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Executive Summary

The Project “Hydrological Modelling for the Rivers Lavant and Emgfoncerned with
conceptual rainfall-runoff modelling of catchments on the Chalk, udiegrivers
Lavant and Ems in southern England as case studies. Suchcaveeghibit ephemeral
streamflow behaviour and be affected by pumped abstractions, éxdprimay flows
and underflows beneath the river gauging station. The projesttaimssess the utility
for real-time flood forecasting of the PDM rainfall-runofbdel, in the form extended
to represent such behaviour and effects.

This project report first reviews the requirements for flood fasecin the Lavant and
the Ems and the specific objectives of the project. It then outlive$DM rainfall-
runoff model, focussing on its extended formulation that facilitatesrporation of
groundwater losses and well level data. Application of the modbktLavant and Ems
catchments is then addressed.

Data required for modelling are first identified and their amiity reviewed. The
primary data sources considered include time-series of rai(ffalih gauges and
weather radar), river levels and flows, potential evaporation, pumpstcetions and
observation well levels. Their selection and suitability for node is discussed.
Rainfall data are given particular attention in relation to gliog a long time-series of
consistent form for modelling purposes. The basic raingauge dataulject to an
extensive data quality control check that exposes shortcomingssenpnerocessing
procedures. Ways of overcoming these are suggested that ewanteio both future
work and to wider hydrometric practices. For use in modellingthadeas proposed to
obtain a consistent and continuous time-series of catchment averat#l,rtaking
account of data gaps and suspect periods. A comparison betwegauggrand radar
estimates of rainfall is presented and the future use of watar operationally is
discussed.

The stations for which river level and/or flow are available rakgewed in outline.
Closer attention is paid to the main river gauging stations ali@gwell (Lavant) and
Westbourne (Ems) including a review of their ratings. Timessemf potential
evaporation data derived from MORECS and MOSES are considered idéongs
standard profiles in use by the Environment Agency. A strafimgyse of MORECS
monthly time-series disaggregated in time using linear intdfpolaand a diurnal
profile is formulated for use in modelling. Future operational use @5KS PE data is
envisaged and differences with MORECS discussed.

A strategy for modelling is developed that selects periods ofdd¢o be used for model
calibration and independent evaluation. Methods to be used for assessing mode
performance are formulated. The strategy also considers theemrobf model
conceptualisation for groundwater catchments with ephemerainfkoess affected by
pumped abstractions, external springs and underflows, and low-floneatajon from
wells. A need to impose a conceptualisation supported by data and atitornis
recognised due to identifiability problems with the extended PbDivhdilation. The
value of a detailed catchment water balance to identify unaccbtortevater transfers
Is highlighted in this model conceptualisation process. In addition,régards from a
nearby spring-fed stream, Costers Brook at Cocking, are also consitleeadodelling
work that follows tries to clarify the nature of these trarssfeith the help of the
modelled water balance.
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Calibration and assessment of the extended PDM model to the LawadnEras
demonstrates good model performance that supports future operationghusylor he
assessments carried out relate to the quality of model sioruta both river flows and
well levels. Sensitivity analyses on the forms of model input toopseationally are
used to support recommendations on the combination of raingauges to wsd¢hef
radar rainfall, and the profiles of potential evaporation and akismado employ. An
emulation of the real-time application of the models in forecast-mode demesshait
potential to forewarn of the rapid rise in river flow during the omdemajor flood
events. The model results highlight the benefit the extended PDM leawdfor flood
warning and advance operation of flood alleviation mechanisms.

The report ends with a summary and a review of the recommendaksmigied as the
study progressed. Conclusions are presented that incorporate rewdetiores on the
way forward with regard to operational implementation of thenebdd PDM model for
groundwater catchments.
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1 Introduction

1.1 Overview

This report outlines work carried out under the “Hydrological ModgllIComponents
for the Rivers Lavant and Ems Catchments” project. The purpodee girbject is to
explore the viability for flood forecasting of using the PDM magldkended for use in
groundwater catchments, as outlined in Moore and Bell (2002). Such egiishoan
exhibit ephemeral streamflow behaviour and be affected by pumpechciiosis,
underflows below the gauging station and surface/groundwater catclnoendary
differences.

The project aim is to assess the model on the River Lavantatgiigwell and on the
River Ems to Westbourne using historical hydrometric recondfding consideration
of the use of weather radar. If this assessment revealthéhatodel, or a development
of it, has value for real-time flood forecasting then furtherkwaeill be proposed as a
principal outcome of the project. If appropriate, this may point to furtleek on other
groundwater-dominated catchments, in Southern and possibly other Agency regions.

The study may also recommend adoption of the extended form of thenRiolel as a
module adapter for real-time use within the NFFS, along withalebdevelopment of
“PDM for PCs” (using the TSCAL environment) for off-line modelilmation. This
may extend to include similar developments for the PSM model encompassingMihe TC
used by the Environment Agency. Such possible future model developmlatitsy to

the NFFS will require a case for national approval.

The specific requirements for flood forecasts in the case satdiiments of the Lavant
of the Ems are reviewed in this opening section to highlightgpgcation context. In
order to focus on the model and its application from the outset, thensdwt follows
provides an outline of the PDM rainfall-runoff model, highlighting estens to the
model that have been specifically developed for permeable catchoretite Chalk.
Against this modelling context, the report then progresses to idehefyneeds and
availability of data to support application of the model to the Laward Ems
catchments. The tender brief provided valuable background, giving defailse
hydrometric network and related records together with a hygioalbreview of the
catchments and their water balances. This background has been supaeilment
discussions with Agency staff at meetings in Worthing and learad telephone
exchanges.

The report describes the data taken on to support modelling and thely qaatrol. A
strategy for model application is developed which identifies thiegeto be used for
model calibration and independent evaluation. It also addresses tleptaisation of
the modelling problem for the Lavant and Ems catchments, focussingten lvalance
considerations affected by abstractions and catchment transfeysfuAher model
development required and/or data needs are also identified.

Calibration and assessment of the PDM rainfall-runoff model td_#vant and Ems
catchments follows this detailed preparatory work. The assessrerplemented by
sensitivity analyses aimed at deciding what rainfall, potergeaporation and
abstraction data should be used as input to operational forms of the models.
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The Report closes with a summary and an inventory of recommendataates during
the course of the project. Conclusions are made that lead to recdatines on how
the extended PDM model should be progressed as an operationaloitotbad
forecasting with the Environment Agency’s National Flood Forecastingr8yste

1.2 Forecast requirementsfor the Lavant and Ems catchments

The principal need relating to the Lavant catchment is for flookgkchsts at
Graylingwell to support operation of the RLFAS (River Lavant FlooteAdtion
Scheme) diversion at Westhampnett immediately downstream, getwinmitigate
flooding in the environs of Chichester. The diversion scheme is parictivated at a
flow of 2.5 n?s* and fully activated at 3.5 8. The modelling challenge is to be able
to represent the short-term response to rainfall on a saturtgtnent together with
the longer-term baseflow response to infiltration and changesundwater storage.
There are clear threshold effects in the observed river flovik, fl@ishier responses
being evident above circa 1.51.

On the River Ems there is a need for flood forecasts atbolaste gauging station,
used as an alarm trigger-level site for flood warning purposes. #/Whédsmodelling

requirement is similar to the Lavant, the rapid response componerdrésimportant

because the alarm thresholds can be crossed when baseflows (andveis)l are

relatively low. The alarm trigger levels are given below.

Table 1.1 Alarm trigger levelsfor the Emsat Westbourne

Trigger Level
Stage Flow
m mAOD | nis’

H1 - - -
H2 | 0786 | 1040 | 3.43
H3 | 0.826 | 1044 | 391
H4 | 0.866 | 1048 | 4.41

Both catchments are subject to significant groundwater pumping. Tads leo
ephemeral streamflow for the Lavant but a low flow groundwaigmentation scheme
prevents this from occurring on the Ems. Whether or not combining teetsebf
augmentation and abstraction requires further development of the ektebdé will
be considered in the model application to the Ems.

A catchment water balance for the Lavant to Graylingwell tiver8 water years 1995
to 2003 indicates 26% is unaccounted for and may relate to groundwateyuil of the
catchment. A similar balance analysis for the Ems to Westbourne, for thaelrOyaars
1995 to 2005, reveals a smaller 13% unaccounted for residual: these caatmbeted
for by abstractions in part, but also by groundwater outflows. Omeoéithe PDM
modelling work will be to try and clarify the amount of waterrgpto groundwater
outflow using the modelled water balance.
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1.3 Specific objectives of the project

The main task of the project is to calibrate the extended RidNhe Lavant and Ems
catchments and evaluate its performance on an independent record nodforused
calibration. The assessment should consider the quality of the flowlasion in
relation to the processes operating, paying attention to the watance and the
occurrence of ephemeral flows as well as the form of the flodiblgyaphs. To help in
this assessment it is proposed to consider both simulation offlover and also water
table variations in relation to the modelled groundwater storage.

One specific objective is to determine whether the model can rumtigoally in

continuous simulation mode. As with the PDM used in the NFFS, thisesdy the

case (although a module adapter form of the code for real-timéasseget to be
implemented). One uncertain area is precisely how abstractionwdihthe made

available to the NFFS to support real-time application. This lvéllconsidered and
reported on here.

This report first aims to provide the background and develop thieggréor addressing
these specific objectives. As issues arise and recommendatiofe avay forward
made, these are highlighted in grey boxes as “Recommendations’tepbg then
progresses to the calibration and assessment of the models ovawvémd and Ems,
treating these as case study catchments from which moreabeemmendations may

be made. A major consideration is the future operational use of teedexd PDM
within the Environment Agency, both in Southern Region and for other regions
experiencing flooding on permeable catchments.
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2 Theextended PDM model for groundwater
catchments

2.1 Introduction

The main purpose of the project is to apply the extended PDM taumfaiff model to
the Lavant and Ems catchments in order to assess its potential tesd-time flood
forecasting for groundwater-dominated rivers. As background, thisorseatms to
provide an overview of the PDM model extended to allow for ephemeeansiow
behaviour and to accommodate losses via underflows, external spridgpumped
groundwater abstractions.

The standard PDM model structure is first outlined. Then the @aterPDM is
introduced and it is shown how the basic representation of groundwatagestis
developed to allow for ephemeral flow and groundwater losses. Fina#iycansidered
how data on well levels may be related to modelled groundwatemgst@nd used in
model assessment, calibration and real-time state updating.

2.2 Thestandard PDM

The Probability-Distributed Model, or PDM, is a fairly general cgptual rainfall-
runoff model which transforms rainfall and potential evaporation tatfiow at the
catchment outlet (CEH Wallingford, 2005; Moore, 2006). Figure 2.1 ilkestréhe
general form of the model. The PDM has been designed mordcaskeé of model
components than a fixed model construct. A number of options are avarathie
overall model formulation which allows a broad range of hydrolodiehhviours to be
represented. Figure 2.1 presents the standard form of the PDM commonly used.

Surface
storage

P .
PULL oo

S
Surface
E 9 runoff
i1 L

A 4

Si

o Recharge Groundwate
Probabilitydistributed Yy VvV v storage Oo Baseflow
soil moisture storage

S

A 4

Figure 2.1 The PDM rainfall-runoff model.
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Runoff production at a point in the catchment is controlled by the absogapacity of
the soil to take up water: this can be conceptualised as esstore with a given
storage capacity. By considering that different points in ahosat have differing
storage capacities and that the spatial variation of capaaitybe described by a
probability distribution, it is possible to formulate a simple rummfiduction model
which integrates the point runoffs to yield the catchment surfaeffrinto surface
storage. The standard form of PDM employs a Pareto distributistocd capacities,
with the shape parametdr controlling the form of variation between minimum and
maximum values, . andc,, respectively.

Probability-distributed moisture stores with depths below a giveicatrcapacity will
be full and spilling during rainfall, contributing “direct runoff” tbe surface storage.
This surface storage represents the fast pathways (suckeashannels) to the basin
outlet. This is usually modelled by a cascade of two linearveise expressed as an
equivalent transfer function model (O’Connor, 1982).

Water draining from the probability-distributed moisture store [gasge subsurface
(groundwater) storage as recharge. The rate of drainage is in poforthe water in
store in excess of a tension water storage threshold. The subsustia@ge,
representing translation along slow pathways to the basin outtéterstaken to be of
cubic form, with outflow proportional to the cube of the water in store.

The outflow from surface and subsurface storages, together amighfixed flow
representing, say, compensation releases from reservoirs or caistaactions from
the river, forms the model output. The parameters involved in the sdafatan of
PDM model are summarised in Table 2.1.

2.3 Theextended PDM
2.3.1 Introduction

Specifically for groundwater-dominated catchments, such as thodeeo@htalk, the
subsurface storage componeran be extended to accommodate pumped abstractions
from groundwater; losses to underflow and external springs. Tresded formulation
allows ephemeral streamflow behaviour to be represented througmdéesgmk of the
groundwater storage depletion during dry river periods. It also sléolicit inclusion

of pumped abstraction time-series data and the use of well lesetds to support
model assessment and calibration.

The extended PDM was first reported on and trialled within ther&mwient Agency’s
“Comparison of Rainfall-Runoff Models for Flood Forecasting” R&D pobj(Moore
and Bell, 2001;Belkt al, 2001). This work was later published, using the River Lavant
as a case study, by Moore and Bell (2002). This extended forarnuldties not yet
feature in the CEH software product codes available to the Enwénain Agency
through the NFFS, either in the form supplied for off-line madibration (CEH
Wallingford, 2005a) or for real-time use as an NFFS module adg@EH
Wallingford, 2005b). It is the extended PDM research code thaead in the present
study.
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Table 2.1 Parameter s of the standard PDM modd

Parameter name Unit Description
f none rainfall factor
r h time delay
d

Probability-distributed store

C. mm
min
c mm
max
none
b

Evaporation function
b none

e

Recharge function

Ky h mm™™
b none
’ mm
S
Surface routing
K, h
Groundwater storage routing
Kk, h mni™*
none
m
3 <1
m°s
Q.

minimum store capacity

maximum store capacity

exponent of Pareto distribution
controlling spatial variability of store
capacity

exponent in actual evaporation function

groundwater recharge time constant
exponent of recharge function
soil tension storage capacity

time constant of cascade of two equal
linear reservoirsk, =k, =k,)

baseflow time constant

exponent of baseflow nonlinear storage
constant flow representing
returns/abstractions

The subsurface groundwater component of the PDM is outlined in detdhe
following sub-sections, first in its standard form and then in xgereled form.
Incorporation of well level data to support model assessment,ataditbrand real-time

state updating is considered at the end.

2.3.2 Thebasicform of groundwater storage

First we will review the groundwater storage component used istdmelard PDM, as
this forms the basis of the extended formulation. Recall that tiebpility-distributed
store of the PDM partitions rainfall into direct runoff, groundwatmharge and soil
moisture storage. Direct runoff is routed through surface stomadéast response
system” representing channel and other fast translation flatksp Groundwater
recharge from soil water drainage is routed through subsurfacags: a “slow
response system” representing groundwater and other slow flow paths.

The routing of recharge through the groundwater system can beaeiae by a variety
of types of nonlinear storage. For notational convenie®®is used here to denote the
volume of water stored in the nonlinear groundwater storage, expresaatepth over
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the basin (specifically the suffib for quantities relating to “baseflow” storage is
omitted for clarity). The rate of outflow per unit afeam a nonlinear storagg_q(t), is
considered to be proportional to some powsyr,of the volume of water held in the
storage per unit are§_]S(t), so that

q=kS", k>0, m>0 2.1)

wherek is a rate constant. The storage here can be concegptuak a reservoir with a
bottom outlet representing aquifer storage and tleasel of water from it as the baseflow
component of catchment flow. Combining the nonlinearaste equation above with the
equation of continuity

9> _u-q, 2.2
g ud (2.2)

whereu=u(t) is the input to the store, gives

% =alu - 9)q°, g0,—oco<b<l, (2.3)

where a=mk'™ and b=(m-1)/m are two parameters. The input here is the groundwater
recharge and is the rate of drainage from the soil pieratea. This ordinary differential
equation is sometimes called the Horton-1zzard m{debge, 1973) and can be solved
exactly for any rational value af (Gill, 1976, 1977).

Horton (1945) considered nonlinear storage models asipkess of the overland flow
process. He found that the exponent for fully turbulent flow is 5/3, and for fully
laminar flow is 3. This allowed Horton to define amdex of turbulencel=%4(3-m),
ranging from 1 for turbulent flow to O for laminar flokorton (1938) found a solution in
terms of tanh (the hyperbolic tangent) whew2 (the quadratic storage function),
corresponding t6=0.75, which he referred to as the “75% turbulent flow” chse given

a conceptual interpretation as an “unconfined or nomiarté storage element by Ding
(1967) based on Werner and Sundquist’s (1951) theakrenalysis of flow from a deep
non-artesian aquifer based on Darcy’'s law and Dupagsumption (they also show that
m=1 is appropriate for confined or artesian aquifersfidl(1959) provides an accessible
introduction to the groundwater theory involved. The qaiiclstorage function was used
by Mandeville (1975) as the basis of the Isolated Edaodel (IEM) used in the UK
Flood Study (NERC, 1975) and later adapted for rea-fiood forecasting by Brunsdon
and Sargent (1982). It is also used in the Thamesh@ent Model (TCM) to represent
release from groundwater storage (Greenfield, 1984).

The choice of nonlinear storage to use in the PDM includes the ligeadratic,
exponential, cubic and general nonlinear forms. The theoretical wWwovtemer and
Sundquist (1951) and Ding (1967) suggests the use of linear anchtiuddrms for
confined (artesian) and unconfined aquifers respectively. Howeveube form,
corresponding to the laminar flow cage @ m=3), has been found useful in practical
applications of the PDM where the hydrograph recession is liyitsieep but
subsequently is sustained and slowly decreasing. In this case \ghk® an
approximate solution utilising a method due to Smith (1977) yields thewiob
recursive equation for storage, given a constant inpwer the intervaft, t+4t):
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1
3kS?(t)

S(t + At)=s(t) - {exd-3ks? (h)at)-1Yu - ks*(t)). (2.4)

Discharge may then be obtained simply using the nonlinear relation
q(t + At) = kS (t+At). (2.5)

Solutions for the other nonlinear forms are presented in Appendix Aoofévand Bell
(2002). When used to represent groundwater storage, theunpilltbe the drainage
rate per unit areaj;, from the probability-distributed moisture storage, and the output
q(t) will be the “baseflow” component of flow per unit arg#t). The parameterisation
ko=k* with units h mmMi"™t is also used.

The above provides a review of the groundwater storage formulation st

standard PDM. Explicit allowance for ephemeral flow and groundvedistractions is
incorporated in the extension of the PDM. The theoretical basiki®fextension is
outlined next.

2.3.3 Theextended form of groundwater storage

Water held in groundwater storage can be lost to the surfackentait by artificial
pumped abstractions, by underflow below the gauged catchment outlet prifty s
flow external to the surface catchment. Losses via underflow @impsflow will be
considered later. In the case of abstractiohsthe nonlinear storage theory introduced
in the previous section requires extension to consider the case t@ew input to
storage,u, and the possibility of storage being drawn down below a lewvéhiah flow

at the catchment outlet ceases. This extension allows for thelimpag ephemeral
streams typical of catchments on the English Chalk.

Formally, we can define the input to the nonlinear storageas recharged, less
abstractions A, dropping the time suffix for notational simplicity. With=d - A, the
prospect arises of negative inputs to storage leading to theiocessfatiow. Consider

the time interval(t,t + At) within which cessation of flow occurs after a tiffie Using

the cubic storageq = kS®, for the purposes of illustration, then equation (2.4) gives the
time to flow cessationT", by solving

0=5()--— fexd-3s(t)T)-u-ks(t))

3kS3(t)
which gives
1 3kS*(t)
T =- Inq1 . 2.6
*s() ”{ +u—kS3(t)} (2.6)

Now consider an extended form of storage is comedised which, instead of emptying
at zero flow, allows for further withdrawal of watir abstraction. A storage of this
kind is depicted schematically in Figure 2.2. Thie® “negative storage” at the end of
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Figure 2.2 Conceptualisation of extended nonlinear storage.
the interval during which storage changes fromtpa@sto negative can be calculated as

St +At) = u(aT -T')

= uAt{1+ 3kszl(t)At |n{1+ u?’_ki;t()t )H (2.7)
_ um{1+ - (t)m{“ u?iqggt) }

wherea =3k,

With further abstractions from storage the negasiweage can be calculated by simple
continuity. When recharge exceeds abstractionstibrage is replenished and at some
time flow is initiated once more. The time intervathin the model intervalAt that this
occurs is calculated by simple continuity and #&dual time interval used in equation
(2.4) in place ofAt (with S(t) =0). The normal calculations apply whilst the storage
in surplus. Expressions for the time to flow cessatT', and the initial negative
storage S(t+4t), for other types of nonlinear store are given ppéndix B of Moore
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and Bell (2002). As previously indicated, in praetthe parameterisatidg = k™ with
units h mnf* is used.

By introducing a maximum groundwater storag¥,., then the groundwater storage
deficit can be calculated as

D=S°

max ~ S (2.8)

for both positive and negative values ®f This deficit will be used later when relating
model storage to well level data and is also usethe parameterisation of losses to
underflow.

To cater for situations where information on alkthctions affecting the catchment
water balance does not exist, an abstraction matiegth scales and adds to known
abstractions is included in the overall model folation; thus

A=c,+ fAA_ (2.9)

where A is the recorded total abstraction for a time wdérand c, and f, are
parametersNo limit is imposed on the modelled or recordedtedztion in relation to
the available groundwater in storage. In practiegd will be a minimum well level for
pumping that will be reflected in the abstractiecard. Care needs to be exercised in
setting the parameters of the abstraction modaltid unrealistic pumped abstractions
being used at low groundwater storage levels.

2.3.4 Incorporation of lossesto underflow and external springs

Having extended the theory of nonlinear storage efsodo accommodate pumped
abstractions, it is now appropriate to consider tomceptualisation of losses to
underflow and external spring flow. Flow emergimgni the catchment beneath the
ground surface of the gauging station is referceldere asinderflow It is reasonable to
suppose that underflow is controlled by the hydcautad and thus the water in storage,
and that this relation is linear. Then the raterderflow can be defined as

q, =ki'(D, -D) =ki'S,, (2.10)

where k, is the underflow time constant (units of time) aparameterD, is the
alsoS, =S+D,-S?. . This

max
is depicted in Figure 2.2 as an additional lowend&rflow” outlet to the nonlinear
storage. Note that this conceptualisation of uhoerexcludes any local phenomenon
more strongly linked to local river flow than toetlgroundwater system, such as
bypassing of flood flows around the gauging weiflows or flows through floodplain

alluvium deposits. Here, the notati@), replacesD,.,, used by Moore and Bell (2002)
to clarify that the water in store can fall beldve tevel of the “underflow” outlet.

maximum deficit for underflow to occur with, > S?

max?

Note that underflow across the topographic catchrbeandary is only considered as a
loss of water out of the catchment. Underflow gaih&nown, could be incorporated
via the abstraction time-series (or by introduciagseparate time-series for this
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purpose). It would be possible to use the foregaderflows from one catchment model
in quantifying this for an adjacent catchment ipests to. A more detailed coupled
representation might be achieved using a spatiglyibuted model.

The normal outflow from the nonlinear storage agsirom positive values of storage,
S, has been assumed to be the baseflow componémt 8bw at the catchment outlet.
An extension allows a fractiorg , to contribute as springs external to the catclimen
with flow, q,, whilst the remaining fractior,—a, contributes as the baseflow,, at

the catchment outlet (Figure 2.2). Note that witis simple formulation, cessation and
commencement of external spring flow and catchrfiews will be coincident.

2.3.5 Incorporation of well level data

If well measurements of groundwater level are awdd it is possible to relate the
model storageS = S(t), to the well level W° =W°(t ) Well measurements normally

record the depth of the water table from the grosundiace. The storage defidi can
be used to calculate the depth to the water table a

W=YD. (2.11)

Here, Y, is the specific yield of the groundwater reseryvdefined as the volume of

water produced per unit aquifer area per unit declin hydraulic head. This
dimensionless parameter takes values typicallyhenrange 0.01 to 0.3 (Freeze and
Cherry, 1979).

An additional datum correction corresponding to lleeght of the ground surface at the
well, h,, is required to relatdV to observed well levelsW®, when these are
referenced to Ordnance Datum; thiwe modelled depttW is comparable with the
observed deptin, —W°.

The above provides the basis of incorporating \welel measurements into both the
model calibration process and the model state upmlgirocedure. Wells are best
chosen that reflect the bulk water storage chamgebe aquifer, rather than more
localised redistributions of groundwater.

2.3.6 Additional parametersof the extended PDM

Finally, the additional parameters introduced ithi® extended form of the PDM model
are summarised in Table 2.2.
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Table 2.2 Additional parameters of the extended PDM model

Parameter name Unit Description
Underflow
k, h underflow time constant
D mm maximum deficit for underflow

u

External springs
a none fraction of groundwater outflow
contributing to external springs

Abstraction
Cy mm ht constant abstraction
f, none factor on recorded abstractions
Well level
se mm maximum groundwater storage
Y none specific yield of aquifer
hSN m well level datum
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3 Datarequirementsand availability for modelling

3.1 Introduction

This section aims to review the data requirememtsrfodelling and the availability of
suitable records. This serves to identify the datae taken on to support the modelling.
Quality control of these data is also reported od shortcomings identified. As issues
arise, the way forward is considered and recomntemda made. These
recommendations are highlighted in grey boxes amdesas a record of actions and
decisions made during the course of the project.

The PDM rainfall-runoff model in its basic form elops rainfall and potential
evaporation data as input and the output is siredlatver flow. The time-step of the
model and input/output data is usually 15 minutegéal-time forecasting applications.
In simulation-mode, observed river flow data arelyomsed to assess model
performance and for initialising the model at thertsof the period to be simulated. In
real-time mode, river flows are used to sequentiafidate the model's water contents
(the “states”) at every time-step up to ‘time-nowigy are also used to assess model
forecast performance at time-steps beyond timefoowifferent forecast lead-times.

In the extended PDM developed for permeable catolsn@umped abstraction data
can be used as model input. Also, well level dada be used to assess model
simulations of groundwater levels. These data aaterpially be used in real-time (or

near real-time) mode to adjust the modelled growtdwstorage: this is outside the
scope of the present investigation.

Thus, the time-series data potentially useful foiMPrainfall-runoff model applications
encompass the following:

* Rainfall

* River levels/flows

* Potential evaporation

* Abstractions and returns
«  Well levels

Spring flow records, within and just outside thé&chanent, may also help support model
conceptualisation and configuration. These timésedata and their use in modelling
are reviewed in turn, in the sub-sections thabie|lin relation to the rivers Lavant and
Ems applications. By way of general backgroundhis section, Figure 3.1 provides
overview maps of the network of hydrometric stagion

3.2 Rainfall

This section considers the sources of rainfall imfation available to support PDM
modelling for the Lavant and Ems catchments. Tiggpocket and daily storage-gauge
records from the raingauge network are first ree@wncluding gauges in the vicinity
of the catchments. The weather radar coverage tbeecatchments is then looked at
along with the historical records available. Ordyngauge data will be considered for
calibration and evaluation of the PDM as weathdaralata do not exist for the entire
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period being studied (1991 to 2006). However, rat#aa will be considered in a model
sensitivity context. Using this review as backgmurecommendations are made on the
rainfall data to be used for modelling and realetifiood forecasting following the

quality control analysis in Section 4.1.

3.2.1 Raingaugedata

Tipping-bucket raingauge data for eight locatiamshie vicinity of the Lavant and Ems
catchments were provided by the Environment Agemcg details of the data files
received are given in Table B.1. Table 3.1 givésrmation for the raingauges on their
location, height, SAAR (Standard Average Annual rfl) and availability on

telemetry.
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Table 3.1 Tipping-bucket raingauges in the vicinity of the Lavant and Ems
catchments. Height and SAAR (Standard Average Annual Rainfall) are
taken from CEH datasets.

Raingauge Grid Reference | Height | SAAR | On
(m) 1961-90 | Telemetry?
(mm)

Chilgrove 483526 114367, 79.1 907 Y
Fishbourne 484282 103812 5.9 721 Y
Chichester 487900 105200 15.1 753 N
Walderton 478618 110340 33.8 818 Y
Duncton 494400 116300 77.9 1034 Y
South Mundham 487920 100190 7.1 702 Y
Havant 471100 106300 7.2 730 Y
Westergate 493940 106830 19.4 780 Y

Table 3.2 provides information on the Met Officelylaainfall records available at
CEH and their relation to the set identified by tBevironment Agency. These have
been used as part of the data quality control moeatlined in Section 4. The location
of the daily and tipping-bucket raingauges relativéhe Lavant and Ems catchments is
presented in Figure 3.2. Also shown is the 1 krd gfiSAAR (1961-90).

3.2.2 Waeather radar data

The British Isles is covered by a network of weattaelars which provide estimates of
instantaneous rain-rate. The two main types of rragi@duct available to the

Environment Agency for flood forecasting purposes the single-site radar products
and the national Nimrod QC (Quality-Controlled) //Xm composite weather radar
product. CEH’s Hyrad system employed by the Envitent Agency can be used to
process the radar rain-rates to derive catchmeasrage rainfall as 15 minute totals for
use in rainfall-runoff modelling.

The single-site radar products are available atluésns of 1, 2 and 5 km. The time
interval is 5 minutes for all resolutions excepttfte 5 km resolution prior to November
2003 which had a 15 minute interval. Currently tighest resolution 1 km data are
available out to a range of 50 km, 2 km data to KfdOrange and 5 km data to 250 km
range, although these ranges have increased awer Vith increasing range the
volume of atmosphere sampled by the “radar retumpsiws leading to loss of
resolution; attenuation effects especially in istenain can also lead to underestimation
of rainfall amounts. The height of the radar bedwva the ground increases with range
due to the effects of beam inclination and eartivature. This can result in the beam
overtopping areas of precipitation formation andienestimating precipitation on the
ground, or intercepting the freezing layer and mggvianomalous high returns from
melting snowflakes (seen as giant raindrops byakar). The proximity of the weather
radar locations to the Lavant and Ems catchmemtslisated in Figure 3.3. No radar is
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Table 3.2 Met Office daily raingauge records (available at CEH).

Raingauge Met NGR Start | End
Office No.
West Harting 318022 477300 121400 1973 2007
Didling 318304 484400 119500 1969  198F
Cowdray Park 318440 490200 121500 1973 2007
Petworth, 318939 497100 116000 1941  200¢
Barlavington
Upwaltham No.2 320074 493900 111900 1971 2007
Eartham 320188 493800 109300 1963 2001
South Mundham 320401 487900 100200 1969 2007
East Dean 320836 490600 113000 1969 2007
West Dean Park 320922 486400 112700 1834 2007
Chilgrove House 320994 483600 114400 1834 2007
Lavant Resr 321064 486700 109500 1961 2002
Funtington P.Sta. 321220 481100 108200 1948  2Q07
Chidham 321311 479100 103600 1935 2007
Hambrook 321324 478600 106900 1975 2007
Thornham S.Wks 321362 475800 105000 1982 1993
Walderton P.Sta. 321551 478600 110300 1969 2004
Butser, Windmill Hill | 322179 472000 116500 1990 a&0Q
Havant, Budds Farm | 322333 470800 1055p0 1977 1999
Havant W.Wks 322335 471100 106300 1886 2007

within 50 km range so the best resolution dataeruly available is 2 km from Chenies
and Dean Hill. In general, Dean Hill radar beingselst to the catchments would be the
preferred choice of radar. However this radar g lobeen operating since November
2005. Before this, Chenies 2 km radar exists frapt&nber 2002 (prior to this the 2
km resolution range did not cover the Lavant anggEm

The Nimrod QC (Quality-Controlled) 1/2/5 km compgesiradar product provides
estimates of instantaneous rain-rate using the eivork of radars. Prior to November
2007 this radar composite was formed using the Bn@ 5 km single-site radar
products. Since November 2007 the compositing pod®as been refined to use the
single-site radar data in its polar form (rathearttCartesian) and produces a product
with a 1 km resolution. The time-interval of thisoduct was 15 minutes prior to
November 2003 and 5 minutes afterwards.
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Figure 3.2 Raingauge (15 minute and daily), river flow and groundwater well level
stationsin thevicinity of the Lavant (to Graylingwell) and Ems (to
Westbourne) catchments, superimposed on the SAAR-grid of average
annual rainfall.
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Figure 3.3 Weather radarsin thevicinity of the Lavant and Ems catchments: 50
km rangecirclesareindicated.
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For hydrological modelling purposes it is desiraol@ise the finest temporal and spatial
resolution of radar data available as this is deetoebe the most accurate estimate of
rainfall. Therefore the 5 minute interval Nimrod Womposite is the preferred choice
as this has the finest time interval and shoula alse the most appropriate radar
(subject to the data being available in time fa&r dompositing process) thus avoiding
the need to infill the single-site data for missintages. Table 3.3 provides details of
the best radar products available for the Lavamt Bms as a function of time. A
preliminary comparison with the raingauge dataravigled in the following section.

Table 3.3 Details of the best radar data available over the catchments.

Period Best radar data available

21 November 2003 to date UK only Nimrod QC rain&dtual rate 1/2/5km composite
5 minute resolution

(note that the compositing process changed duriodghber 2007
to give a 1 km resolution everywhere)

27 September 2002 to 2 km Chenies Nimrod QC
21 Nov 2003 5 minute resolution
prior to 27 September 2002 5 km resolution datae(@s or Nimrod composite) available oyer

the Lavant and Ems catchments

3.2.3 Preiminary comparison of raingauge and radar data

Accumulation maps of Nimrod composite radar rainéak presented in Figure 3.4
along with the tipping-bucket raingauge networkhe vicinity of the Lavant and Ems
catchments. These show that, over the raingaugerieand catchments, the radar data
do not appear to be affected by any permanent dresn&or example, blockages of
the beam due to buildings and masts would lead aiak spikes of rainfall
underestimation beyond them in long-period rainfafcumulation maps: such
anomalous signatures are absent. The maps alsothlkoghange in processing of the
radar data that occurred in November 2007 andesresl to in Table 3.3.

F2l Nimrod products - UK 1/215km composite QC { totalled over previous 31 days)

S

Figure3.4 Ma-ps of accumulated Nimrod compositeradar rainfall for November
2004 (left) and December 2007 (right). L ocations of tipping-bucket
raingauges ar e also shown.
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Another informative method of comparing raingaugel aadar data is to look at the
ratio bias of the radar data. For théh raingauge the ratio bia®, , is defined to be the

long-term arithmetic mean ratio of gauge and radeufall estimates calculated ovar
15 minute time intervals:

_1eR
B _EZE (3.1

where R’ is the radar estimate of rainfall for the grid-aopicoincident with the’th
raingauge providing an estima@. In practice, the ratio is only calculated if bd&h

and Rig are greater than 1 mni-hThis minimises discretisation errors and theuiefice

of anomalous propagation. Averaging this over Mheraingauges gives the ratio bias,
B, of the radar as

1

The long-term ratio biases for the five raingaugesarest the Lavant and Ems
catchment are given in Table 3.4 and are all grea@n 1. This implies a general

underestimation of rainfall by the radar. Plotsyefrly and long-term monthly ratio

biases are given in Figures 3.5 and 3.6 respegtivdlese show that the results are
similar for all raingauges with the exception ofridgton where the underestimation of
the radar appears to be more significant. The um@Eingauge is situated tight into the
foot of the scarp slope of the South Downs andcéteh may be affected by local

orographic influences. Note its relatively highwaligon (Table 3.1) and locally high

SAAR (Figure 3.2).

Table 3.4 Long-term ratio biases using Nimrod compositeradar data over the
period 21 November 2003 to 30 September 2008.

Raingauge Ratio Bias | No. of observations
Chilgrove 1.306 3374

Fishbourne 1.250 1705

Chichester 1.327 1903

Walderton 1.240 2284

Duncton 1.607 3214

Mean Ratio Bias | 1.346

The overall mean ratio bias of the radar in theiniig of the Ems and Lavant
catchments is 1.346 for the period studied. Thisegd underestimation by the radar
has obvious implications for rainfall-runoff modeti. Options for PDM sensitivity
analysis using radar data are (i) to simply usehraéent average radar data as input to a
PDM model calibrated using raingauge data, (ii) oegged radar and raingauge data
(e.g. the HyradK NFFS module adapter supplied bid ®#allingford (2007) as part of
EA R&D project FDK(06)03), (iii) consider model dadation using radar or merged
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Figure 3.5 Yearly ratio biases using Nimrod composite radar data for the years
2004 to 2007 inclusive.
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Figure 3.6 Long-term monthly ratio biases using Nimrod compositeradar data
pooled over the period 21 November 2003 to 30 September 2008.

radar and raingauge data. From previous modelligerence, it would only be
worthwhile to perform a rainfall-runoff model seingty analysis using the latest
Nimrod composite data. Since these data are ondyladle from November 2003
onwards (see Table 3.3) there is not a long enoegbrd with sufficient flood peaks to
warrant a more complete sensitivity analysis beyopiibon (i). In time, when a longer
record of Nimrod composite data is available, defusensitivity analysis would be
appropriate.

Recommendation

e Radar data sendtivity analysis. The model sensitivity analysis comparing
raingauge and radar data will be restricted togusamichment average rainfall data
using Nimrod composite radar data. This is dueh® relatively short record of
Nimrod composite radar data and the lack of sigaift flood events since 2003.
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3.3 River leveldflows

The primary objective of this study is to developNP rainfall-runoff models for the
catchments of the Lavant to Graylingwell and thesEmWestbourne for the purposes
of flood forecasting. Both these catchments hawver rjauging stations at their outlets
and have flow records that can be used for modébraion and assessment. This
section reviews these river gauging stations ims$enof quality (of stage-discharge
curve, flow range, etc.) and availability of dataceords for modelling purposes.
Descriptions of the main features of the catchmemés also provided. Other river
level/flow stations in the vicinity are also coresidd in terms of their relevance to this
modelling study. For example, the station on thet@s Brook at Cocking is at the foot
of the South Downs and, although north of the Lawsatchment, may give some
indication of exports from the Lavant due to exésprings.

Table 3.5 summarises the river level/flow statioamsthe vicinity by way of broad

background and these are mapped in Figure 3.1 f@fapy concern are the river
gauging stations at Graylingwell (Lavant) and Westhe (Ems) and these are
reviewed in turn next.

Table 3.5 River leva/flow stationsin the L avant and Ems catchments

(@ Lavant
L ocation Grid Reference Notes
Graylingwell Weir 487062 106450 Flow, Level
Tozer Way 486785 104985 Level
Needlemakers 486630 1048719 Level
Westhampnett Mill 487587 10605p Level u/s & d/s
Church Farm Pit 488422 105800 Level
R. Lavant Flood Relief Channel
Singleton 487743 113210 Level, not RTS
West Dean 485980 112430 Flow (Starflow), not RTS
Cocking (Costers Brook) 488000 117400 Flow, Level
(b) Ems
L ocation Grid Reference Notes
Westbourne 475505 107388 RTS

3.3.1 Lavant at Graylingwell Gauging Station

The groundwater-dominated catchment of the Rivemah&ain southern England drains
an area of 87.2 kfrto its gauging station at Graylingwell. It is gsphemeral stream on

the dip-slope of the South Downs with an elevatiange from 20.7 to 255 mAOD.

This rural Chalk catchment is highly permeable Wittte drift cover except for sand

and gravel river deposits along its lower vallegntl use is largely arable (37%) plus
significant woodland (31%) and grassland (27%) vaitiy a little urban development

(2%) close to Graylingwell. Significant groundwatdsstractions from wells at Brick
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Kiln and Lavant reduce river flows. The gaugingusture is a flat-V weir with a weir
capacity of 6 ms'. Severe weed growth can cause the structure tendfbhe bankfull

stage is 1.04 m (8.466°ms" using the upper rating equation) but bank oveitappccurs

upstream at lower stages than this.

Significant bypassing can occur during extreme &vigading to uncertainty in peak flow
estimation. For example, the flood peak in Jand&84 is estimated to be on the 10th at
8.1 nt s* (Taylor, 1995) whilst the flood peak held on Wiskicurs on the 12th at 7.11
m® s (at stage of 0.922 m, based on the original ratimg) not accounting for bypassed
flows). The peak in December 2000 estimated at >8'ris held on Wiski as 7.85%s™.

on the 14' (but for a stage of 0.908 m that is lower thah984).

Binnies (Chichester Flood Alleviation Scheme Rep#égril 2000) estimated the 100
year return flow to be 7.88 hs?; this has been revised upwards following the 2000
floods to ~8.5 ms*

The stage-discharge relationship (rating) for tlaednt at Graylingwell was reviewed
for the Agency by Mott Macdonald (2003). The rativag the formrQ = a(h+d)” with
range limitsh, <h < h,; here,Q is the flow (ni s, h is river stage (m), and , d and

[ are parameters. The original rating is in 3 pdefsned by the rating parameters and
range limits @,d, 5,h,,h, )as

(9.8777,-0.017, 2.10696, 0.000, 0.264),
(10.5645, -0.105, 1.60956, 0.264, 0.634) and
(11.4934, -0.303, 1.00186, 0.634, 1.0).

The rating curves held on WISKI were provided atehtify the above original rating
as ‘Graylingwell (1012 migrated v1). There is also second version labelled
‘Graylingwell (1012 migrated v2)’ which has differeranges and is defined as

(9.8777,-0.017, 2.10696, 0.0@0238),
(10.5645, -0.105, 1.60956.,238, 0.601) and
(11.4934, -0.303, 1.00186.,601, 1.0).

The differences with v1 are highlighted in boldniay be related to a datum shift but
the changes were not constant in stage (e.g. @288=0.026 whereas 0.634-
0.601=0.033). This second version is also whaeld bn HiFlows-UK.

The original rating (v1) was derived by fitting as8gment power law relationship to
selected points from a rating table based on teeré#iical equation for a Crump profile
flat-V crested weir. This rating was checked adga#is45 valid spot gaugings up to
0.89 m and found to underestimate flow above abaut s* (presented here in Figure
3.7), becoming more pronounced at its upper end.

A full dynamic hydraulic model based on the ISI$Stware was developed to derive a
model-based extended rating: this represented #logigg structure as three broad-
crested weirs with stepped crest levels and witlthapproximate the actual Crump
profile flat-V crest form. Based on a comparisontled ISIS and original ratings with
the spot gaugings, Mott Macdonald (2003) recomntbeadriginal rating be used up to
0.25 nt s* and the 1SIS-model rating above this. The finéihgarecommended by Mott
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Macdonald, and contained on WISKI and HiFlows-UK, i

(80.583, 0.005, 3.709, 0,0.27)
(9.694,0.030,2.230,0.27,0.74)
(12.162,-0.170,1.443,0.74,1.10)
(19.653,-0.356,1.991,1.10,1.33) and
(48.246,-0.960,0.956,1.33,1.52)

According to WISKI and Hi-Flows UK, this rating recommended for use from 23
August 1994 onwards with the original EnvironmemgeAcy rating being used prior to
this date. Figure 3.7 shows the Mott Macdonald @mginal (v1) Environment Agency
rating along with the spot gauges.

River flow data (not level) were provided by theviEonment Agency and compared to
that previously supplied to CEH in 1998 as parthef Moore and Bell (2002) study.

Both sources agree to within 0.F 87 for the period in common apart from around 7
days in February 1995 for which the differencesaalittle larger.

The previous data supplied in 1998 covers Janu@® 1o March 1998 and uses the
original EA rating curve (as it predates the Motddonald review). Since the previous
and new data agree, it suggests that the latestdnvent Agency data are based on
the original rating curve (and not the Mott Macdidn@ting) for the period 23 August

1994 to 31 March 1998 and possibly beyond. It leenbagreed with the Environment
Agency that it will be most consistent to use thettMMacdonald rating throughout the

Graylingwell level record for the modelling. Thisa has obvious implications for any

water balance calculations that will be performed.

Stage (m)

0 5 10 15

Flow (m’s™)
EA original ______ HiFlows (Mott McDonald)
X Spot gaugings — — = Rating max
Figure 3.7 Stage-dischar ge curves and spot gaugings for the Lavant at
Graylingwell.
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Recommendations

e River Lavant at Graylingwell rating curve. The Mott McDonald rating should be
used consistently throughout the Graylingwell stag®rd for this project.

e River Lavant at Graylingwell river flow data. The River Lavant stage time-series
will be processed at CEH using the Mott McDonaltingato obtain a consistent
river flow time-series for use in rainfall-runoffadelling. Done.

e River Lavant at Graylingwell river level data. The river stage time-series for
Graylingwell will be supplied to CEH. Done.

3.3.2 Emsat Westbourne

The groundwater-dominated catchment of the Rives Ensouthern England drains an
area of 58.3 kmto its gauging station at Westbourne. It is aneepéral stream on the
dip-slope of the South Downs with an elevation mefigm 9.6 to 242 mAOD. This
rural Chalk catchment is highly permeable with mmal drift cover. Land use is largely
arable (42%) plus significant woodland (28%) andsgland (26%) with only a little
scattered urban development (2%). The gaugingtateics an asymmetrical compound
Crump profile weir that is modular throughout itew range and has a theoretical
rating. Whilst all flows are contained the struetlimit is 5.08 m s*, a flow that was
exceeded for long periods during the 2000 evemmnificant export of water from the
catchment via groundwater abstractions is in pamnpensated for by borehole
augmentation of low flows.

The theoretical rating is approximated by a thrag-pating of standard power law form
with the rating parameters and range limasd, 8,h,h, as)

(1.434, -0.000, 1.576, 0.00, 0.19),
(1.468, 0.151, 2.475, 0.19, 0.39) and
(10.664, -0.258, 1.759, 0.39, 0.91).

This rating curve is shown in Figure 3.8 along whike available spot gaugings which
serve to broadly confirm the validity of the redati

River flows have been provided by the Environmegercy for use in this modelling
investigation.
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Figure 3.8 Stage-dischar ge curve and spot gaugings for the Ems at Westbour ne.

3.4 Potential evaporation

The application of the extended PDM to the Rivevdrd by Moore and Bell (2002)
used a very simple estimate of potential evapanaiRE). This took the form of a sine
curve of daily values over the year with a meanealf 1.4 mm day;, 15 minute values
were obtained by assuming a constant value withdiaya Potential evaporation has a
cumulative effect on the model water balance. Tiiag an average profile over the
year and ignoring the diurnal variation can provalesimple approximation in this
context. A sensitivity of the calibrated model twetuse of MORECS PE monthly
estimates has since been carried out by CEH. UseesE time-series data in place of
the sine curve PE estimates did not resolve prablebserved in the modelled well
levels in 1994. Note that the acronym MORECS stdndsMet Office Rainfall and
Evaporation Calculation System’ and provides weekdg monthly PE estimates on a
40km grid over Britain based on daily synoptic vireeatdata (Hough and Jones, 1997;
Houghet al, 1997).

The Environment Agency in Southern Region emplogtaadard daily PE profile over
the year. A standard diurnal profile is used toappn daily PE into 15 minute values,
with zero values at night. The daily profile is edson average MORECS values for
each month. The standard profile is scaled to tatceaccount the MORECS square(s)
over the catchment being modelled. It is believet the base profile was developed
for Midland Region and yields an annual PE total5@8 mm. A higher value is
generally more appropriate for Southern Regionssscaled up for a MORECS grid-
square of interest using the long-term annual aee@E. For square 183 over the
Lavant and Ems this average is 617 mm (for the mydars 1971-2007), giving a
scaling factor of 1.180. The long-term monthly aggr PE amounts for square 183 over
the 1971-2007 water years are listed in Table Mde that the annual MORECS PE
values derived from data held at CEH differ sligtitom those provided by the EA in
Table B1.3 of Hall (2008) for the years 1995, 2@d8 2006. A summary of the annual
differences are summarised in Table 3.7.
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Table 3.6 Long-term monthly average MORECS PE amountsfor square 183 over
the 1971-2007 water years (using MORECS records held at CEH).

Month MORECSPE | MORECSAE
January 14.9 14.9
February 18.1 18.1
March 36.1 36

April 59.5 59

May 86.5 83.6
June 88.3 77

July 96.5 70.9
August 88.1 60.9
September 59 46.1
October 37.1 33.1
November 19.3 19
December 13.6 13.6
1971-2007 Water Year Average 616.9 532.1

Table 3.7 Differences between the annual MORECS PE/AE totalsderived from
data held by the Environment Agency and CEH for MORECS square
183 and the period 1971-2007.

Period MORECSPE MORECSAE

EA CEH EA CEH
1995 Calendar Year 733 739.8 434 4738
1994/95 Water Year 743 730.9 447 463.4
1995/96 Water Year 652 671.1 526 544.9
2003 Calendar Year 639 662.1 456 4722
2003/04 Water Year 625 648.2 576 592.6
2006 Calendar Year 576 580.7 467 4712
2005/06 Water Year 579 583.7 467 471.6
2006/07 Water Year* 630 579.2 618 568.5
1971-2007 Calendar Year Average 614 615.4 580 531.9
1971-2007 Water Year Average 617 616.9 532 532{1

* Note that the EA values listed for the 2006/07 tévarear relate to Table B1.3 of Hall (2008). These
values have since been updated (ref email from Jtdih 21/11/2008) and now agree with the CEH
values.
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Since identifying this disagreement between thedad CEH MORECS records, the
monthly data have been provided by the EA for tkdacomparison with the monthly
data held by CEH. A summary of the monthly differes between the two sources is
given for potential evaporation (PE), actual evagion (AE), rainfall and soil moisture
deficit (SMD) in Table 3.8

Table 3.8 Differences between the monthly MORECS PE, AE, rainfall and SMD
data held by the Environment Agency and CEH for MORECS square
183 and the period 1961-2007. Shading indicates values which are

different.
Year | Month PE AE Rainfall SMD
EA CEH EA CEH EA CEH EA CEH
1995| 6 104.2 | 98.7 32.8 |46 12.6 13 143.6 | 141.1
1995 | 7 117.2 | 108.8 |34.2 | 32.8 34.1 29.8 143.6| 143.6
1995| 8 1341 | 1296 |5 10.6 5 7.2 143.6| 143.6
1995| 9 58.2 64.1 546 | 58.2 148.9 | 148.3 | 49.2 | 534

1995 | 10 37.8 50.2 37.7 | 49.9 24.9 42.5 61.8 | 55.8

1995 11 15.4 21.9 154 | 21.7 89.2 96.8 0.9 1.1

1995 | 12 12.1 12.4 121 | 124 100 118.4 0 0
1996 | 3 31.6 31.6 31.6 31.6 46 46 | 9.9 7.9
1996 | 4 55.3 55.3 55.2 55.2 37.3 37.3| 23.5 | 25.7
1996 | 5 84.5 84.5 83.8 83.8 64.8 64.8| 50 44.6
1998 | 5 104.2 104.2 | 103 1034 | 22.8 22.8 89.7 89.7
2003 | 10 22 45.6 10.6 | 27 54.9 71.3 98.7 98.7
2004 | 12 7.6 7.6 7.3 7.6 83.9 83.9 0.5 0.5
2006 | 5 64.1 68.6 63.9 | 68.5 18.4 102.1 | 64.6 | 12.3

Initial discussions with Met Office colleagues diet Joint Centre for Hydro-

Meteorological Research (JCHMR) suggest that tliierdnces in the EA and CEH
MORECS data holdings could be due to Met Officeliguaontrol processes. There are
two forms of MORECS data issued and both are redeby the Environment Agency:
(i) a pseudo real-time product calculated weekipgishe driving data available at the
time and (ii) a quality controlled product whichessthe quality controlled driving data
which is produced at a later date (this does neftyd result in altered MORECS
values). The quality controlled monthly MORECS de#re used in Hall (2008) and
passed to CEH for the detailed comparison. Themngoing work at CEH to verify

with the Met Office the source of CEH data holding¥ithin this report the CEH

MORECS data will be used unless specifically statiberwise.

The long-term monthly average PE data containeddhle 3.6 are represented in
Figure 3.9 by black crosses at the mid-point ofheagonth. These have been
interpolated in two ways to generate a daily tirages. The black line is standard linear
interpolation and, whilst this has a ‘smooth’ appeae and preserves the annual long-
term PE, it does not preserve the monthly valuesstightly underestimates PE during
the summer and overestimates during winter. The bhe represents an alternative
linear interpolation method which preserves thegimrm monthly and annual PE
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Figure 3.9 MORECS annual profiles. Black crosses (+) denote the long-term

aver age PE amountsfor square 183 (see Table 3.6). Theblack lineis
simpleinterpolation between the monthly values. Thebluelineis
interpolation that preservesthe monthly average PE. Thered lineisthe
EA Southern Region profile scaled by 1.180 (gives annual PE of 617
mm).

Cumulative PE (mm)
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Figure 3.10 MORECS cumulative profiles. Black crosses (+) denote the long-term

28

aver age PE amountsfor square 183 (see Table 3.6). Theblack lineis
simpleinter polation between the monthly values. The bluelineis

inter polation that preservesthe monthly average PE. Thered lineisthe
EA Southern Region profile scaled by 1.180 (gives annual PE of 617
mm).
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totals. It does this by fitting to the bi-monthlyesage values at the end of each month
(i.e. the January and February average for theaoénthnuary) and then introducing
another fitting point at the middle of the monthosk value ensures the long-term
monthly PE is preserved. The red line is the sc&Adprofile that gives a yearly PE
value of 617 mm. The plot suggests that the proviés created by fitting to points at
the start/end of the month and clearly, in comparito the profile for square 183,
significantly over-estimates during summer and ueskmates during winter.
Comparing the different profiles, through the cuatie PE plots in Figure 3.10,
highlights that the scaled EA profile (red line)edohave rather different properties
whilst the difference between the two interpolatioethods is rather more subtle.

Recommendations

e Standard daily PE profile. The current standard daily profile used by Souther
Region overestimates during the summer and undesss during the winter
compared to the long-term monthly values of MOREG&§uare 183. It is
recommended that, if a daily profile is needed, lihear interpolation method
which preserves the long-term monthly and annuaR#Q0S PE totals be used for
the Lavant and Ems catchments.

e MORECS PE profile for use in modelling. It is recommended that the historical
daily PE profile is derived using the linear intgliggion method which preserves the
monthly totals. The 15 minute totals will be dedwvesing the standard EA diurnal
profile.

In addition, the Environment Agency receives hoMI®SES PE estimates on a 5 km
grid, via the Hyrad system. The acronym MOSES «afwd ‘Met Office Surface
Exchange Scheme’. There is interest in using tikESestimates for flood forecasting
application, particularly on account of their neaal-time availability. However, there
is concern over the difference with MORECS PE estiz® and their possible impact on
rainfall-runoff model calibrations. The EnvironmeAgency and Met Office jointly
funded a comparison project which was reportedyohdugh (2003). This study used
the MORECS daily weather archive to generate aduseourly driving dataset for the
MOSES output and therefore differs from the driviegasets used operationally. The
comparison was restricted to two periods of 2-yelnmation (the drought of 1975-76
and floods of 2000-01) and four contrasting MORESZBares. Both schemes employ
Penman-Monteith estimates of PE but differ in tieéad. Hough (2003) reported that
hot, sunny and low humidity days with high PE caute crop canopy resistance to
moisture flow to increase in MOSES, moderating REi@s. This effect is not included
for grass in MORECS causing its PE estimates tdigber than MOSES for such
conditions.

Here the operational MOSES feed received by therr&mwment Agency is used for
comparison with MORECS. The MOSES data in the Hywadk-up archive at CEH
Wallingford starts on 26 July 2005 and has somdlsgaps. Monthly totals have been
calculated from the hourly 5 km MOSES grass (C3)YdétEhe 40 km MORECS square
183. A major difference from the Hough (2003) studythe use of hourly Nimrod
analyses of precipitation, cloud cover and neafasaratmospheric variables as input to
the operational MOSES product (Sméhal, 2006). This also contrasts with MORECS
which employs quality-controlled synoptic statioatalincluding rainfall data from the
daily raingauge network (supplemented by radar daf@ending on gauge coverage).
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The difference in rainfall data between MOSES ardRECS will affect data-quality
of some products and will vary with location ane thenesis of the rain. However,
using radar rainfall in MOSES will impact on the ABd SMD products but not on PE:
this is the potential atmospheric demand for evajpmm assuming soil water is not
limited. Consequently the radar rainfall undereation bias identified in Section 3.2.3
has no bearing on the quality of the MOSES PE edtsm The monthly MOSES and
MORECS grass PE totals are listed in Table A.1 glatth the amount of missing
MOSES data for each month. These are comparedigadighn Figures 3.11 and 3.12
which show, in contrast to Hough (2003) which uS$#A@RECS-based input data for
MOSES, that the operational MOSES scheme condigtestimates more PE than
MORECS.

£ O::  April - September
31 . O:>  October — March

> 10% of MOSES data
missing for the month

— 1:1line

—  Least squares regression
y=0.163+1.116

MOSES Monthly PE (mm da})

0 1 2 3 4 5
MORECS Monthly PE (mm daj)

Figure 3.11 Comparison of monthly MOSES and MORECS PE valuesfor the
period July 2005 to August 2008 inclusive.

w

Monthly PE (mm day)

Q3 Q4 Q1 Q2 Q3 Q4 QI Q2 Q3 Q4 Q1 Q2 Q3
2005 2006 2007 2008
+———+ MORECS +—+ MOSES

Figure 3.12 Time-series of monthly MOSES and MORECS PE valuesfor the
period July 2005 to August 2008 inclusive.
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The least square regression line in Figure 3.14 sf®ws that the relative difference
increases with increasing PE. This implies thaa iPDM model has been calibrated
using MORECS PE then simply swapping the PE sotwc®OSES may cause a

reduction in modelled river flow due to the incredsevaporation. Since MOSES is
only available from July 2005 onwards there isadéing enough record with sufficient
flood peaks to warrant a more complete sensitiahalysis of MORECS versus
MOSES beyond the data comparisons performed hetené, when a longer record of
MOSES data is available, a fuller sensitivity as@ywvould be appropriate. If switching
from MORECS to MOSES does cause degradation in R@Mormance it would be

sensible to consider recalibrating the evaporat{ty) and recharge parameters

(ky,b,and §) of the PDM. With a view to real-time applicaticm sensitivity analysis

is recommended between using MORECS and profilesecdbaon the long-term
MORECS PE and in the form of a sine curve.

Recommendations

e MOSES PE data sensitivity analysis. A full model sensitivity analysis comparing
MOSES and MORECS PE data is not warranted at ims. tThis is due to the
relatively short record of MOSES data and the laic&ignificant flood events since
2005.

e MORECS PE data sensitivity analysis. A model sensitivity analysis should be
performed within the project comparing the useistdrical MORECS PE estimates
with using a sine curve formulation and the longrtdMORECS PE profile. This is
carried out in Section 6.2.3.

3.5 Wdlleves

Well level records provide a potentially useful smuof information for the PDM

rainfall-runoff model extended for groundwater ¢abents. Depending on location,
observation wells can provide a useful indicatidntiee volume of water held in

groundwater storage. In turn, the PDM employs aceptual groundwater reservoir
whose water content is updated through the adddfaecharge from soil drainage and
subtraction of pumped abstractions and water retkas form baseflow at the

catchment outlet. The PDM groundwater store watetent can be related to well level
measurements by converting the content to a stodafieit and scaling it by the

specific yield of the groundwater reservoir to abi@ modelled depth to the water table,
taking account of any datum adjustment needechitnway, well level records can be
used to support model calibration and assessmezdl-tRne updating of the model
using well level records presents a further posgiige that might be considered.

Table 3.9 presents an inventory of well level stadiin the vicinity of the Lavant and

Ems catchments. Figure 3.1 map their location. Rictior some locations are held by
CEH Walllingford as part of the British Geologicalr@ey’'s contribution to the National

River Flow Archive. The Environment Agency initialprovided data for some of the
locations. In addition, plots of well level dataregrovided by John Hall for a selection
of locations within each catchment.

In the study of Moore and Bell (2002) for the Lawvaatchment it was found that the
well level site at West Dean Nursery had variationkevel that corresponded best with
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the modelled groundwater levels. This probablyedf the close proximity of this

station to the river and good hydraulic connegtiid it. The modelling work has

investigated the usefulness of these well recoudthdr and in particular those sites
currently on telemetry, namely Chilgrove and Compfbo achieve this, additional well

level data were obtained at an interim review stafyéhe project, as outlined in the
recommendations that follow. A summary of the wellel data supplied is given in

Table 3.10.

Recommendations

Chilgrovedata. The time-series ‘245221099.WL.ir.P’ to be obtain@dne.

Compton data. The time-series ‘Compton.WL.Telemetry.60.P’ and
‘245121511.WL.60.P’ to be obtained. Done.

Chilgrove and Compton data. Definitions of the various different time-series
supplied are to be obtained. Done.

West Dean Nursery. The time-series ‘WestDeanN.WL.ir.P’ to be obtain@dne.

Table 3.9 Groundwater well level stationsin the Lavant and Ems catchments

(a) Lavant
L ocation Grid Reference Notes
Chilgrove House 483526 114367 RTS, goes artedmatnops.
Hourly data from 1 Jun 1999 — 12 Aug 2001.
15 minute data from 1 Jan 2004.
Compton 477551 114895 In Ems
East Dean Butchers Lang¢ 490624 112875 not RTS
East Dean Droke 492469 112763 not RTS
Upwaltham Dog Kennel 495648 115149 not RTS
West Dean Colworth Fm 485292 115174 not RTS
West Dean Nursery 486300 11310 not RTS, usedidysif Moore and Bell (2002), larg
periods of no dips (~1977-1991 and 1997-2001)T
(&) Ems
L ocation Grid Reference Notes
Compton 477551 114895 RTS, WISKI
Hourly data from 5 Jan 2001
Uppark Deerkeepers Cottage 477825 116540 not RTS
North Marden Meredon Farin 480765 116132 not RTS
East Marden Well 480713 114591 not RTS
West Marden Farm 477107 11359 not RTS
Walderton Pitlands Farm 479680 112375 not RTS
15 min data available from 10 Apr 2007
Walderton Little Busto 477929 111899 not RTS
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Table 3.10 Well level data supplied by the Environment Agency.

Time-series name Time Comments
Period
CHILGROVE RTS | 01/11/2000 -| Hourly data from 01/11/2000 to 01/01/2001. Themiib data
mAOD.WL.15.P 24/09/2008 | from 01/01/2004 to 24/09/2008.
ChilgrveGW.WL.ir.P| 03/01/1990 1 Periodic data. Data almost exclusively time-stamaed2:00
26/08/2008 | until 31/07/2002 then recorded to the nearest3 minutes.
Surveyed 01/11/02. New datum is 77.74mAOD to topef
standpipe (installed to prevent well over-toppinghis is
56cm higher than historical datum of 77.18m whicsw@0cm
too high. (New standpipe is 86cm high).
245221099.WL.ir.P | 01/06/1999 -| Hourly telemetry data. Some small periods of 15ut@rdata.
(Chilgrove) 12/08/2001
COMPTON 16/11/2004 -| Hourly data.
RTS.WL.60.0 24/09/2008
Compton.WL.ir.P 03/01/1990 t Periodic data. Data exclusively time-stamped aDQ2intil
26/08/2008 | 31/07/2002 then recorded to the nearest 1 or 5tesnu

Compton.WL.Telems
try.60.P

15/03/2000 -
08/02/2007

Hourly telemetry data. Larger period of missing ad
12/05/2000 — 12/02/2002.

245121511.WL.60.P

05/01/2001 -

Hourly logger data.

(Compton) 14/08/2002
LtleBusto.WL.ir.P 24/01/1990 1 Periodic data. Data almost exclusively time-stamaed2:00
26/08/2008 | until 29/10/2002 then recorded to the nearest3 minutes.

Well becomes dry every year so not ideal for maagll

PitlandsFm.WL.15.P| 10/04/2007|-15 minute data.
26/08/2008

PitlandsFm.WL.ir.P 24/01/1990 |- Periodic data. Data almost exclusively time-stamaed2:00
26/08/2008 | until 29/11/2002 then recorded to the nearestd minutes.

WestDeanN.WL.ir.P| 21/01/1976|-Periodic data. Data almost exclusively time-stamaed2:00
10/02/2009 | until 31/12/2002 then recorded to the nearest3 minutes.

Missing 21/04/1997 to 12/05/2000.
Suspect dip of 21.9m on 12/09/1995 removed by CEH.

WMardenFm.WL.ir.P

24/01/1990 -
26/08/2008

Periodic data. Data almost exclusively time-stamatd2:00
until 29/11/2002 then recorded to the nearest3 minutes.

3.6 Groundwater abstractions and flow augmentation

The PDM rainfall-runoff model, extended to modebgndwater catchments, is able to
utilise time-series records of pumped abstractidksstractions are included when
maintaining the water balance of the conceptualimglavater reservoir from time-step
to time-step. A simple abstraction model is prodida the PDM that allows the
recorded abstractions to be scaled and a constdné \added to accommodate the
effects of unrecorded abstractions. The applicatiothe Lavant involved the addition
of Brick Kiln and Lavant recorded daily abstracgort was judged that unrecorded
abstractions were not significant and so no scalimaddition was invoked.

Table 3.11 presents a list of groundwater abstmacsites in the Lavant and Ems
catchments. Figure 3.1 map their location. ForLtieant, the abstractions that are
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Table 3.11 Groundwater abstraction sitesin the Lavant and Ems catchments

(a) Lavant
Licensed quantity
Licence no. Location NGR Purpose Source Period Max. daily Max. annual
m’|_Mid m’l Mid
10/41/521601 |Hunters Race Lane gravel pit SU 8541 0779 |Mineral washing Chalk/UGS All year 1309| 1.309| 472784| 1.295
(2 boreholes)
10/41/522002 |Lavant PS (3 boreholes) SU 8545 0978 |Public water supply Chalk/UGS Allyear [}
SU 8548 0975 Chalk/lUGS | Allyear [} 32000 32.00
SU 8566 0960 Chalk/UGS Allyear |} 9950000( 27.260
Brickkiln PS (2 boreholes) SU 8359 1245 Chalk/UGS Allyear |} 7500 7.500
SU 8360 1238 Chalk/lUGS | Allyear [}
10/41/522206 |Boiler House, West Dean SU 8646 1272 |Private Water Undertaking] Chalk/UGS | Allyear |} 200 0.200 10000| 0.027
(2 boreholes) SU 8640 1275 }
27/178 St. Richards Hospital, Chichester SU 8610 0545 |Hospitals Chalk/UGS | Allyear 255| 0.255 61000| 0.167
27/179 Graylingwell Hospital, Chichester SU 8675 0637 |Hospitals Chalk/UGS All year 300 0.300 43000{ 0.118
10/41/522204 |Weald & Downland Museum, Singleton|SU 8739 1292 |Private non-industrial Chalk/UGS | Allyear 150| 0.150 15000| 0.041
10/41/522205 |Preston Farm, West Dean SU 8533 1113 |Spray irrigation - direct Chalk/UGS |May - Sep. 581.9| 0.582 34095| 0.093
27/173 Westhampnett Gravel Pit SU 8795 0582 |Mineral process water Valley gravels| All year 64| 0.064 17600| 0.048
10/41/531310 |Chichester Gravel Pits SU 8807 0534 |Mineral washing Valley gravels| Allyear [} 27273| 27.27| 7727273| 21.171
(7 abstraction points) SU 8786 0526 }
(b) Ems
Licensed quantity
Licence no. Location NGR Purpose Source Period Max. daily Max. annual
m®|  MI/d m°|  MId
10/41/511005|Westbourne SU 7581 0792 |Watercress/Fish Farm 45.5| 0.046 3,409 | 0.009
10/41/511202|Aldsworth SU 7632 0878 |Spray irrigation 818| 0.818 45,455 | 0.125
10/41/520101|Woodmancote |SU 7713 0802 |Public water supply All year 4545| 4545 1,363,636 | 3.736
(2 boreholes)
SU 7863 1035
10/41/511002|Walderton SU 7869 1041 |Public water supply 9092| 9.092[}
(3 boreholes) SU 7873 1032 } 9,954,426 | 27.272
}
10/41/511007|Walderton SU 7869 1041 |Public water supply 36368|36.368|}
10/41/512301]Stoughton SU 8000 1144 |Agriculture 22.7| 0.023 8,182 | 0.022

considered significant for the modelling study #mese for the pumping stations at
Lavant and Brick Kiln Farm. For the Ems, the aligtoms significant to this modelling
study are at Walderton and Woodmancote. Their impgooffset by a low flow
augmentation scheme at Walderton.

Records of daily abstractions for these four las®i and the flow augmentation
releases at Walderton have been provided by théerdfmuent Agency for the years

1989 to 2006 inclusive and details of the statind Acence numbers are provided in
Table 3.12. As part of the Moore and Bell (2002)dgt daily abstraction data were
provided for the Brick Kiln and Lavant sites foetperiod January 1990 to May 1998.
Comparison with the recently supplied daily abstoscdata reveal they are identical in
total amounts for the periods in common, althouwgre is a time difference between
the two sources of 4 days for Brick Kiln during Fedry 1993 and 1 day for Lavant
during October 1996. These are only small diffeesnehich would have a minimal

impact on the modelling so have only been repohte@ for completeness. The more
recently provided data will be used to supportrtfzelelling work.
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Table 3.12 Details of the daily abstraction and flow augmentation data provided by
the Environment Agency.

L ocation EA Station | Licence numbers
Number
Brick Kiln 1051 10/41/522002
Lavant 2051 10/41/522002
Woodmancote 3071 10/41/520101
Walderton 3011 10/41/511002 and 10/41/511007
River Ems 2081 10/41/511002 and 10/41/511007
(Walderton flow
augmentation releases)

The magnitude of the flow augmentation releasesh® Ems at Walderton are
summarised in Table 3.13 as annual totals alongbel@bstractions at Walderton and
Woodmancote. On average, it can be seen that tiraeniation flow is little more than
2% of the combined abstractions from Walderton\Ambdmancote. This indicates that
the augmentation is only a minor component of therall water balance of the Ems
and may not need to be considered explicitly withimodel for flood forecasting. The
impact of the flow augmentation on modelling floibmvs will be considered further in
the model application to the Ems in Section 6.

Table 3.13 Water year abstractions and flow augmentation for the Ems.

Water Year Walderton Woodmancote Woodmancote
Abstraction  Abstraction ~ Augmentation

M| M| M|
1989/90 7.5198 0.4120 0.1042
1990/91 6.3790 0.1611 0.1975
1991/92 5.9021 0.0003 0.3639
1992/93 4.6391 0.0471 0.0925
1993/94 4.2728 0.0015 0.0068
1994/95 5.1836 0.2430 0.0673
1995/96 6.2158 0.5144 0.4382
1996/97 5.6132 0.3265 0.2553
1997/98 4.5300 0.4848 0.0814
1998/99 4.0107 0.3586 0.0938
1999/00 3.9033 0.3129 0.0342
2000/01 5.2565 0.2923 0.0000
2001/02 4.4612 0.0650 0.0000
2002/03 4.4836 0.3119 0.0512
2003/04 4.5485 0.1840 0.1170
2004/05 4.3317 0.3253 0.0865
2005/06 5.9835 0.3377 0.0631
Water year 5.1314 0.2575 0.1208
mean
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3.6.1 Real-timeuse of abstraction data

Currently there is a delay of approximately 2 maniblefore the daily abstraction data
are available in WISKI. This is partly due to tlme taken for the operating agency to
submit abstraction data and partly due to the taken for the Environment Agency to
process these data. The effect of this delay onntbeelling results needs to be
considered within this project. Options for mitigat the impact of the delay are the use
of a default abstraction profile or a persistenssuanption. These options have been
considered and are discussed under the modeliggpsihalyses in Section 6.2.4 If the
impact of the delay is found to be significant,raject recommendation could be for the
data to become available for modelling sooner.

Recommendations

e Real-time use of abstraction data. The impact on the modelling of the 2 month
delay in abstraction data being available in WISKé&ds to be considered as part of
the model investigation. Mitigating options suchaadefault abstraction profile or a
persistence assumption also need to be considéresd.is addressed under the
model sensitivity analyses of Section 6.2.4.
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4 Data quality control

4.1 Raingauge data

A main focus of the data quality control concertiggel raingauge dataset. Areal rainfall
estimation is often a major source of uncertaintgmwconsidering the water balance of
a catchment and has significant implications fory aubsequent rainfall-runoff
modelling. As an outcome of the quality control ggss, a method is proposed for
constructing a consistent time-series of 15 mimatefall totals that is required for the
PDM modelling.

As outlined in Section 3.2.1 and Appendix B, upthcee types of rainfall data were
provided for eight raingauges. The South Mundhauoggas not well located in relation
to the study catchments. Because of this, andrieetaken to quality control the data, a
detailed analysis of its record has not been d@/estergate raingauge data were also
not analysed as judged not to be critical to thislelling investigation.

4.1.1 Consistency check between time-of-tip and the 15 minute and daily totals

The three types of rainfall data received were toftp data, 15 minute totals and
daily totals. The first stage of the analysis cleecKor consistency based on the
assumption that the 15 minute and daily totals Haeen formed from the time-of-tip

record. To do this, 15 minute and daily rainfaiate using the time-of-tip record were
calculated and compared to those provided by the Tds initial analysis has raised

several questions about the data provided. A summiathe assumptions used in the
analysis and the findings is given below.

Time-of-tip records

1. It is assumed that the start of a missing pemodhe tipping-bucket record is

identified by a value field of --- and a qualityd of M. The tipping-bucket raingauge
data, and any totals formed from them, should theetreated as missing until the next
‘good’ tip is recorded. Looking at the data eittede of the missing flag we are

confident this is the correct interpretation.

2. The temporal resolution of the time-of-tip redowvary over time from recording at
minute intervals to recording by the second (sd®elB.1 for more details).

3. There were occasional zero values in the timgafecords which were flagged as
good. Therefore these values have simply beendeduas zero in forming the 15
minute and daily totals.

4. Occasionally there are instances where the ¢if+ig> data have recorded values that
are a large multiple of the 0.2 mm tip size andlbice they may be daily totals.

Daily totals

5. The CEH and EA daily totals agree for the ent@ord, including missing days, for
all raingauges tested. (Note: South Mundham wadested as it was not used in the
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subsequent modelling and Westergate was not tested/ISKI daily data were not
supplied.)

15 minute totals

6. There are inconsistencies between the EA 15tmiotals and the time-of-tip records
when the time-of-tip record is flagged as missifige 15 minute totals provided by the
EA appear to assume that the missing flag in tme-f-tip data indicates thand of
the missing period rather than tstart. This results in the EA data having long periods
of zero rainfall which should actually be set tessimg. The periods which are affected
by this are listed in Table B.2 for reference.

7. There are a few instances where the 15 mintaéstdo not agree with the time-of-tip
records. The difference on these occasions is rilyrorze tip either way. These periods
are also listed in Table B.2.

Recommendations

e 15 minuteraingauge totals. The 15 minute totals generated by CEH from thetime
of-tip data should be used as opposed to the EArgead 15 minute totals.

e WISKI. The method used to store and extract 15 minutdstet@hin WISKI
should be reviewed in relation to the handling agsimg time-of-tip data.

4.1.2 Quality control of thetipping-bucket raingauge data
The quality control process has involved threegipie steps:

* Visual comparison of cumulative hyetographs for raiingauges to identify
suspect periods (periods which aren’t recordingchksges, large totals, etc.) and
cross-reference with EA quality control flags.

» Cross-reference suspect periods against daily aagw data (see Table 3.2 for
daily gauges used). Particularly useful for chegkimagnitudes.

» Cross-reference against weather radar data usimgdH¥articularly useful for
identifying periods of rain/no-rain, high spatiahnations (e.g. convective
events) and detecting blockages.

The periods that are deemed suspect following bovea quality control process are
detailed in Table B.3. There were many reasonsvity periods were deemed suspect
but the most common and most significant are sunsetrbelow along with some
examples of the cumulative hyetographs which ithtstthe issues.

1. There are periods where the tipping-bucket recomlyg exist during a small
window of time (typically 00 — 02 hours) each dagttdoesn’t tie in with radar
but the daily totals appear to be correct. This affect more than one station at
the time: for example Chichester, Walderton andhtbasirne all suffer from this
problem from November 2007 to June 2008. Figureilludtrates the problem
during April 2008.

2. Blocked raingauges causing a slow trickle of t(pamulative totals may appear
satisfactory over long periods but hyetographs ichately reveal the problem:
see Figure 4.2 for an example showing blockag&hahester and Fishbourne.
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3. Dry periods when a raingauge is incorrectly reangdiain. An example is given
for Duncton during April 2003 in Figure 4.3.

4. Periods where the raingauge data should be flaggedissing (rather than
assuming no rain). An example is given in Figuré far Chichester during
October 2001.

5. The Walderton and Chichester records are identarahlmost identical) for the
period 4/11/1996 to 4/07/1997.

6. On the 15/09/2000 Chichester recorded 70-80mm tlems at Walderton and
Chilgrove which appears to be an underestimation.

Recommendations

Cumulative Rainfall (mm)

Tipping bucket raingauge data. The two serious issues identified with the tipping-
bucket records (points 1 and 5) should be investithay the Environment Agency
and an explanation for their occurrence soughts hlas been reported to FMD and
an investigation is ongoing.

Chichester raingauge. Check with Environment Agency regarding Chichester
totals on 15 September 2000 (point 6). This chexkbbeen done and the totals have
since been removed from the record at CEH.

WISKI quality flags. The quality control analysis summarised in Tablg ghould

be considered for inclusion within the WISKI qugliflag information where
appropriate.
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Figure 4.1 Cumulative hyetographsfor April 2008 highlighting recording

problems at Chichester, Walderton and Fishbourne.
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Figure 4.2 Cumulative hyetographs for November 2002 highlighting blockages at
Chichester and Fishbourne.
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Figure 4.3 Cumulative hyetographsfor April 2003 highlighting erroneous
recordings at Duncton.
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Figure 4.4 Cumulative hyetographsfor October 2001 highlighting that Chichester
should have recorded somerain between 11 and 17 October.
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4.1.3 Proposed method for generating rainfall time-seriesfor rainfall-runoff
modelling

Here the aim is to generate a consistent timessadeoss the entire modelling period to
allow like-for-like comparison of modelling resultsom calibration and evaluation
periods. It is anticipated that these modellingiquer will encompass the significant
flood peaks of January 1994 and December 2000.efdrer the raingauges used must
be available from at least 1994 onwards. Table |4t the start date of the data
provided for each raingauge and reveals that otiligl@ster, Walderton and Havant
should be considered for model calibration andwatain. Since these raingauges have
relatively low SAAR (see Table 3.1), we anticipat® underestimation of catchment
average rainfall that will have to be accountedfidhe modelling work.

Table 4.1 Tipping-bucket raingaugesin thevicinity of the Lavant and Ems
catchments: start dates of data provided.

Raingauge Start date of data provided
Chilgrove 2 October 1999
Fishbourne 22 January 2001
Chichester 8 October 1990
Walderton 20 February 1991
Duncton 11 June 2002

South Mundham 1 January 2000

Havant 1 January 1990
Westergate 1 November 1999

For the PDM modelling, the topographic catchmerdrage rainfall is calculated by
applying a set of linear weights to the appropride of raingauges. Here the weights
have been derived using the ‘integrated multiquaaethod’ (Mooreet al, 2006; Cole
and Moore, 2008). This method shows that setsnafali raingauge weights can be
derived which are equivalent to fitting a multiguadsurface to the point raingauge
values and then integrating over the catchment.these linear sets of raingauge
weights are independent of the point raingaugeeglthis method captures the benefit
of surface fitting without incurring the cost oflcalating catchment average rainfalls
from surfaces fitted at each time-step. The raiggaueights to be used for modelling
are given in Table 4.2. The expected SAAR (1961-@&0gach network is included,
formed by weighted averages of the values from &&@bl, along with the catchment
SAAR from the on-line National River Flow Archivagging station summary sheets.

To mitigate the possible impact on the PDM modagllof periods that are missing or

identified as suspect through quality control (sgbjto the issues raised under Section
4.1.2 being resolved), it is proposed to infill tBdichester, Walderton and Havant

raingauge records according to the following higngrof priority:

1. A SAAR-scaled version of a nearby tipping-buckeorel

2. If no nearby tipping-bucket record is present taReéBAAR-scaled version of the
nearest available daily raingauge will be used. Jiiedaily breakdown will be
determined using radar data or a more distant rigppucket raingauge if
available.
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Table 4.2 Sets of linear raingauge weightsfor the Lavant and Ems catchments
derived using theintegrated multiquadric method.

Raingauge
Catchment /
use of raingauge SAAR
weights Chichester Walderton Havant Chilgrove Duncton Westergate Fishbourne  1961-90
(mm)
Lavant at Graylingwell 922
Modelling period 0.55 0.45 - N/A N/A N/A N/A 782
Sensitivity analysis i i
(including Chichester) 0.12 0.05 0.46 0.29 0.08 911
Sensitivity analysis N/A 0.04 - 0.47 0.29 0.12 0.08 911
(excluding Chichester
Ems at Westbourne 897
Modelling period 0.08 0.80 0.12 N/A N/A N/A N/A 802
Sensitivity analysis - 0.51 0.13 0.36 - - - 839

Recommendation

e Rainfall input for rainfall-runoff modelling. A consistent time-series of raingauge
rainfall data will be used for rainfall-runoff mddeg. Gaps and suspect periods in
the Chichester, Walderton and Havant raingaugerdscwill be infilled using the
approach recommended here.

4.1.4 Rainfall time-seriesfor real-timeflood forecasting

Over the modelling period studied, the raingauge r@dar network has improved. As
discussed earlier, a sensitivity analysis usinguraata will be undertaken. A sensitivity
analysis of model performance using the improvadgeuge network will also be
undertaken. Particular consideration will be paidhe Chilgrove raingauge for the Ems
catchment and the Chilgrove, Duncton, Fishbourre \Alestergate raingauges for the
Lavant catchment as these gauges, due to theimpitgxo the catchments, provide the
most obvious potential for improving the catchmaverage rainfall estimates.

Raingauge weights have been derived using the mtureengauge network for the
Lavant and Ems catchments in Table 4.2. For theahiasets of raingauge weightings
have been derived, one set including Chichesterardset excluding Chichester. This
iIs because Chichester is not currently on the teflgnsystem and so the sensitivity
analysis may assess whether it is beneficial toGuddhester to the telemetry network.

Note that, since different raingauges experientferédnt amounts of rainfall on average

(due to orographic enhancement for example), alibegaaon of PDM parameters,
particularly f_, may be necessary when substituting one networ&rfother.

Recommendation

Raingauge network sensitivity analysis. Use of the improved raingauge network will
be considered as part of the model sensitivityyaisl
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4.2 Widl level data

The primary methods used for checking the well llelata were to visually inspect the
data files and the well level hydrographs.

In the time-series ‘ChilgrveGW.WL.ir.P’ there isethfollowing comment at time
28/11/2002 12:41:00:

‘Surveyed 01/11/02. New datum is 77.74mAQD to topw standpipe. This is 56cm
higher than historical datum of 77.18m which wasr0too high. (Standpipe is
86cm high).’

The implication is that the well levels (m AOD) @rito 01/11/02 should be based on a
datum 30cm lower at 76.88m AOD and therefore thik iereel readings should also be
30cm lower.

Recommendation

e Time-series ChilgrveGW.WL.ir.P. Well level data (m AOD) prior to 01/11/02
should be reprocessed with the correct datum @&8m.AOD (this is 30cm lower
than the historical datum used). CEH has reprodettgedata internally to support
the modelling work.

Visual comparison of the well level/dip hydrograpfe the various time-series
available at Chilgrove and Compton were providedlolgn Hall as part of the Lavant
data availability document and are reproduced hreFagures 4.5 and 4.6 respectively.
Inspection of the Chilgrove data immediately idgesi a problem with the RTS data
(blue line) from 21 September 2007 onwards whegedip and well level data columns
have been switched in the file provided. This alemcides with the installation of a
new sensor during October 2007. The data file cmsfithat previously the dip and well
level data column switching had been correctedrfanually.

E |
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14 e/ | 2asz2 1089 WL it P
JEEgT /| CHILGROVE RTS mADDL 15 p | 777377777777y e
= : : : : : : : : :
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19949 2000 200 2002 2003 2004 2005 2006 2007 2008me t
Figure 4.5 Well level hydrographsfor the different Chilgrovetime -series (courtesy
of John Hall).
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Figure 4.6 Well level hydrographsfor the different Compton time-series (courtesy

of John Hall).

Analysis of the Compton well level data presenteéfigure 4.6 reveals two issues with
the sub-daily data. Firstly there are a few instanaf spurious spikes in the data that
should be removed (e.g. 20-26 July 2007, 11:00 @Nder 2006). Secondly the recent
RTS data (blue line) appears to be very circumspetteen 1 December 2006 and 25
September 2007. During this period negative orispaly large dip values are recorded
and there is little agreement with the monthly eifues.

Recommendations

e Chilgrove RTS data. The EA time-series ‘CHILGROVE RTS mAOD.WL.15.P’
stored in WISKI should be reprocessed from 21 Sepéz 2007 onwards to switch
the ‘Dip’ and ‘Well Level' data columns. (Note thdoesn't affect the proposed
calibration and evaluation periods for the PDM nilalg). Note that this has now
been done.

e Compton RTS data. The EA time-series ‘COMPTON RTS.WL.60.0’ stored in
WISKI should have spurious spikes manually remofeed. 20-26 July 2007). The
period 14:00 01/12/2006 to 13:00 25/09/2007 (inek)s should be treated as
suspect. Note that whilst spikes are present itiggnal series (marked ‘O’), these
have been removed in the production series (mdKgdo no action is required.

e Compton RTS data. The EA time-series ‘Compton.WL.Telemetry.60.P’ sldo
have spurious spikes manually removed (e.g. 20u®6 2007). The Environment
Agency has addressed this.

Note that, due to the good agreement of other \aedll records with the flow records,
and since the Chilgrove and Compton RTS data ateamailable over the full

modelling period, use of these does not featuteermodelling work that follows. This
Is an area that might be investigated in the future

4.3 River level/flow data
The ratings for the Lavant at Graylingwell and EatsWestbourne gauging stations

have been discussed in Section 3.3. The main meatbed to assess the river level or
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flow data was to view hydrographs and examine #ta lags and comments within the
data files.

4.3.1 Lavant at Graylingwell

A flow hydrograph for Graylingwell, produced by dgpg the Mott MacDonald (2003)
rating to the river level data, is presented inuFég4.7. This covers the proposed
modelling period and immediately highlights the &gty between how missing and
zero level/flows are recorded for this ephemenarti A summary of some of different
periods of zero recording is given below.

1. From 1 January 1991 to 12 October 1995 zero lemelsecorded and there are
no missing levels

2. From 13 October 1995 to 31 December 1995 zerodema recorded at 23:45
each day and the remainder are set to missing.eTslesuld probably all be
zero.

3. For the period 1 January 1996 until 23 December7 1&Dvalues are missing
except 00:00 1 January 1996 and 00:00 1 January. ¥gfhin, these should all
probably be zero.

In general this ambiguity only causes a problerggars where there are missing data
for periods longer than a year (e.g. 13 Octobebi9OP3 December 1997) as it is then
not clear whether the stream was actually dry othé@re was a genuine period of
missing data. For the period 13 October 1995 t®28ember 1997 it is believed that
the stream was dry. A knock-on effect of this amligin zero and missing data is that
it has a small effect on the calculated performaneasure statistics.

By examining the recent data for Graylingwell itpaprs that zero flow are currently
been recorded correctly. It is recommended thatmissing data in the Graylingwell

level and flow records are reviewed and replacetl wero where the stream is known
to have been dry.
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Figure 4.7 Flow hydrograph for the Lavant at Graylingwell over the water years
1991/2 to 2003/4. Flows have been derived using the M ott MacDonald
(2003) rating.
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There are two periods of suspect level data dutreg2000/2001 and 2002/03 water
years. Figure 4.7 shows a large upward jump airiti@tion of observed streamflow

during these water years. The relevant sectionth@fGraylingwell stage record are
repeated here:

16/10/2000 12:00:00 0.000
16/10/2000 12:15:00 0.219

17/11/2002  14:00:00 0.000
17/11/2002 14:15:00 0.341

OO OO

Prior to these two records, the stage is recorded.@00 since 16:00 27 August 2000
and 15:30 27 October 2002 respectively. This sugld®p at initiation of flow does not
occur at other initiation events, although sevefathese are preceded by periods of
missing data. It is considered appropriate to tieatrecords as missing for some period
leading up to the above records.

There is another period of suspect level data dutie 2003/04 water year. Figure 4.7
shows a large downward jump just after the intiatdf observed streamflow during the
2003/04 water year. The relevant section of theyl@rgwell stage record is repeated
here:

05/02/2004 10:45:00 0.355 G
05/02/2004 11:00:00 --- M
05/02/2004 11:15:00 0.200 G

This shows the sudden downward jump in level ipersed by a single missing value.
However, as this water year does not have a phatiguarge flow peak and occurs
during the evaluation period rather than the catibn period, it does not have a serious
effect on this study.

It is recommended that the Environment Agency mevikese periods of record and
take the appropriate action (e.g. add commentsIgKVY.

Recommendation

e Lavant at Graylingwell. The Environment Agency should review the problem
records on 16 October 2000, 17 November 2002 af@lBuary 2004 and take
appropriate action (e.g. add comments to WISKIe Thssing data in the level and
flow records should also be reviewed and replaceld zero where the stream is
known to have been dry.

4.3.2 Emsat Westbourne

A flow hydrograph for Westbourne is presented igufe 4.8 and covers the proposed
modelling period. In contrast to the Lavant at Giregwell (Figure 4.7), Westbourne is
not ephemeral which is partly due to the low flowgaentation scheme in operation. It
also has a more significant fast-response elenreraddition to the strong seasonal
baseflow signature.
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Figure 4.8 Flow hydrograph for the Ems at Westbourne over the water years
1991/2 to 2003/4.

Analysing the record reveals that flows are beiagped to the upper limit of the rating
curve which corresponds to flow of approximatel@&nts™. This only happens in a
few instances and those during the modelling spefjod are listed in Table 4.3.

Table 4.3 Periods when the flow of the Ems at Westbourneis above the upper limit
of therating curve.

Start date End date Length
30/12/1993 16:30 30/12/1993 17:00 30 minutes
09/01/1994 23:45 09/01/1994 23:45 1 reading
07/12/2000 19:15 08/12/2000 00:15 15 hours
11/12/2000 18:15 12/12/2000 02:15 8 hours

12/12/2000 14:00

18/12/2000 22:00

6 days, 8 hours

31/12/2000 22:30

01/01/2001 02:30

4 hours

The most significant period is during the 2000 flsovhere several peak flows are
beyond the upper limit, as illustrated in Figur@.4t is recommended that these periods
in the Westbourne where the flow is ‘capped’ shoeither be set to missing or,

preferably, estimated using the extrapolated ratimgye. Note that the capped flows
have not been corrected in this study.

Recommendation
e Ems at Westbourne. The Environment Agency should review their praetaf
capping the flow to that at the upper limit of th&ting curve and allow the

extrapolated rating curve to be used to estimatesfl(with the knowledge that they
are out of range).
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Figure 4.9 Flow hydrograph for the Emsat Westbourne over the water year
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5 Srategy for modelling

5.1 Introduction

The aim of this section is to develop a strategyHDM modelling to be used in the
project. It addresses how model performance wikh&sessed and what information will
be used to underpin the conceptual form the PDMehuwdl take. The latter aims to

identify any further model development required amy further data or information

needed.

5.2 Strategy for model assessment
5.2.1 Selection of periodsfor assessment

The strategy for model assessment first aimedeatity separate periods of record to
be used for calibration and independent evaluatiothe PDM rainfall-runoff model
applied to the Lavant and Ems catchments. This dvaubvide a form of rigorous
“split-sample testing” of model performance for shecatchments. Selection of the
periods would be with reference to periods of hitglw in the record, be done in
consultation with the Agency and would take accafrany problems with non-natural
flows.

The tender brief suggested that a 5 year recorgiven to CEH for calibration in the
first instance. In CEH’s response to the brief,adwised that the full historical records
be provided at inception: this has efficienciesdata take-on and quality control, and
would allow the appropriate calibration and evabratdatasets to be chosen in
discussion and agreement with the Agency beforeethnd commenced. It was
subsequently clarified at the Project Inception tifgethat the 5 years originated from
a belief that the PDM software was restricted twad 5% years; in practice the current
product version of the PDM has no limit imposedtbe length of time-series it can
handle.

The Project Inception Meeting discussed the probtEnselecting calibration and
evaluation periods due to the small number of liigiv events and some dry years. It
was agreed, based on an inspection of the Lavaordethat the five water years
1991/92 to 1995/96 be used for calibration andeifgbt water years 1996/97 to 2003/4
for evaluation. Subsequent inspection of the Enesrok confirmed the suitability of
these periods for both study catchments.

Recommendation

e Modd calibration and evaluation periods. A split-sample strategy for model
assessment will be used, employing the five waeary 1991/92 to 1995/96 for
calibration and the eight water years 1996/97 @320 for independent evaluation.

5.2.2 Methodsfor evaluating model performance

The form of assessment needs to consider ways atiaing model performance in
relation to its end use for real-time flood fordoag and warning. This means that a
number of formal and informal measures of perforoeaneed to be decided upon for
use in the model assessment. An invaluable ovarglression of performance is
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provided by a simple visual comparison of obseraed modelled river flow using
hydrograph plots. This provides an immediate imgioesof how the PDM transforms
rainfall to river flow, taking into account losses abstractions and evaporation.

Such plots can be complemented by forp@tmanteau performance measusegh as
the root mean square erramse and R Efficiency (Nash-Sutcliffe Efficiency). The
latter provides a dimensionless measure of the gotiop of variance in the
observations accounted for by the model simulatianglue of unity indicates a perfect
model whilst a value less than zero arises whemtbdel is less good than a model
based on the (assumed unknown) mean of the rioer @ver the period used for
assessment. Other assessments could focus onufzartieatures of the hydrograph:
percentage error of peak flow magnitude and tingrrgrs in peak flow, flow initiation
and cessation (the last two being relevant to ephainstreams). These can be judged
informally through inspection of the modelled arnm$erved hydrographs.

The availability of well level records is exploiteg using these in the assessment of the
PDM’s modelling of water held in groundwater staragroviding an “internal check”
on model behaviour. Similar plots and performanaasuares to those outlined above
are used.

The above discussion has focussed on assessnteetPDM as a deterministic process
model of the catchment in question. Input datan{adl, potential evaporation and
abstractions) are transformed to modelled runofftree catchment outlet without
reference to observed river flow (except for inisimg the model and assessment of its
performance). Such modelled runoff is referred soasimulation-mode forecastn
real-time running of the model there is the oppatiuto use observations of river flow
to sequentially improve model forecasts. Supldated forecaster real-time forecasts
can be assessed in similar ways to the simulatiodenfiorecasts but with respect to the
lead-time they relate to. Visual assessment ofcesddixed lead-time forecastmade
for all forecast origins (every ¥ hour) can be médeugh comparison with river flow
observations. Such forecasts are cdlieed lead-time variable time-origin forecasts
more insightful visual assessment is to take faeoaigins, chosen at points on the
hydrograph as a flood develops, and plot the fatebgdrographs from these origins
along with the observed hydrograph. These are céiked-origin variable lead-time
forecasts. This form of forecast emulates the sdnahat the forecaster must manage
in practice, but with reference to the “future atva#ion” against which performance
can be assessed in hindsight. Use of the formébmeance measuremfseandR?) can

be made by calculating these over all possiblecaseorigins (every ¥4 hour) for each
lead-time (say 0.25, 0.5, 0.75, .., 24 hours) amstucting a plot of the performance
measure value against lead time. This is usefak&ing how the forecast performance
degrades with increasing lead-time.

Further performance measures can be introduced wlosely aligned to end-user
requirement. Flood warnings may be issued basettheorossing of critical flow (or
level) thresholdsThus performance statistics that measure theesscof forecasting
the crossing of flow thresholds can be really infative. Categorical Skill Scoresan
be formed based on a@vent(in this case a crossing of a flow threshold) odng or
not and whether or not the event is forecast. Theeeclearly four possible outcomes
which can be summarised invao-way contingency tabland from which a skill score
can be calculated. Commonly used skill scorestaeCritical Success Index§)), the
Probability of DetectionROD) and the False Alarm RatEAR). These scores can be
calculated for selected thresholds of interest. elew, a single pooled Skill Score can
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be formed by calculating the score owadr possible thresholdsvithout the need to
focus on a specific threshold, or set of threshaBidected Skill Scores could be used
for assessment of the real-time forecasts: buetiaesild add little insight beyond that
gained from visual assessment of the fixed-originable lead-time forecasts focussed
on the rising limbs of flood hydrographs. The Skitores have therefore been
considered out of scope for the present project.

For this study, a limited set of measures and hymdquh plots will be used, targeted at
what will be useful in assessing and summarisingehperformance.

Recommendations

e Moded assessment. Model assessment will be carried out in simulatiocode and
updating-mode.

* Model assessment. Visual assessment of modelled and observed hyajpbgrcould
be complemented by performance measures of comnwariable fmse R
Efficiency) and, where appropriate, categoricahfdiCSI, POD, FAR). The latter
focus on the success of forecasting the crossimgitidal flow/level thresholds; the
relatively small number of threshold crossings gpmoundwater-dominated rivers
can limit the usefulness of these statistics fpiagl record lengths. A limited set of
measures will be used in this study tailored to twkajudged useful for model
assessment purposes. The ones choseR &fficiency andrmsealong with visual
assessment

5.3 Strategy for model conceptualisation

The PDM rainfall-runoff model, adapted and extentie®diccommodate features that
can be important in groundwater catchments, reguitareful application. The

formulation allows for losses from pumped abstmawi external springs and
underflows, and the possibility of ephemeral strid@mbehaviour. The catchment area
can be changed to accommodate any mismatch besuete and subsurface drained
areas.

This flexibility of model conceptualisation comes a price. Unless there are
observations supporting the application of thesitmaal conceptual components there
will be an inevitable lack of identifiability. Thidrings with it the possibility of
obtaining unrealistic model simulations, or reaisines for the wrong reasons. The
modeller may need to impose their view on how aemgiwatchment behaves
hydrologically, drawing on information sources thady only help in an informal way.
A study of catchment water balance can be of ghedp in supporting model
conceptualisation. Trying to quantify the composeasftwater balance is key. This must
go beyond consideration of rainfall, evaporatiod aatchment river flow. It must try to
identify and quantify abstractions/returns and wabeports/exports across the
catchment boundary (e.g. external springs, undesflbelow the gauging station).
Discrepancies when closing the water balance carsée to infer missing components
and possibly be used to stimulate further invettiga

Hall (2008), in the Model Specification documenédi$or the Tender Brief, carried out
detailed water balances for the Lavant and the Emese feature as Appendices B and
C of the Brief. The catchment water balance forltheant to Graylingwell over the 8
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water years 1995 to 2003 indicates 26% is unaceduribr and may relate to
groundwater flow out of the catchment. A similaddmee analysis for the Ems to
Westbourne, for the 10 water years 1995 to 200&ale a smaller 13% unaccounted
for residual: these could be accounted for by abstms in part, but also by
groundwater outflows. One aim of the PDM modellmgrk will be to try and clarify
the amount of water going to groundwater outflomggshe modelled water balance.

A useful insight into possible groundwater outflowgsgiven by the flow record for
Costers Brook at Cocking. This is a spring fedastrdssuing from the north-facing
scarp slope of the South Downs and is located inmtedg north of the Lavant
catchment (see Figure 3.1). The National River Fiighive station summary for
Cocking states that the topographic drainage ar@a7ikni, the mean flow is 0.06 s
(700.8 mm) and the 1961-90 SAAR is 969 mm. The MOREaverage annual actual
evaporation for the Costers Brook catchment overptariod 1971-2007 is 532.1 mm
(see Table 3.6). Forming an indicative water badansing these values indicates an
annual average import of water equivalent to 264 onfd.7 Mnt and suggests that the
groundwater catchment area is larger than the tapbig area of 2.7 kin

Due to the proximity of the Costers Brook catchmenthe Lavant catchment, it is
reasonable to assume that the import to CosterskBsoan export from the Lavant. An
average annual export of 0.7 Mmquates to 8 mm over the Lavant. This is significa
as it is approximately 13% of the annual averagerattions (given as 5.414 Mrby
Hall (2008)) and would account for around 2.5%/af aiverage water balance residual
(given as 315 mm by Hall (2008)). Of course onlgnaall proportion of the Lavant
catchment export will be captured by the Cockingprd. However, the Cocking record
can give some useful insight into when export maydgecurring from the Lavant
catchment (particularly to the north) and under wdweditions.

An approach for investigating the water balancéhtrris to visually plot the various
components, in terms of mm water over the catchyrentboth daily time-series and
cumulative amounts. This is presented for the LawarFigures 5.1 and 5.2 for the
water years 1993/4 to 1995/6 and 1999/2000 to A0@&&pectively. In order to convert
the flow for Costers Brook at Cocking into mm wateser the Lavant, it has been
assumed that the ratio of average import (264 nondjgcharge (700.8 mm) at Cocking
is applicable at all times. Therefore the Cockilogvfis multiplied by 264/700.8 before
conversion into mm water using the Lavant catchnageed. These figures show some
interesting behaviour of the Cocking record intielato the Lavant at Graylingwell. In
particular Figure 5.1 indicates that there may mmificant groundwater exports
occurring prior to the rise of the hydrograph aagingwell (e.g. Q4 1993, Q2 1994
and Q4 1994). This information can be used to assles external spring flow
component of the extended PDM, helping strengthke ftorm of the PDM
conceptualisation to be applied.

It is fortunate for the Lavant to Graylingwell chtoent that there are good daily records
for the principal pumped abstractions from the lvand Brick Kiln wells. These
records have been reviewed in Section 3.6. The éathment to Westbourne also is
subject to significant pumping but a low-flow grolwater augmentation scheme
prevents ephemeral flow from occurring. Combinihg effects of augmentation and
abstraction needs to be considered when applyiegetttended PDM to the Ems
catchment. This has been discussed in Section Bé&rewaugmentation flows are
identified as a minor component of the water baarmnd unlikely to need modelling
explicitly for flood forecasting applications.
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Figure 5.1 Individual components of the water balance for the L avant catchment
over thewater years 1993/4 and 1994/5. Theleft hand scalesarein units
of mm over the Lavant catchment area (87.2 km?). Thetop left plot
shows the cumulative totals whilst the remainder show time-series of
daily totals.

Recommendations

* Mode conceptualisation. An aim will be to quantify component processeskgh
possible (e.g. pumped abstractions). Catchmentrwatances and use of additional
data sources (e.g. Costers Brook at Cocking) wlubed to quantify unaccounted
for water transfers. The modelled water balancéheilused to help clarify the form
of these transfers.

e Mode conceptualisation. Combining the effects of augmentation and abstmact

in the extended PDM needs to be considered aptre model application to the
Ems catchment.
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Figure 5.2 Individual components of the water balance for the L avant catchment
over thewater years 1999/2000 and 2000/1. Theleft hand scalesarein
units of mm over the Lavant catchment area (87.2 km?). Thetop left
plot showsthe cumulativetotals whilst theremainder show time-series
of daily totals.

5.4 Hydrogeological support to model conceptualisation

The previous section has focussed on available-senes data support to model

conceptualisation. A broader information sourcerisvided through an understanding
of the hydrogeological controls operating in anduad the Lavant and Ems

catchments. Figure 5.3 provides a map of the ggmlogy and drift cover for an area

encompassing the Lavant and Ems catchments. Thigefhas been produced using the
British Geological Survey digitised 1:50000 scalapngfor “sheets” 316 and 317) and

their records of spring locations. It highlight® thccurrence of springs within the main
valleys and a second group along the spring linth@fnorth-facing escarpment of the
South Downs. The flow records for the spring at Klog have been discussed

previously in Section 5.3.
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Geology

Bedrock Drift
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[ ] Tarrant Chalk Member (TCk) [ Clay with Flints
Upper |:| Newhaven Chalk Member (NCk) |:| Alluvium: clays, silts and sands, locally organic, with gravels
Chalk l:l Seaford Chalk Member (SCKk) l:l Alluvial Fan Deposits: clayey gravels

l:l Lewes Nodular Chalk Member (LeCk) l:l River Terrace Deposits

Middle [ [ ] New Pit Chalk Member (NPCk)
Chalk [ ] Holywell Nodular Chalk Member (HCk)
Lower [ ] zZig Zag Chalk Member (ZCk)
Chalk [ ] West Melbury Marly Chalk Member (WMCK)
l:l Upper Greensand Formation (UGS)
|:| Gault Formation: clays

Figure 5.3 Solid geology and drift cover map showing spring locationsin the
vicinity of the Lavant and Ems catchments.

A key hydrogeological characteristic of the Chalkts particular form of dual porosity.
The Chalk matrix is so fine-grained and the poredts so small in size that the pore
water suctions remain high, stopping the pores fdraining fully. This means that
even above the water table the matrix remains Ikarggturated and evaporation rates
are maintained. This is represented in the PDM tnbg¢he tension water component
controlled by the storage tension threshold param&, below which free drainage is

inhibited whilst water is made available for evagimn.

The zone above the water table (at atmosphericspres is still described as

unsaturated, since pore water pressures are satmospheric pressure. At high pore
water suctions (potentials of less than -5 kPaydaylec conductivity is quite constant at

between 1 and 6 mm™d With decreasing suctions a rapid increase in goiidty
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occurs with typical values in the range 100 to 1060® d* as the fracture network
become saturated and dominates the flow regimes. distimated that 10 to 30% of
recharge is via fracture or bypass flow rather tharipiston” flow through the Chalk
matrix. This is not explicitly represented in therrent form of the extended PDM
model.

Since the high porosity of the matrix (15 to 45%)pt readily drained, the effective
groundwater storage depends primarily on the fraaetwork and larger pores and is
probably only 1% of the total saturated Chalk vadurRPumping tests yield typical
values of 0.002 for the storage coefficient and BG@™ for transmissivity. However,
estimates of hydraulic conductivity using a gasnpmmeter give typical values of
0.0025 m d, implying a very low transmissivity of 0.25%mi™* for a 100 m thick
aquifer. This serves to highlight the importance sd#condary permeability to
groundwater flow in Chalk. Further details of thiealk aquifer of the South Downs can
be found in the recent survey edited by Jones atmnR (1999) and in Thompsen al.
(1988).

Further evidence of the hydrogeological responsth@fChalk to storm rainfall comes
from insights gained from the analysis of recorasnf notable extreme floods. The
“Chichester Flood” of January 1994, whilst modegt ibternational standards, was
noteworthy in the UK and resulted in relativelygardamages in the Lavant catchment
and Chichester in particular (Posford Duvivier, 4p9Nhilst groundwater levels were
fairly low at the start of the winter, these rosaicgly from 28 November to mid
January as a result of 350 mm of rain, 40% of wh&hin just six days. The well at
Chilgrove became artesian from 7 January for 1& dayd flows in the Lavant rose
from 0.3 i s* in mid-December to an peak of 8.% &t on 10 January, as estimated by
Taylor (1995). The normally slow-responding flovwgirae became flashy as the Chalk
became saturated. Above a well level of 69.5 mA®Dralgrove, river flows started to
increase markedly faster than groundwater levelsad been speculated that above this
level a zone of high permeability Chalk functiossam overflow, providing a rapid flow
path to the river system. Such threshold effeatsdaficult to anticipate without long
records of flooding and their explicit inclusiontime extended PDM is problematic for
this same reason.
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6 Model application to the Lavant and Ems

The strategy to be used for calibrating and assgdbe extended PDM has previously
been formulated and set out in Section 5.2. Thee lidsa is to employ a “split sample
scheme” where independent periods of record arel e model calibration and
evaluation.

A further form of assessment employs sensitivitglgses to explore the different forms
of data input to the model including additionalngauges, use of weather radar, the
form of PE estimate and the value of near real-taneess to abstraction data. The
model assessments and sensitivity analyses applite Lavant and Ems catchments
are used to draw conclusions and recommendationsthfe future operational
application of the extended PDM rainfall-runoff nehd

Following the assessments and sensitivity analyae&ecalibration” of the PDM
parameters for the Lavant is presented in SectiBnTais recalibration has more of a
focus on modelling the short-term flashy response rasing limbs of significant flood
events. Finally all the models are assessed inetst mode”, emulating how the
models will be used in real-time in support of fiovarning and alleviation scheme
operation.

6.1 Model calibration and assessment
6.1.1 Lavant catchment

A initial calibrated form of the extended PDM erdtfor the Lavant at Graylingwell as
described by Moore and Bell (2002). This “Moore{Badlibration” used a different
approach and datasets to those agreed during tbjiscp and which resulted in the
“Project calibration” discussed in this sectioneTinain differences are summarised in
Table 6.1.

Table 6.1 Summary of main differencesin the approach and datasets used to
calibratethe extended PDM for the L avant between the M oor e-Béll
calibration (2002) and the project calibration.

M oor e-Bédll calibration Project calibration
Raingauge data  « Chichester (weight 1.0). « Chichester (weight 0.45),
* No additional QC of EA Walderton (0.55).
data. * Additional QC and infilling

performed by CEH.

Potential » Sine curve profile. « Historical MORECS PE
Evaporation data « Annual PE of 511mm. data.
* PE distributed evenly e Longterm (1971-2007)
through the day. annual average is 615mm.
* Diurnal profile imposed.
Calibration Period 8 Dec 1991 to 1 Jan 1997 1 @6t 1o 30 Sep 1996

The Moore-Bell calibrated model used West Dean &lyras the source of well level
data. This was chosen over other well level sitéhimvthe Lavant catchment as it
exhibited good behavioural agreement with the fteaord, partly due to its proximity
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Figure 6.1 Observed hydrographs of flow in the Lavant and well levels (after
transformation) at West Dean Nursery over the calibration period
(water years 1991/92 to 1995/96).

to the river channel. Hydrographs of the Graylinthvilew and West Dean Nursery
well level are presented in Figure 6.1. Well leysdse been transformed using a datum
shift of -33.5m and then cubed so as to highliget good correspondence with river
flow. This dominance of groundwater level contredl Ito the calibrated model having
its fast response flow captured primarily throulgé groundwater, with correspondingly
little “surface” flow. The large periods of missirftpw data during the water year
1995/6 (see Section 4.3.1) are also evident.

The Moore-Bell calibration was used as the starpogt in developing the project
calibration. A mixture of manual and automatic leadtion has been used to explore the
parameter space and arrive at the final set obreaéd model parameters. Both sets of
model parameters are presented in Table 6.2.

The MORECS PE used in the present study has a 20%nm) larger annual average
compared to the sine curve profile used by Moom Ball (2002); the latter had an

annual total of 511 mm, taken as typical for the. UKis resulted in changes needing to
be made to the model parameters to align the viiti@nce of the model closer to the

observations. This was principally achieved by siilig the rainfall factor {.) and
evaporation exponenb() parameters. Specifically, to compensate for P& tteat was

too low in the Moore-Bell calibration the conversito actual evaporation needed to be
maintained closer to potential levels, decreasiess Islowly with increasing soll
moisture deficit (achieved through a high valuetfa exponent).

A further change worth noting was introducing a+{zeno minimum store capacity,,,
of 54 mm to delay the onset of modelled flow. Ntitat the maximum water holding
capacity of the catchmen§__, = (bc,;, +C....)/P+ , Wherec,,, is the maximum store
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Table 6.2 Extended PDM model parametersfor the Lavant and Ems catchments.

Model parameter Symbol Lavant Lavant Ems
Moore and
Bell (2002)

Rainfall factor f, 0.87 1.0 1.19
Time delay Ty 0.0 0.0 0.0
Soil moisture

min. depth Crin 0.0 54.0 54.0

max. depth Crnax 430.0 669.0 505.0

Exponent b 0.25 0.51 0.05
Evaporation exponent b, 1000.0 20.0 17.0
Recharge model

time constant K, 227600.0 220000.0 300000.0

soil tension threshold S 85.0 119.0 107.0

Exponent b, 13.0 5.87 2.05
Surface storage coefficient K, 925.0 1000.0 6.1
Groundwater storage

Exponent m 3.0 3.0 3.0

coefficient K, 340.0 349.0 360.0
Underflow

time constant K, 38850.0 32500.0 218000.0

maximum deficit D, 1712.0* 1456.0 900.0
Spring fraction 0.0 0.0 0.0
Abstraction

Constant Cp 0.0 0.0 0.0

Factor fa 1.0 1.0 1.0
Well level West Dean N.West Dean N. Pitlands Farm

max. groundwater storageS?_, 1192.0 1074.0 261.0

specific yield Y, 0.0286 0.032 0.14

Datum h, 83.76 83.76 62.43
Constant flow d. 0.0 0.0 0.0

* Note that the parameteD, (previously D,.) was incorrectly reported as
D, - S3.,=1712-1192=520 in Moore and Bell (2002)

max
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capacity andb is a shape parameter that controls how the frexyueh store sizes
varies betweerc  andc_, across the catchmenb €1 gives the same frequency for

all store sizes). For the Moore-Bell calibrati&),, has a value of 344 mm compared to
461 mm for the project calibration, about a ¥4 Essage capacity.

In common with the Moore-Bell calibration, it wasuhd that there was not enough
evidence to quantify the “external springs” compuanexplicitly and therefore it was
not invoked (i.e. the spring fractiom was set to zero). In this regard the “underflow
component” is best considered as being a grossureeabthe net water transfers out of
the catchment not measured at the gauged outlée that an attempt was made to
quantify spring flows via analysis of the Costersdk at Cocking record (Section 5.3)
and through mapping spring locations (Section 5Sodit, this proved insufficient to
introduce as model support.

The performance of the model over calibration avaluation periods is assessed using

the R* Efficiency andrmse performance measures in Table 6.3 These measiges a
calculated both for flow and well level as simuthiey the model, using West Dean
Nursery as the well level site. WitR? values in excess of 0.9 the flow performance
can be judged as very good and demonstrates gowilstency across calibration and
evaluation periods. Good performance is also aekiefor the flood water years of
1993/94 and 2000/01, although not quite so goodHerlatter. Similar comments can
be made when well levels are used for assessmiimbugh the evaluation period
performance drops to 0.761 fd®* Efficiency. This value is affected by periods of
missing well level data over which the statistio@ calculated.

Table 6.3 R? and rmse statistics for flow in the Lavant and well levels at West Dean

Nursery.
Period Flow Weéll level
R rmse R rmse
Calibration 0.934 0.266 0.965 0.704
Evaluation 0.907 0.333 0.761 1.228
Water Year 1993/94 0.948 0.350 0.918 2.098
Water Year 2000/01 0.889 0.597 0.873 0.770

The R? Efficiency measure arguably gives a biased gogaréssion of performance

for groundwater catchments due to the long permfdseceding and zero flows; it is

possible to threshold the statistic to considendl@nly above a minimum level but this
has not been done here. A more revealing assessshenbdel performance during

floods is achieved through visual inspection of tleev and well level hydrographs.

These are shown in Figure 6.2 for the calibrati@miqgud and Figure 6.3 for the

evaluation period. The right column of Figure 6réyides more detail for the water
years 1993/94 (in calibration period) and 2000/@lefaluation period). Signatures of
performance - such as the times of start and ¢ensatt flow, magnitudes of the flow

peaks and the peaks and troughs of the well lexake-all seen to be reasonably well
reproduced by the model.

These figures also include time-series of the &dlirind abstraction data used as input
and the modelled soil moisture deficit and underfiolt is of interest to consider in
more detail the constituents of the water balanic¢he catchment in terms of the
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forcing variables (rainfall, PE and abstractionisg modelled flows and underflows and
the observed flows at Graylingwell. These are surised as catchment totals in mm
separately for the calibration and evaluation gkxim Table 6.4. To assess the relative
magnitudes of the constituent model outputs (acuaporation, abstraction, underflow
and river flow), these are expressed as a fradfidhe rainfall input in brackets. Thus
in broad terms actual evaporation dominates at 609%&r flow is next at 20%,
underflow at 14% and abstraction least at 7%; theran implied loss of water to
catchment storage of 2%.

1073
_ 87
e
73 q ] FIN
=] 'ﬂ
0 ] ._.-J'”ﬁ‘\-‘u-_ lr"{ iy
B 273 '
= 54
g 814
e ]'{:IE ] T T T T T T
0 1 2 3 4 5
265
28 t
= 3 Wt ]
= . * + 4 e +"+- 4:“- i
o = Pttty * Mo, L ¥
& ogad BT g :"‘k;_ Ty + ¥
29— #; 4t SO H r +
= +; % +
& 36 E iy
‘_l-r 33 1
E 0343
z 0233 ‘i'% ’JW iw M F |’| l
? {) 11 ] 'H_,|L|HW1!+‘*'!II ' J-.“‘ Uf‘w"rn l“ I'IM" HIHI’.“ ‘ll l r n |Ji
rE' oooa :
= 0 1 2 5
Time (Years)
Top plot: Observed flow Simulated flow Simulated baseflow
Fainfail woeoe. Simulated soil moisture deficit
Bettom plot: + Observed well depth __ Simulated well depth.___ Simulated underflow
Abstractions

Figure 6.2 PDM model simulationsfor the Lavant during the calibration period
(water years 1991/92 to 1995/96). Observed well depthsare for West
Dean Nursery.
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Figure 6.3 PDM model simulationsfor the Lavant during the evaluation period
(water years 1996/97 to 2003/04). Observed well depthsarefor West

Dean Nursery.

When compared to observed river flows Table 6.4wshthere is little bias in the

modelled flows over the evaluation period, but &338verestimate for the calibration
period. This is not clearly apparent in the hydapyr plots and deserves further
investigation, but may be related to modelled reices being too protracted.

It was felt that this model calibration performedffgiently well to be used for the
purpose of sensitivity analysis. For use in floodetasting, a recalibration has been
performed which addresses some issues arising ftemapproach to calibration
presented here. Details can be found in Section 6.3
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Figure 6.4 PDM model simulationsfor the Lavant (right- column) and Ems (left-
column) over thewater years 1993/94 (top row, calibration period) and

2000/01 (bottom row, evaluation per

iod).

Table 6.4 PDM model water balances (mm total) for the Lavant over the
calibration and evaluation periods. In bracketsisthe output component

asafraction of therainfall input.

Calibration Period

Evaluation Period

Rainfall 4134

Potential Evaporation 3269

Actual Evaporation 2488 (0.602)
Net Rainfall 1646
Abstraction 278 (0.067)
Underflow 589 (0.143)
River flow 898 (0.217)
Observed river flow 676

Implied storage change -119 (-0.029)

6861
5177
4154 (0.605)
2707
521 (0.076)
938 (0.137)
1350 (0.197)
1302
-102 (-0.015)
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6.1.2 The Emscatchment

Calibration of the Ems to Westbourne catchment bdxnyataking the Project calibrated
model parameters for the Lavant at Graylingwelgating it as essentially as an
ungauged catchment transfer. The model calibratias then refined to overcome the
shortcomings observed leading to the final paransstepresented in Table 6.2.

Some of the calibration issues encountered areuraidrstood by first looking at the

observed flow and well level hydrographs over thibeation period shown in Figure

6.5. Here, well levels at Pitlands Farm have beanstormed using a datum shift of
-36.5m and then cubed so as to highlight the gaodespondence with river flow. The

broader rise and fall of the dominant groundwalaw fresponse is clearly reflected in
the well level observations. Superimposed on thia spiky response with very short
duration peaks; occasionally the spikes have amalous downward behaviour. It is

thought that the flashy response component is thgssociated with the areas of Clay
with Flints cover overlying the Chalk within the Bnecatchment but absent from the
Lavant (see Figure 5.3).

As with the Lavant, a mixture of manual and automaalibration has been used to
obtain the final calibrated model parameter sesgmted in Table 6.2. An important
difference from the model for the Lavant is the leaue (0.05) of the shape parameter
b that controls how the frequency of store sizesesaretweert, . andc,, across the

catchment p =0 gives the same store size throughout the catchsef,,, =cC, ., )-
With b= 005 there is a high frequency of stores closectg = B06some stores
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Figure 6.5 Observed hydrographsfor flow in the Emsand well levels (after
transformation) at Pitlands Farm over the calibration period (water
years 1991/92 to 1995/96).
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still at capacities down to;,, = 5#m. Note thatS,,, has a value of 484 mm, similar

to the value of 461 mm for the Lavant. Another imaot difference is in the surface
storage coefficientk, = 6,1which generates the flashy surface runoff necgssa

capture the fast response highlighted above. InLthent this parameter was set to
k, =1000, which led to a smooth surface runoff componeniriiiy calibration the

possibility of including the effects of augmentatiovere considered and deemed
unnecessary to include. This is due to the smadlimes of water involved in the

augmentation of 0.013 &' which is barely distinguishable when inspecting th
observed flows and has a negligible impact on flpedks and their rising limbs.

The performance of the model for the Ems catchrogat calibration and evaluation

periods was assessed using RreEfficiency andrmse performance measures and the
results presented in Table 6.5. These measuresadrglated both for flow and well
level as simulated by the model, using PitlandsrFas the well level site. As with the
Lavant, with R* values in excess of 0.9 the flow performance @jubiged to be very
good and good consistency is obtained across atbbrand evaluation periods. Good
performance is also achieved for the flood wateargyeof 1993/94 and 2000/01,
although, as with the Lavant, not quite so goodtlierlatter. Similar comments can be
made when well levels are used for assessment.

Table 6.5 R? and rmse statistics for flow in the Ems and well level at Pitlands Farm

Period Flow Weéll level
R rmse R rmse
Calibration 0.937 0.216 0.948 2.084
Evaluation 0.913 0.272 0.949 2.024
Water Year 1993/94 0.940 0.263 0.960 1.585
Water Year 2000/01 0.882 0.506 0.918 2.098

As with the Lavant, a more revealing assessmemhadel performance is achieved
through visual inspection of the flow and well levgdrographs. These are shown in
Figure 6.6 for the calibration period and Figuré far the evaluation period. The left
column of Figure 6.4 (presented previously) prosideore detail for the water years
1993/94 (in calibration period) and 2000/01 (inlaation period). Broad signatures of
performance - such as the times of start and ¢ensatt flow, magnitudes of the flow
peaks and the peaks and troughs of the well le\ake-all seen to be reasonably well
reproduced by the model. On the negative sidesithalated baseflow appears to peak
a little late and rather underestimates the obsepeak flow. The model is seen to have
some ability to reproduce the flashy componentl@ivfbut not in detail. Unlike the
PDM for PCs software, the research PDM code doeallmw interactive ‘zooming’ to
individual peaks or rising limbs. Therefore usetw research PDM code has restricted
what it has been feasible to focus on during thaibration. Revisiting the Ems
calibration using the PDM for PCs environment woalldw a more detailed focus on
the flashy response of the model and may resuétninmproved calibration. This is
discussed further in Section 6.5 and forms patheffinal recommendations of Section
7.3.
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Figure 6.6 PDM model simulationsfor the Ems over the calibration period (water
years 1991/92 to 1995/96). Observed well depthsarefor Pitlands Farm.

These figures also include time-series of the adlirsind abstraction data used as input
and the modelled soil moisture deficit and underfio As with the Lavant, it is of
interest to consider in more detail the constitsienit the water balance of the Ems
catchment in terms of the forcing variables (rdinfRE and abstractions), the modelled
flows and underflows and the observed flows at Wastne. These are summarised as
catchment totals in mm separately for the calibratand evaluation periods in Table
6.6. To assess the relative magnitudes of the itomst model outputs (actual
evaporation, abstraction, underflow and river flpthese are expressed as a fraction of
the rainfall input in brackets. Thus in broad temwtual evaporation dominates at 60%,
river flow is next at 30%, abstraction at 8 to 9fd ainderflow least at 3%; there is an
implied loss of water to catchment storage of 2%

When compared to observed river flows Table 6.6ashthere is little bias in the
modelled flows over the calibration period, butl®% underestimate for the evaluation
period. Similarly to the Lavant, simulated flow degses in relation to observed flow
when moving from the calibration to the evaluatpamiod.
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Figure 6.7 PDM model simulationsfor the Ems over the evaluation period (water
year s 1996/97 to 2003/04). Observed well depthsarefor Pitlands Farm.

Table 6.6 PDM model water balances (mm total) for the Ems over the calibration
and evaluation periods. In bracketsisthe output component asa fraction
of therainfall input.

Calibration Period Evaluation Period
Rainfall 4869 8146
Potential Evaporation 3269 5177
Actual Evaporation 2918 (0.599) 4879 (0.599)
Net Rainfall 1951 3267
Abstraction 463 (0.095) 671 (0.082)
Underflow 147 (0.030) 235 (0.029)
River flow 1468 (0.301) 2401 (0.295)
Observed river flow 1454 2916
Implied storage change -127 (-0.026) -40 (-0.005)
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6.2 Moded sensitivity analyses

The validity of the various sensitivity analyse® dimited by the period of record
available for performing each analysis and whethé includes a significant flood
peak (e.g. 2000/01). The main reasons for this(gré:can be misleading to only look
at a few small flow peaks when assessing a mokdelideal situation is to have a long
period with several large flow peaks, (ii) the Lavand Ems models can require some
time to ‘warm up’ in simulation-mode because of thege model storages needed to
model the observed seasonal baseflow responsegjidargbme readjustment of the
model parameters may be required for different daarces, e.g. for the different
rainfall estimators the rainfall factor may needsgessing.

6.2.1 Raingaugedata

As discussed in Section 4.1.4, the raingauge né&twas improved over the modelling
period studied. Therefore a model sensitivity asialynas been recommended using the
improved raingauge network: this analysis is presermere. The raingauge weights
trialled for the Ems and Lavant catchments have tisted in Table 4.2. For the Lavant
this included and excluded the Chichester raingaagyé is not currently part of the
telemetry network. The sensitivity analysis is dssed for each catchment in turn
below.

L avant catchment

For the Lavant catchment there are several reaiti@ns to the raingauge network
that are obvious candidates for improving the gatft average rainfall estimation. In
particular the raingauge at Chilgrove is situateside the catchment and Duncton is
just to the North East as shown in Figure 3.1. €he® raingauges also have relatively
high elevations (see Table 3.1) so are more rept&see of the wetter portions of the
catchment. It should be noted that all raingauges tbeen quality controlled by CEH
for the modelling period except for Westergate. ldear, Westergate only contributes 8
or 12% to the weighting schemes used so this is madjor concern.

The most recent addition to the raingauge netwsrRuncton which was installed in

June 2002: see Table 4.1. The remaining periodvaluation (June 2002 to October
2004) includes a reasonable flow peak during tH@24IB water year. However, as the
period available is not particularly long, it istnpossible to perform a meaningful

sensitivity analysis or to consider adjustmenthef tainfall factor. To allow the PDM to

‘warm-up’ sufficiently before the 2002/03 flow pefk the weighting schemes that use
Duncton, the PDM simulations were run over therengvaluation period and treated
the Duncton record as missing until June 2002.

The PDM simulations using the three different wérgi schemes listed in Table 4.2
are presented in. Figure 6.8. This clearly showsdifficulty in attempting to ascertain
which raingauge weighting scheme is optimal whely sach a short record is available
for analysis, especially as it does not encompiisreof the recent major flow peaks.
Therefore, it is recommended for operational im@atation of the extended PDM that
it should employ the raingauge weighting schemel isenodel calibration. This means
that the Chichester raingauge would need to becatidihe telemetry network.
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Figure 6.8 Raingauge sensitivity analysis: PDM model simulationsfor the L avant
(period 1 July 2002 to 1 October 2004) using different raingauge
weighting schemes. Red lineisthe scheme used during calibration,
green lineusesthe improved network including Chichester, blueline
usestheimproved network excluding Chichester.

Figure 6.8 highlights that if a different data soriis used as input to the PDM, then
some model recalibration is likely to be necess&y. the case of using different
raingauge networks, the expected change in catdhraeerage rainfall can be

accommodated by adjusting the rainfall factorwith reference to SAAR information

in Table 4.2. The results including this SAAR-adasrainfall factor are presented in
Figure 6.9. The two improved networks now appeastow very similar behaviour

which is clearly different from that of the originaetwork.
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Figure 6.9 Raingauge sensitivity analysis: SAAR-adjusted PDM model simulations
for the Lavant (period 1 July 2002 to 1 October 2004) using different
raingauge weighting schemes. Red line isthe scheme used during
calibration, green lineusesthe improved network including Chichester,
blue line uses the improved network excluding Chichester.
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Recommendation

e Raingauge scheme for the Lavant catchment. It is recommended that the
Chichester raingauge be put on telemetry and usdukei weighting scheme for the
Lavant catchment using the following weights: Clester 0.55 and Walderton 0.45.

Ems catchment

For the Ems catchment the most obvious raingaugeiniproving the catchment
average rainfall estimation is Chilgrove which iuated just to the east of the
catchment as shown in Figure 3.1. Chilgrove als® &aignificantly higher elevation
and SAAR compared to Walderton and Havant (seeeT&lil) so is more representative
of the wetter portions of the catchment.

The Chilgrove record begins 2 October 1999: sedeTdld. Therefore there is long
enough period available to perform a meaningfulsgeity analysis on its inclusion.
The remaining period of evaluation (October 199®tober 2004) also includes the
2000/01 major flood peak. The PDM simulations usihg two different weighting
schemes listed in Table 4.2 are presented in Figut®; Figure 6.11 shows the
equivalent results after an adjustment for gaugeatohment SAAR has been included
in the model formulation. These results clearlyvglioe benefit to the PDM simulations
of including Chilgrove in the raingauge weightintheme. For example, the simulated
peaks during the first water year (1999/2000) anglarly good for both weighting
schemes whilst the Chilgrove based scheme perfaotably better for the remaining
years. This is confirmed by tH& and rmse statistics presented in Table 6.7 with a
significant improvement irR? from 0.921 to 0.961 (0.936 with SAAR adjustment)
obtained when the Chilgrove raingauge is included.
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Figure 6.10 Raingauge sensitivity analysis: PDM model simulationsfor the Ems
using different raingauge weighting schemes. Red lineisthe scheme
used during calibration, green line usesthe improved network. The
period shown coverswater years 1999/2000 to 2003/04.
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Figure 6.11 Raingauge sensitivity analysis: SAAR-adjusted PDM model
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Red lineisthe scheme used during calibration, green lineusesthe
improved network. The period shown coverswater years 1999/2000 to
2003/04.

Table 6.7 R* and rmse statistics (for flow) for different raingauge weighting
schemes for the Emsover the evaluation period (water years 1999/2000

to 2003/04).
Raingauge weighting Ems
scheme R rmse
Modelling 0.921 0.293
Improved Network 0.961 0.205
Improved Network 0.936 0.264

(SAAR-adjusted)

Recommendation
¢ Raingauge scheme for the Ems catchment. It is recommended that the Chilgrove

raingauge be used in the weighting scheme for thes Eatchment using the
following weights: Walderton 0.51, Chilgrove 0.3@daHavant 0.13.
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6.2.2 Radar data

Section 3.2.3 recommended that a sensitivity aisalys the use of radar rainfall as
input to the extended PDM be restricted to usénefNimrod composite radar data for
forming catchment average rainfall. This type oflala data became available in
November 2003, so less than a year of data ovewahsthe model evaluation period
(November 2003 to October 2004) and this includdy a very small flow peak. As
suggested in Section 3.2.3 it is not possible tanfa meaningful sensitivity analysis
under these conditions. Figure 6.12 presents thid Bihulations obtained using both
the radar and raingauge data for the Ems catchmbi#t.clearly shows the limitations
of the analysis and it is unwise to draw any cosioln from these hydrographs. This
sensitivity analysis is not worth revisiting unfirther radar records encompassing
significant flood events become available.
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Figure 6.12 Radar rainfall sensitivity analysis: PDM model simulationsfor the
Emsusing radar and raingauge based rainfall estimates. Red lineisthe
raingauge weighting scheme used during calibration, green line uses
radar data. The period shown isthe water year 2003/04.

6.2.3 Potential evaporation data

A potential evaporation profile has been used fodetling that is based on use of the
historical time-series of MORECS PE monthly tofalsMORECS square 183 over the
Lavant and Ems catchments. This time-series hasib&spolated between months and
a standard diurnal profile imposed to obtain 15uteriotals. This historical PE profile
was recommended as a consequence of the revielteofadives presented in Section
3.4. Also recommended was to perform a sensitaitglysis using alternative profiles
based on long-term average MORECS PE and usingralad sine curve annual
profile respectively. These sensitivity analyses maported on here. As discussed in
Section 3.4 a sensitivity analysis using MOSES RIEnat be carried out since these
estimates only became available in July 2005 aedethave been few notable flood

peaks since then.

Table 6.8 presents the model performance statishtaned when using as PE input to
the models the three PE estimators: MORECS histioiORECS long-term average
and the standard sine curve. Figure 6.13 contragthrographs obtained using
MORECS historical and MORECS long-term average ®iput to the models whilst
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Figure 6.14 compares the hydrographs obtained M@BECS historical with the sine
curve profile of PE.

It is seen that the switch from MORECS historiaalthe long-term average annual
MORECS profile makes little difference to the siated hydrographs and tHef
Efficiency performance measure changes by less 26anSlightly larger changes are
noticeable when the MORECS historical profile istshed to the sine curve profile.
For the Ems over the evaluation period the chasge iactually improve th& and
rmsestatistics, since the flow was underestimatecdis tase (see Section 6.1.2). The
overall degradation in performance when switchmgge the sine curve PE profile can
be attributed to its use of a typical UK annualrage value of 511 mm: it was this
profile that was used by Moore and Bell (2002).sT¥alue is not representative of PE
over the Lavant and Ems as discussed in Sectiofh &rfd clearly adversely affects the
modelled water balance. A recalibration of the PPaMameters for use with this sine
curve profile would result in improved model perfance, serving to compensate for
the poor PE estimate.

Recommendation

e Potential evaporation profile. It is recommended that the MORECS long-term
annual average profile be used for future forengstas readily available in real-
time. In unusual years, a tactical review of thecammendation might be
considered. A future trial of MOSES PE, availaliaear real-time, should be made
when sufficient records and flood events are tadhan

Table 6.8 R? and rmse statistics (for flow) for different sources of potential
evapor ation data over the evaluation period (water years 1995/96 to

2003/04).
Sour ce of potential L avant Ems
evaporation R rmse R rmse
Historical MORECS 0.907 0.333 0.913 0.272
Long-term annual
MORECS profile 0.896 0.351 0.912 0.274
Sine curve 0.827 0.454 0.917 0.265
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Figure 6.13 Potential evaporation sensitivity analysis: PDM model simulationsfor
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over the evaluation period (water years 1996/97 to 2003/04).
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Figure 6.14 Potential evaporation sensitivity analysis: PDM model simulationsfor
the Lavant (top) and Ems (bottom) using MORECS historical PE (red
line) and a standard sine curve profile (green line) over the evaluation
period (water years 1996/97 to 2003/04).

6.2.4 Abstraction data

A sensitivity analysis has been carried out usingng-term annual abstraction profile
in place of the actual time-series of abstractiasspreviously recommended in Section
3.6.1. This has relevance to the real-time apptinadf the models when timely access
to the abstraction data may not be straightforw@heg annual profile was derived for
each abstraction location in turn by interpolatibgtween the long-term average
monthly abstractions. The interpolation method usethe same as that for the long-
term MORECS profile which ensured the monthly |degn totals were preserved: see
Section 3.4.

The annual abstraction profile for the Ems is pne=g as a green dashed line in the
bottom plot of Figure 6.15 and is clearly smootthemn the actual daily abstraction data
(red dashed line). However, the impact on the satedl flows or well levels of using
this annual profile rather than the actual abswactata is barely detectable. The
Lavant is equally insensitive to use of the anm@straction profile as confirmed by the
R* and rmsestatistics presented in Table 6.9 for the flow datd Table 6.10 for the
well level data (the apparent sensitivity for thavant in part reflects the periods of
missing well level records previously commented on)
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Figure 6.15 Abstraction data sensitivity analysis: PDM model simulationsfor the
Emsusing actual daily abstraction data (red lines) and along-term
annual profile (green lines) over the evaluation period (water years
1996/97 to 2003/04).

Table 6.9 R? and rmse statistics (for flow) for different abstraction profiles over the
evaluation period (water years 1996/97 to 2003/04).

Sour ce of Lavant Ems
abstraction data R2 rmse F% rmse
Historical daily data 0.907 0.333 0.913 0.272

Long-term annual

: . 0.910 0.328 0.901 0.290
abstraction profile

Table 6.10 R? and rmse statistics (for well level) for different abstraction profiles
over the evaluation period (water years 1996/97 to 2003/04).

Sour ce of Lavant Ems
abstraction data R2 rmse F% rmse
Historical daily data 0.761 1.228 0.945 2.036

Long-term annual

: : 0.828 0.767 0.935 2.215
abstraction profile
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Due to the success of modelling using the annustrattion profile it is recommended
that this approach be used during the typically-taanth delay in receiving the
abstraction data from the water companies. Furtiighere are significant costs or
difficulties in supplying the daily abstraction dab the NFFS system then the annual
profile can be used with little or no loss in mdohgl performance (but this would need
to be reviewed if the abstraction regime changgdifscantly).

Recommendation

e Annual abstraction profile for PDM modelling. The long-term annual abstraction
profile is recommended to be used in forecastirtg ahstraction data are received
from the water companies, typically two-months irears of real-time. Further, if
there are significant costs or difficulties in slyppg the daily abstraction data to the
NFFS system then the annual profile can be usddlitie or no loss of modelling
performance (but this would need to be reviewetief abstraction regime changed
significantly).

6.3 Mode recalibration

Calibration of the PDM models presented for the drdvand Ems in Section 6.1

focussed on obtaining goo&? Efficiency and visual performance over the entire
calibration period. This was deemed sufficient taf@rm the sensitivity analyses of
Section 6.2. For use in flood forecasting, wheee rdsponse of the modelled flows to
rainfall events over short time scales is importdans apparent that more attention must
be paid to calibrating the fast response parameiernhie PDM. In this section, a
recalibration of the parameters of the PDM modeliie Lavant is presented, focussing
on those short time scales as well as taking tiperpnity to address other issues with
the model of Section 6.1.1. A similar recalibration the Ems has not been performed
due to limitations of the project scope, but simdatcomes would be expected should
this be done in the future.

6.3.1 Lavant model recalibration

A number of shortcomings in the calibration of theodel for the Lavant were

recognised (henceforth referred to as the ‘originalibration). These included the

effect of a biased rainfall estimator on the wék@iance of Table 6.4 and problems with
prediction of dry periods. To address these, alitration was performed with rather
different priorities to those focussed on in Sectol.1.

The original calibration paid attention to obtamigood R* Efficiency and visual
performance over the entire calibration period. deev, the resulting catchment model
has a small and smooth surface flow component hh main simulated flow
variability being represented through the baseftmmponent. Also, requiring that the
rainfall factor f. be unity did not recognise that the weighted coration of raingauge

values would be biased as an estimator of the tapbgc catchment rainfall (note that
the topographic and subsurface catchment boundaréss differ). Specifically, with

reference to Table 4.2, the two raingauges useddwead to an expected catchment
annual average rainfall of 782mm, compared to thedard (SAAR 1961-90) value of
922mm. This discrepancy is compensated for in tbdahcalibration so as to reduce
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actual evaporation and underflow accordingly. Hogvethere was interest not only in
the flow simulation but also in understanding thakerup of the catchment water
balance. Moreover, by paying attention to the medghysical interpretation at each
step, the model would be more amenable to phygibalbed adjustment (rather than
recalibration), for example when using an alten@atcatchment average rainfall
estimator (e.g. radar rainfall).

Against this background, a recalibration was penft with the rainfall factor set at
1.18 to align the raingauge rainfall estimatorte topographic catchment SAAR over
the long-term. More effort was made to resolve flashy response of the surface
runoff. Greater attention was also placed on gt initiation and cessation of flow
right, rather than optimising th&” statistic, and a closer eye was kept on the water
balance. As shown in Figure 6.1, the well level evbations were transformed to
visually match the ‘baseflow’ component of the alisd flow record. This allowed
identification of the approximate well depth (33)5m@t which the observed flow
initiated and ceased. In terms of the extended hpatameters, this depth corresponds

to the productS?_ Y, (see equations 2.8 and 2.11) and therefore redbeesumber of

max

parameters that need to be calibrated by one. Adthaot done here, it would also be
possible to estimate the prodi¢k, from a plot of flow against well depth. These two

products would allow botts?, and Y, to be estimated vik, and would reduce the

number of model parameters by two. This approadatalibration more fully highlights
the utility of well level data for calibrating trextended PDM and avoids attempting an
‘independent’ calibration to the well level obsdreas.

Model calibration of the PDM can be a delicate prhae, with the additional

parameters of the extended PDM bringing furtherameater interdependence.
Unfortunately, the CEH research code does not declilne full range of visualisation
support tools enjoyed by the PDM for PCs produtiinsre such as the interactive ‘pan
and zoom’ functionality that aids the model calitma task. Development of the
product code to embrace the extended PDM modejrfaundwater catchments would
improve the ease and success of calibration comditie

The parameters of the recalibrated model are caedpaith those of the original model
in Table 6.11. Almost all parameters have been gbédnsomewhat, though most

variation is seen irf_, k,, S?_ andY, mentioned above. Significantly, the probability-

max

distributed soil moisture storage component is tydacreased in depth, witl§_ .,
now equal to 834mm for the catchment.

Flow and well level hydrographs are shown in Figarg6. The visual impression of
model performance remains good, though some proleman overly large flashy
response prior to commencement of flow is appaidote detailed flood hydrographs
for much shorter periods are shown in Figure 6d FEigure 6.18, where the potential
for the model to capture flashy responses is wathahstrated.
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Table 6.11 Extended PDM model parametersfor the Lavant catchment before and

after recalibration.

Model parameter Symbol Original Recalibration
Calibration

Rainfall factor f, 1.0 1.18
Time delay T, 0.0 0.0
Soil moisture

min. depth Crnin 54.0 137.0

max. depth Crnax 669.0 1417.1

Exponent b 0.51 0.71
Evaporation exponent b, 20.0 21.4
Recharge model

time constant K, 220000.0 301535.0

soil tension threshold S 119.0 99.4

Exponent b, 5.87 2.69
Surface storage coefficient kg 1000.0 5.0
Groundwater storage

Exponent m 3.0 3.0

coefficient K, 349.0 413.4
Underflow

time constant K, 32500.0 12683.8

maximum deficit D, 1456.0 2049.8
Spring fraction 0.0 0.0
Abstraction

Constant Ca 0.0 0.0

Factor fa 1.0 1.0
Well level West Dean N.West Dean N.

max. groundwater storageS?_, 1074.0 1641.0

specific yield Y, 0.032 0.0204

Datum h, 83.76 83.76
Constant flow d. 0.0 0.0
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Figure 6.16 Recalibrated PDM model ssimulationsfor the Lavant during the
calibration period (water years 1991/92 to 1995/96). Observed well
depthsarefor West Dean Nursery.

—_
o
|

B @)} co
|

\\\‘[II'II\

Flow (m’s™)

Rain (mm)
[\®)
foN
|

0 5 10 15 20 25 30
Time (Days)

Above axis: Observed flow ———— Simulated flow ::::::: Simulated baseflow

Below axis: Rainfall ... .. Simulated soil moisture deficit
Figure 6.17 Recalibrated PDM model ssmulation for the Lavant (green line). For
reference, thered line shows the ssimulation obtained with theoriginal

calibration. The period shown is 15 December 1993 to 15 January 1994.

80 Section 6: Model application to the Lavant and Ems



W

N

Flow (m’s™")
w2

9}

Ju—

_ N V"7 A Vol V

g 1 3 — | A

= A |

~ 2.6 \ |

K= 4 Y {

IS I s e frosezezzazazazazazozc:

K 53 | T T \ T T

0 1 2 3
Time (Days)

Above axis: Observed flow Simulated flow ::::::: Simulated baseflow
Below axis: Rainfall ~  .....:: Simulated soil moisture deficit
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calibration. The period shown is 29 December 1993 to 1 January 1994.

In terms of performance measures, Table 6.12 itelcslight improvement relative to
the original calibration, for flow over the calili@n period and for well level overall,

but performance is rather worse for flow over thaleation period. This is due to a
general underestimation of flow, which may be doeoverestimating underflow as
evidenced in the water balance shown in Table GAltBough the balance is now good
over the calibration period, there is a 25% undenagion of flow during the evaluation

period. Comparing this water balance to that preseimn the project tender, it is
apparent that underflow is overestimated as abbti4t 8f the water input rather than the
26% expected. However, decreasing underflow wasidoto generate significant

simulated flow during the 1995/96 water year, witeis believed that the Lavant was
dry.

Table 6.12 R? and rmse statistics, obtained from the recalibrated model, for flow in
the Lavant and well levels at West Dean Nursery. For reference,
statisticsfor theoriginal calibration are given in brackets.

Period Flow Weéll level
R rmse R rmse
Calibration 0.938 (0.934) 0.257 (0.266) 0.973 (0.965) 0.613 (0.704)
Evaluation 0.860 (0.907) 0.408 (0.333) 0.740 (0.704) 1.280 (1.228)
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Table 6.13 PDM model water balances (mm total) for the Lavant over the
calibration period for two model calibrations. In bracketsisthe output
component as a fraction of therainfall input.

Original Recalibration: Original Recalibration:
calibration: calibration period calibration: evaluation period
calibration period evaluation period

Rainfall 4134 4878 6861 8095
Potential 3269 3269 5177 5177
Evaporation
Actual 2488 (0.602) 2552 (0.523) 4154 (0.605) 4269 (0.527)
Evaporation
Net Rainfall 1646 2326 2707 3826
Abstraction 278 (0.067) 278 (0.057) 521 (0.076) g2064)
Underflow 589 (0.143) 1531 (0.314) 938 (0.137) 242300)
River flow 898 (0.217) 675 (0.138) 1350 (0.197) 983.21)
Observed 676 676 1302 1302
river flow
Implied -119 (-0.029) -158 (-0.032) -102 (-0.015) -103@4R)
storage
change

A significant improvement in predicting initiatioand cessation of flow is achieved
through the recalibration of the PDM model for th&vant. A comparison of times
where modelled baseflow is zero to times of zerseoled flow is presented in Table
6.14. It is worth mentioning that although the orad model calibration does not
capture the dates accurately, the modelled flowerertheless very low during these
periods. The recalibrated model occasionally ssffeom excessive surface runoff
which leads to some flashy flow during periods wttenriver was observed to be dry.

Table6.14 Dry periodsfor the Lavant over the calibration period estimated from

the observed record and from two model calibrations.

Observed M odelled M odelled
(original calibration) (recalibration)
Dry until Dry until Dry until

02:30 7 Dec 1992

09:00 21 Jul 1993 to
17:159 Oct 9 1993

06:15 11 Aug 1994 to
22:00 30 Nov 1994

20:15 17 Jun 1995 to
end of calibration period

08:45 18 Nov 1992

07:00 10 Sep 1993 to
22:151 Oct 1993

09:00 5 Oct 1994 to
14:15 31 Oct 1994

13:00 24 Aug 1995 to
02:45 22 Dec 1995

21:00 29 Nov 1992

21:00 13 Jul 1993 to
19:00 5 Oct 1993

05:00 21 Aug 1994 to
07:00 7 Nov 1994

05:00 10 Jul 1995 to
22:00 8 Jan 1996

82

Section 6: Model application to the Lavant and Ems



6.4 Forecasting performance

The assessment of model performance has focussedngw on the ability of a model
to transform rainfall and PE to river flow at thatchment outlet, without use of
observed river flow except for model initialisatiothe so-called simulation-mode
forecast. In real-time it is possible to improve tlorecast through use of river flow
observations up to the time the forecast is mabe f{forecast time-origin”): such
“updated” forecasts are called forecast-mode fatscaSection 5.2.2 discussed the
assessment of such forecasts and their importangedl-time flood forecasting. Here,
forecast-mode results have been obtained usingrsbatection as the updating method.
Note also that perfect foreknowledge of rainfalbssumed so as not to confound the
assessment with errors due to rainfall forecasting.

Both fixed lead-time variable time-origiandfixed-origin variable lead-time forecasts
have been obtained using the models for the Lawadt Ems with state-correction
applied. Table 6.15 presents the results of fotecasing various lead-times, applied
with forecast origins at every 15 minute time-stepr the water year 2000/2001.

Table 6.15 R? and rmse statistics (for flow) for the fixed lead-time for ecasts over
thewater year 2000/01).

L avant L avant Ems
Lead-time, h (original) (recalibration)
R rmse R rmse R rmse
0.25 1.000 0.009 1.000 0.010 1.000 0.014
1 1.000 0.032 1.000 0.028 0.999 0.038
3 0.999 0.062 0.998 0.072 0.997 0.086
6 0.997 0.099 0.995 0.124 0.993 0.123
12 0.993 0.148 0.989 0.188 0.991 0.142
24 0.987 0.201 0.982 0.242 0.991 0.136
48 0.974 0.292 0.969 0.314 0.987 0.168

The gradual deterioration of forecast quality witlitreasing forecast lead-time is
demonstrated in Figure 6.19, which plots tRé Efficiency performance statistic
against lead-time. Forecasts for the Ems are oetiebthan those for the Lavant for
lead-times exceeding 16 hours, when forecasts apprthe simulation-mode model
performance. At the shorter lead-times, most relet@flood forecasting, the quality of
the forecast for the Ems drops off twice as quicadyfor the Lavant, highlighting the
greater difficulty of forecasting for this flashiegsponding catchment. Results for the
recalibrated PDM model for the Lavant show slightlgrse behaviour than for the
original model at the level oR? Efficiency, at lead-times of greater than 1 hdtris
may be due to the overall loweR? Efficiency score of the recalibrated model
compared to the original model over the evaluageriod (see Table 6.12). The visual
impression of the forecasting potential of the libcated Lavant model from
hydrographs on short time scales relevant for flém@casting and warning shows
improvement over the original model and is presgimeSection 6.4.1
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Figure 6.19 R? Efficiency against forecast lead-time for flow forecasts over the
water year 2000/01.

Model simulations corresponding to lead-times @@l 12 hours are shown in Figure
6.20 and Figure 6.21 for the Lavant (original caltlon) and Ems respectively. Here
the time period has been reduced to three monthisasthe variation from the observed
flow can be clearly distinguished. These forecastwide a visual impression of the
forecaster’s ability to forecast flows at realidg@ad-times for which reasonable rainfall
forecasts should be available. The corresponBfrandrmseperformance measures are
presented in Table 6.16. Again, the recalibratedeh@or the Lavant performs slightly
worse than the original model at this level of assgent. A figure corresponding to
Figure 6.20 is not included since the visual penfance is very close to that of the
original model.

6.4.1 Fixed-origin forecastsfor the Lavant

Figure 6.22 presents fixed-origin forecasts mad¥&a0 hours every day for lead-times
out to 24 hours ahead, over the flood event orL#vant in December 2000. The close
shadowing of the observed flow over periods suctiagsll1 highlights the potential for
such forecasts to forewarn of rapid rises in rifl@w. Comparison with the simulated
flow (the red line) reveals the tendency of thesmilated real-time forecasts to regress
to the simulation-mode values at long lead-timelse Thodel does not capture the
timing of the peak flow very well, predicting resemn from about day 12 whilst the
observed flow continues to rise for another twosdayhe recalibrated PDM model
presented in Section 6.3.1 forecasts the timing duration of the flood peak much
better whilst still capturing the flashy respong® corresponding results are shown in
Figure 6.23.
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Figure 6.20 Fixed lead-time variable time-origin forecasts for the Lavant using
lead-times of 6 hours (green line) and 12 hours (blueline). The period
shown is 1 November 2000 to 1 February 2001.
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Figure 6.21 Fixed lead-time variable time-origin forecasts for the Ems using lead-
times of 6 hours (green line) and 12 hours (blueline). The period shown
is 1 November 2000 to 1 February 2001.

Table 6.16 R? and rmse performance statistics for fixed-lead time flow for ecasts
over theperiod 1 November 2000 to 1 February 2001.

. L avant Lavant recalibration Ems
Lead time, h
R rmse R rmse R rmse
6 0.990 0.153 0.981 0.205 0.928 0.195
12 0.975 0.235 0.956 0.314 0.905 0.224
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Figure 6.22 Fixed-origin variable lead-time forecasts out to 24 hours for the
Lavant (original calibration) using forecast time-origins at 09:00 each
day (green lines). The period shown is 1 December 2000 to 1 January
2001 and the simulation-mode forecast isshown asared line.
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Figure 6.23 Fixed-origin variable lead-time forecasts out to 24 hours for the
Lavant using recalibrated parameters and forecast time-origins at 09:00
each day (green lines). The period shown is 1 December 2000 to 1
January 2001 and the simulation-mode forecast is shown asared line.

For the purpose of flood forecasting, it is impattéo assess the performance of the
model over shorter periods of time during which itir@n hydrograph rise occurs as this
has particular relevance for flood alleviation @iems. Focussing on the rapid rises in
flow during the early stages of the 1993 and 2000df events, a series of forecasts out
to 24 hours have been made from forecast origidshetturly intervals. Figure 6.24 and
Figure 6.25 present these forecasts for the Lavesmg the original model calibration.
The results are encouraging, with the initial ti@éng well predicted over the range at
which flood mitigating mechanisms become activées@5 nis’; see Section 1.2).
However, persistence in the model maintains flowadbigher level after this rise,
whereas the observed flow exhibits a drop and sulese fluctuations on a finer scale.
This is partly due to the model for the Lavant lgemore able to reproduce the long-
term baseflow rather than fast surface runoff.
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Figure 6.24 Fixed-origin variable lead-time forecasts out to 24 hours for the
Lavant (original calibration), using state-correction. Forecast time-
originsare at 3 hour intervalsfrom 18:00 29 December 1993 up to 15:00
31 December 1993 (coloured lines). The simulation-mode forecast is
shown asared line over thewhole period.
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Figure 6.25 Fixed-origin variable lead-time forecasts out to 24 hours for the
Lavant (original calibration), using state-correction. Forecast time-
originsareat 3 hour intervalsfrom 09:00 5 November 2000 up to 06:00 7
November 2000 (coloured lines). The ssimulation-mode forecast is shown
asared lineover thewhole period.

Again, the recalibrated PDM model presented in i8ect.3.1 fares better here, the
corresponding results being presented in Figuré &l Figure 6.27. These highlight
how the recalibrated model captures the shapeeofiydrograph better, particularly for
the initial rising limb in Figure 6.27. In FigureZ®, the recalibrated model forecasts
lose the steepness of the hydrograph rising limbféubetter predict the peak and
recession over this short time period, when conthbtoehe original model forecasts in
Figure 6.24.
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Figure 6.26 Fixed-origin variable lead-time forecasts out to 24 hours for the
Lavant, using recalibrated parameters and state-correction. Forecast
time-origins are at 3 hour intervals from 18:00 29 December 1993 up to
15:00 31 December 1993 (coloured lines). The simulation-mode for ecast
isshown asared line over thewhole period.
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Figure 6.27 Fixed-origin variable lead-time forecasts out to 24 hours for the
Lavant, using recalibrated parameters and state-correction. Forecast
time-origins are at 3 hour intervals from 09:00 5 November 2000 up to
06:00 7 November 2000 (coloured lines). The simulation-mode forecast is
shown asared line over thewhole period.

6.4.2 Fixed-origin forecastsfor the Ems
Figure 6.28 and Figure 6.29 present forecastinglteefor the Ems over the same two
short periods as shown for the Lavant in the previgection. Overall, a reasonable set

of forecasts is obtained: the general shape are tévthe flood hydrograph is captured
to some degree but the rapid rise is not forecasicolarly well.
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Figure 6.28 Fixed-origin variable lead-time forecasts out to 24 hours for the Ems,
using state-correction. Forecast time-originsare at 3 hour intervals from
18:00 29 December 1993 up to 15:00 31 December 1993 (coloured lines).
The simulation-mode forecast is shown as a red line over the whole

period.
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Figure 6.29 Fixed-origin variable lead-time forecasts out to 24 hours for the Ems,
using state-correction. Forecast time-originsare at 3 hour intervals from
09:00 5 November 2000 up to 06:00 7 November 2000 (coloured lines).
The simulation-mode forecast is shown as a red line over the whole
period.

However, the performance for the Ems is less satigfy than for the Lavant, despite
the model capturing the fast surface flow respafshe catchment to some extent. In
this case, a recalibration has not been perfornseid was for the Lavant in Section
6.3.1. Improved forecasting performance, of a simmlature to that seen for the Lavant,
would be expected in this case too. This issuenig considered to be worth revisiting
once the extended PDM model is incorporated indoRBM for PCs software, as this
would allow access to improved calibration toolg(e¢he ‘zoom’ facility to focus on
the short-term response).
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6.5 Modd performance summary

Initial simulation-mode calibration of the PDM mdsl@resented for the Lavant and

Ems in Section 6.1 focussed on obtaining g@&jdEfficiency and visual performance
over the entire calibration period. The simulatronde performance of the models for
the Lavant and Ems is reasonably good at captuhegbroad behaviour of flow
variations. The model can be calibrated to predlittt some success the timing of onset
and cessation of flow under ephemeral streamflomditions. R? Efficiency values are
consistently above 0.9 for both calibration andl@at@on periods: see Table 6.3 for the
Lavant and Table 6.5 for the Ems. However, thidgoerance statistic has a favourable
bias for groundwater catchments due to the longgerof hydrograph recession (and
zero flows for the Lavant), these being easier tm@hthan the rising limb of the flood
hydrograph. Some shortcomings in simulating thedltnydrograph over shorter time
scales relevant to flood forecasting were observed.

An attempt to address these shortcomings for thiginat Lavant model via
recalibration was presented in Section 6.3. Durauglibration more attention was paid
to calibrating the fast response parameters of RB&. In terms of performance
measures, Table 6.12 indicates slight improvemetsdtive to the original Lavant
calibration, for flow over the calibration periodut performance is rather worse for
flow over the evaluation period. However, the visumapression of simulation-mode
performance for the recalibrated Lavant model resia@ood, though some problem
with an overly large flashy response prior to comosenent of flow is apparent. More
detailed flood hydrographs for much shorter periads shown in Figure 6.17 and
Figure 6.18, where the potential for the recalédanodel to capture flashy responses is
well demonstrated. A significant improvement indicéing initiation and cessation of
flow is also achieved through the recalibrationtttd PDM model for the Lavant, as
indicated by Table 6.14.

A similar recalibration for the Ems has not beenfqgpened due to limitations of the
project scope. Unfortunately, the CEH research ames not include the full range of
visualisation support tools enjoyed by the PDM R&s product software such as the
interactive ‘pan and zoom’ functionality that aidhe model -calibration task.
Development of the product code to embrace thenedett PDM model for groundwater
catchments would improve the ease and succesdilofat@mn considerably. Revisiting
the Ems calibration using the PDM for PCs environimgould allow a more detailed
focus on the flashy response of the model and msyltrin an improved calibration.

The forecast-mode performance of the extended PDidets is presented in Section
6.4. From a flood forecasting and warning perspectihe fixed-origin variable lead-

time forecasts during the early stages of the 1&9& 2000 flood events are most
relevant and are presented in sections 6.4.1 ahd.6lhese results show that all the
PDM models have some ability to forewarn the rapsd in flows during the onset of

major flooding incidents. The forecast-mode resaits more successful for the Lavant
catchment and, in particular, using the recalilordteavant model. During the 1993

event Figure 6.27 highlights how the recalibrateddel captures the shape of the
hydrograph rising limb well and is reasonably sssbdl at predicting the observed
peak. Also, Figure 6.26 shows a very good forech#te first flow peak and recession
at the start of the 2003 flood event. The Lavanedast results are encouraging, with
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the initial rise in flow being well predicted ovéne range at which flood mitigating
mechanisms become active (2.5-3%nsee Section 1.2).

However, the forecast performance for the Ems $s Igatisfactory. In this case, a
recalibration has not been performed as it wagh#®iLavant in Section 6.3.1. Improved
forecasting performance, of a similar nature tat theen for the Lavant, would be
expected following recalibration in this case tddis issue is only considered to be
worth revisiting once the extended PDM model isomporated into the PDM for PCs
software, as this would allow access to improvdibaion tools (e.g. the ‘zoom and
pan’ facility to focus on the short term respon#®gt are not available within the
research PDM code.

This summary of model performance allows the follmyvrecommendations to be
made.

Recommendation

e Forecast performance and operational implementation. When assessed in
forecast-mode, the potential of the extended PDMaetwfor the Lavant and Ems to
forewarn of rapid rises in river flow has been stated. The simulation- and
forecast-mode performance obtained using the modelsufficiently strong to
justify further work aimed at operational implemeindn of the extended PDM
within the Environment Agency’s National Flood Foasting System (NFFS),
including incorporation within the PDM for PCs sedfire to support model
calibration and assessment.

e Future assessment of model calibrations. Once the extended PDM has been
incorporated into the PDM for PCs software it walllow access to improved
calibration tools (e.g. the ‘zoom and pan’ facjlityt is then recommended to
reassess the Lavant and Ems model calibrations iavestigate if further
improvements in model performance can be achieviéid particular focus on the
short-term model response important for flood wagni
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7 Summary and recommendations

7.1 Summary

This Report outlines work undertaken for the Enwiment Agency under the Project
“Hydrological Modelling for the Rivers Lavant andrmis”. It starts by preparing the
ground and developing a strategy for the modeNuogk that follows. The overall aim
IS to calibrate extended PDM rainfall-runoff mod#&s the Lavant and Ems catchments
and assess their utility for real-time flood forsttag and warning. Data required for
modelling are identified and their availability agdality reviewed. This has involved
collation of relevant data available from the Eowment Agency and the Centre for
Ecology & Hydrology.

Rainfall data are given particular attention iraten to providing a long time-series of
consistent form for modelling purposes. The basiogauge data are subject to an
extensive data quality control check. This exposieaitcomings in present processing
procedures and lead to recommendations for overgpthiese that are relevant to both
the modelling work that follows and to wider hydretmc practices within the
Environment Agency. A method is proposed to ob&agonsistent and continuous time-
series of catchment average rainfall for use in eliod), and that takes account of data
availability and suspect periods. A comparison leetwraingauge and radar estimates
of rainfall reveals a general underestimation offedl by the radar in the vicinity of the
Lavant and Ems catchments. Due to the short reobrdadar data, a full model
sensitivity analysis is judged not to be warrandésdpart of the modelling work, but
considerations for the future real-time use of ratida are given.

The river flow data for the Lavant at Graylingwatld Ems at Westbourne are analysed.
The Grayling record is compared to data previosslgplied to CEH as part of the
Moore and Bell (2002) study and reveals some oculgtg issues pertaining to the
rating curve: these are resolved through adoptfanaonsistent single rating for use in
modelling. Well level data for the Lavant and Emetcbments are reviewed and
additional records obtained.

Time-series of potential evaporation data deriveeinf MORECS and MOSES are
considered alongside standard profiles in use bydhvironment Agency. It is noted
that for the Lavant and Ems catchments, the stdnd&outhern Region profile
overestimates summer PE and underestimates wirkereRtive to the long-term
average (1971-2007) MORECS profiles. A strategyufse of MORECS monthly time-
series disaggregated in time using linear intetpylaand a diurnal profile is formulated
for use in modelling. Comparison between MORECS BIQISES PE data indicates
that MOSES consistently estimates more PE than MOB&RH he consequences of this
for the future operational use of MOSES PE datadaeussed. As with the radar data,
the short period for which MOSES data are availabéans that a meaningful model
sensitivity analysis is not possible at present.

A strategy for modelling is developed and the psiof records to be used for model
calibration and independent evaluation are seledted model performance assessment
methods to be used are detailed. The strategy assiders the problem of model
conceptualisation for groundwater catchments wiheeneral streamflows affected by
pumped abstractions, external springs and undesfland low-flow augmentation from
wells. A need to impose a conceptualisation suppotity data and information is
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recognised due to identifiability problems. Theuwalof a detailed catchment water
balance to identify unaccounted for water transfsrshighlighted in this model
conceptualisation process. In addition, the bemefitusing flow records from a nearby
spring-fed stream - Costers Brook at Cocking -diseussed. They give some insight
into groundwater exports from the Lavant catchm&he modelling work that follows
seeks to clarify the nature of these transferhé&irvith the help of the modelled water
balance. Any needs for further model developmenjudged best explored as an
intrinsic part of the modelling activity, paying rntiaular attention to state-updating
methods and incorporating the effects of flow augtaon. Insights to be gained from
information sources on hydrogeological controls epasidered. These extend from
simple inspection of maps of solid geology andtdtdver, the locations of springs,
through to consideration of the hydrogeologicalpemies of the Chalk together with
the analysis of notable extreme flood events.

The calibration and assessment of the extended Ridiel to the Lavant and Ems
provided good results, capturing the main featoféhe catchment response reasonably
well such as the initiation and cessation of ephamever flows and the peak and
troughs of the well levels. Assessments were ahwig in relation to both the model
simulation of river flows and well levels. Sensityvanalyses on the forms of model
input to use operationally led to recommendatioaiting to the combination of
raingauges to use, the value of radar rainfall, #wedprofiles of potential evaporation
and abstractions to employ. Some shortcomings énstiort-term responses of the
models were recognised. This was improved for theabht model through a targeted
recalibration. An emulation of the real-time apation of the models in forecast-mode
demonstrated their potential to forewarn the rajse of river flows during the onset of
major floods and supports the recommendation fiuréuoperational application.

7.2 Recommendations

Throughout the Report, recommendations have beete naad highlighted in grey
boxes. They are repeated here in their entirety ascord of the project decision-
making process, sometimes with an additional comintenindicate their status or
outcome. Several of the recommendations have lagnessed within the project, such
as project take-on of more data of use to the ntiadelork. Others relate to the
modelling strategy and how this has developed thescourse of the project. Some are
recommendations made to the Environment Agencyekample in relation to their
hydrometric data records and practices. A furtlerrelate to the use of the model in
operational practice and what data inputs are requas profiles or as real-time data
streams. Recommendations that form the outcomieegbitoject and need addressing or
noting by the Environment Agency are highlightedad.

The final section that follows reviews those recandations relevant to the future
operational use of the extended PDM rainfall-rumoéfdel leading to a consideration of
the way forward.

1. Data requirements and availability for modelling

Radar data

Radar data sensitivity analysis. The model sensitivity analysis comparing raingauge

and radar data will be restricted to using catchnagrerage rainfall data using Nimrod
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composite radar data. This is due to the relatigtlgrt record of Nimrod composite
radar data and the lack of significant flood evesiise 2003. Done.

River levels/flows

River Lavant at Graylingwell rating curve. The Mott McDonald rating should be
used consistently throughout the Graylingwell stag®rd for this project. Done.

River Lavant at Graylingwell river flow data. The River Lavant stage time-series
will be processed at CEH using the Mott McDonaltingato obtain a consistent river
flow time-series for use in rainfall-runoff modeiyj. Done.

River Lavant at Graylingwell river level data. The river stage time-series for
Graylingwell will be supplied to CEH. Done.

Potential evaporation (PE)

Standard daily PE profile. The current standard daily profile used by SourthRegion
overestimates during the summer and underestindatasy the winter compared to the
long-term monthly values of MORECS square 183s ltescommended that, if a daily
profile is needed, the linear interpolation methatich preserves the long-term
monthly and annual MORECS PE totals be used folLtheant and Ems catchments.
Done.

MORECS PE profilefor usein modelling. It is recommended that the historical daily
PE profile is derived using the linear interpolatimethod which preserves the monthly
totals. The 15 minute totals will be derived usihg standard EA diurnal profile. Done.

MOSES PE data sensitivity analysis. A full model sensitivity analysis comparing
MOSES and MORECS PE data is not warranted at tme.tThis is due to the
relatively short record of MOSES data and the latlsignificant flood events since

2005. Done. Future recommendation for a full moskstsitivity analysis comparing
MOSES and MORECS PE data when sufficient recorelsveailable.

MORECS PE data sensitivity analysis. A model sensitivity analysis should be
performed within the project comparing the use istdnical MORECS PE estimates
with using a sine curve formulation and the longr®ORECS PE profile. Done.

Well levels

Chilgrovedata. The time-series ‘245221099.WL.ir.P’ to be obtain@dne.

Compton data. The time-series ‘Compton.WL.Telemetry.60.P’ and
‘245121511.WL.60.P’ to be obtained. Done.

Chilgrove and Compton data. Definitions of the various different time-seriegpplied
are to be obtained. Done.

West Dean Nursery. The time-series ‘WestDeanN.WL.ir.P’ to be obtain@dne.
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Groundwater abstractions

Real-time use of abstraction data. The impact on the modelling of the 2 month delay
in abstraction data being available in WISKI netdbe considered as part of the model
investigation. Mitigating options such as a defalistraction profile or a persistence
assumption also need to be considered. This iseageld under the model sensitivity
analyses of Section 6.2.4.

2. Data quality control
Raingauge data

15 minute raingauge totals. The 15 minute totals generated by CEH from the 4ifre
tip data should be used as opposed to the EA gedel& minute totals. Done.

WISKI. The method used to store and extract 15 minutéstatighin WISKI should be
reviewed in relation to the handling of missingehwif-tip data. Action being addressed
nationally by the Environment Agency.

Tipping bucket raingauge data. The two serious issues identified with the tipping-
bucket records (points 1 and 5) should be investeghy the Environment Agency and
an explanation for their occurrence sought. This haen reported to FMD and an
investigation is ongoing.

Chichester raingauge. Check with Environment Agency regarding Chichest&als on
15 September 2000 (point @his check has been done and thigls have since been
removed from the record at CEH.

WISKI quality flags. The quality control analysis summarised in Tablg &ould be
considered for inclusion within the WISKI qualityad) information where appropriate.

Rainfall input for rainfall-runoff modelling. A consistent time-series of raingauge
rainfall data will be used for rainfall-runoff mdtieg. Gaps and suspect periods in the
Chichester, Walderton and Havant raingauge reasiitibe infilled using the approach
recommended here. Done.

Raingauge network sensitivity analysis. Use of the improved raingauge network will
be considered as part of the model sensitivityyaigl Done.

Well level data

Time-series ChilgrveGW.WL.ir.P: Well level data (m AOD) prior to 01/11/02 should
be reprocessed with the correct datum of 76.88m A®I3 is 30cm lower than the
historical datum used). CEH has reprocessed tha ddernally to support the
modelling work.

Chilgrove RTS data. The EA time-series ‘CHILGROVE RTS mAOD.WL.15.Poetd

in WISKI should be reprocessed from 21 Septemb6i 2ihwards to switch the ‘Dip’
and ‘Well Level' data columns. (Note this doestifieat the proposed calibration and
evaluation periods for the PDM modelling). Done.
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Compton RTSdata. The EA time-series ‘COMPTON RTS.WL.60.0’ stored/iSKI
should have spurious spikes manually removed 2886 July 2007). The period 14:00
01/12/2006 to 13:00 25/09/2007 (inclusive) shouéd tkeated as suspect. Note that
whilst spikes are present in the original seriearkad ‘O’), these have been removed in
the production series (marked ‘P’) so no actioreguired.

Compton RTS data. The Environment Agency time-series
‘Compton.WL.Telemetry.60.P’ should have spuriou&ep manually removed (e.g. 20-
26 July 2007). The Environment Agency has addregsed

River level/flow data

Lavant at Graylingwell. The Environment Agency should review the probleeords
on 16 October 2000, 17 November 2002 and 5 Febr2@®¢4 and take appropriate
action (e.g. add comments to WISKI). The missintada the level and flow records
should also be reviewed and replaced with zero evtiex stream is known to have been
dry.

Ems at Westbourne. The Environment Agency should review their praeté capping
the flow to that at the upper limit of the ratingree and allow the extrapolated rating
curve to be used to estimate flows (with the knolgéethat they are out of range).

3. Strategy for modelling
Model assessment

Model calibration and evaluation periods. A split-sample strategy for model
assessment will be used, employing the five watsary 1991/92 to 1995/96 for
calibration and the eight water years 1996/97 t6320 for independent evaluation.
Done.

Mode assessment. Model assessment will be carried out in simulatimode and
updating-mode. Done.

Model assessment. Visual assessment of modelled and observed hyajpbgrcould be
complemented by performance measures of continuauable (mse R° Efficiency)
and, where appropriate, categorical form (CSI, PGBR). The latter focus on the
success of forecasting the crossing of criticalvflevel thresholds; the relatively small
number of threshold crossings for groundwater-deweith rivers can limit the
usefulness of these statistics for typical recerajths. A limited set of measures will be
used in this study tailored to what is judged ustfumodel assessment purposes. The
ones chosen af Efficiency andrmsealong with visual assessmeBibne

Model conceptualisation

Mode conceptualisation. An aim will be to quantify component processesergh
possible (e.g. pumped abstractions). Catchmentrviatiances and use of additional
data sources (e.g. Costers Brook at Cocking) vellubed to quantify unaccounted for
water transfers. The modelled water balance willubed to help clarify the form of
these transfers. Done.
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Model conceptualisation. Combining the effects of augmentation and abstiadh the
extended PDM needs to be considered as part omthakel application to the Ems
catchment. Done: flow augmentation proved not tanq@rtant to modelling the flood
response of the Ems.

4. Moddl application
Model sensitivity analyses

Raingauge scheme for the Lavant catchment. It is recommended that the Chichester
raingauge be put on telemetry and used in the weamhscheme for the Lavant
catchment using the following weights: Chichest&5tnd Walderton 0.45.

Raingauge scheme for the Ems catchment. It is recommended that the Chilgrove
raingauge be used in the weighting scheme for the Eatchment using the following
weights: Walderton 0.51, Chilgrove 0.36 and Ha\ah8.

Potential evaporation profile. It is recommended that the MORECS long-term ahnua
average profile be used for future forecastingjtas readily available for real-time
application. In unusual years, a tactical reviewtlis recommendation might be
considered. A future trial of MOSES PE, availablenear real-time, should be made
when sufficient records and flood events are tadhan

Annual abstraction profile for PDM modelling. The long-term annual abstraction
profile is recommended to be used in forecastingl abstraction data are received
from the water companies, typically two-months irears of real-time. Further, if there
are significant costs or difficulties in supplyitige daily abstraction data to the NFFS
system then the annual profile can be used witte lior no loss of modelling
performance (but this would need to be reviewethd abstraction regime changed
significantly).

Model performance

Forecast performance and operational implementation. When assessed in forecast-
mode, the potential of the extended PDM model¢herLavant and Ems to forewarn of
rapid rises in river flow has been illustrated. Thienulation- and forecast-mode
performance obtained using the models is suffifyestrong to justify further work
aimed at operational implementation of the extenB&M within the Environment
Agency’s National Flood Forecasting System (NFRS9luding incorporation within
the PDM for PCs software to support model calioraand assessment.

Future assessment of model calibrations. Once the extended PDM has been
incorporated into the PDM for PCs software it willow access to improved calibration
tools (e.g. the ‘zoom and pan’ facility). It is theecommended to reassess the Lavant
and Ems model calibrations and investigate if frthmprovements in model
performance can be achieved with particular focugh® short-term model response
important for flood warning.
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7.3 Conclusionsand theway forward

The study has developed extended PDM models fdrdliant and Ems catchments and
assessed their performance as simulators of diwerdnd for making flood forecasts in
real-time. Conclusions have been drawn on thedmsbination of raingauges to use as
model input in real-time, along with their assoethtweightings. Recommendations
have also been made on the potential evaporatidmbstraction profiles to use in real-
time implementation of the models.

The model performance obtained has led to a recomat®n to the Environment
Agency to progress implementation of the extendedRvithin their National Flood
Forecasting System (NFFS). Three main componentstafe work may be identified
to this end. The first is to develop the researetsion of the extended PDM code, used
here for model calibration and assessment, soithstavailable in the product code
“PDM for PCs” supported by CEH in the NFFS suitenaddels. Second is to develop
the NFFS Module Adapter form of the PDM, used fimetast construction in real-time
within the NFFS, to support the functionality ofettextended PDM. The third
component of work envisaged is application of thieleded PDM to other groundwater
catchments, situated both in Southern and otheonegf the Environment Agency
where flows are affected by groundwater pumpingermmal springs and water transfers
across the catchment divide. This work would inelugberational trials of the models
for these catchments along with those developeel foeithe Lavant and Ems.

Thus the following operational recommendations banset down as a conclusion to
this report.

Recommendations

e PDM for PCs. The extended PDM model, currently in the fornregearch code,
should be incorporated into CEH’'s “PDM for PCs” ¢wot code used by the
Environment Agency for model calibration in NFF$kgations.

e PDM Module Adapter. The extended PDM model should be incorporated int
CEH’s PDM Module Adapter code used by the Environim&gency for forecast
construction in real-time within the NFFS.

e Operational trials. Operational trials of the extended PDM within theER$ should
be carried out for the Lavant and Ems (includingssessment of the model
calibrations using the additional tools of the PVl PCs software) and for further
catchments in Southern and other regions of ther&mwent Agency experiencing
groundwater flooding. The Cam (Anglian) and Gypdegce (North East) are
possible candidates outside Southern Region.
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Appendix A Monthly MORECS and MOSES data

Table A.1 Monthly MORECS and MOSES Potential Evaporation estimates for
grass (C3) over MORECS square 183 using data held at CEH.

Monthly PE % of MOSES
Year | Month\ e e ST SeEs missing
2005 7 90.4 80.003 80.78%
2005 8 89.5 99.844 0.13%
2005 9 62.4 65.062 0.83%
2005 10 37.9 39.907 0.13%
2005 11 16.5 19.557 1.67%
2005 12 7.7 10.387 10.22%
2006 1 10.2 10.819 7.39%
2006 2 15.0 20.105 3.27%
2006 3 31.0 34.176 0.00%
2006 4 47.9 55.689 0.00%
2006 5 68.6 78.603 1.21%
2006 6 93.9 115.972 0.00%
2006 7 116.2 137.186) 0.00%
2006 8 80.1 104.4 0.54%
2006 9 58.7 73.988 0.00%
2006 10 32.7 45,727 0.00%
2006 11 15.2 25.887 0.00%
2006 12 11.2 20.717 2.02%
2007 1 15.9 27.044 0.00%
2007 2 10.9 23.413 0.15%
2007 3 39.0 48.996 0.00%
2007 4 69.8 81.727 2.64%
2007 5 81.6 88.053 0.27%
2007 6 79.8 98.667 0.97%
2007 7 86.0 104.204 0.27%
2007 8 81.7 96.259 18.41%
2007 9 554 70.594 9.17%
2007 10 25.1 32.383 11.96%
2007 11 13.9 20.629 8.06%
2007 12 11.8 17.399 0.00%
2008 1 13.6 19.279 3.49%
2008 2 16.0 23.4 2.44%
2008 3 37.9 52.049 0.40%
2008 4 52.2 64.281 1.39%
2008 5 92.5 106.261 11.42%
2008 6 92.7 110.971 0.56%
2008 7 85.2 115.786 2.82%
2008 8 71.8 88.855 1.88%

102 Appendix A: Monthly MORECS and MOSES data



Appendix B Raingauge data analysis supplementary
infor mation

Table B.1 Summary of raingauge data files contained on the CD provided by the
EA dated 11/09/2008.

File name Contents

raingaugd BRP.all Time-of-tip data

All time-of-tip data files had the same format epic€hichester which
was slightly different.

The tip size was 0.2mm for all raingauges.

The temporal resolution of the time-of-tip data myeed during the
records. The following resolutions were found:

Data recorded as minute totals so could be monme ¢ha tip per record.
The date stamp is assumed to be the end of thadterinterval.
Data recorded at intervals 2 or 4 second past timaten (i.e. no odd
seconds).

Data recorded at intervals of 10 seconds past thatenso occasionall
there is more than one tip per record.

Data recorded by the second so should be one ttigeperd.

Starts of missing periods are identified by a valisdd of --- and a
quality flag of M.

raingaugdBR15.all 15 minute totals

All files had the same format except for Dunctonickhwas slightly
different.

The 15 minute totals are assumed to have been ébfrom the time-of-
tip record. The date stamp is assumed to be theoéikde 15 minute
interval.

Missing records are denoted by a value field ofand a quality flag o
M.

raingaugdBRD.all Daily totals.
All files have the same format.

These are assumed to have been formed from theofitig record with
the date stamp at the start of the 24 hour peti@®:@0 GMT.

Missing records are denoted by a value field ofand a quality flag o
M.
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Table B.2 Difference between CEH 15 minute totals calculated from the time-of-tip
record and the 15 minutetotals provided by the EA.

Raingauge Time-of-tip record Period of 15 minute | 15 minute total
accumulations
CEH EA
Chichester | 29/06/1999 12:07:40 0.40 G 1999,06,30,12,00 3.2 Missing
30/06/1999 12:00:00 3.20 G 1999,06,30,12,15 to
01/07/1999  17:07:40 -- M 1999 ,07,01,17,00 0.0 Missing
03/07/1999 17:07:40 . G 1999.07,01,17,30 to
1999,07,03,17,00 Missing | 0.0
31/12/2000 23:23:04 0.20 G 2001,01,01,00,15 0.0 0.2
01/01/2001 01:39:48 0.20 G
30/04/2003 04:27:20 0.20 G 2003,05,01,05,15 0.2 0.4
01/05/2003 05:13:00 0.20 G
01/05/2003 07:10:30 0.20 G
30/12/2004 00:11:52 0.20 G 2004,01,01,00,15 0.0 0.2
01/01/2005 15:12:28 0.20 G
09/12/2007 01:13:15 0.20 G 2007,12,09,01,45 0.6 Missing
09/12/2007 01:43:10 0.20 G 2007,12,09,02,00 to Missing | 0.0
09/12/2007 01:43:29 0.20 G 2007,12,12,01,00
09/12/2007 01:44:05 0.20 G
09/12/2007 01:44:06 --- M
12/12/2007 01:01:04 . U
Chilgrove 29/12/2003 16:48:40,0.20, G,., | 2003,12,29,17,15t0 | 0.0 Missing
01/01/2004 01:01:50,0.20, G,., | 2004,01,01,01,00
27/03/2004 06:51:20,0.20, G,., | 2004,03,30,10,45 0.4 0.2
30/03/2004 10:32:10,0.20, G,., 2004,04,01,19,15 1.6 1.4
30/03/2004 10:32:11,0.20, G Ed|.,
01/04/2004 19:00:39,0.20, G Ed|.,
01/04/2004 19:00:40,0.20, G,.,
01/04/2004 19:03:50,0.20, G,.,
01/04/2004 19:04:40,0.20, G,.,
01/04/2004 19:07:00,0.20, G,.,
01/04/2004 19:12:00,0.20, G,.,
01/04/2004 19:13:00,0.20, G,.,
01/04/2004 19:14:00,0.20, G,.,
01/04/2004 19:21:40,0.20, G,.,
30/04/2004 12:08:40,0.20, G,., | 2004,04,30,12,45 0.4 0.2
30/04/2004 12:30:50,0.20, G,., 2004,05,03,10,45 0.4 0.2
30/04/2004 12:30:51,0.20, G Ed|.,
03/05/2004 10:37:59,0.20, G Ed|.,
03/05/2004 10:38:00,0.20, G,.,
03/05/2004 11:05:40,0.20, G,.,
Duncton N/A CEH and EA 15 minute totals agreed
Fishbourne 09/12/2007 01:44:30,0.20, G,.,| 2007,12,09,02,00 0.2 Missing
09/12/2007 01:49:38,0.20, G,., 2007,12,09,02,15 to Missing | 0.0
09/12/2007 01:49:39,---, M,---, 2007,12,20,01,00
20/12/2007 01:01:47,., G,.,
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Havant 30/05/1995 20:21:00,0.20, G,., | 1995,05,30,20,45,to0 | 0.0 Missing
01/06/1995 09:05:00,---, M,---, 1995,06,01,09,00,

11/07/1995 09:00:00,., G.., 1995,06,01,09,30, to | Missing | 0.0
1995,07,11,08,45

10/02/1997 09:00:00,1.20, S,., | 1997,02,10,09,30,to | Missing 0.0

10/02/1997 09:05:00,---, M,---, 1997,02,11,08,45,

11/02/1997 09:00:00,., G,.,

05/12/2000 17:37:20,0.20, G,., | 2000,12,05,18,00,t0 | 0.0 Missing

06/12/2000 10:58:00,---, M,---, 2000,12,06,10,45,

25/01/2001 19:00:32,0.20, G,., 2000.12,06,11,15, Missing | 0.0
2001,01,25,19,00,

11/02/2005 20:56:49,0.20, G,., | 2005,02,11,21,15,to | 0.0 Missing

12/02/2005 04:43:40,---, M,---, 2005,02,12,04,30,

10/03/2005 21:51:01,0.20, G,., 2005,02,12,05,00, to | Missing | 0.0
2005,03,10,21,45,

Walderton 13/01/1998 23:22:00,0.20, G,., | 1998,01,14,00,45 0.2 Missing
14;01;1998 00:44:00,0.20, G.., | 1998,01,14,01,00 Missing | Missing
églgéliggg 22;23:88""&3'\”’"" 1998,01,14,01,15t0 | Missing | 0.0

R 1998,02,03,14,15
28/10/2007 19:20:16,0.20, G,., | 2007,10,29,00,45 0.2 Missing
29/10/2007 00:43:57,0.20, G,., 2007,10,29,01,00 to Missing | 0.0
29/10/2007 00:43:58,---, M,---, 2007,11,03,00,45
03/11/2007 00:45:04,., G,.,
13/11/2007 00:35:44,0.20, G,., | 2007,11,13,01,45 0.4 Missing
13/11/2007 01:40:57,0.20, G,., 2007,11,13,02,00 to Missing 0.0
13/11/2007 01:41:28,0.20, G,., 2007,11,15,00,45
13/11/2007 01:41:29,---, M,---,
15/11/2007 00:54:35,., G,.,
09/12/2007 01:44:02,0.20, G,., | 2007,12,10,01,15 0.2 Missing
10/12/2007 01:12:39,0.20, G,., 2007,12,10,01,30 to Missing | 0.0

10/12/2007 01:12:40,---, M,---,
19/12/2007 00:59:42,., G, .,

2007,12,19,00,45
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Table B.3 Summary of raingauge data quality control.

Raingauge

Period in file

Comment

Chichester

14/09/1994 00:45:00 0.20 to
08/10/1994 15:06:00 0.20

13/11/1995 02:17:00 0.20 to
01/12/1995 05:36:00 0.20

01/12/1995 05:36:00 0.20
04/01/1996 15:41:00 0.20

05/11/1996 00:01:00 0.20
11/01/1997 11:02:00 0.20

11/01/1997 11:02:00 0.20 to
17/02/1997 17:41:00 0.20

17/02/1997 18:43:16 0.20 to
04/07/1997 08:16:32 0.20

01/05/1998 12:02:05 0.20
24/06/1998 09:07:08 0.20

27/06/1999 12:00:00 2.20 G
28/06/1999 17:07:40 14.60 GEd
29/06/1999 12:07:40 0.40 G
30/06/1999 12:00:00 3.20 G

19/05/2000 09:17:40 0.20
27/05/2000 15:24:36 0.20

13/08/2000 20:21:44 0.20
28/08/2000 11:27:20 0.20

15/09/2000

07/01/2001 06:18:12 0.20 S
03/02/2001 03:47:04 0.20 S

11/10/2001 12:37:55 . G
17/10/2001 23:25:00 0.20 G

05/12/2001 15:56:58 . G
09/12/2001 09:25:20 0.20 S
09/01/2002 19:44:30 0.20 G

20/05/2002 19:20:50 0.20 G
22/05/2002 15:36:50 0.20 G

22/10/2002 04:45:00 0.20 G to
29/11/2002 15:28:00 0.20 G

22/09/2003 14:52:10 0.20 G
11/01/2004 03:00:00,., U

10/09/2004 00:36:53 0.20 G to
24/12/2004 13:21:52 0.20 G

24/10/2005 18:04:41 0.20 G to
31/12/2005 04:08:28 0.20 G

08/11/2007 01:40:05 . G to
27/06/2008 02:04:30 0.20 G

Suspect. Raingauge appears to be blocked, treaisasg
for modelling. Use Walderton.

Suspect. Does not agree with daily raingauge record
Walderton. Treat as missing.

Suspect. No data for this period but 70mm+ at Wadde
and rain at daily gauges. Treat as missing.

Treat as missing. No rain for 2 months but raidaily
gauges. Note Walderton missing for the same period.
Suspect. Chichester and Walderton time-of-tip rés@re
identical for this period. Daily gauges suggestcfibster
data.

Suspect. Chichester and Walderton 15 minute tatals
almost identical for this period.

Suspect. Only 5 tip values during this period ahdra over
0.2mm. Treat as missing.

Suspect sequence of tip values. Look like validydatals.
Record is missing afterwards.

Suspect. Appears blocked and much less rain thar ot
sites (including daily gauges). Treat as missing.

Appears to have a blockage. Cumulative totals neaghb

Chichester had 70-80mm less rainfall than Waldeatch
Chilgrove. Checked daily data with EA and treated a
missing.

Treat as missing. No data for this period which i
Fishbourne + daily gauges. Suspect in EA notes.

Suspect. Appears to be missing for this periodn€des
with a value of “.” - does this mean missing?
Suspect. Treat as missing. Rain at Fishbournely dai
gauges. Suspect in EA notes.

Appears to have a blockage. Cumulative totals neagib

Suspect. Raingauge is blocked. Cumulative totals bea
ok. Suspect in EA notes.

Suspect. Raingauge is blocked. Cumulative totals mea
ok.

15 minute totals suspect. Daily totals appear dkabu

recorded during a small window of time (typically © 02
hours) that doesn't tie in with radar.

Suspect raingauge is blocked. Cumulative totals peagk.

15 minute totals suspect. Daily totals appear dikabu
recorded during a small window of time (typical@ © 02
hours) that doesn't tie in with radar.
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Chilgrove 04/09/2001 04:15:02,0.20, G No data for this period but rain elsewhere ancifaty
11/09/2001 09:00:00,---, M gauges (CEH). Treat as missing.
29/05/2002 Suspect values all > 0.2mm including 15.4mm. No i
other gauges, assume incorrect and missing.
20/11/2003 01:10:00,0.20, G to | Raingauge is blocked. Cumulative totals maybe ld&ted
27/11/2003 13:30:10,0.20, G Ed | in EA comments.
25/09/2004 01:15:42,., G,to 15 minute totals suspect. Daily totals appear dikabu
02/11/2004 01:27:13,., G recorded during a small window of time (typical © 02
hours) that doesn't tie in with radar.
21/08/2006 07:23:49,0.20, G to | Suspect. Raingauge blocked. Also noted in EA contsnen
03/10/2006 06:15:54,0.20, G
11/10/2007 13:04:28,0.20, Gto | Suspect. Records 22.0mm ori"Mhen no little or no rain
17/10/2007 05:02:25,0.20, G (radar + other rgs). Under-records on 18/17
Duncton 07/08/2002 30.6mm in 1.5 hours. No rain at other stationsrsgje
gauge and radar suggest this was due to an isahteder.
No action required.
25/03/2003 13:15:20,0.20, G Suspect recording rain when dry. Treat as mis$dogsn’t
31/05/2003 10:53:10,0.20, G agree with storage gauges (CEH) or radar. The Bnrient
Agency believe that May 2003 was mistakenly entaed
April 2003 — FMD have been informed.
29/10/2003 22:39:40,0.20, G Suspect. Treat as missing. No data for this pdrigdain at
09/11/2003 11:17:20,0.20, G others and on radar/daily gauges (CEH).
29/11/2003 06:52:10,0.20, Gto | Suspect Duncton over-recording rain during thisqaer
01/12/2003 22:36:00,0.20, G Compared to daily (CEH), radar and other rgs.
01/12/2003 22:36:00,0.20, G to Only a few tips recorded by Duncton but rain atydai
15/01/2004 14:56:00,0.20, G gauges and radar so treat as missing.
25/08/2004 04:03:11,., G Ed Suspect, treat as missing. No data recorded feiptniod
10/09/2004 22:17:43,., G but rain on radar and other rgs.
25/10/2005 09:17:05,0.20, G to | Suspect raingauge is blocked. Cumulative totals logagk.
03/11/2005 14:52:30,0.20, G
30/11/2005 18:00:51,., G to Suspect raingauge is blocked. Cumulative totals peagk.
30/03/2006 18:51:10,0.20, G (EA comment says blocked in Mar 2006).
Fishbourne 06/11/2002 03:00:50,0.20, G to | Suspect. Raingauge is blocked. Cumulative totalg lmea

20/11/2002 07:17:30,0.20, G

30/10/2003 12:01:40,0.20, G to
27/11/2003 10:42:50,0.20, G

22/06/2004 16:01:30,0.20, G
07/07/2004 14:30:48,0.20, G

06/10/2004 09:10:34,0.20, G
04/11/2004 10:16:15,0.20, G

19/05/2005 07:02:42,0.20, S to
25/05/2005 20:06:58,0.20, S

01/05/2006 07:47:28,0.20, S
24/05/2006 17:44:55,0.20, G

08/11/2007 01:36:59,0.20, G
27/06/2008 00:54:56,0.20, G

ok.

Suspect. Raingauge is blocked. Cumulative totals mea
ok.

Suspect. Raingauge is blocked. Cumulative totals bea
ok.

15 minute totals suspect. Daily totals appear dikabu
recorded during a small window of time (typical@ © 02
hours) that doesn't tie in with radar.

Suspect raingauge is blocked. Also noted by EAraeu
recording (6/4/05-1/5/06). Treat as missing.

No data for this period but rain elsewhere andadyd
(CEH) and radar. Also noted by EA as under recagrdin
(6/4/05-1/5/06). Treat as missing.

15 minute totals suspect. Daily totals appear dikabu
recorded during a small window of time (typical@ © 02
hours) that doesn't tie in with radar.
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Havant

11/08/1991 01:20:00,0.20, G,
27/08/1991 13:45:00,0.20, G
24/09/1991 15:00:00,0.20, G

28/09/1991 04:04:00,0.20, G to
29/09/1991 05:37:00,0.20, G

04/01/1992 02:21:00,0.20, G to
02/03/1992 22:11:00,0.20, G

25/08/1992 04:40:00,0.20, G to
01/09/1992 15:35:00,0.20, G

05/02/1997 09:00:00,14.60, S to
11/02/1997 09:00:00,., G

17/02/1997 12:48:04,0.20, G to
19/02/1997 14:11:30,0.20, G

17/08/1999 19:05:04,0.20, G to
08/09/1999 07:48:48,0.20, G

20/05/2000 21:54:48,0.20, G to
21/05/2000 17:12:04,0.20, G

09/07/2000 21:46:40,0.20, G to
08/08/2000 08:15:52,0.20, G

05/07/2004 04:52:33,0.20, G to
17/07/2004 10:08:38,0.20, G

Only one tip recorded for over a month but rain22208
and 14-16/09 at daily gauges (CEH). Treat as ngssid
use Walderton.

Suspect. Heavy rain at daily gauges (CEH). Treatiasing
and use Walderton.

Suspect blocked. Daily totals look ok.

No rain recorded for a week but rain at daily gau@eEH).
Treat as missing and use Walderton.

Suspect. Daily totals may have been used. Susp&d i
notes too. Use Chichester (Walderton not available)

Suspect blocked. Daily totals may be ok.

No rain recorded but rain at daily gauges (CEHgat as
missing and use Walderton.

Suspect blocked. Daily totals may be ok.

Suspect. No rain recorded but some rain at daiggs
(CEH). Treat as missing and use Walderton.

Suspect. No rain recorded but rain 07/07 at dailyogs
(CEH) and at Walderton. EA notes RTS data being.use
Treat as missing and use Walderton.
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Walderton

26/11/1991 08:41:00,0.20, G
04/01/1992 02:04:00,0.20, G
19/10/1992 07:28:00,0.20, G
09/07/1993 12:03:00,0.20, G

18/12/1994 07:56:00,0.20, G to
30/12/1994 04:00:00,0.20, G

10/02/1995 03:02:00,0.20, G to
16/02/1995 15:37:00,0.20, G

04/06/1995 11:39:00,0.20, G
23/08/1995 14:55:00,0.20, G
04/11/1996 13:20:00,0.20, G
11/01/1997 11:02:00,0.20, G
11/01/1997 11:02:00,0.20, G to
17/02/1997 17:41:00,0.20, G
17/02/1997 18:43:00,0.20, G to
04/07/1997 08:16:00,0.20, G
04/07/1997 08:16:00,0.20, G
18/11/1997 15:44:00,0.20, G
04/01/1999 07:07:01,0.20, G
21/03/1999 07:54:04,0.20, G

04/01/2001 11:12:57,0.20, G to
13/02/2001 03:36:52,0.20, G

31/07/2003 09:11:00,0.20, G to
04/09/2003 10:27:00,0.20, G

06/10/2004 13:24:24,0.20, G
04/11/2004 08:00:00,0.20, G

10/03/2005 14:09:59,0.20, G to
10/03/2005 15:30:15,0.20, G
03/11/2007 00:45:04,., G to
30/05/2008 00:32:56,0.20, G

08/02/2008 00:37:32,., G
16/04/2008 01:10:43,0.20, G

No rain recorded for over a month but rain at Cesthr 14-
20/12 + daily gauges. Treat as missing.

Walderton should be treated as missing betweee ttates.

Walderton appears to be blocked. Treat as missidgiae
Chichester.

Walderton appears to be blocked. Treat as missidgiae
Chichester.

No rain for ~2 months, whilst rain at Chichested aaily
gauges (CEH). Treat as missing.

Treat as missing. No rain for 2 months but raidaily
gauges. Note Chichester missing for the same period

Suspect. Chichester and Walderton time-of-tip rés@re
identical for this period.

Suspect. Chichester and Walderton 15 minute tatals
almost identical for this period.

Walderton should be treated as missing betweee ttates.
Walderton should be treated as missing betweee tihates.
Suspect blocked. Treat as missing.

Suspect not recording. Only one tip in this periden
should have rain on 28-29/08. Treat as missing.

15 minute totals suspect. Daily totals appear dikabu
recorded during a small window of time (typical © 02
hours) that doesn't tie in with radar.

Suspect, treat as missing. Recorded 14.4mm in thr20
when little rain on radar or at other rgs.

15 minute totals suspect. Daily totals appear dkabu
recorded during a small window of time (typically © 02
hours) that doesn't tie in with radar.

Suspect under-recording. EA note indicate vandafisnng
this period.
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