
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Calibrated radar data
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Figure 4.3.4 Variation of R and Threshold CSI with forecast lead-time using
raingauge and calibrated radar data: Silk Stream.
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Calibrated radar data
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Figure 4.3.5 Variation of R and Threshold CSI with forecast lead-time using
raingauge and calibrated radar data: Stour.
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Calibrated radar data: 1 tn 31 January 1993
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(a) Silk Stream using TCM: 22 to 23 September 1992
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Figure 4.3.8 Fixed lead-time hydrographs (1 to 6 hours ahead) usinglibrated radar
and raingauge data.
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4.4 OQverview

In simulation-mode the eight models calibrated aheof the nine study catchments have
been evaluated using raingauge data for continpetieds of up to eight months in length.
The results indicate that there is least variatromodel performance across model types for
responsive or urbanised catchments such as thed@apirout Beck, Silk Stream and the
Roch. For these catchments reasonable model permens obtained independent of which
model is used. Greater variation in model perforoeas apparent for catchments such as the
Dove, the Brue and the Witham, where groundwatdrtha effect of catchment wetness are
more dominant in the hydrograph response. Althougtone model out-performs the others
consistently across all catchments, the TCM per$ooest overall with the MCRM, PDM and
NWS not far behind. On the three catchments forctviihe Grid Model was evaluated, it
performed well, consistently coming second in oNesimulation performance. The MCRM
was found to be particularly sensitive to initiailsmoisture conditions, and initialising the
model could be problematic.

During extreme flood events, such as the EasteB Ifdd in the Stour, the majority of
models have a tendency to underestimate the peak The NWS underestimates peak flows
more than most and simulations often do not extkeedlood warning thresholds, while the
TCM, PDM, IEM, TF and PRTF often underestimate peak flows, but generally model
simulations exceed at least one warning threshwoldontrast, the MCRM tends to achieve, or
even exceed the flood peak, and generally crodsflea warning thresholds, although the
time of peak can be out by a few hours. On theetluachments tested, the Grid Model
performs well during extreme flood events and istlmerall on the Easter 1998 flood in the
Stour.

When models are compared in forecast-mode, althoogine model out-performs the others
consistently across all catchments, the TCM persoparticularly well when the Ftatistic is
used to compare models. When the Threshold CSériont is used the PDM is very
successful, indicating that it is good at foreeagtirossing of flow thresholds, such as alarm
levels. For a simple model, the IEM is surprisinglyccessful in forecast-mode particularly in
terms of the Threshold CSI. In many cases the &stegerformance of the TF model can be
substantially improved through the use of errodmton instead of state updating.

Three different types of rainfall input — raingawtpga, uncalibrated radar data and radar data
calibrated using raingauges - have been evaluatsdriulation and updating mode on three
catchments: the Silk Stream, the Roch and the Sithe simulation-mode results indicate
that for the Silk Stream and the Stour, althoughone source of rainfall data is best for
rainfall-runoff modelling, use of calibrated radaiata generally provides good flow
simulation results, particularly when judged on tRé performance statistic. Use of
uncalibrated radar data generally gives poorer mpdgormance than that obtained with
raingauge or calibrated radar data. For the Rot¢tgnwmodel performance using raingauge
and radar data is compared, it is clear that usaiafjauge data results in superior model
performance in all cases.

Flow forecasts have been produced for the Silkagtrand the Stour using calibrated radar
data and results compared to those obtained forséime periods using raingauge data.
Overall, the results indicate that when radar isveding rainfall well, use of calibrated radar
data can give as good as, or sometimes slightliebegsults using the Rperformance
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criterion, compared with those obtained using rairgge data. However, in order to obtain
these results, considerable effort had been potsieliecting calibration and evaluation periods
for which radar data were not missing, unreliableaffected by significant amounts of snow
or anomalies. It is important to note that over ¢hents tested, the extra time and effort put
into evaluating large volumes of radar data redulte at best, a modest improvement in flow
forecast accuracy in two out of the three studgloaents. Over the third catchment, better
simulation accuracy was obtained using raingau¢g da

R&D Technical Report W242 146



5. CHOICE OF CATCHMENT MODEL

Section 3 and 4 have focused on an assessmentd#lsna terms of forecast performance
using R and Threshold CSI as performance statistics tegatith visual aids in the form of
hydrographs and scatter plots of peak flows. Whistformance is arguably the most
important criterion to be used in the choice of elpthere are other issues such as ease of
calibration, speed of execution, ease of compraebersd model structure, strength of model
formulation and model data requirements. This eactiims to take a broader view on the
question of model choice focusing on ease of made| based on the experience gained in
this study, in addition to forecast performancee Tata requirements of the different models
are also reviewed. This leads to a set of guidelfioe choosing a rainfall-runoff model for
different types of catchments. The advantages @satdantages of each of the eight models
included in the assessment are set down in a @eaimmary table.

5.1 Ease of Model Use

The eight rainfall-runoff models included in thesessment, in decreasing order of
complexity, are:

(1) Grid Model;

(i)  Thames Catchment Model or TCM,;

(i) National Weather Service model or NWS;

(iv)  Midlands Catchment Runoff Model or MCRM;

v) Probability Distributed Moisture, or PDM, model

(vi) Isolated Event Model or IEM,;

(vii)  Transfer Function model or TF; and its vatian

(viii) Physically Realisable Transfer FunctionRIRTF model.

For a detailed review of these models the readeefesred to the Part 1 Report whilst an
indication of the model structure of the models aygleaned from the model schematics
presented as Figures 1.2.1 to 1.2.8. The followiegews each model from a user’s
perspective focusing on ease of model configuratahbration and initialisation.

5.1.1 TCM

Calibration of the TCM s relatively difficult antime-consuming, requiring an orderly
approach starting from a physically-based strucamd parameter set and proceeding via
judicious optimisation of selected parameters. fmatc methods of parameter estimation are
not very useful, except as a last stage refinement.

The structure of the Thames Catchment Model, or T&MWased on subdivision of a basin
into different response zones representing difépriypes of land use, soil, geology and
topology, for example representing runoff from grlavclay, aquifer and riparian areas.
Identification of these zones has been achievatyusie IH DTM for the UK in conjunction
with a number of digital spatial datasets (Sect®4.2). The zonal responses should be
sufficiently different both to avoid excessive paseder interaction and also because each
zone should have a hydrological justification. Tipiocess produces proportions of the
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catchment covered by differing hydrological resgorsnes. In the Thames Catchment Model
these proportions are multiplied by the area ofdatehment to give an initial value for the
size of each response zone. Final values for @ @freach zone may differ from these initial
values, as zone size is a parameter in the TCMcandbe adjusted to give optimum model
performance. In addition, the zone size can aet @msiltiplicative rainfall factor, adjusting for
the representativeness of the raingauges usedefoheithe total area of the zones may differ
from the size of the catchment after calibratiard also their relative sizes compared to each
other may change. For some catchments, it maycsuf@i think simply in terms of a “slow
response” zone and a “fast response” zone, anaoigotihe slow and fast response paths of
the PDM.

The TCM requires a large number of parameters,nmgt of these should be left at their
default, physically-based values unless absolutelgessary. Specifically, for each zone,
parameters such gsf, R. (. anda can often be fixed at standard values for a pddiczone
type. The main parameters to optimise for each asadehe time constants k and K and the
zone area A. Depending on the type of zone thesesent, there are recommended starting
values for k and K; the starting value for A canfeend from the DTM used in conjunction
with the spatial digital datasets. Optimisation idostart with the baseflow zone first and
then subsequent zones with faster response tirftesugh often this is an iterative process.
The channel flow routing component of the TCM pdes delay and attenuation of the
combined outflow from the zonal components whennig at a sub-daily time step.
However, much of this behaviour can be represetitesligh adjustment of the pure time
delay parameter and the time constants of the zstwahges. Therefore, the number of
reaches is set to zero in this study. It is poedifstht where a satisfactory calibration cannot be
obtained, experimentation with different numbersrediches can be carried out, bearing in
mind that each reach introduces a delay equalgantbdel time-step. Consequently, here the
final part of calibration after finding the indiwidl zone parameters (particularly the storage
time constants k and K and area A) is to estintagetime delaytq. This can often be done
using the automatic Simplex optimisation.

5.1.2 NWS

The NWS is a relatively complex model with a langember of parameters (16), but is
surprisingly straightforward to calibrate using aixture of manual and automatic
optimisation. The usual procedure of calibrating $sfow runoff component first, followed by
the fast component should be followed. The NWS appt® be relatively insensitive to initial
soil moisture conditions, so a “warm-up” period e been used here. The original daily
time-step model formulation did not include a tiadwlay. However, initial trials suggested
that model performance is improved with the usa dime-delay and one has consequently
been included here.

5.1.3 MCRM
The MCRM has a large number of parameters (22). d¥ew once the initial conditions for
an event are set-up correctly the model can be rewagghtforward to calibrate than the

number of parameters might suggest. Several ofptrameter values should lie within a
narrow range and so can be set to standard vatitegly. Calibration of the model can be
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divided into five parts: the groundwater, the stdre, the timing, the smoothing, and, finally
the interception store. Model parameters can baifted by taking each of these parts in turn
and using a mixture of manual and automatic opttios; this procedure was found in
practice to be iterative.

The performance of the MCRM model can be very sieegio the initial soil moisture deficit;

it is therefore vital to have a good understandafgthe antecedent conditions before
calibrating the model. This might involve includirg“warm-up” period before the event
begins. Operationally, initial conditions are basedprevious runs and are adjusted weekly
using MORECS data. The use of MORECS soil moistlata was not considered practical in
this study and instead the warm-up procedure @dlin Section 2.5.3 has been used.

5.1.4 PDM

Calibration of the PDM is usually straightforwardr fany given model structure, but the
variety of options amongst the model componentsnséaat it may not be easy to determine
the best structure. The Pareto distribution of stwrage depths has been found to provide a
simple yet flexible description of soil moistur@stge for most catchments. This should be
the first choice, only experimenting with other tdisutions if problems are encountered.
Partitioning of rainfall between soil storage amadtfand slow response paths was generally
achieved through a direct runoff to the fast patlthwsimple recharge to the slow
(groundwater) path. For the Witham, direct runaffthe fast response path with demand-
moderated recharge to the slow (aquifer) path wasd to be more successful

A cascade of two identical linear reservoirs isalisuappropriate for the fast response path. A
quadratic or, more usually, cubic storage shouldd=sl for the slow response path. In general
state-correction is preferred to error predictiam forecast updating. The soil moisture
storage, evaporation, recharge and runoff generatiechanisms in the PDM are interlinked
and highly non-linear, and the effect of changeghe associated model structures and
parameter values can be difficult to predict. Usthe PDM at a daily time-step can be useful
in determining slow-response model parameters. dnegal the PDM was found to be
relatively insensitive (robust) to initial soil nsdiire conditions. Early model trials suggested
that although an initial period of warm-up was Wem& to models such as the MCRM,
model performance for the PDM did not always berfedim a warm-up, and in some cases,
got worse.

5.1.5 IEM

Since the IEM structure is essentially fixed theniwer of parameters for calibration is small.
Therefore calibration of the IEM is fast and sthdfgrward and can be achieved largely by
automatic optimisation. The IEM was found to bes#@re to initial soil moisture deficits and
use of a warm-up period was found to be beneficial.
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5.1.6 TFand PRTF

It has not been possible to emulate the most cortynosed form of TF/PRTF model
employed by the EA since this involves manual adjest of the model parameters as the
flood develops and a method of baseflow separatioich is event-based. Calibration of EA
models is commonly carried out using flood evertadsather than the continuous records
used here, and can involve choosing a single mpaemeter set from those estimated for
each event. Model orders and time-steps are conyrehdsen according to the speed of
catchment response and can involve a search fdor esichment. Trials here of different
orders has led to the use of a fixed TF(2,4,b) rhod#er and time-step of 15 minutes as
providing sufficient flexibility in model responsacross the study catchments. In other
respects the TF model closely emulates that usethenLeigh Barrier Flood Forecasting
Model (Pollard, undated) for the River Medway in EBduthern Region. The model gain
update procedure is also used in parts of Angliagiéh (Page, 1991). No special provision
has been made to allow for parallel flow processesprising of fast and slow (baseflow)
components, or nonlinear loss modules, represetitmgffect of catchment wetness, as these
do not feature strongly in EA operational practice.

The simple structure of the TF and PRTF ensurdshitth models are simple to calibrate and
very quick to run. For this study the models weaBbcated twice, once in simulation mode
and once in forecast mode. In practice, calibragaonly required in simulation mode if a full
TFN model (incorporating an error predictor) isdisEor TF predictors which employ “full
state correction” only one simple calibration iguied.

For the simulation-mode calibration, an InstrumeMariable (IV) algorithm has been used
to estimate the parameters of a TF(2,4,b) model elach catchment. This method of
calibration is very fast and should require no dsput. However, the difficulty of fitting a
TF model in simulation-mode to some of the more glem catchments meant that user
intervention was required for catchments such adffitham and Stour. For catchments such
as these, additional calibration in the form ofomodtic optimisation was required in order to
obtain a reasonable model. The special form offR&F meant it could not be fitted using
the IV algorithm. Instead, the TF(2,4,b) parametetr was used to provide an initial set of
parameter values from which to start automatidocation.

In forecast-mode, the parameters of the state-cedteform of the TF model (in which
observed flows are used to forecast future flowsyewestimated using a recursive least
squares algorithm. Again, this is a very simplehudtof calibration to use and requires little
intervention from the user. For the PRTF, only theving average parameters can be
determined in this way, given gdk value,which determines the autoregressive parameters.
This is achieved by embedding recursive least sguastimation of the moving average
parameters within a simplex optimisation gkt The methods of parameter estimation of TF
and PRTF models in forecast-mode have been chosasrriespond to those most commonly
used in practice by the Environment Agency.

Both error-prediction and gain-updating (Owens, 6)98an be used with the TF/PRTF
models. The time-varying model gain updating schemténed in the Part 1 Report has been
used in preference to ARMA error-prediction becails& scheme is used in practice by the
EA. The parameter of the gain-updating scheme hasn bestimated by automatic
optimisation. However, trials suggest that a cladsiransfer Function Noise model (a TF
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model with ARMA error-prediction) can give as gomdbetter results than gain-updating, for
some, especially smaller, catchments.

5.1.7 Grid Model

Unlike other models, which were calibrated usingnture of manual adjustment and
automatic optimisation of model parameters, thed Gviodel was calibrated by manual
adjustment alone. For a large catchment and a nredelution of 2 km, the Grid Model is
extremely slow to calibrate using automatic methadd manual adjustment is preferred.
However, the model is reasonably straightforwarccabbrate manually, and although the
Grid Model is sensitive to initial soil moistureradtions, these can be set explicitly to dry or
wet conditions in the parameter file.

5.2 Data Requirements of Models

None of the models differ radically in terms ofitheasic data requirements, all requiring at
least records of rainfall and runoff. The continsiomater accounting models require an
estimate of potential evaporation. A simple sinesedunction over the year has been used in
most cases or a standard annual profile, althoaga derived from weather stations could
have been used where available. TF/PRTF modelsramifated here do not utilise potential
evaporation. Also their focus on the routing phasghout explicit representation of the
runoff production phase, arguably allows these rnwotiebe calibrated using shorter periods
of record and data for individual flood events. Hwer, where the model gain (equivalent to
the runoff coefficient) varies with catchment wets@cross events this can, at the same time,
lead to problems of model identification and benses a weakness of some forms of
implementation of TF/PRTF model. It should be notkdt the RFFS Model Calibration
Environment used here allows event data to be wsgdthe different forms of continuous
water accounting models, with a water budget maiathacross events using daily rainfall
records. However, it has been found preferable herase longer periods of continuous
record, typically eight months in duration, for nebdalibration.

The GRID model utilises additional spatial datasupport of model structure definition,
making use here of DTM data to define its storage teanslation characteristics. It can also
utilise weather radar data in its original gridnfigras well as the catchment average rainfall
used by the other models. Definition of the respansnes in the TCM can be assisted by a
knowledge of the catchment characteristics. In gtigly use has been made of the DTM
along with the following spatial digital dataselis: urban areas, IH 100 year flood map (for
riparian areas) and Winter Rain Acceptance PotefW&AP) soil classes. Whilst such data
are not essential, they have been found to beuielptiefining the number and the extent of
the TCM response zones to be used for a given ma&ich Note there is both benefit in a
model having minimal data requirements and in beibke to utilise additional data where
these exist to assist model configuration and/@mfarove model performance.
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5.3 Guidelines for Model Choice

The following is a set of recommendations for chiogsa model for a particular type of
catchment.

Models should only be as complex as they need .td ibe IEM model may suffice for simple
catchments dominated by a fast response. It iskgaizl easy to calibrate by automatic
optimisation and requires a minimum knowledge dtlmaent characteristics. However, its
empirical accounting for losses through a Penmamestoperated independently of the
quadratic storage, is not a good scientific comstfareference should be given to models that
strive to incorporate mass balance in their foritioha The IEM is not one of these. Poor
performance can be expected in simulation-mode wdggplied to catchments having a
complex response, such as the Witham, Stour or Dblsvever, forecast-mode results
indicate that the updating can considerably imprthes performance of the IEM on these
catchments, and the IEM is surprisingly successfben applied to large and complex
catchments.

The TCM, is best suited to more complex basins lnckv the hydrograph derives from a
variety of areal response zones. It resulted inbést overall model performance in terms of
R? and can be a powerful model in the hands of an resqpeed user, but can lead to
difficulties and wasted effort otherwise. The moday be simplified through the use of a
small number of zones. Initial zone configuratioaynbe eased through the use of a DTM and
spatial digital datasets. Since the same modettsiel is used in each zone, parameter
identifiability is poor and behaviour must be fatcey the user. Automatic optimisation of
model parameters is of limited use. A strategy thaseinformal visual calibration, initially to
daily data over a season or more, will help establihe right order of values for the
parameters dominating the water balance. Calibraiging a 15 minute time-step can then
help refine these parameters and establish thassdting the short-term dynamics.

Models such as the PDM and MCRM provide a good comse between simplicity and
complexity. The range of model structures the PDidoanmodates allows it to represent a
quite large range of catchment behaviours. It alsploys model structures which circumvent
the adverse effects on parameter estimation ofag#scontrolled thresholds on runoff
production. Model functions are also parsimoniotipavameters. Model performance results
indicate that in terms of ®performance criterion the PDM is in the seconddfemodels with
the MCRM and NWS, but scored highly when the Thod$ICSI is used to compare model
performance. Threshold CSI measures the abilith@imodel to forecast exceedences over a
range of flow thresholds accurately so is importard flood warning context. The MCRM is
more complex than the PDM, but is more straightovto handle than its number of
parameters might suggest. It seems to be a redsoaltbounder, but performs best over
catchments such as the Silk Stream and the Dave @imall to medium end of the scale. It is
crucial that its initial soil moisture is set cartly at the start of any model run as its
performance is very sensitive to initial conditioNghen used in practice, the soil moisture
component of the MCRM is updated with referenc®M@RECS data, which might indicate
that the soil moisture component of the MCRM mayabeeakness. The NWS performs
similarly well to the MCRM but is less sensitive itatial soil moisture conditions. It was
designed more for use at a daily time-step and ragyire further model development for
optimum operational implementation at a 15 minutetstep.
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The TF and PRTF have a simple “black-box” modalcttire and are simple to understand
and apply. As applied here, they give poor resultsimulation-mode, but updating with
respect to observed flow improves performance demably, particularly if error prediction
is used. The Rforecast performance of the TF and PRTF was faarzk slightly worse, but
comparable to conceptually-based models when appite seven of the nine study
catchments, but significantly worse when appliedh® Brue and the Dove. The Threshold
CSiI statistics obtained through the use of the Ad RRTF are also significantly worse than
those obtained from conceptual models, indicatirag the TF models are less well able to
forecast warning of alert levels. However, theserpo results were substantially corrected
when error prediction was used instead of statatigl It is important to note that there are
many variants of the basic TF/PRTF models, somerpurating the effects of catchment
wetness on runoff production and the parallel rautf baseflow. Further, it has not been
possible to emulate those forms most frequently wgeerationally by the EA which involve
event-mode baseflow separation and manual updatesodel parameters as the flood
develops.

The Grid Model is still primarily a research towidais slow to run and calibrate on the larger
catchments for which it was designed. It is theyamlbdel tested here that can use radar
rainfall data as input preserved in the originatributed grid square form (rather than
aggregated to a rainfall zone or catchment scéle.model is expected to be of most benefit
when applied to a catchment with a distributed blalyical response, or distributed rainfall
input, such as a localised rainfall event. The laickonvective storms in the datasets used for
model assessment has not allowed its potentia folty explored.

5.4 Summary of Model Choice

By way of summary, Table 5.4.1 presents the mauarihges and disadvantages of the eight
models considered here. Note that for TF and PRDEets the disadvantages relating to

antecedent conditions (catchment wetness effentsgeoundwater can be addressed through
variants, not tested here, involving a nonlineasloomponent and representation of parallel
flow processes together with appropriate paramesttamation procedures.
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Table 5.4.1 Summary of advantages and disadvantages of the rainfall-runoff models

Model

Advantages Disadvantages

Thames Catchment Model

National Weather Service
Model

Midlands Catchment Runoff
Model

Probability Distributed
Moisture Model

Isolated Event Model

Very good simulation and forecast- Uses hydrological characteristics of
mode performance. the catchment.

Uses hydrological characteristics of Many parameters with considerable
the catchment. interaction and redundancy,
resulting in difficult model
identification and possible rogue
parameters.

Good for catchments with multi-
modal response and Chalk
catchments.
No satisfactory state-correction
scheme if used with flow routing
component.

Easy to calibrate using automatic Complex model with large number
optimisation. of parameters. Fairly insensitive to

. . initial soil moisture conditions.
Reasonable simulation and forecast-

mode performance. Designed more for use at a daily
time-step. May require further
model development for practical
use at a 15 minute time-step.

Good all-rounder. Complex, but not Performance becomes more

too complex to use mediocre for larger catchments and
straightforwardly. can be too over-sensitive to initial
conditions. Operationally the soil
moisture store is corrected using
MORECS data.

Good performance for small-
medium catchments.

Good overall performance for most Experimentation with different
catchments including Chalk. Very structures may be required.
good performance on flow peaks

and alert level crossings. Effect of parameter changes can be

difficult to anticipate.
State-correction methods
applicable.

Sophisticated without excessive
numbers of parameters.

Quick and easy to calibrate. Poor simulation-mode performance
for catchments with complex

Requires minimal know! f
equires al knowledge o response.

catchment characteristics.
Empirical loss function

Good for catchments with simple, theoretically weak.

uni-modal response, and performs
well in forecast-mode for most
catchments
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Model Advantages Disadvantages

Transfer Function Model Simple to calibrate using Requires minimal understanding of
Instrumental Variable (1V) hydrology to use.
algorithm.

Ineffective when applied to
Good results when applied to complex catchments with a
simple, fast catchments without  significant groundwater component.

significant groundwater component Antecedent conditions only

Quick to run, and requires minimal accommodated via updating.
understanding of hydrology to use.

Physically Realisable Transfer Relatively easy to calibrate using a Requires minimal understanding of
Function model mixture of IV and automatic hydrology to use.

optimisation Ineffective when applied to

Quick to run, reasonable results on complex catchments with a
simple, fast catchments without significant groundwater component

significant groundwater component.Antecedent conditions only

accommodated via updating.

Grid Model Designed for use with spatially Slow to run, making automatic
distributed radar data. calibration impractical. (Has been

Good performance on larger calibrated manually in this study.)

catchments with a distributed Primarily an R&D model requiring
hydrological response further development before being

Physically-based, distributed modelmplemented In practice.

structure allows for spatial
distribution of slope and landuse in
the catchment.
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6. SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS

6.1 Summary

This study has used data from nine catchments iglaBd and Wales to assess the
performance of eight rainfall-runoff models ovewi@e range of flow events. The selection of
catchments was guided by operational importancesurerg a mix of hydrological
characteristics and choosing at least one catchframteach of the eight EA regions. Three
of the catchments were selected for model assessosng weather radar data as a
replacement for raingauge data, or as a completoenvia raingauge-calibration. Single site
2 km (5 km beyond 75 km range) data have been tetbér than Nimrod corrected data
which are only available for a 5 km resolution asidce 1998 as a stable product. The
rainfall-runoff models chosen for assessment ramgeomplexity from simple transfer
function models to more complex models such ag ti@nes Catchment Model (TCM) and a
simple distributed model, the Grid Model. The fakt of models, arranged in order of
complexity except for the Grid Model treated heseapecial case, is:

Thames Catchment Model (TCM);

National Weather Service (NWS);

Midlands Catchment Runoff Model (MCRM);
Probability Distributed Moisture model (PDM);
Isolated Event Model (IEM);

Transfer Function Model (TF);

Physically Realisable Transfer Function Model (PRTF
Grid Model.

Of the eight models, only two are not used openally in the UK: the NWS and the Grid
Model.

Data for between six and ten years for all catclimewere made available for model
assessment. These data have been quality contasltbdsed in a split sample testing scheme
for model calibration and evaluation. Models haeerbcalibrated on a number of long (eight
month) periods in both simulation and updating ma@#eMA error-prediction has been used
to update those models for which an explicit stagdating scheme is not available. Models
have been evaluated in both simulation and foregasde using a range of performance
criteria. The R statistic measures the overall performance of tbdahwhile the Threshold
CSI has been used to indicate the ability of a rbmleorrectly forecast the crossing of a
range of flow thresholds. Scatter plots of obseraed forecast peak flow were used to
highlight a model’s ability to forecast flow peakehilst a selection of hydrographs served to
provide a visual indication of model performanclwrforecasts from different models were
compared numerically in the form of fixed-lead tifoeecasts, and visually as fixed-origin
forecasts for significant flood events.

The TF/PRTF models are used operationally in amtewvede with baseflow (defined as the
flow at the start of the event) normally subtracted the model time-step varying with the
responsiveness of the catchment. Also, manual g of the model parameters as the
flood develops is encouraged. It has not been plest emulate these features in the model
assessment. Individual flood events are not idendtiind performance statistics are pooled
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over every time point of a record which typicalktends over an eight month period. Instead,
total flow has been used, a fixed model time-stepSominutes and an automated method of
model parameter adjustment that has been usedtiopatly in Anglian and Southern
regions. Parameter estimation of TF/PRTF modeld usérecast mode has used procedures
which are similar to those in the MATH code empkbyky the EA. The results and
conclusions relating to TF/PRTF models should berpreted against this background. There
are also other variants of TF/PRTF model accomniogléhe effect of catchment wetness on
runoff production and the inclusion of basefloweaSF model in parallel. Since these are not
used operationally by the EA these variants havwebren assessed here. Special TF model
estimation schemes suitable for identifying patadlew and fast response systems, such as
the simplified refined instrumental variable (SRIMgthod (for example, see Young, 1992),
have not been used since these do not featurenentieA operational practice.

6.2 Main Results

The main results obtained are summarised below.

Model calibration

Performance results obtained for model calibratiene found to be broadly similar to those
obtained for model evaluation and therefore aredmuiussed separately here. However, ease
of model calibration is an important considerataamd some models were found to be more
straightforward to calibrate than others. The TRTP and IEM are very quick and easy to
calibrate and require minimal user knowledge ofclwatent characteristics. At the other
extreme, the TCM is a more complex model with ggdanumber of parameters and
calibration can be more difficult and time-consugiimdowever, use of a Digital Terrain
Model (DTM) and digital spatial datasets to helpntfy different TCM response zones can
ease the task. The PDM, MCRM and NWS were modegrasdy to calibrate: the NWS has a
large number of parameters, but is easy to caéihwaing automatic optimisation, whilst the
PDM and MCRM may be calibrated by a mixture of manand automatic parameter
adjustment. The Grid Model is a distributed modedigned for use with spatially distributed
radar data. As a result it is slow to run on larggichments and was calibrated manually.

Model evaluation: simulation-mode results

(1) There is least variation in model performance a&cm®del types for responsive or
urbanised catchments such as the Rhondda, Trolt Bék Stream and the Roch. For
these catchments reasonable model performancetasnetd independent of which
model is used (particularly if the TF and PRTF exeluded).

(i) Although no one model out-performs the others &tastily across all catchments, the
TCM performs best overall with the MCRM, PDM and $Wot far behind. On the
three catchments for which the Grid Model was eaa&d, it performed well,
consistently coming second in overall simulatiorfgenance. The MCRM was found
to be particularly sensitive to initial soil moistuconditions, and initialising the model
could be problematic.
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(iii)

(iv)

v)

(vi)

(vii)

Transfer function models are used operationallyupdating mode and are not
expected to perform well under simulation-mode ¢omas. They have not performed
well here in simulation-mode particularly for largenore complex catchments with a
significant groundwater response.

Moderate improvements in model performance forShie Stream and the Stour may
be achieved through the use of calibrated weathdarr data instead of rainfall

estimates from raingauges. For the Silk Strearmtedian R statistic increases from

0.635 to 0.672 when calibrated weather radar degaused in place of raingauge
estimates; for the Stour, this statistic incredsa®s 0.622 to 0.703. Model results are
poor for these catchments when uncalibrated raakarare used.

Use of both uncalibrated and calibrated radar afliglstimates employing data from
Hameldon Hill radar for flow simulation on the Roclksulted in poor model
performance compared to that obtained using raggaainfall estimates.

The use of a groundwater-modelling component inTt&& and PDM, incorporating
daily abstraction data, was successful resultiranii® value of 0.88 for the TCM and
0.87 for the PDM for an eighteen-month period idahg the Chichester flood event.

The Grid Model was used with distributed radar fadlrdata on the Stour and Roch.

The use of the Grid Model on the Stour resultethenbest overall model performance

for that catchment in simulation-mode, and in fastemode the results were good in

terms of R, but disappointing when the Threshold CSI criterigas used to assess

models. Performance on the Roch with radar raimfgtiimates was moderate because
of the poor quality of radar data from the Hamelébihradar.

Model evaluation: forecast-mode results

(viii)

(ix)

)

Although no one model out-performs the others &tastly across all catchments, the
TCM is one of the best performing models in forecasde when the Rstatistic is
used to compare models. When the Threshold CS&rionit is used the PDM is very
successful, indicating that it is good at foregagtirossing of flow thresholds, such as
alarm levels. For a simple model, the IEM is swipgly successful in forecast-mode
particularly in terms of the Threshold CSI.

Following a poor performance in simulation-modes T+ and PRTF improved when
state-updating was used. The Threshold CSI statistbtained from these models
were poor compared to those calculated for moreeqmally-based models. The TF
and PRTF performed better in terms &f Barticularly on the Rhondda, Stour, Roch
and Witham. Trials suggested that somewhat bettecéast performance might be
obtained with the use of ARMA error-prediction eatl of state-updating for some,
especially smaller, catchments.

Flow forecasts produced for the Silk Stream andStwair using calibrated radar data
were compared to those obtained over the samedsanging raingauge data. Overall,
based on the Rperformance criterion, the results indicate thhemw the radar was
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6.3

working well, use of radar data gave as good, anetones slightly better results as
those obtained using raingauge data.

General Conclusions

This study has assessed eight rainfall-runoff n®delterms of a variety of performance

measures in both simulation and forecast mode,nami@ subjectively in terms of “ease of

use”. The results are complex, and predictablypm® model has been found to be best for all
types of catchment and assessment criteria. Howeaoene general conclusions may be
drawn from the study which are set down below.

()

(ii)

(iii)

(iv)

v)

Rainfall-runoff model performance on small or giyckesponding catchments with a
significant urban area is moderately insensitivetiie type of model used. For
catchments such as these, a simple, easy-to-usel imadost appropriate, such as the
IEM, PDM, or the TF model. The MCRM works well omnall-to-medium size
catchments, but is very sensitive to initial sodisture conditions, and is updated
operationally with MORECS soil-moisture data.

On larger, or slowly responding catchments, the T@&$ been shown to be very
effective in providing a good overall model perfamece. The TCM is a complex
model with a large number of parameters and caa diellenge to calibrate, but once
successfully calibrated, model results in both $aton- and forecast-mode can be
very good. The PDM and IEM also provide good ovaraddel performance and can
often be better than other models, including theMTGvhen judged using the
Threshold CSI.

The data requirements of different models do néiedradically, requiring at least

records of rainfall and runoff, and do not exedtaong influence on model choice.
Arguably, TF/PRTF models might require less extemsiecords if calibrated on

isolated events but this will be less true for aats which aim to accommodate
catchment wetness effects. There is both benefa imodel having minimal data
requirements and in being able to utilise additiateta (grid square weather radar,
DTM and spatial datasets) where these exist testagsddel configuration and/or to
improve model performance.

When good quality radar data are available, caidmaof the radar data with reference
to a network of raingauges is essential. Once gguality radar data has been
calibrated in this way, it can lead to as good, smtietimes better flow forecasts than
those obtained using raingauge data alone. Howévéne radar data are of poor
quality (for example, Hameldon Hill), use of raiong data is likely to result in more
reliable flow forecasts.

The TF and PRTF models as applied here performedypm simulation-mode; these
models are used operationally in forecast-mode avkieey are updated using recent
observations of flow. However, their performancddrecast mode was also found to
be poor, particularly for larger catchments witkignificant groundwater component.
Trials suggested that forecast performance of THeisois improved by using error
prediction instead of state updating for some,ipalerly smaller, catchments. When
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updating is carried out operationally the modepogse can be adjusted manually to
take into account catchment soil moisture cond#jottnis may improve upon the
results reported here. Also, TF/PRTF models areabge in practice in event-mode
with flow at the start of the event being commosiiptracted as “baseflow” prior to
modelling. The continuous form of assessment used, twith events not explicitly
defined, has precluded the emulation of this featurhis, together with model
calibration on single short events, differs frone @pproach employed here and the
results need to be interpreted against this backgtoThere are also variants which
incorporate the effect of catchment wetness on ffumduction and incorporate
baseflow as an integral model component (see,damele, Lees, 2000). These have
not been assessed as they do not feature in EAmirgsactice.

6.4 Operational Recommendations

This section provides operational recommendationsdinfall-runoff modelling for different
EA regions. Due to the heterogeneity of some regibrs not always easy to provide strong
or clear guidance, and results from some typestwhment can be more relevant to particular
areas rather than specific EA regions. For exam@epmmendations deriving from the
Lavant catchment apply particularly to catchmemighe Chalk, encompassing the Yorkshire
Wolds, East Anglian Heights, Chilterns and the N@md South Downs. In response to these
concerns, operational recommendations are alsemex$ in terms of catchment size and
dominant characteristics.

Table 6.4.1 presents operational recommendationgdoh EA region alongside a list of
models currently in operational use. Where a reggdiamiliar with a certain model this has
been used as a reason for recommending retainiagntbdel unless the performance
assessment strongly favours use of another model.

Table 6.4.2 provides operational recommendatiorterims of catchment size and dominant
characteristics.
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Table 6.4.1 Summary of current operational use of rainfall-runoff moels by EA
regions in the UK and operational recommendations for each

EA Region  Models currently in
use operationally

Operational recommendations

Anglian TF, PDM (Lincoln)

Midlands MCRM

North East PDM

North West  TF/PRTF

Southern TF (PDM currently
being trialled on the
Medway to replace
TF)

South West  TF/PRTF

Thames TCM, IEM, PDM

Welsh ISO
Many areas have no
operational flood-
forecasting system.

The TCM was shown to parh best overall on the Witham, which is a
large lowland catchment typical of the region. HigM, of which there
is some familiarity in Anglian region, also perfadhwell.

Recommend Anglian region to consider greater ustDifl or similar
conceptually based rainfall-runoff model.

This study showed that the most sasfi¢ model on the Dove was the
MCRM, whilst on the Stour, the TCM or PDM were best

Soil moisture accounting in MCRM shown to be a wesss.

Recommend Midlands region consider use of altereaibnceptually
based model (e.g. TCM, PDM) in larger catchments.

Good results were obtained for TBeitk using the TCM and IEM.
However, the complex TCM model formulation is prblyavasted on
small upland catchments. Recommend investigatiegptisEM, or
continued use of PDM, which performed reasonably eve Trout Beck.

Best results for the Roch wdraioed using TCM and PDM, but most
models, including the TF and PRTF, performed realslynwell on this
fast, urbanised catchment.

Suggest use of PDM may benefit accurate forecasfifigw peaks and
alert level crossings. Where TF models are in csesideration of
ARMA error prediction might be beneficial.

Trials of the PDM and TCM incorporating a new grdwater-modelling
component were successful on the Lavant. The nedehtmmponents
currently use daily abstraction data, and welldelaa could be easily
incorporated.

Recommend operational trials of TCM or PDM with ngrwundwater
modelling component. General use of TCM or PDM rbagg benefits.

Best model performance on thie Bchieved through use of TCM. Use
of IEM/PDM in forecast mode lead to more accuratrecast peak flow
and flow threshold crossings.

Recommend investigation of use of TCM, PDM or |EMtfie region.
Where TF models are in use, consideration of ARNrareprediction
might be beneficial.

TCM and MCRM performed besttba Silk Stream.

Recommend Thames region to continue use of the a@dtrials of
PDM.

Most models, including the IEM, perform well on tReondda in both
simulation and forecast mode.

Recommend increased use of flood-forecasting irstWRlegion. The
PDM provides good compromise between complexityaswlirate model
performance, although use of IEM should lead tsf&attory model
performance.
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Table 6.4.2 Operational recommendations for rainfall-runoff modelsin terms of
catchment size and dominant characteristics

Catchment Catchment Example Operational recommendations
size characteristics
Small Upland Trout Beck Good results were obtained for TroutlBesing the
impervious, rural TCM and IEM. However, the complex TCM model
or urban formulation is probably wasted on small upland
catchments. Recommend use of model with a simple
structure such as the IEM, or a TF model formutatio
Urban clay Silk Stream  TcM and MCRM performed best on the Silk Stream.
Recommend use of TCM for its urban zoning, though
simpler models such as the IEM, PDM or a TF
formulation may be adequate.
Medium High relief, Rhondda at  \ost models, including the IEM, perform well on the
Impervious Trehafod Rhondda in both simulation and forecast mode.

High relief, mixed Dove at |zaak

geology Walton

Lowland Lavant at

permeable Graylingwell

(Chalk),

groundwater

dominated

Modest relief, Stour at

rural Shipston,
Brue at
Lovington

Modest relief, Roch at

significant urban  Blackford

fraction Bridge

Large Lowland, clay Witham at

Claypole Mill

Lowland, Chalk

The PDM provides good compromise between
complexity and accurate model performance, although
use of the simpler IEM should also lead to good ehod
performance.

This study showed that the most successful modéhen
Dove was the MCRM, although soil moisture accoumntin
in MCRM thought in general to be a weakness.

Recommend use of alternative conceptually basecwmod
(e.g. TCM, PDM).

Trials of the TCM and PDM incorporating a new
groundwater-modelling component were successful on
the Lavant. The new model components currently use
daily abstraction data, and well-level data cowdcehsily
incorporated. Recommend operational trials of TGM o
PDM with new groundwater modelling component.

Good performance may be achieved through use of
TCM/PDM/IEM. Where TF models are in use,
consideration of ARMA error prediction might be
beneficial.

Use of the TCM, with its urban zoning may be most
appropriate, although responsive catchments can be
modelled reasonably well using most models, inclgdi
TF formulations

The TCM was shown to perform best overall on the
Witham. The simpler PDM model also performed well.

TCM or PDM expected to perform weh large lowland
catchments. New groundwater-modelling components to
TCM/PDM may be of benefit
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6.5

Opportunities for Further Work

Opportunities for further work, identified in thésudy, are set out below:

()

(ii)

(iii)

(iv)

v)
(vi)

(Vi)

(vii)

(ix)

Following the good overall performance of the TChd&he IEM (which have been
unified in the Penman Store Model or PSM), theeeapportunities for research into
the optimum number of TCM response zones for catéctisnof differing size and
complexity guided by DTMs and digital spatial datas Certain catchments may be
just as accurately modelled using two responsesasefour, which would simplify
model calibration.

Following the development of new methods of raingraweighting for calculating
catchment average rainfall, there is now the opmift to investigate the use of
Thiessen/SAAR/elevation weights across a range abtheents to develop some
simple rules to determine which weighting schemes appropriate for different
circumstances.

Investigation of Clee Hill radar data on no-rairyslaevealed a large area of low-level
clutter covering approximately one quarter of then2radar field. Techniques which

remove isolated pixels of transient clutter failreanove the more spatially coherent
clutter. However, the time-varying clutter fieldncéde readily suppressed using a
simple threshold cut-off which could be readily ongorated into a radar pre-

processing scheme.

Performance of the Hameldon Hill radar should beieged following the
replacement of the radar magnetron. This upgradenow allow data from this radar
to be used with greater confidence than the refultthe Roch obtained here suggest.

Assessment of forecast performance using Nimrogected weather radar data.

A rigorous assessment of the use of radar raiefslimates in flow-forecasting has
been made difficult by the lack of significant cewtive rainfall events over the study
catchments. Attempts had been made to obtain dadarfor convective storms, but in
practice much of the data are missing. Radar rbiegtimates are expected to be most
beneficial during localised convective rainfall whi may not be registered by
raingauges. Further research should assess thef wadar data in flow forecasting
during convective rainfall events. The assessmbnuld include use of the Grid
Model, which was specifically designed for use vafiatially distributed radar data.

Further development of the TCM and PDM models ferngeable catchments with
groundwater abstractions, incorporating well leglata to support model calibration
and updating.

This study has highlighted opportunities for reshanto new state-updating schemes
for models that currently do not have them, orhertdevelopment of schemes for
existing models, such as the use of state-updatitige TCM.

Difficulties of model identification experienced tWwiTF/PRTF models are considered
to stem from an inappropriate model structure whiohits basic form, assumes a
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constant gain (or runoff coefficient) and in whickariable baseflow is not

accommodated as an integral component. Adoptingdavhich account for the effect
of catchment wetness on runoff production and iporate variable baseflow as an
integral part, along with appropriate estimatiomgadures, would be a step in the
right direction. Whilst, these do not feature in [EArrent practice, steps are being
taken in Southwest region to use the effective fallintransformation used in

IHACRES (Jakemast al, 1990) as one way of accounting for catchmenhess.

The study has focused on a specific set of eigrarith name” models. There is clearly scope
for research into the components of these modelgtair configuration which might help in
the formulation of new, improved models or toolkds models. For example, the spatial
zoning used in the TCM to represent different resps has application to other models,
albeit at the expense of increased complexity affidudties of calibration. The use of rainfall
zones, available in the TCM model but not invokesteh may offer further scope for
improvement, particularly for larger catchmentse ®fficient PRTF parameterisation may be
of value as a component of a conceptual catchmenehused to represent flow translation
to the basin outlet. Variants of the TF/PRTF modelsch incorporate catchment wetness
effects on runoff production and incorporate baseflas an integral component, with
appropriate parameter estimation schemes, neeca tasfessed. However, their link with
models such as the PDM — which have emerged akit®@ncompassing TF models in
conceptual form, nonlinear storage components aildmisture accounting procedures —
needs to be appreciated. Exhaustive data-based| nmidecomparisons of “brand name”
models should be initiated with caution and onlgenaken when necessary against a strong
theoretical understanding of what is to be achiewslv variants of the PDM theory (e.g.
Senbeteet al 1999) require to be evaluated. There are alseratiodels not included here,
some reviewed in the Part 1 Report, that might dofenefits to flood forecasting. For
example, the ISO (Input-Storage-Output) models ofégr a similar level of performance to
the IEM as well as sharing its simplicity and easaise. Emerging technologies — such as
neural networks, nearest neighbour forecastingfamgly logic approaches reviewed in the
Part 1 Report — provide further prospects forasde aimed at improving flood forecasting
via modelling, updating and forecast uncertaintytingstion. The model assessment
framework of models and data developed here prevadealuable test-bed within which new
forecasting methodologies can be judged in therdutu
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APPENDIX A: RADAR CALIBRATION USING
MULTIQUADRICS

A.1 Introduction

This Appendix reviews the theory of radar calibyatusing multiquadric surface fitting to the
calibration factors formed from the adjusted ratidgjauge to concident radar pixel values.
Initially the method used in HYRAD (Mooretal., 1994b) is outlined as background to
multiquadrics and to document the method used Her Silk Stream catchment. Then the
modified form used for the remaining study catchtaés presented.

A.2 HYRAD Local Calibration Procedure

The surface fitting method employed by the HYRADcabCalibration procedure is based on
an extended form of the multiquadric presented kgrdy (1971). First, let zbe the
calibration factor values defined at the n raingaugcations, having grid coordinates
xi=(u;,vi). Here, the calibration factor is defined as thigorof the raingauge valuegRo the
concident radar pixel value,,Ruch that

Ry +&
z =
R +e

(A1)

whereey ande are small positive constants introduced to enthaethe calibration factor is
sensibly defined for zero values of radar rainfllie values used here aee;=e=1 mm with
the calibration factor values calculated over wvéés of 15 minutes.

The multiquadric calibration surface is definedtlas weighted sum of n distance, or basis
functions centred on each gauge; that is

s(x) = ” a, 9&' l(i)"’ao (A.2)

j=1

where {g j=0,1,2,...,n} are parameters of the surface. diseance function used is the simple
Euclidean distance

g(x) =l xII=y/[u? +v?) (A.3)

which corresponds to building up the surface frosetof n right-sided cones, each centred
on one of the n raingauge locations.

Formally, estimation of thg aeights is achieved as follows. Equation (A.2) for

s(x ) = i g QQ(i - l(j)+ao =z (i=12, .n) (A.4)

]
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expressed in matrix form is
Ga+al=z (A.5)

where_Gis an n by n matrix with the (i,j)'th element givey G=g(x-x;), 1 is a unit vector of
order n, and s the vector containing the n calibration factalues. To avoid anomalies in
the surface form away from n raingauge locatiomggairement for flatness at large distances
is imposed through the constraint

a'1l=0. (A.6)

For the Euclidean distance function of cone type tonstraint corresponds to a requirement
of zero-slope with increasing distance from thegauge network. Solution of equation (A.5)
subject to constraint (A.6) for the weighting ceaéints gives

a,=('c"z)/"'c )

a= Q-I(Z' aol)

(A.7)

An important feature of the HYRAD Local Calibratigprocedure is the forming of a
conservative calibration factor surface by adoptnigting method which allows the surface
to depart from the actual calibration factor valuBsis is achieved by allowing the Euclidean
distance g(xxj)=g(0), normally zero, to take a value -K. The resulaisurface which passes
within a distance ;&K of the calibration factor value for the i'th ngauge; K is referred to as
the offset parameter. The problem of discontinsitie avoided by using this form in the
estimation of the weights;,aand using the normal form in calculating the acef values for
radar calibration of the full field. The constrawift equation (A.6) ensures that the “errors”,
introduced by using g§eé0 in equation (A.2) (and not -K) when forming tearface for
calibration, add up to zero.

A.3 Hybrid Calibration Procedure

The new Hybrid calibration procedure is based st femoving the mean field bias from the
radar field. A special form of multiquadric surfaiethen fitted to the calibration factors,
calculated from the bias-adjusted radar rainfaldfi which tends to unity with increasing
distance from the raingauge locations used fobcatiion.

The mean field calibration factor bias is calcullads
b=— = 2 (A.8)

where R and Rdenote the raingauge and coincident radar valyeecgigely. It is seen from
(A.8) that the ratio of these are summed oyé&nre periods to obtain the climatological mean
bias for each radar pixel containing a raingauge.r§ raingauges in the field then the mean
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of these provides an estimate of the climatologroalan field bias, b, of the calibration
factors. (Additional notation ongand R to indicate the time period and gauge are omitted
for simplicity.) In practice, values of the rati®/R, are only included in the summation
when both Rand R are at least 1 mm in magnitude. This helps suppagy effects of
discretisation errors and the influence of anaprop.

The calibration factors are calculated as befoteusing the radar pixel values scaled by the
mean field bias of the calibration factors. In tligse it is sensible to adopt a form of
multiquadric surface which tends to a fixed valdelowith increasing distance from the

raingauge locations; in practice, unity is subtddrom the calibration factor values so that
the fixed value required is zero. This requiremisnet by replacing the normal Euclidean
measure of distance by the exponential distancgtium

g(x)=exp- 1)1/ ) (A.9)

whereR is the scaling length parameter. For this distameasure, allowing the surface to
depart from the calibration factor (less unity)ues is achieved by setting_ €0 +K. Also,
a=0 and_as given simply by

a=G'z. (A.10)

A.4  Application to the Study Catchments

Table A.1 presents the results of mean field basutations for raingauges over the Stour
catchment using the Clee Hill radar and over thehRmatchment using the Hameldon Hill
radar. Calculations for different periods allow teenporal stability of the bias to be assessed.
Periods used for model calibration and evaluato, where only 5 km data are available, are
identified separately in the table. The averages lieross periods and gauges for a given
catchment is used in the Hybrid calibration procedThe values used are 2.518 and 1.359
for the Stour (Clee Hill radar) and the Roch (Hadoel Hill radar) catchments respectively.

The scaling length paramet&,and the offset parameter, K, of the multiquadtidace have
been estimated by removing one raingauge at a &ne using the Hybrid calibration
procedure to estimate its value. The errors frasghlective deletion procedure are pooled to
form a root mean square error criterion and contlmna ofRand K values trialed to obtain a
minimum criterion value. Since no more than twoggaiare available for each catchment,
the scope for parameter optimisation was limitadidl estimates were obtained by analysing
the correlation distance function of calibratiorctéas obtained from the HYREX dense
raingauge network over the Brue catchment (Weiodl., 2000). The final estimates used are
R=10000 km and K=0.03 for Clee Hill radar aRd70 km and K=0.03 for Hameldon Hill
radar.
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Table A.1 Mean field bias of radar rainfall over catchments for differentperiods

a) Stour catchment and Clee Hill radar

Chipping and Shipston Chipping raingauge Shipston raingauge
raingauges
Period Mean field Number of Mean field Number of Mean field Number of
bias values bias values bias values

Calibration and evaluation periods: 5 km or 2 an#éré data

Sep. 92 2.718 125 2.703 70 2.737 55
Jan. 93 2.443 84 2.516 50 2.335 34
Jan. 94 2.703 132 2.782 63 2.631 69
Mar. 98 2.482 100 2.793 52 2.144 48
Apr. 98 2.603 238 3.053 124 2111 114
Other periods: composite 2 and 5 km data

Feb. 90 1.527 83 1.281 48 1.863 35
Dec. 91 2.072 12 1.785 7 2474 5
May 92 2.384 7 2.085 4 2.784 3
Jun. 92 3.537 14 3.571 9 3.477 5
Dec. 92 2.233 99 2.214 55 2.256 44
Apr. 93 2.946 45 3.155 25 2.685 20
Other periods: 5 km data only

Dec. 93 3.359 96 3.490 48 3.228 48
Mar. 94 - - - - - -
Apr. 94 2.8 108 3.235 43 2.512 65
Jun. 94 2.25 15 1.673 1 2.292 14
Sep. 94 2.112 231 2.225 120 1.991 111
Jan. 95 2.572 184 2.760 88 2.399 96

b) Roch catchment and Hameldon Hill radar

Spring Mill and Kitcliffe Spring Mill raingauge Kitcliffe raingauge
raingauge
Period Mean field Number of Mean field Number of Mean field Number of
bias values bias values bias values

Calibration and evaluation periods: 5 km or 2 anéré data

Dec. 91 1.1699 294 1.5301 157 1.1893 137
Dec. 93 1.3383 783 1.2358 446 1.474 337
Apr. 94 1.2613 239 1.3878 121 1.316 118
Sep. 94 1.670 239 1.7747 115 1.5738 124
May 97 1.4425 179 1.3835 88 1.4996 91
Other periods: composite 2 and 5 km data

Jan. 90 no gauge data

Jan. 92 - - - - - -
Nov. 96 1.4656 143 1.4842 75 1.4450 68
Other periods: 5 km data only

Sep. 93 1.2283 60 0.8283 30 1.6282 30
July 94 1.339 54 1.2126 32 1.5227 22
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Figure B.1.1 Map of catchment relief: Trout Beck.
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Figure B.1.2 Map of DTM-derived TCM response zones: Trout Beck.
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Figure B.1.3 Map showing distribution of SAAR across the catchment: TrouBeck.
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Figure B.1.4 Areas used to define raingauge weights: Trout Beck.
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Figure B.2.1 Map of catchment relief: Silk Stream.
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Figure B.2.2 Map of DTM-derived TCM response zones: Silk Stream.
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Figure B.2.3 Map showing distribution of SAAR across the catchment: SillStream.
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Figure B.2.4 Areas used to define raingauge weights: Silk Stream.
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Figure B.3.1 Map of catchment relief: Dove.

Figure B.3.2 Map of DTM-derived TCM response zones: Dove.
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Figure B.3.3 Map showing distribution of SAAR across the catchment: Dove.

Figure B.3.4 Areas used to define raingauge weights: Dove.
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Figure B.4.1 Map of catchment relief: Lavant.

Figure B.4.2 Map of DTM-derived TCM response zones: Lavant.
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Figure B.4.3 Map showing distribution of SAAR across the catchment: Lavant.

Figure B.4.4 Areas used to define raingauge weights: Lavant.
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Figure B.5.1 Map of catchment relief: Rhondda.

Figure B.5.2 Map of DTM-derived TCM response zones: Rhondda.
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Figure B.5.3 Map showing distribution of SAAR across the catchment: Rhord.

Figure B.5.4 Areas used to define raingauge weights: Rhondda.
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Figure B.6.1 Map of catchment relief: Brue.

Figure B.6.2 Map of DTM-derived TCM response zones: Brue.
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Figure B.6.3 Map showing distribution of SAAR across the catchment: Brue
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Figure B.7.1 Map of catchment relief: Stour.

Figure B.7.2 Map of DTM-derived TCM response zones: Stour.
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Figure B.7.3 Map showing distribution of SAAR across the catchment: Stour

Figure B.7.4 Areas used to define raingauge weights: Stour.
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Figure B.8.1 Map of catchment relief: Roch.

Figure B.8.2 Map of DTM-derived TCM response zones: Roch.
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Figure B.8.3 Map showing distribution of SAAR across the catchment: Roch.

Figure B.8.4 Areas used to define raingauge weights: Roch.
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Figure B.9.1 Map of catchment relief: Witham.

Figure B.9.2 Map of DTM-derived TCM response zones: Witham.
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Figure B.9.3 Map showing distribution of SAAR across the catchment: Withia.

Figure B.9.4 Areas used to define raingauge weights: Witham.
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APPENDIX C: MODEL PARAMETER SETS
The tables in this appendix detail the model stmgést and parameter values for the main set of
models calibrated for each of the nine study cagtisusing raingauge data, uncalibrated radar

and calibrated radar rainfall data. The modelspagsented in the following order: TCM, NWS,
MCRM, PDM, IEM, TF, PRTF and Grid Model.

C.1 TCM Models

The units and meaning of the TCM model parametersuatlined in Section 1.2. Tables C.1.1to
C.1.4 summarise the calibrated parameter valuesneok for each of the study catchments.
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Table C.1.1 Comparison of TCM parameters across catchments using raingaugatd

Catchment
Model parameter Trout  Silk Dove Lavant Rhondda Brue  Stour Roch  Witham
Beck Stream
Number of zones  ,n 1 3 5 2 4 4 5 5 5
Zone parameters
area (krf) A 985 4.22 53 86 45.0 70 73 40 178
491 264 1.0 31.0 37.0 115 35 9.86
4.2 16.2 1.6 1.7 40.2 19 40
1.8 15.0 20 1 3.82 30
5.6 9.1 50 2
lower zone g 0.3 0.3 0.3 0.3 0.3 0.3 0.1 0.3 0.3
drying rate 0.3 0.3 0.3 0.1 0.3 0.3 0.3 0.3
0 0.1 0.3 0.1 0.3 0.3 0.3
0.3 0 0.0 0.3 0.1 0.3
0 0 0 0
direct f 0 0 0.15 0.15 0.15 0 0.15 0.15 0.15
percolation 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0
root constant R. 1 0 75 75 75 75 75 75 75
(mm) 54.5 75 75 75 75 75 75 75
0 75 100 100 75 75 75
45 0 0 100 100 100
0 0 0 0
linear reservoir k 0.66 0.94 316 50 67.5 1 45 231.7 178
time constant 0.96 229.1 0.5 0.9 2.1 12 23.7 8
0.78 1.89 3.0 0.1 4 1.73 28
445 1.6 3.8 6 3.52 10.7
15.0 8.3 2.41 14.2
guadratic K 56.2 206.0 17231 1.810° 350 10000 42200 2413 104751
reservoir 133.0 85 500 411 165 409.1 689 12864
time constant 3.86 5081 40 130 320 96.9 488
1556 39 72 11.02 140 180
199 170 176 42
31.0
Constant flow Oc 0 0 0 0 0 0 0 0 0
Number of reachesN 0 0 0 0 0 0 0 0 0
Reach constant g 1 1 1 1 1 1 1 1 1
Time delay t 0 0 016 O 0.14 3.76 0.5 0.33 0.34
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Table C.1.2 Comparison of TCM parameters across catchments usingncalibrated

radar data
Catchment
Model parameter Silk Stream Stour Roch
Number of zones N 3 5 5
Zone parameters
area (krf) A 2.81 195.0 30.0
4.95 3.55 25.0
3.6 64.8 15.0
93.2 10.0
74.0 62.0
lower zone g 0.3 0.1 0.3
drying rate 0.3 0.3 0.3
0.0 0.3 0.3
0.3 0.1
0.0 0.0
direct f 0.0 0.15 0.15
percolation 0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0
0.0 0.0
root constant R 0.0 75.0 75.0
(mm) 23.0 75.0 75.0
0.0 75.0 75.0
100.0 100.0
0.0 0.0
linear reservoir k 1.05 90.4 107.0
time constant 6.37 0.64 1.0
0.35 2.1 31.9
1.79 11.0
452 1.33
quadratic K 226.0 13173.0 4107
reservoir 290.0 334.0 386.5
time constant 17.0 149.2 212.0
133.4 204.0
28.3 204.0
Constant flow (o 0.0 0.0 0.0
Number of reaches N 0 0 0
Reach constant ol 1.0 1.0 1.0
Time delay t 0.44 2.87 1.3
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Table C.1.3 Comparison of TCM parameters across catchments usingalibrated

radar data
Catchment
Model parameter Silk Stream Stour Roch
Number of zones N 3 5 5
Zone parameters
area (krf) A 3.38 100.0 14.6
5.8 34.0 10.9
4.36 12.0 10.5
38.0 15
14.0 60.0
lower zone g 0.3 0.1 0.3
drying rate 0.3 0.3 0.3
0.0 0.3 0.3
0.3 0.1
0.0 0.0
direct f 0.0 0.15 0.15
percolation 0.0 0.0 0.0
0.0 0.0 0.0
0.0 0.0
0.0 0.0
root constant R 0.0 75.0 75.0
(mm) 45.6 75.0 75.0
0.0 75.0 75.0
100.0 100.0
0.0 0.0
linear reservoir k 0.73 76 159.0
time constant 1.03 2.14 35.7
0.72 9.5 22.3
2.97 1.47
0.1 0.92
quadratic K 150.0 24739 10914
reservoir 233.0 242.5 947.0
time constant 7.70 28.9 306.0
60.9 159.0
132.8 369.0
Constant flow Je 0.0 0.0 0.0
Number of reaches N 0 0 0
Reach constant g 1.0 1.0 1.0
Time delay t 0.44 4.9 1.41
ARMA updating
AR(1) d -1.4775 -2.4329 -
AR(2) d, 0.5212 1.9794 -
AR(3) ds - -0.5438 -
195
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C.2 NWS Models
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Table C.2.1 Comparison of NWS model

raingauge data

parameters across catchmentssing

Model parameter

Trout
Beck

Silk
Stream

Catchment

Dove Lavant Rhondda

Brue Stour Roch Witham

Rainfall factor

¥ 1.13

Fraction of the catchment f; 0.0

that is impervious

Maximum additional

£ max 0.0

fraction of impervious area
which develops as tension
water requirements are met

Fraction of the catchmentc

0.002

covered by streams, lakes

and riparian vegetation

Capacity of unsaturated S,
zone tension water store

Capacity of unsaturated
zone free water store

Rate of interflow from

saturated zone

Proportional increase in g

e 16.27
S™ 86.7
ki 0.608

10.56

percolation from saturated

to dry conditions

Exponent in equation for d

percolation rate

0.56

Capacity of groundwater Su™ 153.0

zone tension water store

Capacity of groundwater S,™* 422.0
zone secondary free water

storage

Lateral drainage rate fromkgys
secondary groundwater

Zone

0.0047

Capacity of groundwater Sy,™* 89.2

zone primary free water

storage

Lateral drainage rate fromkg,

0.0025

primary groundwater zone

Fraction of percolated watp

going directly to

0.565

groundwater zone free wa

store in preference to

tension water store

Fraction of groundwater

zone free water not

available for resupplying
lower zone tension water

store

rs 0.337

0.472
0.543

0.454

0.0034

25.25

86.2

0.781

72.11

0.196

233.4

149.4

0.183

157.0

0.183

0.569

0.324

1.0 0.893
0.0024 0.125

0.016 0.0

0.018 0.015

217.0 430.0

49.0 33.26
0.003 0.120

60.0 56.8

1.24 55
96.0 144.2

190.0 196.0

4.8 10* 7.5 10
164.0 157.9

3.1 10* 5.0 10°

0.2 0.2

0.3 0.3

0.955
0.013

0.736
0.029

0.814
0.173

0.598
0.033

0.276 0.503 0.307  0.520

0.032 0.019 0.02 0.06

13.17 40.39 46.2 48.7

24.62 11.69 43.9 19.6

0.211 0.985 0.05 2.1 10*

31.01 1339.0 43.8 31.6

6.463 6.711 1.22 0.847

45.58 34.25 55.6 49.3

351.2 90.33 187.0 2110

0.0014 2.4 10° 0.0017 1.1 10*

221.4 204 38.0 354

3.910* 1510% 0.01 9.2 10°

0.2 0.445 0.882 0.484

0.432 0.318 0.475 0.6
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Table C.2.2 Comparison of NWS model parameters across catchmentssing
uncalibrated radar data

Catchment
Model parameter Silk Stream Stour Roch
Rainfall factor Ie 0.467 1.908 0.712
Fraction of the catchment that is impervious i f 0.543 0.029 0.173
Addi.tional fraction pf impervious area which devetoas fw 0.454 0.335 0.307
tension water requirements are met
F_racﬁon of the (_:atchment covered by streams, lakds c 0.0034 0.019 0.021
riparian vegetation
Capacity of unsaturated zone tension water store a*S 349 47.0 48.0
Capacity of unsaturated zone free water store SIS 87.15 38.5 12.16
Rate of interflow from saturated zone ik 0.832 0.145 0.522
Proportional increase in percolation from saturatedry g 72.9 15.22 59.10
conditions
Exponent in equation for percolation rate a 0.198 11.35 3.57
Capacity of groundwater zone tension water store S 2310 11.36 37.30
Capacity of groundwater zone secondary free wabeage S 149.0 137.0 223.30
Lateral drainage rate from secondary groundwatee zo ks 0.185 0.002 0.00096
Capacity of groundwater zone primary free waterage S 155.6 531.8 26.2
Lateral drainage rate from primary groundwater zone Kgp 0.232 0.0012 0.0082
Fraction of percolated water going directly to grdwater p 0.396 0.504 0.536
zone free water store in preference to tensionrveabee
Fraction of groundwater zone free water not avéel&r rs 0.378 0.119 0.584

resupplying lower zone tension water store
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Table C.2.3 Comparison of NWS model parameters across catchmentssing

calibrated radar data

Catchment
Model parameter Silk Stream Stour Roch
Rainfall factor It 0.498 1.08 0.608
Fraction of the catchment that is impervious i f 0.543 0.029 0.173
Addi.tional fraction pf impervious area which devetoas fw 0.454 0.29 0.307
tension water requirements are met
F_racﬁon of the (_:atchment covered by streams, lakds c 0.0034 0.019 0.021
riparian vegetation
Capacity of unsaturated zone tension water store a¥S 1110 47.0 67.0
Capacity of unsaturated zone free water store SIS 64.17 38.5 4.35
Rate of interflow from saturated zone ik 0.260 0.120 0.553
Proportional increase in percolation from saturatedry g 64.8 28.6 31.9
conditions
Exponent in equation for percolation rate a 0.389 5.26 2.94
Capacity of groundwater zone tension water store S 259.0 15.24 34.4
Capacity of groundwater zone secondary free wabeage S 240.0 138.0 82.1
Lateral drainage rate from secondary groundwatee zo ks 0.353 0.0019 0.0011
Capacity of groundwater zone primary free waterage S 102.0 245.0 82.2
Lateral drainage rate from primary groundwater zone Kgp 0.227 7.6 10* 3.8 10°
Fraction of percolated water going directly to grdwater p 0.399 0.933 0.838
zone free water store in preference to tensionngibee
Fraction of groundwater zone free water not avéel&r rs 0.397 0.875 0.502

resupplying lower zone tension water store
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C.3 MCRM Models
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Table C.3.1 Comparison of MCRM parameters between catchments ing raingauge

data
Catchment
Trout Silk Dove Lavant Rhondda Brue Stour Roch Witham
Model parameter Beck Stream
Rainiall factor fe 1.0 091  1.04 0.90 0.86 0.86 0.83 1.0
store
Fraction of catchment f 1.0 1.0 0.84 1.0 1.0 1.0 1.0 1.0
evaporation potentially met
by interception storage
Minimum value of rapid ¢, 0.445 0.99 0.11 0.165 024028 093 01
runoff proportion
Parameter in rapid runoff c; 0.096 0.015 0.099 0.088 0.0820.016 0.005 0.02
proportion function
Maximum value of rapid  Cmax 0.6 0.32 0.2 0.54 0.76 0.56 0.5 0.24
runoff proportion
Maximum percolation rate qm™ 0.024 036 27.0 3.53 0.14 0.01 0.08 0.69
p
Maximum soil store Dgur 0.23 10.0 85 18.5 3.7 48.6 30.0 6.0
moisture surplus b
Soil function exponent O 1.3 2.9 2.9 1.89 214 226 1.0 1.18
controlling rapid drainage
Soil function coefficient Ky 55.0 50.0 21.0 11.8 40.0 100 60.0 850
controlling rapid drainage
Potential transpiration T, 0.40 0.54 0.3 0.61 0.7 03 0.4 1.0
factor
Minimum transpiration Tm 0.058 0.08 0.205 0.079 0.040.018 0.04 0.2
factor
Deficit below which ED 90.0 85.0 27.0 72.4 70.0 56.8 62.0 72.0
otential transpiration ma
actor applies
Deficit above which ED 150.0 149.0 109.0 142.0 131.0 137.0 155.0 165.0
minimum transpiration min
factor applies
Time constant in baseflow K 0.2 67.0 13.9 0.50 1.5 100 0.76 16.5
storage function
Time lag applied to total £ 0.12 0.07 0.5 0.069 23 0.95 0.33 0.8
runoff
Duration of time spread T 5.75 1.25 7.5 7.0 9.0 7.5 475 16.0
applied to total runoff
Channel storage at bankfull xS 35.6 26.0 43.0 330.0 55.0 47.0 55.0 43.0
In-channel routing storage Kk, 0.027 0.013 0.026 0.81 0.0290.011 0.022 0.053
coefficient
In-channel routing storage 9 5.0 2.82 1.45 2.28 2.64 1.44 1.46 0.83
exponent er
Out-of-bank channel Kor 0.051 0.095 0.28 0.046 0.110.014 0.036 0.068
routing storage coefficient
Out-of-bank channel 9 4.3 2.0 1.73 15 1.7 1.51 2.23 1.97
or

routing storage exponent
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Table C.3.2 Comparison of MCRM parameters between catchments sing

uncalibrated radar data

Catchment
Model parameter Silk Stream Stour Roch
Rainfall factor f. 0.63 2.29 0.82
Capacity of interception store Smax 1 213 4.7
Fraction of catchment evaporation potentially mef 1 1.0 0.99
by interception storage
Minimum value of rapid runoff proportion oC 0.75 0.28 0.93
Parameter in rapid runoff proportion function 1 C 0.038 0.032 0.0077
Maximum value of rapid runoff proportion m&x 0.35 0.75 0.48
Maximum percolation rate qglax 0.11 0.07 0.19
Maximum soil store moisture surplus sl 9.75 80.0 18.9
Soil function exponent controlling rapid drainage g 2.64 2.0 1.34
Soil function coefficient controlling rapid drainag kg 50.0 30.0 57.0
Potential transpiration factor ol 0.14 0.73 11
Minimum transpiration factor ) 0.084 0.035 0.044
Deficit below which potential transpiration factor gb 84.7 66.0 64.0
applies max
Deficit above which minimum transpiration factor gb 149.0 154.0 156.0
applies min
Time constant in baseflow storage function g K 54.9 2.3 0.89
Time lag applied to total runoff t 0.13 1.22 0.88
Duration of time spread applied to total runoff T .28 7.5 5.0
Channel storage at bankfull b S 26.0 47.0 40.0
In-channel routing storage coefficient o K 0.0117 0.0087 0.022
In-channel routing storage exponent 9, 35 1.55 1.62
Out-of-bank channel routing storage coefficient , k 0.1 0.014 0.04
Out-of-bank channel routing storage exponent 9, 0.015 2.68 1.96
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Table C.3.3 Comparison of MCRM parameters between catchments ing calibrated

radar data
Catchment

Model parameter Silk Stream Stour Roch
Rainfall factor f. 0.92 1.0 0.62
Capacity of interception store Smax 1 2.78 4.93
Fraction of catchment evaporation potentially mef 1 1.0 1.0
by interception storage
Minimum value of rapid runoff proportion oC 0.87 0.39 0.93
Parameter in rapid runoff proportion function 1 C 0.025 0.035 0.0009
Maximum value of rapid runoff proportion m&x 0.31 0.64 0.48
Maximum percolation rate qglax 0.41 0.11 0.42
Maximum soil store moisture surplus sl 9.92 76.0 2.4
Soil function exponent controlling rapid drainage g 2.86 2.28 1.4
Soil function coefficient controlling rapid drainag kg 50.0 41.0 59.0
Potential transpiration factor ol 0.35 0.14 14
Minimum transpiration factor ) 0.079 0.06 0.05
Deficit below which potential transpiration factor gb 84.7 65.72 67.0
applies max
Deficit above which minimum transpiration factor gb 149.0 154.0 159.0
applies min
Time constant in baseflow storage function g K 62.0 3.84 1.96
Time lag applied to total runoff t 0.08 1.23 0.77
Duration of time spread applied to total runoff T .28 8.75 4.75
Channel storage at bankfull b S 26.0 25.4 33.9
In-channel routing storage coefficient a K 0.023 0.00054 0.056
In-channel routing storage exponent 9, 2.88 2.40 0.92
Out-of-bank channel routing storage coefficient , k 0.11 0.072 0.047
Out-of-bank channel routing storage exponent 9, 1.75 1.52 1.76
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C.4 PDM Models

The units and meaning of the PDM model parametergjigen in Section 1.2. Tables C.4.1 to
and C.4.3 summarise the calibrated parameter values

Note that all models use a Pareto distributionafescapacity with g,=0, and a cascade of two

equal linear reservoirs for the surface storageamndthe state-correction scheme employs the
super-proportion gain scheme.
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Table C.4.1

Comparison of PDM parameters across catchments using raingauggtal

Catchment
Model parameter Trout  Silk Dove Lavant Rhondda  Brue Stour Roch  Witham
Beck Stream
Rainfall factor f 0.91 0.39 092 1.1 0.9 0.86 0.76 0.61 0.6
Soil moisture
Min. depth Crmin 0.0 0.0 00 0.0 0.0 0.0 0.0 00 0.0
Max. depth Crmax 50.0 10.0 266.0 600.0 135.0 105.0 84.8 80.0 100.0
Exponent b 3.0 15 0.2 0.25 0.63 1.25 0.34 40 0.25
Evaporation exponent b 1.0 2.5 2.0 1000 2.5 2.5 2.5 20 20
Recharge model type 1 1 1 1 1 1 1 1 2
1 2 3
parameterl1 kK a a 500.00 200.0 70000.0 24860085000.0 90000.0 97596.0 2200.0 0.025
parameter2 ;S b 0.0 0.0 0.0 85.0 0.0 0.0 0.0 0.0 49.0
parameter 3 f Gsa 2.0 2.1 1.83 13.0 2.42 2.65 2.24 2.28 4.0
Surface storage ks 1.6 1.0 7.9 3.1 4.04 6.08 4.448.3
coefficient
Baseflow storage
Exponent m 3 3 2 3 3 3 3 3 3
coefficient Kp 5.0 5.0 10.5 460 13.0 8.83 5.0 11.7 82.0
Constant flow g 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0 0.0
Time delay t 0.13 0.36 0.25 0.0 0.17 4.2 3.12 0.2 045
State-correction
Surface gain Os 1535 1591 1.453 0.0 1.530 1.897 1.882 1.644 1.641
baseflow gain O 1.325 0.606 1.126 1.04 1.714 1.736 1.584 1.232 0.670
soil moisture gain  gq 0 0 0 0 0 0 0 0 0
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Table C.4.2 Comparison of PDM parameters across catchments usingaalibrated

radar data
Catchment
Model parameters Silk Stream Stour Roch
Rainfall factor f 0.38 1.79 0.68
Soil moisture
min. depth Crmin 0.0 0.0 0.0
max. depth Crmax 15.0 84.8 120.0
exponent b 0.95 0.43 3.73
Evaporation exponent b 1.1 2.5 2.0
Recharge model type 1 1 1
1 2 3
parameter1 Kk a a 370.0 97500 4051
parameter2 S b 0.0 0.0 0.0
parameter 3 o  Csa 1.75 2.25 2.37
Surface storage Ks 1.55 4.59 3.44
coefficient
Baseflow storage
exponent m 3.0 3.0 3.0
coefficient Kp 2.89 5.0 13.2
Constant flow d 0.0 0.0 0.0
Time delay t 0.025 4.3 0.47
State-correction
surface gain Os - - -
baseflow gain Oo - - -

soil moisture gain g - - -
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Table C.4.3 Comparison of PDM parameters across catchments usinglibrated

radar data
Catchment
Model parameters Silk Stream Stour Roch
Rainfall factor f 0.43 0.93 0.49
Soil moisture
min. depth Crmin 0.0 0.0 0.0
max. depth Crmax 15.0 83.0 126.0
exponent b 1.8 0.52 4.79
Evaporation exponent b 1.1 2.5 2.0
Recharge model type 1 1
1 2 3
parameterl Kk a a 320.0 85923 2722
parameter2 S b 0.0 0.0 0.0
parameter 3 p  Gsar 2.02 2.23 2.45
Surface storage Ks 1.4 53 2.86
coefficient
Baseflow storage
exponent m 3.0 3.0 3.0
coefficient Kp 5.0 5.0 13.5
Constant flow d 0.0 0.0 0.0
Time delay t 0.16 3.49 1.42
State-correction
surface gain Os 1.466 1.982 -
baseflow gain Oo 1.745 1.495 -
soil moisture gain g 0 0 -
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C.5 |IEM Models

The units and meaning of the IEM model parametergiaen in Section 1.2. Tables C.5.1 and
C.5.2 summarise the calibrated values.
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Table C.5.1

Comparison of IEM parameters across catchments using raingaugatd

Catchment
Model parameter Trout  Silk Dove Lavant Rhondda Brue Stour Roch  Witham
Beck Stream
Runoff
Coefficient a 0.95 0.47 0.83 0.99 0.81 0.55 0.68 0.5
Exponent b 0.02 0.006 0.014 0.05 0.0750.034 0.03 0.02
Storage coeff. k 80.00 34.00 15041.00 860.00 @8PW3.00 815.00 2252.00
Smoothing function
Delay to start ts 0.06 0 0.07 0.08 2.74 0.00 0.06 0.07
Start to peak tp 0.55 0.41 0.60 0.1 1.05 0.4910.55 0.25
Start to end te 1.0 0.94 0.61 0.5 4.6 0.4931.0 10.0
Constant flow g 0 0 0 0 0 0 0 0
Updating gain g 1.653 1.590 1.143 - 1.593 1.8761.774 1.649 1.270
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Table C.5.2 Comparison of IEM parameters across catchments using radar data

(a) Uncalibrated radar data

Catchment

Model parameter Silk Stream Stour Roch
Runoff

coefficient a 0.4 15 0.64

exponent b 0.0047 0.22 0.043
Storage coeff. k 74.0 534.0 661.0
Smoothing function

delay to start ts 0 0.059 0.001

start to peak th 0.44 4.85 2.34

start to end te 1.01 6.91 2.43
Constant flow d 0 0 0
Updating gain g - - -
(b) Calibrated radar data

Catchment

Model parameter Silk Stream Stour Roch
Runoff

coefficient a 0.49 0.6 0.46

exponent b 0.008 0.22 0.063
Storage coeff. k 41.0 438.0 520.0
Smoothing function

delay to start ts 0 1.59 0.09

start to peak tp 0.49 3.65 2.34

start to end te 1.05 3.88 2.67
Constant flow d 0 0 0
Updating gain g 1.518 1.954 -
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C.6 TF Models

R&D Technical Report W242 211



Table C.6.1 Comparison of simulation mode TF parameters across catoents using
raingauge data

Catchment
Model parameters Trout Silk Dove Lavant Rhondda Brue Stour Roch Witham
Beck Stream

Autoregressive d;, -1.571 -0.8871 -1.9189 -1.895 -1.755 -1.925 -1.9671.791 -1.872
parameters d, 0589  -0.0301 0919010.895 07579 0926 0967 0793  0.873
Moving average w; 0.0114 0.0312 9:40° 0.0147 0.0138 0.0178 0.0030 0.0023 " 1®
parameters w, 00120 00206 6/40° -00198 00024 -0.0041 0.0010 0.0022 ‘' 1d°

W; 0.0119 0.0205 8:80° -0.0041 -0.0023 -0.0010 0.0054 0.0018 "105

W, 0.0134 0.0110 9:30° 0.0093 -0.0054 -0.0100 -0.0093 -0.0026 "3
Time delay t 0.5 0.5 0.25 0.5 0.25 5.0 5.25 0.25 6.5

Table C.6.2 Comparison of simulation mode TF parameters across catoents using
uncalibrated radar data

Catchment
Model parameters Silk Stream Stour Roch
Autoregressive parameters d; -0.8957 -1.9666 -1.789
d> -0.0529 0.9666 0.790
Moving average parameters Wy 0.0569 0.0102 0.0135
Wy 1.49 10° 9.88 10* 0.0199
Ws 6.45 10° 1.68 10° -0.0182
Wy 6.50 10* -0.0125 0.0132
Time delay t 0.500 7.75 2.5
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Table C.6.3 Comparison of simulation mode TF parameters across catoents using
calibrated radar data

Catchment
Model parameters Silk Stream Stour Roch
Autoregressive parameters d; -0.8832 -1.967 -1.780
d, -0.0890 0.9670 0.781
Moving average parameters Wy 0.0288 5.34510° 0.0120
W, 0.0016 -4.15510* 0.0130
W3 1.46 10* 2.85010° -8.31 10°
Wy 2.69 10° -7.6 10° -1.561 10?
Time delay t 0.5 8.5 3.0

R&D Technical Report W242 213



Table C.6.4

Comparison of forecast
raingauge data

mode TF parameters across catslnts using

Catchment
Model parameters Trout Silk Dove Lavant Rhondda Brue Stour Roch Witham
Beck Stream

Autoregressive d; -1.669 -1.540 -1.486 -1.233 -1.708 -1.970 -1.965 .81 -1.592
parameters

d, 0.688 0.566 0.487 0.233 0.713 0.971 0.965 0.816 930.5
Moving average w,;  0.0120 0.0080 9:90° 1.010* 0.0055 9.110* 1.410* 0.0018 7.1x10
parameters w, 00138 00218 1/10* 7.210° 00051 4.210° 18105 -2.6 10 3.4x10°

w;  0.0113 0.0049 1:30* 5.010° 0.0037 1.110° -7.610° 5.710° 5.0x10°

w, 0.0105 0.00014 640* 5.210° 5.210* 8.410* 6.410° 0.0015 7.2x18
Time delay t 0.5 0.25 0.25 0.5 0.25 5.0 5.25 0.25 6.5
Smoothing factor m 0.9999 0.990 0.536 0.967 0.997 0.612 0.144 0.278 5310.

Table C.6.5

Comparison of forecast
calibrated radar data

mode TF parameters across catslnts using

Catchment
Model parameters Silk Stream Stour Roch
Autoregressive parameters d; -1.620 -1.751 -
d, 0.652 0.751 -
Moving average parameters Wy 0.0500 6.210* -
Wo 0.0187 2.710* -
W 0.0194 2.610* -
W, -0.0153 -1.310* -
Time delay t 0.5 8.5 -
Smoothing factor m 0.999 0.524 -
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C.7 PRTF Models
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Table C.7.1 Comparison of simulation mode PRTF parameters across cainents
using raingauge data

Catchment
Model parameters Trout Silk Dove Lavant Rhondda Brue Stour Roch Witham
Beck Stream
Time to peak dbak  5.296 11.48 338.5 77.73 58.92 59.6 1.807 100.2
Moving average w;  -0.0037  0.0572 0.0129 0.013 0.024 ‘4@ 0.0133 8.110*
parameters w, 00090 -0.0258 -0.0265 680° -0.0045 3.210° 0012 -2.610%
Ws -0.0131  -0.0303 0.0175 9.0* -0.033 9.010° 0.0044 -3.810*
W, 0.0604 0.0055 -0.0040 -0.0127 0.0143 3@ -0.005 -1.410*
Time delay t 0.5 0.5 0.25 0.25 5.0 5.25 0.25 6.5

Table C.7.2 Comparison of simulation mode PRTF parameters across cainents
using uncalibrated radar data

Catchment
Model parameters Silk Stream Stour Roch
Time to peak deak 17.392 147.1 201.4
Moving average parameters Wy 0.0515 -0.0029 0.01165
W, -0.0369 0.1440 -0.0136
Ws -0.0205 -6.4110° 0.00486
Wy 0.0093 -0.01132 -0.00283
Time delay t 0.5 6.5 1.25

Table C.7.3 Comparison of simulation mode PRTF parameters across caiments
using calibrated radar data

Catchment
Model parameters Silk Stream Stour Roch
Time to peak deak 40.056 114.9 257.7
Moving average parameters Wy 0.05416 -0.0044 0.104
Ws -0.0469 0.01233 -0.0151
Ws -0.0161 -1.2887 0.00624
W; 0.0097 -0.0077 -0.00157
Time delay t 0.5 7.0 1.25

R&D Technical Report W242 216



Table C.7.4 Comparison of forecast mode PRTF parameters across catebnts using
raingauge data

Catchment
Model parameters Trout Silk Dove Lavant Rhondda Brue Stour Roch Witham
Beck Stream

Time to peak deak  6.982 7.194 164.5 11.69 54.4 97.0 15.9 90.0
Moving average w; 0.0084  0.0243 -2:a0* 0.0053  7.310* 1.1'10* 0.0018 2.710°
parameters W, 0.0101 -4.810° 6.4 10° 0.0044 -7.910° -1.110° -3.410* -9.3 10°

W3 0.0074 -6.110* 1.7 10° 0.0024  -4.910° -2.710° 3.410° 7.110°

A 0.0067  0.0111 2:50* -0.0014  5.310° 3.410° 0.0015 9.310°
Time delay t 0.5 0.5 0.25 0.25 5.0 5.25 0.25 6.5
Smoothing factor m 0.905 0.995 0.661 0.073 0.989 0.24 0.223 0.0044

Table C.7.5

Comparison of forecast mode PRTF parameters across catednts using
calibrated radar data

Catchment

Model parameters Silk Stream Stour Roch
Time to peak deak 4.029 167.41
Moving average parameters Wy 0.0529 7.810°

Ws -0.0232 -1.6410°

W3 0.0217 1.210*

(A -0.0164 -3.610*
Time delay t 0.5 7.0
Smoothing factor m 0.993 0.484 -
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C.8 Grid Models
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Table C.8.1 Comparison of Grid Model parameters across catchment using
raingauge data

Description Parameter Stour Roch Witham
Rainfall correction factor  f 0.6 0.667 0.57
Storage threshold deficit (or root constant) in D’ 1.0 1.0 1.0
evaporation function

Proportion of total storage capacity initially full S 0.4 0.377 0.85
Regional upper limit of gradient mBk 13.0 4.0 9.0
Regional upper limit of storage capacity maC 75.0 80.0 110.0
Maximum infiltration rate hax 5 10 5 10’ 5 10’
Storage constant of (cubic) drainage function 4 k 2.0 10° 5 10° 1 107
Wave speed parameter for routing direct runoff g 0.5 0.232 0.3
Wave speed parameter for routing drainage Ob 0.4 0.52 0.1
Advection velocity of flow along land path LV 6.0 100.0 2.0
Advection velocity of flow along river path v 120.0 357.0 135.0

Table C.8.2 Comparison of Grid Model parameters across catchment using
uncalibrated radar data

Description Parameter Stour Roch Witham
Rainfall correction factor f 1.35 0.667 -
Storage threshold deficit (or root constant) in D’ 1.0 1.0 -
evaporation function

Proportion of total storage capacity initially full & 0.5 0.636 -
Regional upper limit of gradient mBk 11.75 21.25 -
Regional upper limit of storage capacity maC 80.0 80.0 -
Maximum infiltration rate rhax 5 10 5 10 -
Storage constant of (cubic) drainage function 4 k 2.8 10° 5 10° -
Wave speed parameter for routing direct runoff g 0.554 0.225 -
Wave speed parameter for routing drainage Ob 0.445 0.298 -
Advection velocity of flow along land path LV 5.54 100.0 -
Advection velocity of flow along river path v 102.0 357.0 -
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Table C.8.3 Comparison of Grid Model parameters across catchment using
calibrated radar data

Description Parameter Stour Roch Witham
Rainfall correction factor  f 0.697 0.5 -
Storage threshold deficit (or root constant) in D’ 1.0 1.0 -
evaporation function

Proportion of total storage capacity initially full S 0.8 0.636 -
Regional upper limit of gradient mBk 11.75 21.25 -
Regional upper limit of storage capacity maC 80.0 80.0 -
Maximum infiltration rate hax 5 10 5 10’ -
Storage constant of (cubic) drainage function g kK 2.9 10° 5 10° -
Wave speed parameter for routing direct runoff g 0.523 0.225 -
Wave speed parameter for routing drainage Ob 0.313 0.298 -
Advection velocity of flow along land path LV 6.93 100.0 -
Advection velocity of flow along river path v 114.5 357.0 -
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APPENDIX D: SIMULATED AND FORECAST FLOW
HYDROGRAPHS

Simulated and forecast flow hydrographs for typieaents for each study catchment are
presented in this Appendix.
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Figure D.1 Simulated flow hydrographs from different models:Trout Beck at Moor
House, 16/11/95-17/11/95. Observed flow: bold line; simulated flow:
dotted line; simulated baseflow: dashed line (TCM, PDM oly); soil

moisture deficit: long-dashed line (NWS, PDM, IEM only).
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Figure D.2 Simulated flow hydrographs from different models: Silk Stream at
Colindeep Lane, 21/6/92-22/6/92. Observed flow: bold line; simulated
flow: dotted line; simulated baseflow: dashed line (T®, PDM only);
soil moisture deficit: long-dashed line (NWS, PDM, IEM only).
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Figure D.3 Simulated flow hydrographs from different models: Dove at Izaak
Walton, 1/3/98-15/3/98. Observed flow: bold line; simulated flow: dgd
line; simulated baseflow: dashed line (TCM, PDM only); séimoisture
deficit: long-dashed line (NWS, PDM, IEM only).
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Figure D.4 Simulated flow hydrographs from different models: Rondda at

Trehafod, 15/11/92-15/12/92. Observed flow: bold line; simulated flow:
dotted line; simulated baseflow: dashed line (TCM, PDM oly); soil

moisture deficit: long-dashed line (NWS, PDM, IEM only).
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Figure D.5 Simulated flow hydrographs from different models:Brue at Lovington,
16/11/96-16/12/96. Observed flow: bold line; simulated flow: dottedhk;
simulated baseflow: dashed line (TCM, PDM only); soil moistre deficit:
long-dashed line (NWS, PDM, IEM only).
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Figure D.6 Simulated flow hydrographs from different models:Stour at Shipston,
27/12/93-26/1/94. Observed flow: bold line; simulated flow: dottednle;
simulated baseflow: dashed line (TCM, PDM only); soil moistre deficit:
long-dashed line (NWS, PDM, IEM only).
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Figure D.7 Simulated flow hydrographs from different models:Roch at Blackford
Bridge, 25/2/98-17/3/98. Observed flow: bold line; simulated flovdotted
line; simulated baseflow: dashed line (TCM, PDM only); séimoisture
deficit: long-dashed line (NWS, PDM, IEM only).
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Figure D.8 Simulated flow hydrographs from different models:Witham at Claypole
Mill, 30/12/97-24/1/98. Observed flow: bold line; simulated flowdotted
line; simulated baseflow: dashed line (TCM, PDM only); séimoisture
deficit: long-dashed line (NWS, PDM, IEM only).
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Figure D.9 Fixed lead-time evaluation forecasts for different mdels: Trout Beck at
Moor House, 16/11/95-17/11/95. Observed flow: bold line; 1 hour ahead:
thin line; 3 hours ahead: short dashes; 6 hours ahead: dots and dashes.
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Figure D.10  Fixed lead-time evaluation forecasts for different wdels: Silk Stream at
Colindeep Lane, 23/9/92-24/9/92. Observed flow: bold line; 1 hour
ahead: thin line; 3 hours ahead: short dashes; 6 hours aheadot$ and
dashes.
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Figure D.11  Fixed lead-time evaluation forecasts for different wdels: Dove at 1zaak
Walton, 7/3/98-9/3/98. Observed flow: bold line; 2 hours ahead: thinne;
4 hours ahead: short dashes; 6 hours ahead: dots and dashes.
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Figure D.12  Fixed lead-time evaluation forecasts for different wdels: Rhondda at
Trehafod, 1/12/92-4/12/92. Observed flow: bold line; 2 hours ahead: thi
line; 4 hours ahead: short dashes; 6 hours ahead: dots and dashes.
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Figure D.13  Fixed lead-time evaluation forecasts for different wdels: Brue at
Lovington, 20/11/96-21/11/96. Observed flow: bold line; 2 hours ahead:
thin line; 4 hours ahead: short dashes; 6 hours ahead: dots and dashes.
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Figure D.14  Fixed lead-time evaluation forecasts for different wdels: Stour at
Shipston, 6/1/94-7/1/94. Observed flow: bold line; 3 hours aheachim
line; 4 hours ahead: short dashes; 6 hours ahead: dots and dashes.
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Figure D.15 Fixed lead-time evaluation forecasts for different wdels: Roch at
Blackford Bridge, 7/3/98-8/3/98. Observed flow: bold line; 3 hours
ahead: thin line; 4 hours ahead: short dashes; 6 hours aheadot$ and
dashes.
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Figure D.16  Fixed lead-time evaluation forecasts for different wdels: Witham at
Claypole Mill, 3/1/98-6/1/98. Observed flow: bold line; 3 hours ahead:
thin line; 4 hours ahead: short dashes; 6 hours ahead: dots and dashes.
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Figure D.17 Fixed lead-time evaluation forecasts for different wwdels using
calibrated radar data: Silk Stream at Colindeep Lane, 23/9/92-24/9/92.
Observed flow: bold line; 1 hour ahead: thin line; 3 hours akad: short
dashes; 6 hours ahead: dots and dashes.
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Figure D.18 Fixed lead-time evaluation forecasts for different wwdels using
calibrated radar data: Stour at Shipston, 10/4/98-11/4/98. Observed flow:
bold line; 3 hours ahead: thin line; 4 hours ahead: short dag¥s; 6 hours
ahead: dots and dashes.
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