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SUMMARY

The feasibility and success of a flood warning

scheme depend on many factors. of which data
acquisition and procedures for disseminating

warnings are particularly important. Although the
review examines these topics in some detail, the core
of the material presented rofers t> the application

of flood routing and rainfall/runoff models to rloovd
forecasting. The continued use is recorded of simple
correlation techniques for £lood routing. The report
describes the Muskingum family of £lood routing

methods and explains the particular merits of the
mmt v Fuskingun-CUnTe +echnique. Rainfall/

 wyvariabie LDaldees

runoff methods are reviewed under Four headdhzls

unit hydrograph techniques ., nonlineaxr storage methods,
transfer function methods, and conceptual models.
Nonlinear storage models are seen to be well suited for
£lood forecasting; they are relatively gsimple in
gtructure, not too difficult to calibrate, and can be
readily implemented. The transfer function approach is
explained in simple language and its particular
attributes for rawl time forecasting compared to those of
the more familiz unit hydrograph approach. The review
considers in detalil the problem of how best to corzrect
flood forecasts by refererce to telematered £flow
measurements. Three methods are distinguished:s error
predlction, state-updatind, and parameter-up—ﬂating.
other topics reviewed include the role of weathex

radar, the particular obstacles faced in #lood warning on
rapidly responding catchments, and general guidance in
matching a forecasting technigve to a particular
catchment. The report cites more than 120 refexrences.
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"pime present and time past
Are both perhaps present in time future,
And time future contained in time past"

T S Eliot




1. INRTROPUCTION

1.1 A distinction between flood forecasting and flood warning

This report ie concerned with both flood forecasting and flood warning.
Flood forecasting can be defined as "the prediction of stage, discharge, time of
occurrence, and duration of a flood = especially of peak discharge at a specified
point on a stream -~ resulting frow precipitation and/or snowmels". This lengthy
definition 18 takern from an international glossary cf hydrology *. The same
source definea flood warning as the provision of “"advance notice that a flood may
occur in the nesr future at a certain station or in a certain river basin”.
Although not beyond criticism, these definitions serve to distinguish the specific
task of calculating a forecast (flood forecasting) from the broader actlvities
that underlie the provision of a flood warning. Thus, for example, we speak of a

flood forecasting model but a flood warning scheme.

1.2 Background to review

Interest in flood forecasting methods has developed apace in the decade gince
the formation of regional water authorities in England and Wales. The period has
geen the widespread introduction of sophisticated data gathering systems — some
dedicated to flood warning, others wulti-purpose - and an increasing awareness
that flood warning and flood alleviation ara complementary activities. In the
same peviod, studies of flood forecasting methods have been carried out in
wnive:aities and research institutes, with the University of Birmingham, the Water
Research Centre (WRC), and the Institute of Hydrology (IH) to the fore.

Cnmpletion of the Flood Studies Report in 1975 saw a widening of IH applied
research activity to examine problems other then design flood estimation, notably
low f£low estimation and real time flow forecasting. A par&icular milestone was
the Dee Weather Radar and Hydrolopical Forecasting Project™, in which the
Institute coliaborated ia the developmeant and colibretion of 2 comnrehencive flow
forecasting model of the (Welsh) Dee and implemented the overall forecasting
method on a real time minicompuier. Research has sincg been directed at the
development of time serieg methods of flow forecasting™ (under WRC funding) and at
water quality forecasting (with EEC and water authority support). Further IH
work or. real time flow forecasting is funded by a Ministry of Agriculture,
Fisheries and Food (MAFF) research commission and it is under these auspices that

a review of British flood forecasting practice has been undertaken.

1.3 Purpose of review

The report has been written for the hydrologist and the engineer who have a
strong intereést in flood forecasting practice. The review has three main aims:

* to report existing flood forecasting practice in Great Britain
* to identify areas in which greater use could be wade of
hydrological modelling techniques
* to consider what generalizatione can be drawn from the diversity of flood

forecasting experience.

The second aim 1s designed to bridge the -
As wall as providing advice on the choice

flood warning problem, it is heped that “he
the particulaz:

The first aim is self-explanatory.
. 4p between regearch and appiication.
o. forecagting method t< suit a glven
report will increase the awareness of hydrological modellexa to

. heome

references which are listed at the end of ile report.

#* Numbers denote




requirements of operational flood warning. The third objective 1is to find some
common chreads fn the wealth of flood warning system developments of recent years.

1.4 Scope of report

Flood forecasting 1s a diverse topic, even within British conditions. No two
flood warning problems are precisely the same and there are numerous ways in which
hydrological models can be used to augment warnings based on "experience”.

The feasibH 1ity and success of a flood warning scheme depend on many factors,
notably data acquisition and operational procedures. The veport considers these
and other topics in some detail, but the heart of the material presented refers to
the applicationr of flood routing and rainfall /runoff models to flood forecasting.
Special mention 1s made of the valuve of weather radar to flood forecasters, of the
ways in which £ 1 ood forecasts can be corrected by reference to telemetered flow
measurements, arrd of the particular problems of effective flood warning on rapidly
responding catchuents.

1.5 Previous reviews

The only recept review of British flood forecasting methods appears to be
that of Farnswoxrth’. This stemmed from a 2-day symposium of water industry
delegates on riwer flood forecasting and warning, held at the PAydraulics Research
Station in March 1978. The report provides a brief summary of flood warning
gystems in use 2and developments foreseen. A broadly similar colloquium was held
at Medmenham i June 1980 under the zusplices of the Water Research Centre and the
Institute of Hydrology. The meeting allowed a further useful interchange of
experiences and 1deas on flood forecasting, and the material presented there has
provided one of the many building blocks of this report.

Earlier rewviews of flood warning methgds include a seminar paper by Ha11® in
1975 end a K == nort to WHO/UNESCO fm 1973°. Discussions and papers on flood
varning have been a feature of gsuccessive River Engineers' Conferences held at
Cranfield and a xranged by MAFF.

The World Meteorological Organization has recently published a summary of
flash flood forecasting techniques and warning systeus. The report” is largely
baged on practice and research in the USA but an annex clceasifies neneral
preferences in 435 member countriesr.

2, FLOOD WARNING SYSTEMS ~ SOME GENERAL REMARKS

2.1 A permissiwe power

Under powerxr s consolidated by the 1976 Land Drainage Act, the ten Regional
Water Authoritfega and the Creater London Council are permitted to provide and
operate flood waxning schemes in Fngland and Wales, This is a permissive power
rather than & dzaty. The manner in which these authorities provide flood warnings
is not directly xegulated, although MAFF guides such practice in various ways,
notably by grant—aiding approved schemes. pifferent arrangements apply in
Scotland and in Northern Ireland but these are again characterized by a permissive

pover to provide flood warnings.
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Following a_conference held to discuss flood warning after widespread
flooding in 19689, MAFF clarified separate roles for the (then) river authorities
and the police. Although local circumstances and the evolution of flood warning
systems have led to some blurring of the diviston of responsibility, it is still
largely the police who disseminate flood warnings in Britain. Some reference 18
made in Sections 2.2 and 5.7 to the need for, and format of, agreed action by the

police. However, for a comprehensive examination of flood warning dissemination,
the reader 1s referred to recent work by the Flood Hazard Research Centre at

Middlesex Polytechnic™ .

2.2 Benefits of flood warniog

Cost/benefit analyses of flood warning scq?mig are likely to be much less
precise than those for flood alleviation works . The essential difficulty in
establishing the value of a flood warning is that the benefit derives only from
action taken (or deferred) as_a result of the warning. For example, if we
consider the flooding of residential property: how many householders will receive
the waraine in anfficient time to act? What proportion will respond effectively?
And what value will their actions have? These factors depend on the overall
effectiveness of the flood warring system: on the quality of the flood forecast
itself, on how well the warning 18 communicated, and on the level at which public
awareness of flood risk 1s maintained. Considerations such as these demonstrate
that calculating the flood forecast is only part of a flood warning system. (See
Chapter 5 for & discussion of procedural aspects of flood warning.)

Flood warning benefits can accrue in three main ways: through the removal of
{tems from the risk area, by lessening the impact of flooding, or by controliing

the flood itself. For example:

Evacuation of:

* snople and livestock
* crops (by premature harvesting)
* gensitive and/or easily removed items (eg. cars, electrical 2g9uipment,

furnishings, manufactured goods).

Amelioration through:

* temporary flood-proofing (eg. sandbags, blankets, adhesive tape)
* opportune maintenance (clearing obstructions from screens, culverts,

watercourses etc.)
* early alerting cf emergency services
* orderly disvuption of communications (especially road diversions)
* guspension of sensitive works (eg. sewer repairs).

Control by:

* adjusting reservoir discharges (to permit flood attenuation where possible)
* empty{ng storm tanks and balancing ponds prior to arrival of the flood.

The above';iat 13 by no means complete. The introduction of a new flood warning
gcheme may reduce the manpower needed tc¢ monitor developinrg floods and/or allow
more effective deployment of staff and resources in combatting a flood. Less
tangible benefits may also arise: for example, following serious flooding of &
particular locality, the provision of a flood warning scheme may be an expediert
compromise between taking no action and proceeding with flood alleviation WOLKS .




The benefits of flood forecasting neve been studied in detail by Chatterton,
PMrt and Wm:nfl1 of Severn-Trent WA. Their work draws attention to the close link
petveen warning time and damage reduction. They demonstrate the need to Integrate
penef4te over a range of return periods, from moderate to extreme flooding. 1In
arrlvdng at estiuites of the average annual benefit, they assume an imperfect
response to warnings but a near perfect flood warning system. To be any more
reaslistic would require a thorough uncertainty analysis, not least of the

forecasts themselves. .

Potential benefits of a national network of weather radars and improved
shert—period rainfall forecasts werc reported by a joint CWPU/WRC/Met.Office study
in 1978. The report” includes an attempt lgo quantify benefits attainable through
gse £ flood warning. A more recent study = has confirmed that the major benefit
of 8 mational network of radars lies in improved flood warning. The potential
valiue of both weather radar and quantitative preci%tation forecasting (QPF) has

3110 Deen examined in Lie Sulil neosil hduail P:o;i:,:t e Mooh 0113 Jamand an the

succags of the Met. Office's FRONTIERS project”  for QPF as it moves from the
development stage to operational deployment in the next few years.

Not only are the benefits difficult to assess; it may also be difficult to
estimate the costs of developing forecasting methods and of operating and
paintaining the overall flood warning system. Only the hardware coets are likely
to be known with recsonadle cortainty. It must indeed be difficuvlt to present a
coplete cost/benefii analysin for a flood warning scheme.

2.3 Criterie for flood forecssts to be useful

The three watchwords in flood forecasting are accuracy, reliabllity and
tizeliness.

Accuracy 18 clearly important if the forecast is to form the basis of
gpee £1c flood alerts. If the forecast of peak river level is sub.tantially in
error then a false alarm may be raised or, worse, the syatem may falil to warn. In
contrast to £lood estimation for engineering design - where a poor answer is
pettexr than noné - in flood warning it may be preferable not to issue forecasts
than to do so using an inaccurate model. 1In such cases, a guitable compromise may
be to monitor ~he river closely, with alert levels set conservatively low. (See

Section 2.4).

Reliatility of a flood warning system 18 primarily concerned with
{nstrumentation, telemetry and prccedural watters. But, however wall designed
these aspects are, it is inevitable that the forecasting model will have to live
through periods of outstation malfunction. It 1g therefore decirable that the
forecasting method should reliably cope with imperfect or miseing data: by
valldation checks, appropriate default values, and "glimmed-down"” models.

Accargey and reliability are fairly obvious requirements; accuracy suggests
v need a "good” model, rellability hints that eimplicity and robustness may be
important. But the requirement that gives flood forecasting a flavour (and

linguage!) of 1ts own is timeliness.

T£ warninze are igssued consistently late then the system is likely to be of
j{ttle valoe, irrespective of the accuracy of modelling. A balance has to be
strick between issuing a timely but potentially inaccurate forecast (based on
partisal data for the event) and the more cautious approach of compiling a good
"pleture of the event before issuing an eccurate but uselzaricorecast (because it
lesvems insufficient time for dissemination of the waming‘:_iﬁd 2ffective action by

recipients).
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In British conditions (le. relatively short, rapidly responding river
systems) the response time of the catchment often imprses an upper linit on the
lead time* that can realistically be provided. Anything from 3 to 6 hours is
gene{glly uvseful, with limited berefits accruing from shorter warning times
also’’. There is optimism thatz, within 2 few years, weather vadsr and satellite
data will enable the Met. Office to produce reaeo?gbly accurate quantitative
precipitation forecasts (QPF) up to © hours ahead "'« Such forecasts would greatly
extend the scope for rainfall/runcff model htased flood forecasts on rapidly

responding catchments.

2.4 TFlood monitoring

1= 18, of course, possible to give flood warnings without wrecourse to a
forec.ating model. In essence fthe procedur2 18 to monitor the river system at a
reference site and to issue a flood warning when the level reaches a predeternined
threchold. By setting the alert level low enough it is posslble to provide
adequate periods of warning, especlaily on sBiuwly iebpuiniiug cabclments . Mouwows-
an inherent difficulty with the monitoring arproach is the tendency to give a
large proportion of false warnings and this in itself may discredit the warning
system., The setting of alert levels 1s discussed further in Section 5.10.

The value of f£lood monitoring us a means of short-period £ 1lcod warning should
not, however, be underestimated. Coupled wit- an efficient data gathering and
display system, monitoring of river level at, or upst-eam of, the risk 2Tea is an
extremely valuable aid to etfective fivos waruing. a4 resoivces allow, zon element
of flood forecasting can be introduced te provide more accurate and/or longer

warnings.

2,5 Co-pohentu of' a flood warning systen

1'lood warning £ystems can usefully be «vir-.. ered ia threo pertet dnformetion

gathering, information appraianl, and action. This report is primerily concerned
with the information appraisal component of the nystem - giving a review of
British flood forecasting methods. Buvt it is hoped that sufficient vill ope said -
of data acquisition and procedural sepects to ensure that requirenents of the '
overall flood warning scheme are kept in mind when considering refinements in

flood forecasting m2thods.

3. DATA ACQUISLTYON

3.1 Relevant variesbles

The variables primarily of interest 1r flocd warning are river level, river
flow and rainfall. Tide measurements may de iaportani vhere tidal influences are
marked. Advanced methodec of flood forecasting may additionally require climate
data, soil moisture measurements, and observations of inowpack characteristics.
Many factors influence the range of variables monitor~i, rot least modelling

philosophy and outstation costs.

%  *lead time" is one of several terms Zetined in the glossary at the end
-of the reporte.
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3.2 Instrumentation

A wide range of instrumentation 18 available and used in Britain. The
biggest single choice is in the measurement of river level, there being many types
of float, pressure and dipper sensors. 1§°‘P§ use 18 also made of ultrasonic and
electromagnetic methods of flow gauging™™ “~.

The type of raingauge most suited to real time wuse is the tipping bucket,
which counts unit depths of rainfall., The most commonly used incremeat 1is 0.5 mm
but, vhere more detailed definition of the temporal distributicn of rainfall is
required, & 0.2 mm or 0.] mm bucket is employed. If data are logged at
half-hourly intervals, a 0.5 mm tipping bucket will define the average rainfall
intensity 1in each interval with an absolute error up to ! m/hr. (The dynamizco'
calibration of 0.1 mm tipping bucket gaugee is considered by Calder and Kidd“'.)
Some use 418 made of daily raingauges where observers are on hand to relay
informat1on; but a daily date iaterval is generally too coarse for all but the

nogt slowly responding British rivers.

Several types of climate station are available, some of which allow remote
interrogation in real time. Put simply, these measure rainfall, temperzture,
humidity, radiation and wind speed and direction. Air temperature data can be
useful for estimating snowmelt rates while wind data can provide a guide to
estimating wave surcharging in wide estuaries. Bowever, the principal application
of climate station dats is to carry out a Penman calculation of potential

evaporation and/or some simple budget of soil moisture.

An alternative or gupplement to soil moisture calculations based on
potential evaporation estimates 18 to monitor soil moisture directly by
neutron probe or tensiometer’. The neutron probe is used by se=veral
authorities, notably AWA Lincolusi lre Rlver Uivisliou, U0 @sstss sall
moisture periodically; a weekly interval between measurements 1s typlcal.
Whereas attempts to develop an automatic version of the neutron probe hava
been generally unsucecessful , autglfatic pressure transducer tensiometers

have potential for real time use™ .

Another instrument development particularly relevant to flood warning systems
in Scotland and Nortngast Pngland 18 an automatic weather station designed for
subarctic conditions““, Developed through field trials on Cairngorm the station
can provide data icr snovpack modelling studies. Severn-Trent WA has recently
opted to Zmnstall heetess to ensure that telemetering raingauges always report
pracipitat-toii. The forecasting of smowtelt is taken particularly serlously by
Northumbri an WA whn hgye a network Gf snow observers equipped to take depth and

dengit: measurenents®’,

Perhaps the most exciting devs}’opr’nqnf: in ingtrumentation 18 weather radar.
Although by no means a new zoncept™ ', gxperience has onlv recently progressed to a
fully automatic weather radar station?’. Sited at Hameldon f11ll in North West
Ergland, this 1s seen by many as the first of a nfgwork of pprpose-built weather
radars cowvering most of England and wuch of Wales ~+« (A second of this new
generation of radarc is scheduled to become operational in 198%-: the Loadon

- % Neutron probes provide a direct measure of soil moisture content over a wide

range of conditions. Tensioseters are less effective In very dry conditions
and teasure only the suil water potential., However, a "lank" of tensiometers

(le. sited at several depths) allows estimation of ¢he vertiral profile of soll .

moisture, from which 1n!f{§i‘mation on 30il behaviour can be gleaned.
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veather radar sited on the Chilterns.) Three older radar sets remain in service
at Clee Hill, Upavon and Camborne; all four radarg provide input to a composite
radar “pilcture” pre%red in real time at the Meteorol=zical Office Radar Research

Laboratory, Malvern® .

The effectively instantaneous scanning of precipitation over a large region
and the presentation as a gridded picture of rainfall intensity (with colour coded
gradation) make radar a most useful aid to the flood forecaster. The most obvious
advantage is the spatial coverage provided by radar; no longer i1s there a fear
that a storm 1s slipping through the raingauge network undetected. A second
important benefit is the insight gained into storm mcvement from a sequence of
radar—derived pictures. This opens the door to short—period rainfall forecasting
end 1t is with this principaha{g that the Meteorological Office 1s promoting an
integrated network of radars « A third asset of radar data is the facility to
calculate average rainfall intensity over predesignated areas, the obvious
application (in flood forecasting) being to hydrological catchment areas.

Although weather radar has great potential for flood forecasting, there are
also some drawbacks, The most obvious 1is cost, not just of the rader set but also
of the technology and equipment recessary to interpret the returned signal and to
display and store the rainfall images. Another difficulty 1s that the conversion
of signal intensity to rainfall intensity 18 neither straightforward nor
invariant. The problem is tackled by re-calibration of the rainfalf%/signal
relatfonship in real time. In the case of the Hameldon Hill radar"”, & network of
five telemetering raingauges provides the "ground truth”. Fairly complicated
algorithms have been developed to accomplish the task and, although there is scope
for further refinement, these caﬁibration procedures are now providing improved
estimates of rainfall intensity“”. The role of weather radar is discussed further

in Section 6.8.

3.3 Telemetry systems

Telenetry systems are designed to control the transmission of data from an
instrument site (or outstation) to a control centre (or basestation). Without a
telemetry system, data acquisition has to rely on observers, either stationed at
the instrument site or sent on patrol in response to an initial alert.

OUISTATIONS

Outstations differ in the level at which they communicate data to the
basestation. An interrogable outstation acte as a slave to the flood warning
gystem, providing data only on request. In contrest, an alarm outstation is
sapable of initiating a report to the baseatation when an exceptional condition
occurs: for example, 1f a threshold Eaver level 18 exceeded. Some outstations
(eg. Dymamic Logic's Teltel Alarmlog“”) can fulfil both roles. The essential
quality of an alarm outstation is its ability to provide an initial alert. Ornce
tkis haz been raised the flood warning machinery can move up a gear to provide
frequent interrogation of a wide network of outstations.

The practice of interrogating only a subset of outstations muy be’
particularly attractive in telemetry schemee based on public telephone lines, the
object being to economize on telephone call charges. With ordinary outstations,
this practice has the drawback that the deta series collemcted are incomple:s,
forestalling or complicating the use of particular types of forecasting mouz. .
(For example, many rainfall/runoff models need to know the pre-event flow to
initialize the simulation of runoff.) This difficulty caun be avoided by the uve
of outstations with interrogable data stores - as, for example, in the _




mindcomputer
a8 fylfilling 1tse primary role of flood monitoring and forecasting, the systenm

wil] gake daily data collection calls to all outstations for archival purposes.
Interrogable data stores are also of some value in radio telemetry basged
forecagﬁing sgystens. For example, outstations in the Haddington flood warning
gchepe’’ maintain a record of the last 48 values, and the facility to retrieve
data in retrospect strengthens the system's capability to recover effectively

following telemetry failure.

Prograzmabl e outstations are also possible. As long ago as 1973, Cumberland
River Authority collaborated with Bestel-Dean Ltd in the development of an elarm
raingauge based on an analogue catchment model. This "leaky bucket™ model linked
the raising of alerts to a cumulative jndex of rainfall akin to a short-tarm

antecedent precipitation index. Indeed, the congept stemmed from the much eariier

uevelogioat o axn alonsma=machant ral APT counter .

Novadays, <tigital methods have generally superseded analogue techniques. A
particulerly adwanced development is the data collection plat:form (DCP) on trisl
for severn-fremt WA at Cefn Brwym. This second generation DCP eavesdrops on an
ad jacent automatic weatl.~T ststion, carries out Penwan type calculations and
trangpits potential evapoiition estimates daily via a geostationary satellite
(METEOSAT 11) amd telecomrunication 1inks from a satellite receiving station to
the usefs AlShough much of the thinking hehind this development concerns
streanlining dats collection for arcl;&val purposes, Severn-Trent WA is also
exploring its Teal time applications™ .

However, imtelligent outstations have not been widely used in British
flood watning Schemes. Most authorities prefer to keep outstations fairly
eiwnle both t< wase £1:.1d maintenance and to avold duplicating "clever”
gadgetry. Another factor cauvtioning against undue digsrribucion oi
sophisticated equipment 18 the harsh operating environment of many
outstations, dampness and vandalism being particuvlar evils.

pover comsupption is another consideration in outstation design. At
key gites, gome form of back-up supply 1s generally warranted. A joint
mairig/battery Supply remains the 1deal choice but, with the advent of
mlcroelectronic equipment with very low power drain, other supply Systems are now
practical. The incorporation of crystal clocks iz intelligent outstations leads
to possible fuxrther reductions in power requirements; the c¢lock csn be used tg
activate the outstation prior to a scheduled interrogation by the oasestation 0,

© BAESTATION

_ At ite pimplest, the basestation can congist of a flood warning duty officer
equipped with & telephone. Increasingly though, some element of automation is
provided to speed up what can be a particularly time~consuming and frustrating
tagk., Some sy Cems merely automate the dialling. Others carry out the entire
{nterrogation Process and provide a hardeepy 1isting of the latest values sensed
at octetations » (In the case of raingauge meagurements, a cumulative value 18
usually logged) . Other valuable aids are systems which automatically note an

alarn condition (ralsed by an outstation) g¢nd transmit the fnformation on to one

or gore duty o€ £4cers.

For flood warning schemes with a large data intake = and/bx; where computer
modelling 1 regquired - the solution commonly adopted is telemetry scanning

rontrolled by & dedicated resl time computer.. For example, the Dee and North West

Wﬂ'teleﬁﬁtry' systens are controlled by PDPLl minicomputere. One technique is to

A

based system being installed by the Greater London Council. As well
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separate the telemetry control task from the flood modelling and forecasting

task. For example, Severn-Trent WA utilize a dedicated datascanner for telemetry
control and link this with a_multipurpose IBM minicomputer only periodically ox
when an explicit need arigses3’. While there are drawbacks in utilizing two
computers rather than one - for example, the unproductive time that the computers
spend talking to each other — the approach Insulates the relatively fixed
telemetry control software (suited to a low level programming language) from the
more ephemeral modelling gsoftware (suited to a high level language). Moreover the
division of labour means that the more powerful microcomputer is not tied down to

" poutine monitoring. A number of telemetry schemes —- perhaps notably ‘those

designed principally to monltor water supply systems -~ are controlled by computers
that are virtually unprogrammable as far as the hydrological modeller 1is
concerned. It seems that the desirability of real time modelling has either not
been foreseen or been accorded low priority in the choice of basestation

equipment.

The possibility of using low-cost microprocessor technology to provide an
automatic flood waruing scheme has been explored in the Haddington flood warning
system” . In this the basestation is a desk-top microcomputer built around a
Motorola M6800 microprocessor. 'This controle data transmisciong from four
outstations (one sited adjacent to the basestation)and passes flood alerts and
{nstrument malfunction warnings to a remote monitoring device (at a site manned 24
hours per day). In this jmplementation the telemetry control and display software
are written in a low level programming language but the hydrological model is

compiled from FORTRAN.

COMMUNICATIONS

In Britain, most flood warning systemé use either telephone or radio
telemetry Sor data eommuniention From outctatfons. Whereas in many overseas
countries radio telemetry is generally preferred, the relatively high standard and
dense network of British telecomnunications deny any clear preference here.

Several classes of telephone line are possible: PSTN (public switched
telepbone network), exclusive British Telecom (BT) line, or private line. A
privste line is only to be preferred if cheaper or more gecure than a PSTN 1line;
this essentlally restricts the option to short distances. Exclusive BT lines are
relatively expensive and are more suitable when the level of traffic is
consistently high, as for example on a data 1link between computers. The ma jority
of telephone telemetry in British flcod warning is by (ordinatry) PSTN line. Some
authorities, for example the Greater London Council, make use of "emergency
nodified” and "emergency” options whereby British Telecom undertake to respond to

telephone faults immediately or with high priority.

Various types of radio communication are used: VHF, UHF and microwave. VHF
gsystems are quite numerous but newer systems generally use UHF or microwave. A
hierarchical design =~ whereby a multi~channel microwave systenm provides the
“spin -~ of communications, UHF scanners Are used for links to most outstations,
and telephone telemetry handles the more remote outstations - h% been adopted in
the Thames WA and North West WA regionel communications systems .

The principal advantage of radic telemetry over PSTN telephone telemetry 1s
that frequent interrogations are possible at negligible marginal cost. Another
advantage is that radio communication is generaily not disrupted by flooding - a
weakness of telephone systems that is gometimes cited by supporters of radio
telemetry. The drawbacks of a radio system include the relatively high capital
cost, the need for specialized maintenance and repair, and the susceptibility to

fipt:effe’rerice'or digablement in freak weather conditions. (notably, electrical
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gtorus), Another, perhaps less important, drawback 16 that £ is rarely economic
to design a radio system to be secure against failure of a paxrticular component -
for example, damage toO an anteana — whereas there is conelderable “design
redundancy” in the public telephone network.

A certain amount oOf bureaucracy attends both types of telemetry. There are
raatrictions on the conrection of equipment directly to PSTN 1ines and it is
usually necessary to communicate through BT approved modems. A48 regar&a radio
telemetry, it is necessary to seek detailed approval fron the Home Office for new
schenes; the allocation of a frequency and maximum pover stipulations may present

dif€iculties.

Communications technology is, of course, developing rapicily. Commercial
radio telephone systems, teletext systems, satellite links, optic fibre

.signalling, ete, may in due course play important roles in data communication for

£3204 paraing,  Af —=oeant thansh, +he rhafea hatyaen telephore telemetry and
radlo teletetry remains contentious. Finally, it ghould be noted that nany of the
cost digadvantages of radio telemetry may not apply if it is possible for a flood
warning systen to share a multipurpose regional commuricatioms scheme.

3.4 Data bate msnag=sSfnt

Perhaps the most marked characteristic of computer controlled telemetry
cyatems s thelr coapacity to generate vast quantities of data. Good management of
data storage 1s essential if the system is to serve for data archiving as well as
flood forecaetinge However, even in systems where data are retained only for
ghort-tern uee, much thought 1s often required in sttucturing the data base.

‘Depign considerations in data handling are vell sumarized by Bvans >, The
Dec Neal Tme Hydrotczfcsl Porcessting Project provides o vewrs deteiled accovnt of

iy U iy e N £ [ &)

the design and fmplementation of a minicomputer based flow forecasting system™ .

A particular consideration may be the need to store model forecasts In
addition to the data sequences derived from telemetered observations. This 1s
generally required where attewpts are made, either automatical 1y or manually, to
correct forecasts in the 1ight of recent model performances (Methods of "real
time correction” are discussed in Section 4.4). The data stoxrage requirement can
waltiply still further 1f the philosophy folloved requires a mumber of forecast
hydrographs to be generated congecutively, each one conditionaX on a particular
aggumption about future rainfall or about operational control of a flood reteggion
storage, Evans gives an example of how to estimate data storage requirements” .

Prior 0 placing newly telemetered observations in the data base, some form
of validation is generally carried out. The most basic technigue is simply to
check that readings are within a meaningful range (eg. that & 15-minute rainfall
accumulation 1s non-megative and less than 100 oml). A more advenced check 18 to
examine the pattern of_recent values of individual var{sbles; £or example, the
Severn-T; t WA syst emd queries river level changes greater than either 50X or
1.0 metre. Inter-station comparisons provide a third level of gophistication.

Carried cut manually, these tasks are relatively straight £orward though
time-conguming; howewver, thelr automation can be tricky. Whereas an experienced
eye can spot a rogue walue instinctively, a computer has to rely on a checking

| formula. ' Validstion of waingauge readings is particularly di££1icult because of

the acuta variations in wainfall intensity that can occur.both 1n space and time.
Practical experience of computerized walidation of telemetered data has been :

.gained by several authorities although, as yet, it isa detall of system design

- which hag not -been widely -publicized. Effective dataf.Vp,lidation',ex!t:,er'lidé,_th?e scope
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for computer surveillance of instrument fallure. Whether the control of data
quality 1s manual or automatic, fault reporting is an important part of flood

warning procedures.

4o FLOOD FORECASTING METEODS

4.1 Introduction

4.1.1 Variety of methods

Very many methods of flood forecasting are in operational use in Britain.
Whereas flood warning procedures (see Chapter 5) often follow a divisional
or regional pattern, there is much greater variety in the methods’uaed to
calculate forecasts. A few authorities, notably Severn-Irent WA™ ', are evolving a
regional strategy for flood forecasting but, in the main, methoda are tailored to

local requirements and preferences.

Factors influencing the choice of floed forecasting method way include:

* the frequency and level of threat to life and property

% the availability of historic data

* outstation, telemetry and comput«r resources

#® gtatf time and abilities, perscial preferences

# the fuliilment of a dual purpose (eg. a single forecasting model applicable

to both flood and low flows) ,

Pit the dominent influence is 1ikely to be the nature of the catchment. To
jilustrate the diversity of flood torecasting probiems that exisi in Didiain, six
examples will now be described briefly. Figure 4.1.1 provides a key to the

catchment locations.

FIGURE 4.1.1

Location of example catchments

KEY:
U A = Ouse at York
B -~ Medway at Tonbridge
C - Roding at Redbridige
D <« Tyne at Haddington
ﬂ E - Yeading Brook West Branch
I - Rhondda at Trehsfod

11
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4.1.2 Examples of £ <»wod forecasting prot>_dems

OUSE AT YORK (3315 km = )

Major flooding o £ the city of York Imamg been a problem for maxmy centuries.
Although a relatively  =lowly responding catchment, once the respoxzse to rainfall
commences, river leve I = at York can rise g rapldly as 2 petres L xx 6hours. That
weather conditions omx  the vale of York caxm=a be quite different Fromm thoge in the
Pennine headwaters, Fwmxther ephasizes tiree need for ¢ structured £ Jood warning

Bygtem.

The Quse at Yorle “has three main tritswataries draining the moxe= or less
parallel dales of the Swale, Ure and Nidd = {See Fig, 4:1.2)» Ea <h tributary is
gauvged in 1ts lower weauches and these rive=r levels are the key Tto  F¥lood
forecasting for Yorke. lesger influences amre the prevalling weathe= x conditions and
st atats of contrnT ¥ === fland plain rtows=>es. The tire of travel «f flood vater
(£ron the tributary gemwging stations to Y«rk) offers a ressonable dead time for
forecasts of river lew el at York, Howeve x, the dependence on flood flows in three
tributaries = wvhich wmem>y or say not be symme«=hronous - pakes accurate= flood
fovecasting at York CT=at nuch more d1f£2c==1t than on simpler riwew— pystems.

¥ Gauging station

FPIGURE 4,1.2 Ouse a<t York - catchment pR an
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The majcr floods erxperienced in January 198238 highlighted some of the
forecasting probleme that can occur on large river systems. Snowmelt was a
aignificant componeni, as it was also in the severz floods of March 1947. 1In
addition to progressive inundation direct from the main river, backwater and
flood=-locking effects on legsser tributaries flooded other parts of the city and
presented a particularly difficult flood warning problem. The impact of small
rises in water level (in terms of additional flood damage), the opportunities for
taking actfon (to reduce the effects of flooding), and the stress to resources
presented by a prolonged flood alert, i{1lustrate the importance of being able to
forecast the trend of water level changes at the height of a flood.

MEDWAY AT TONBRIDGE (522 km?)

Flooding of the middle reaches of the Medway 18 largely controlled by the
major flood retention storage recently constructed west of Tonbridge. (See
Fig.4.1.3). The principle of this on-line flood storage 1s to retain flood flows
behind an empankmenc buiii aciuss ihe [lood plali, whils zllewing o continvone
contro%led discharge through a gated structure throughout the course of a flood
event®?. The effect is therefore to prolong the event and to increase flooding
upstream of the embankment while eliminating or substantially reducing flooding

dosmstream, the degree of success being dependent on the severity of the event.

el X

Flood retention
storage

‘1

H TONBRIDGE

am e @

¥ Gauging station

p— 10km —

FIGURE 4.1.3 Medway at Toubridge - catchment plan

Operation of the control structure presents & challengirg problem. While in
most events the principal objective 1s to minimize flooding downstream, in a very
javere flood it is necessary to increase the controlled discharge to prevent

- overtopping of the embankment. Operation of the structure ie usefully enhanced 1f
inflows to storage can be forecast. In contrast to many flood warning problems,
relatively long forecast lead times are of interest; this 1s because effective
operation of the storage is more sensitive to the volume of flood runoff than to

exceadance of a particular inflow rate.

2
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Upstream of the flood retention storage the river receives flow from two main
branches: the Eden and the upper Medway. Gauging stations on these tributaries
provide the basis of short-term forecasts by flow routing, with longer lead time
forecasts dependent on rainfall measurement and rainfall /runoff modelling.

RODING AT REDBRIDGE (303 km?)

The Roding p =sents a fairly unusual flood forecasting problem. The
catchment is long and narrow, draining the west flank of Essex into London. (S«
Fig.4.1.4). At first sight it appears that foresasts can be based on an upstream
gauging 'station (the Roding at High Ongar, 95 km“), the shallow gradient providing
an adequate period of warning. However, these f{deal conditions are perturbed by
the fact that the lower part of the Roding is heavily urbanized and generates a
significent quick response to rainfall, ahead of the main (rural) catchment
response. Additional difficulties Include flood gauging problems at High Ongar

TYNE AT HADDINGTON (270 km?)

The Tyne rises on the northern slopes of the Laanmermuir Hills of south—east
Scotland anﬂ gbows through the town of Haddington causing periodic
inundation . (See Fig.4.1.5). The runoff ig concentrated by two tributary
systems, one of which joins the main branch of the Tyne immediately upstream of
the town. This, combined with the steepness and fan-shaped ‘drainage pattern of
the tributary systems, presents a flood warning problem which upstream monitoring
of river levels cannot entirely meet. Some reliance must therefore be placed on
rainfall measurement and rainfall/runoff modelling. | notable feature is that
Haddington is particularly susceptible to summer flooding. This makes
rainfall/runoff modelling more difficult in some respects since due account has to
be taken of the antecedent condition of the catchment which, on occasions, may be
very dry. On the other hand, it 18 reassuring to know that history argues against

snowmelt and frozen ground being important on this catchment.

(essentially arising from the shallow gradient) and the need to interpret the

------

effects of flood alleviation works whnen forecssting river levels in the lower

' FIGURE 4.1.5

reaches.
N
A comprehensive forecasting system for the Roding would probably EAST LINTON
| entall a detaile. hydraulic mode! of the High Ongar/Redbridge reach and a t Tyne at Haddington - |
o subcatchment rainfall/runoff model to forecast the urban response. = - catchment plan =
However, given the reduction in flood warning benefits brought about by the T Ui HADDiNéTON
| flood alleviation works, fairly simple judgements based on upstream river X /
levels may provide a more cost-eifecctive solutira.
N \ FIGURF 4.1.4
A !
Roding at kedbrioge - catcament pian :
. - L,
| v Gauging station
t 10 km {
I |
~
\’ - B
' ’I YEADING BROOK WEST BRANCH AT WESTERN AVENUE (18.4 kmz) <',5'
I B
| o A tributary of the river Crane, the Yeading Brook West Branch drains &
! &H largely suburban corner of north-west London. (See Fig.4.1.6). With much of the )
DNGAR catchment sewered, the responge to rainfall 1is quite rapid despite only moderate ik
gradients. Some properties within the catchment are subject to periodic

inundation and receive warnings from an adjacent water level alarm gauge. This is

one of a network of 22 instruments installed by the Sreater London Council on

brooks and watercourses to provide “dial-out” alarms to local residents (via a -
£1ood warden) and borough council emergency officers. This approach offers rapid ‘
dissemination of flood alerts but provides no forecagt of future conditions.

Water level in the Yeading Brook West Branch is also telemetered at Western

Avenue.

Flood forecasting on rapidly responding catchments such as the Yeadingiis a
demandingﬁroblem, requiring automated rainfall measurement and rainfall/runoff
modelling'". It is customary to think of intense thunderstorms as the main threat

v Gauging station
l 10km :

& e s
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Yeading Brook West DBranch -
cutchment plan
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on fairly small, wurbanized catchments but more complex BEsrmB of longer duration
can pe equally d evastating. Haggett's detailed analysis'< of the August 1977
Y,ondon Storm prowides a salutary example of the limitations of even a dense
network of telemetertng raingauges in representing cellular rainfall activity. It
18 not surprisings, therefore, that the GLC Bees weather radar as a key compomncnt
in providing mode=1-based flood warnings for catchments such as the Yeading.

Perhaps, in one respect, the requirewent for formal warnings on smell
cAtchments is recluced because many of those in a position tc benefit are likely to
be alerted by the severity of rainfall experienced locally.

REONDDA AT TREHAFOD (100.5 km?)

The Rhondda 5 8 wajor tributory of the Taff, riges In two parallel valleys:
the Rhondda Fawr and Rhondda Fach. (See Figi4.1.7). These are archetypal South
Waleg valleys ~ straight and steep—sided, with development strung along the

bottom.

FIGURE 4.,1.7

Rhondda at Trehafod -
catchment plan
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The speed of response to heavy rainfall is startling and the theoretical
warning time provided by an upstream gauging station (Tynewydd) is limited to
between ﬁgout ] and 1} hours for the middle and lower reaches of the rivert.
Research ° has confirmed that longer periods of warning could be possible by
rainfall/runoff modelling only if quantitative forecasts of rainfall were
available. It is perhaps not surprising that, following the severe flyods
experienced in December 1979, Hﬁlsh WA proceeded with major imptrovements to flood
defences at Gelll and Trehafod .

4.1.3 Relevance of catchmenf response time

‘The above descriptions have hopefully drawn attention to the importance of
catchment response time in determining feasible approaches to flood fovzcasting.
Various definitions are possible but it is ccavenlent to follow Flood jtudies
Report zurminology and characterize catchment response time by Tp, the time to
pack af the 1 hour unit hydrograph" .

Civen rainfall and runoff data for several flood events, it is possible to
derive an average unit hydrograph for a catchment and, in effect, "observe" Tp.
Alternatively, an estimate of Tp can be made from readily calculated catchment
characteristics using the equation:

0.14 0.38 29

Tp = 46.6 MSL $1085 RSMD_OJ'(I +URBAN)'"1’

where MSL is main stream length (km), S1085 1s channel slope (m/km), RSHD iy ar’
index of flood producing rainfall (mm), and URBAN denotes the fraction of the

catchment area that is urbanized.

Table 4.1.1 gives estimates of Tp for some catchments relevant to the six
flood forecasting problems deszribed 1in Section 4.1.2. Where available,

"observed” values of Tp have been given for comparison.

Table 4.1.1 Some catchwment response times

CATCHMENT Tp VALUES

estimated obaerved

(hr) (hr)

Ouge at York 15 -
Roding at Redbridge - 30 {rural component of response)
Tyne at East Linton 8 9
Yeading Brook {(W. Br.) 4,5 3
Rhondda at Trehafod 4.5 2.5

Taking thnse catchments to be broadly representative of British flood forecasting
problems, an attempt is made in Table 4,1.2 to give guidance on matching the
general approach to forecasting to the characteriegtic response time of the

catchment.

.Table 4,1.2 Imglication of catchment respcnse time for approach
Yo flood forecasting — some approximate guidelines

PANGE OF Tp VALUES APPROACH .
. (hr)
Tp %« 3 Rainfall/runoff modelling plus quantitative
rainfall forecasts
3¢To €9 kainfall/runoff modelling
Tp > 9 Floug’-’ll;_routing

+1In practice, longer perlods of warning can be providéd by setting alert levele
sufficiently low but at the expense of potentially more frequent false warnings.

EEEE
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Such generalizations are, of course, very crude. Before discussfng the
Timitations of Table %.1.2 we consider briefly the link with Txble 4.1.1 and the

example flood forecasting problems described earlier.

Rapidly responding catciments such as the Yeading snd Rhondda pose a
challenging flood forecasting problem. Whereas on the Rhordda, analysis has shown
that quantitative rainfall forecasts are Esquired 1f the esisting (short-period}
warnings are to be eignificantly enhenced ", it 1is conceig¥b1e that progress might
be made on the Yeading with a rainfall/runoff model alone Similarly, whereas
the Tyne at Haddington requires a rainfall/runoff approach™ , it 1s conceivublie
that flows at East Linton might be fore.ast by flood vouting. (The Kast Lirton
gauging station is sited approximately 8 km - ord 2 houre travel time -~ downatream
of Haddington). The Ouse at York and the rural component of the Roding at
Redbridge are clearly sulted to a tlood routing approach.

Possibly the most suspect part of the Table 4.1.2 guidelines concerns the
applicability of flood routing mechuuse The suwacos of tha routing appras h atems
primarily from the time advantage gained by basing warnings on river level == an
upstream site rather than the risk site itself. This time advantage roughly
corresnonds to *he mean flood wave travel time from the upstream station to the
risk site. Since Tp 1s a measure of the time taken for a 1 hour pulse of reinfall
to produce its great~st contribution to the catchment runoff rate, it is not 3
particularly apprcpriate {ndex of flood wave travel time. (The difference between
Tp values calculated for the upstream and downstreﬂ% sites would be a better
pointer). For example, research on Newborough Fen = has tndicated that, while
many fenland catchmente have a fairly slow response to rainfall (ie. high Tp),

£lood routing metheds of forecasting mzy be ineffective¥.

Another situation where flood routing :.i:; may be insufficient 1s on a

generally slowly responding catchment that 5+ one or more quick responding
tributaries that are sOWELins ta shart-neriod flood forecasts. The

answer 18, of course, to combine flood routing and rainfall/runoff mechods (sue
Section 4.5.1). '

[ |

4.1.4 Contraet between flood forecasting and design flood estimation
applications

The demands put on a rainfall/runoff or flood routing model for flood warning
are rather diffe gnt to those imposed in other applications, for exsmple design
flood estimation . In the first instance, the model should be capable of
providing a reagsonable forecast based on data available at the time of forecast,
{e. without recourse to additional information such «s daily ralngauge readings
(or the time of peak flowl) that are available only in retrospect. This very
obvious requirement is surprisingly easy to overlook when adapting flood
estimation methode to flood forecasting.

Tn design flood estima.tion applications, the aim is to.provide either a peak

flow estimate or a stylized design hydrograph. In flood warning applications
there 18 likely to Le more emphasis on timings and the reproduction of distinctive

ghapes on the rising 1imb and crest segment vf the hydrograph.

*This 1s because of the tendency for i'he main drain to behave more like an
elongated reservoir than a graded channel, with water levels rising and falling in
unison along the length of the drain and being more contrclled Ly downstrean

conditions at the pumping station than by upstream inflcws. Flood warning from

upstream gauging gtationc way be similarly ineffective on largely grourndwater—fed

astreams because of the dominarce of storage effects over translation effects.
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2 further distinction is that tlood forecasting on ungauged catchments 18
rarely considered*. Application of generalized models to ungauged catchments 1s
inherently inaccurate. Whereas for engineering design a relatively uncertain flow
estimate may be quite acceptabie, for flood warning it pay be better not to warn
than to do so with great iraccuracy. In flood warning, some form of river level
measurement at or near the risk site is highly desirable; otherwise it will be
very difficult to interpret model forecasts.

~his leade on to consideration of the moet [undamental differeace between
f1o0d forecastcii:g and other applications : the use of downstream flow information
available in real tine. If, as is usual, the forecasts made refer to flow at a
telemetered sita, the opportunity exists to compare recent flow obuservations with
the corresponuding values simulated by the rainfall/runoff or flood routing model.
We shall see in Section 4.4 that there are a number of etvernative ways of making
a "real time correction” to model forecaste alihough there 1s as yet little
operational experience of such methods in British flocd warning practice.

4.1.5 Ordering of naterial preserted

Detoilad coraideration of flood forecasting technlques begins with flood
rout?ng merhedr. (Section 4.2) anAd raintall/runoff nodeliing meihods (Section
4.3). These are very lengthy secticns and snume relar:: lon of conventions has been
necessa.;y to avoid tiresome sudsaction numbers acd yet retain an overall setructure
in the report. Section 4.4 tzkes up the question of how best to correct forecasts
by reierence to telemetered flow data. Subsequent sectione conefder large river
gystems, rainfall forecasting and snowmelt forecasting.

4,2 FPFlood routing

4,2.1 Introduction

On many of the longer river systems in Great Britain, satisfactory flood
warnings can be based on an upstream’ gauging stat’on. This approach is generally
to be preferred where practicable. The alternative of basing forecasts on
rainfall measurement and rainfall/runoff modelling is more prone to error. it 1is,
of course, the river that floods and for that reason a measure of river flow is
generally a better indicator of flood potential than is rainfall. (By the sawe
argument, flood routing methods can be of some use in floods arising from snowmelt
whereas rainfall/runoff methods require special consideration of snow accunulation

and melt.)

The upstream gauging station way be part of a general purpose river gauging
network or be specifically designed for flood warning. A well-defined flood
rating 1is desirablg though not gasential. Many ‘of the simpler flood routing
methods work in terms of river level rather than flow. It 1s, of course, river
level at the risk site that is the crucial varisgble in terms of inundation and
hence warnings are usually based and issued in terms of river level.

This section mainly discusses "pure” routing methods, fe. methods relying
solely on river level and/or flow measurement. For the approach to be succeasful,
the travel time of flood peaks from the upstream gauging station to the risk site
needs to be long enough to allow an adequate period of warning to be given. (Say,
L to 6 hours). But the gauging station must not be so far upstream that it is
unrepresentative of flows to be expected at the rigsk site. The two criteria:

*0ne exception is in the representation of ungauged tributacies in comprehensive
models ©f major river systems (see Section 4.5.1).
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* far enough upstream to give & useful period of warning
* not 80 far upstream as to be unrepresentative

limi¢ the applicability of pure routing methods to flood warning on fairly long
river systeus; but, as discussed in Section 4.1.3, 1t is difffcult to generiilze a

deffnite rule.

Ta come cases, paurticularly on a long narrow catchment with few trilLutaries
(eg. Fig &4.1.4), a gauge catching runoff from as 1iiije as 25%Z of the arca may
provide a gord Zadex of flooding to be expected. ‘[n other gituations, for example
01 a fan-ghaped - 2tchment with no dominant tributary (eg. Fig.4.1.53, 1t 1is
obvious that no matter where sited, a. upstres- 1= aging statfion will be
insufficiently representative to form the gole bo:lg of accurate flood warnings.
there there are two, or perhaps three, notable tributaries it may be pwssible to

set up flood varning gauging stations .n each (eg. Fig.4.1.2). Multiple
coLreiaiion Bethods {Scctlon A-2.4) e Fland rontine wodels proner (Section 4.2.5
et seq+) can then be used to combine information frow the tributary gauging
stations and yleld a forecast for the risk site. In such situations, the relative

timing of the flood response on the various tributaries c:n be particularly
significant.

The flood routing techniques in common use 1in Creat Brita’n can be classed
ynder four headings: experience methods, correlation methods, multiple correlation
wethods, and river routing medels proper. The latter category is very wide. but

the grouping here serves to §1lustrate that, proportionately, routing modeis are
pot yet widely used.

4.2.2 Experience methods

“Fxnerlence methods™ are the 211-haok tochnique of most authorities. The

flood warning duty officer assesses the flooding to be expected by reference (0 au
ypstream gavging station, with personal judgement providing the model. To aid
objectivity, the officer may turn to a reglster of previous floods. From this, a
flood is sgelected that appears most similar to the current event, typically taking
time of year and approximate duration of heavy rainfall into account. (This type
of "experience” approach can, of course, also be uged vhen there 1s no upstream
gauging station, eg. when forecasting from rainfall information alone.) 1In
essenceé these methods rely on futire floods being formed, and transmitted through
the river system, in comparable i:zhion to historical eventa. If records are also
avai lable for a dnwnstream gauging st.tion, experience methods can be consolidated

into correls.i.u :=-hniques

oy

4,2,3 Correlation methods

River level correlations letween upstream and downstream gauging stations are
probably the most common method of flood warning in Great Britain. 1In simplest
form, the dowmastream neak river levels are plotted on ordinary graph paper against
the upstrean peak river levels, and a simple line or curve drawm throueh (eg.
Fig.4.2.1). A formal regression analysis can be carried out in order to determine
the best-~fitting linear relationghip for predicting downstream peak level from
upstream peak level. Sometimes the relation is shown without the scatter of
points from which it was derived (eg. Fig.4.2.2). This hag the advantage of
paking for objectivity in the method - desirable 1f inexperienced or functional
duty officers are to use it = but the drawback of implying that an absolute

relationghip holds.
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3

DOWNSTREAM STATIOR RIVER: LEVEL TO BE EXPECTE M 3 HOURS TIME

o

UPBTREAN STATION RIVER LEVEL

o

EXPLAINING THE SCATTER

If a long record of past events is avallable st toth stations, an attempt is
often made to explain some of the residual varietion (or scatter) about the fitted
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For example, Fig 4.2.3 shows an explanation in terms of catchment
The inference 18 wmade that the intensity cf flood
attenuzted (between the upstream and downstream gauging stations) more

Woite itnat the sub-relacion

In Fig 4.2.4, the

FIGURE 4.2.4

Upstream/downstrean relationship
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acatter ig attributed to how representative the upstream station 18 in a
particular f1:d; for the example shown, the upstream gauging station is sited on

a tributary rather than the main river.

FLOOD PEAK TRAVEL TIMES

Although not all authorites 1ssue information on timings, an indication of
the time at which peak river level (or some critical river level) can be expected
18 highly desirable and generally given. The simplest technique 1s to base the
estimate on average travel times of previous flood peaks. With this approach the
river level correlation gives height to be expected in (say) 3 hours time - as,
for example, in Fig 4.2.2. If it 1s thought desirable for the duty officer to be
awvare of the uncertainty in the prediction of timings, a histogram of observed
flood peak travel times can be inset on the level~to-level graph (eg. FPig.

4,2.5). Where experience has shown that the highest floods invariably propagate
down the river system more quickly (not universally true of British rivers because
OL the diienudciug elfect vi flovd plaiu siviage), ii way be couvesdeui iv capicss
the systematic component of travel time variation by an additfonal axis on the
graph (eg. Fig 4.2.6).

6

(regrossion based on 31 recorded events)
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USE ON RISING LIMB

Although usuaily derived by &an analysic 2f pegk river Jjevels onlv, these
level-to~level relationships are often guccessfully applied before the upstream
hydrograph has peasked. For example, the issue of a new alert 1s generslly linked
to the exceedance of the relevant threshold at the upstream gauging station — to
wait for the peak may be too late! In real time operation it is not alvays
possible to detect that the upstream levsl has peaked until a short time later -
another reagson for using the relationship whenever a new upstream river level 1s

gensed.

LEVEL OR FLOW ?

If rating curves are available for both upstresm and downstream gauging
stations there 1is the option of making the correlation in terms of flow rather
than level. This would seem in principle to be a good idea. The flow in a river
{s a relatively conservative variable; it grows logically as each tributary joins
but way also decay &lsag a river reach where flood plain storage (or other
effects) cease attesuation. In satrast, river level is more directly affected by
1ocal characteristics of the channel and may vary greatly (even allowing for datunm
levels) between the upstream and downstream eites. Working in terms of level is
confuning 1f there have been any signi ficant changes in channel ov station
structure during the period of record. Seasonal weed growth, or sediment
problems, may create further discrepancies that can only be regolved
satisfactorily by conversion to flows. Thus, carrying out the corrzelation in
terms of flow would appear preferable - if practicable. ' : :

Against 'this‘i.t can be argued that it is ultimately the level at the risk

- e = 5 um m W B W
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be impractical. But is this relevant? In most cases the dovnstrean gauging
station is quite close to the risk site. While inferences of level at the latter
may be problematic -~ perhaps requiring a simple hydraulic model of the intervening
reach - this would seem to be quite a separate issue from how best to correlate
measures between the two (relatively distanced) gauging stations.

Another criticism sometimes levelled against correlation of flows is that the
necessary rating relationships are highly uncertain in extreme events. However, a
counter to this argument is that extrapolation of level-to~level relations is too
easy. Working in terms of flow makes one more aware of the uncertainties of
extrapolation and provides a suitable {ncentive to refine rating relationships by

direct gauging of flood flows.

Having put the case for deriving flow-to~flow correlations quite strongly, it
ie as well to remark that (once derived) such relations would usually be converted

i{nto level-to-level form for ease of application.

4e2.4 Multiple correlation metnoas

Where a river has two (or three) notable tributaries, eg. Fig 4,1.2, pome
form of multiple correlation may be successful in forecasting downstream river
lewvel from levels recorded at two (or three) =pstream gauging stations sited on
different tributaries. Such relatisnships can be derived either subjectively, by
extension of the single station cave (sec Section 4.2.3) or formally, by multinle

re~ression analysis.

The forms) approach is to determine a predictive relationship by regreseing
observed peak river levels, hy, at the downstream gauging station against the
corresponding peak river levels, i}, hz, «.. , at the upstream gauging
stations; eg.:

+ aghy. (4.2.15

hd = &g +oapig
where a,, a] and ay are parameters determined in che regression analysis.

The approach 1s straightforward in taeory bot recuires caution in practice. A
large number of observatiu:ne are needed to Fit a 7+wuriable regression model such
ae Equation 4.2.1, if the parameters ef o wmede ara to be determined with
reasonable accuracy. Having derived a relatiorhip, this is often most
effectively useé in graphical fovn. A 2~y -ielile rogression model can be
transiated into a diagram dis;leying a €amily f reletionerhips between the
downstream station and upstroam station nv.l  indnxed by river level at upstream
station no.2 (see Fig 4.2.7). The approach is particularly appropriste where
apszream stetion no.2 13 on a lees impcrtanc tributary. This can be seen as a
refincment tc ad hoc methods of explaining the gcatter about a simple
upstream/downstrean relationship (considered in Section 4.2.3). As before, it may
be preferabl: to coriclate flows rather than levels. linear flow relations
generally give nonlinear level relationc, hence the curved lines in Fig 4,2.7,
Figure 4.2.8 ghows a co-axisl presentation of three separate 2-variable regression
models; this is for a large river system with four gauging stations on the main
river and three gauged tributaries that join at discrete intervals.

Three~variable regression models - developed for three-pronged configurations
such as the Ouse catchment to York (Fig 4.1.2) - are very demanding in data.
Perhaps 40 flood events, recorded at each of the three upstresm gauging stations

and at the downstream gauging station, would be gufficient to determine the (four) -

model parameters. But multiple correlation is not always an appropriate

technique, even when the necessary data are available. A basic problem is that

i
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tributary hydrograph response shape and timings may concur in gome events and
differ in others. In such circumstances the complete upstrean hydrograph, as

oppouved to Just its peak value, is pertinent to forecasts of downstream
conditions. If this weakness 1s found or feared it 1s probably advisable to move

to river routing models propers

4.2.5 River routing models — suitability for flood warning

It should be noted at the outset thet little use has yet been made of river
routing models for operational flood warning in Creat Britain. How.ver, with real
time computing now a reality in a number of water authorities, the. scope for
apylying more gophisticated techniques (than "experience” and correlation methods)
15 widening. Allied to this is the interest already btcing ghown in using river
routing models in the design of river improvement works.

Two broad classes of river routing models can be distinguished: hydraulic and
hvdrolopical. The hydraulic methods are generally based on solution of the

St. Venant equations for gradually V&rying fiow in upean channcle, pithor 4n full

or with simplifying assumptions. The better known simplified hydraulic models are
the kinematic wave and linear diffueion equation methods. The hydrological models
are cost often based on storage routing — as in the Muskingum method. Another
hydroligical approach, though less common, is to emulate the rainfall/runoff
modeller by adopting a simple empirical model - guch as the unit hydrograph - to

{nterrelate upstream and downstrean flows.

SIMPLE (R COMPLEX MODELS?

A Full solution of the St. Venant equations would appear to be the ideal
approach; being physically well-founded, the method should be accurate. But the
approach has disadvantages, most notably in data requirement. Extensive channel
and flood plain surveys are needed, not only topographic but also to determine
gsuitable roughness coeliicients. Morpcover, intricate prograrming and 8 powerful
minicomputer are needed to implement the fuil golution in real time. If the
simpler models can do the job almost as well, are the complex methods worth
applying? The merits and limitations of simpler models are summarized in
Table 4.2.1, with apologies to Miller and Cunge"’, on which the format (and some

of tlie detail) of the table is based.

eview suggests that flood warning authorities

in Great Britain view the more complex hydraulic models with suitable suspicion.
These are being adopted only in special circumstances: where simpler methods
clearly fail or where detailed models are available as a by~product of other
studies*. The most obvious example of the former is when, due to tidal influence
or tributary interaction, backwater and drawdown effects make for a non—unique
relatloggbip between level and flow. Sophisticated hydraulic-based models such as
FLUCOMP'° - developed by the Hydraulics Regearch Station — then have a role to
play, although as yet no operational experience of such methods has been gained by
British flood warning authorities. (Severn-Trent WA 18 currently assessing a
variant of FLUCOMP to provide forecasts in tidally affected reaches.)

Information gathered in this r

y of methods — for

The remainder of this chapter dwells on the Muskingum famil
and variable

the following reasons. Firstly, the Muskingum, Muskingum-Cunge,

1, atve used fairly widely in the
rks often produce a change in the

routing effect, thus disturbing flood warning methods based on "experience” or
level~-to-level correlations.

*Hydraulic models, either physical or mathematica
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Table 4.2.1 Merits and limitations of of simplified
routing models

Advantages

1. In many applications of gradually-varied unsteady flow
modelling, the acceleration terms in the momentum equation are

negligible in comparison with other terms.

2. In most simplified methods, channel geometry does not need to
be defined in detail. There is no requirement to assess
roughness coefficients throughout the reach.

3. Simplified models may provide answers in much less time than
solution procedures based on the complete equations.
Programring for computer solution is simple; sore storage
routing wethods are simple enough for band or graphical
computation.

4. A given organization may have accwulated considerable
expertise with a particular simp:ified method, whereas use of
a complete model may be unfamiliar and difficult to
assimilate.

5. Simpiified routing models may be more readily integrated with
hydrological models of subcatchments.

6. The application often does not require the accuracy provided
by the complete model. The accuracy of inflow data may be the
1#miting factor, rather than the adequacy of the routing model

itgelf.
N sadvantages

1. Velocity chenpes must he small along the chanmel, since most
simplified models exclude acceleration terws. Generally,
simplified models cannot allow for backwater or drawdown
effects produced by trihutary or tidal interactions.

2. A large avount of meezute] Inflow and outfiow data is required
to calibrate the 5 iowtees of simplified models. Any
situaticn dMffevms ¢ - ehose found in the calibration data
may not bu zevuuscsi)  cesented.

3. Simplified methods gem:xrsily Jo not have the accuracy of a
solution procedure bssed on the complete equations. There is
sometimes doubt about huw accurate the results are for any
application. Simplified wethods are generally only able to
produce results for knowm points (ep. gauging stations) whercas
complex models can produce levels at intermediate points.

4. The results from simplified models can be par:icularly
sensitive to the time and distance increments adopted.

5. . Generally, storage in a reach is not a unique function of knowm
inflowe and outflows. '

6. Simplified methods may lack the desired generality.

'
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um~Cunge (VPMC) methods are col.lectively the most popular river

routing models used in Great Britain. Secondly, the interrelationship of the
methods - in particula., the analogy with the linear diffusion method - 1s not

always well understood. And thirdly, the methods have much to commend them for
real time forecasting applications.

parameter Musking

4,2,6 Muskingum method

The Muskingum method is based on simple ideas relating to the storage of
flood water in a river reach. Storage, S, is {ncreased by inflow, I, and reduced

by discharge, Q, according to the continuity equation:

« .
-(-!':; - I - Q (402.2)
dt
. Using the concept oI l‘.ui.u:.:.gui.ua.uge comggising "orico” ctosege and "wedeoe™ atorave
(see, for example, Wilson ), McCartby”" formulated the storage function:

s = K[er + (1-€)Q] (4:2.3)

where the storage coefficient, K, has the dimension of time and € 18 a
dimensionless weighting factor. Thie 18 generally krown as the Muskingum

equation.

Writing Equation 4.2.2 in finite difference form we have:

Sy - I, + 1 +
2=-5 _ Ip+1I2 _ Q1 + Q2 (402.4)
At 2 2

uting paried
»
-

where suffices ! and 2 denote values at the beginning and end oi &
of duration At. Application of Equation 4,2.3 at both instants ylelds

Sy - 51 = K[e(Ia - I1) + (1 - €) (@2 - 01)] (4+2.5)

Finally, combining Equations 4.2.4 and 4.2.5, we obtain on rearrangement:

Qz = CpIz +CiI1 + C2Qy (4.2.6)
where

Co, = - (Ke = At/2) /(K = Ke + At/2)

C; = (Ke+At/2) /(K - Ke + At/2) (4:2.7)

Cy = (R - Re - At/2)/(K - Ke + At/2)

Equation 4.2.6 is the operational form of the Muskingum method; it i1s used in a
step~by-step fashion to determine the outflow (from the reach) from the inflow
hydrograph and knowledge of the outflow at some initial time (eg. the beginning of

the flood event).

Calibration of the model requires evaluation of the Muskingum parameters K
and €. Various graphical and analytical techniques have been used - particularly
in US practice = with 8¢ element of trial and error being customary. (See, for

151y ! _ :

example, Linsley et a



ALLOWANCE FOR TRIBUTARY AND LATERAL. INFLOWS

In all river routing models there is the question of allowing for ungauged
lateral inflow and/or gauged tributary inflow to the reach. It 18 convenient to
discuss such allowances in the context of the Muskingum method.

Usually the routing reach is defined by upstream and downstream gauging
stations. We ghall see later that the divislon of the reach into several
subreaches is an important aspect of the Muskingum-Cunge method for rather
egoteric reasons. But our interest here 1is that the subdivision allows gauged
tributary flows to be added inte the river model part way down the reach, to mimic
the actual river system. (See Fig. 4.2.9.) As weli as enabling gauged tributary
flows to be included at an appropriate point, the procedure can be used to allow
for ungauged 1inflows along the reach. These lateral inflows are usually estimated
to be a fixed proportion of a nearby gauged subcatchment flow (quite often, of the
trnorraam panodng atation) with a time offset if appropriate; the proportion is
generally calculated by area, sometimes factored by averaged annual rainralil.
Alternatively, tributary and/or lateral inflows can be based on rainfall
measurenent and a rainfall/runoff model. (See Section 4.5.3). 7lhe lateral inflows
(Chowever estimated) are generally apportioned by subreach length and each one
treated as an additional inflow to the subreach; the inflow is then sald to have

been "digtributed" along the reach.

u.:.mgml_{!,k,u, .U,: U :U'U:u:{}!m::sm
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FIGURE 4.2.9. Typical structire of a river routing model
- . remposentation.of & ro’

With the division into subreaches, the problem ariges in the Muskingum method
of how to assign parameter values K and € to the subreach models. A
rough-and-ready technique is to apportion the reach value of K by subreach
lengths, and to retain the reach value of € throughout. But, decause the basic

Muskingum method is purely empirical, one is left to experiment with fairly
arbitrary choices.

From the abeve analysis there 1s little to commend the Muskingum method apart
from iis simplicity of implementation (by Equation 4.2.6), once calibrated.
Cunge's recasting of the method”” -ds 'an approximation to the linear diffusion
equation golution - completely re—vitalises the technique and puts it in the
category of a gimplified hydraulic routing medel. As we shall see, the essential
simplicity of fimplementation is retained.
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4.2.7 Muskingua—Cunge method

The essence of Cunge's t'ei-'inememts2 is that, with an appropriate choice of
space and time stepe (ie. subreach length Ax, and routing period, At), the
Muskingum method can provide a good approximation to solution of the linear

convection/diffusion equetion:

2q oQ 8%q
+ — - 4! 2- 8
ot méx ox ( ) ‘

Here Q(x,t) is flow in the river at displacement X and time t, w the kinematic
wvavespeed parameter, and p the diffusion parameter.

The linear diffusion equation arises from & simplification of the St. Venant
equations. In most British rivers the primary influence on momentum is that of
the friction slope, with a secondary etfiect due 0 Lhe waier BuLidie Bivpee
Assuming that a unique relationship holds between depth and flow, and wmaking
various other assumptionssa, the St. Venant equatilons simplify to Equation 4,2,8.
The least reasonable assumption made is that the vavespeed and diffusion parameter
(» and p) are constants. This limitation 1s removed in the variable parameter
Muskingum~Cunge (VPMC) method - discussed in Section 4.2.8 = in which w and Y are

permitted to vary with flow, Q.

From Cunge's analysis it can be deduced that:
Qutax, t+At ™ Colx,t+at T €10x,¢ + C2Quctix, ¢t

or, in Muskingum notation:

’

Q2 = colz *+ c1I1 + c201 {4.2.6)

provides an acceptable finite difference representation of the linear diffusion
equation {Equation 4.2.8) if:

(1) cg = owix = 2p = wiht)/(ubx + 2p + w?At)
¢ m o Cwhn o= 25+ 0At)/(ubx + 2 + wiAe) (4.2.9)
cp = (uhx + 2§ - wPA)/(ubx + 2p + w2At)

and (11) the space and time steps are chosen to satisfy:

At » 1.625 p/wZ  and 2.6 p/w € Ax < 1.6 wAt (4.2.10)

The inequalities are taken from recent work by Jones S% ¢hich corrects flaws in
Cunge's original analysis. Jones presents more comprehensive rules for selecting
Ax and At but, if inequalities 4.2.10 are satisfied, his analysis shows that an

" accurate approximation to the linear diffusfon equation solution is assured.

Although it is customary to work in terms of K and €, where!

1 |
K = Ax/w and € W = 4,2,11
2 wAx ( )
85

their avoidance is both simpler and theoretically gounder>>.

In choosing the time interval, At, it is important to bear in mind alsc. v -




stespness of the flood hydrographs to be .outed. TIf the upstream hydrograph is to
.be defined adequately, the time interval gshould be no more than about one fifth of
the hydrograph rise time. Thus we have the added condition:

At ‘ 002 TR (402012)

where Tp 18 the shortest hydrograph rise time that is likely to be of coancern.

Implementation of the Muskingum-Cunge method is very straightforward: all
that is required i1s repested applicated of Equation 4.2.6 with appropriate
allowances for tributary and lateral inflows (sce Sectivn &.2.6). Calibration of
the method 18, however, quite complicated. Details of huw P and © can be
estimated from channel geometry and observed flood peak traveil times are given in

Appendix 1.

If the Musk? ge method has a critical weakness, it 1lies in the
assumption that . 18 independent of flow. Simple hydraulic considerations
demonstrete that ¢ » velocities increase with stage while the flow is within
bank. Hence the r . 18 unlikely to give reliable results 1f applicd well below

or above its range of calibration. This limitation 1s avoided in the variable
parameter MuskingumCunge method.

6.2,8 Variable paraweier Muskingum—Cunge zothod

In the variable parameter Muskingum-Cunge (VPMC) method the wavespeed
parameter, w, and diffusion parameter, |, are permitted to vary with f.}'.m:, Q.
Calibration of VPMC is based on evaluation of w and p for a range of fiows, for

both within bank and out-of-bank conditions. The calculation formulse for w(Q)
nad (N hove tha came hzris as in Lhe flxed parameter cace. (See Appendfx 1). A

Lo bl Y W
typical pattern of variation of w is ghown in Fig 4.2.10. In practice some
adjustment tc tne wavespeed curve 1s often msde following trial routings with the

model.
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FIGURE 4.2,10 .Typical patterh of wavespeed parameter variation with ‘ﬂow
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Full details of tgze VPMC method are given in Prici'as 2rpuré "FLOUT ~ a river
catchment flood model””®. The FLOUT package comprises Vi:i"" iisod routing and
(optional) subcatchmwent rainfall/runoff modelling. Its primary application 18 in
design flood estimation on large river systems, for which it is being increasingly
used. The principal merits of VPMC are that 1t offers a degree of physical
realism, and flexibility to use flood peak travel time data, without making undue
demands for topographic and roughness data. One drawback of the method - apart,
of course, from its inability to deal direccly with tidal or backwater influences
- 15 that a large number of observed flood peak travel times may be required to
determine the wavespeed parameter curve with confidence.

Development of the VPMC method f°r5§1?,‘§d5 orecasting has been carried out, or
sponsored, by several water suthorities , although 1t is as yet not
routinely used. It is interesting to note that a forerunner of the method - the
variable parameter diffusion (VPD) wethod — was developed for real time use as
Tano aso aa 1975. and remains an active part of the Dee river hydrological

forecasting model®Y “.

4.2.9 Other river routing models

Pending detailed comparisons with VPMC, Severn-Trent WA have implemented a
home-grown routing model called DODO. This might be described as a variable lag,
¢wo-part storage routing method; its most distinctive feature is the separate
treatmsnt of inbank and out-of-bank flows. There 18 also an allowance for water
entering "dead” (ie non-flowing) storage. DODO is calibrated by numericel
optimizaticn (sce Appendix 2) and has been applied to sbout 90 reaches in the
Severn and Trent basins. Most of the reaches are defined between gauging stations
but a few enable routing of subcatchment flows produced by a rainfall/runoff
model. The mothod has the strength of simplicity in implementation but, as yet, a
glightly hazy theoretical background. It 1s, however, gratifying (at least, from
an applied research standpoint) to see a river routing model being evaiuated

operationally on such a large scale.

Although not so legion as rainfall/runoff models, many other river routing
modelr hazf been formulated, some with potential for reel time application. Jones
and Moore®", for example, present a simple channel flow routing model in which
travel speed 1s allowed to vary with discharge. While analogous to VPMC in some
respects, this model has the particular merit of being able to make direct use of
downstream flow data (sensed in real time) to adjust forecasts. We discuss the
general topic of "real time correction” in Section 4.4 although not with specific

reference to river routing models.

The estimation of lateral inflows bedevile all river routing models. Section
4.,2.6 discuvsed the problem in the context of the Muskingum method and outlined
some of the semi-gtandard ways of allowing for ungauged inflows. A more radical
approach is as follows. First, 2 prelimiuary estimate of the routing model
parameters is obtaimed and the upstream hydzrograph routed to the downstream site
without any allowance for lateral inflows. ‘The simulated hydrograph is then
compared to the actual, and the shortfall attributed to ungauged inflows. A
further step would be to attempt to relete this “"residual™ hydrograph to rainfall
on the relevant subcatchment areas, thereby calibratiug a model for the lateral
contribution. Alternatively, inspeciion -~ ¢*e residual hydrograph may serve to
confirm that a particular way of aile:.r; -~ . . teral inflows is reasonable. The
procedure has the merit of attemptim; - iuc %1 use of the downstream site
data. But it should be noted that t:. ... » of the downstream hydrograph
into routed and locally generated comp nly strictly valid 1if the
sub-models are linear, eg fixed parawety: a. am-Cunge routing and a linear
rainfall/runoff model. . T i |



Returning to simple methods, & longstanding alternative to Muskingum 15 the

"lag and route” approach. The flood routing is accomplished by lagging (1e
delaying) the inflow hydrograph by a fixed tiwe and then routing it through a
hypothetical sggrage (often, a "linear” ceservoir). Sometimes referred to as
clark's method 6 , use of the technique persists elsewhere but not, it seems, in

gritain. Precisely the same "lag and route” approach can be used as a rainfall/
runoff model, and this 1s considered in detail in the next Section under the
heading “nonlinear storage models”. Somewhat paradox.: :"ly, the Jlatter usage is
very much a British speciality.

4.3 Rainfall/runoff modelling

—ainrall/runoff modelling techniques of tlood forecasting

he aotun, e

In what follows,

are considered under f: 7
M. ITT WYNROMD APH MRTHL S
M2. NONLINEAR STORAGF HoELS
M3. TRANSFER FUNCTION MOPF LS
Mé4. CONCEPTUAL MODFLS.

A local numbering convention has been adopted in thisg fection and the prefix "4.3"
dropped- It 1s hoped that this aids readability while retaining some structure in

the report as a whole.

There is, of course, scope Lo apply "experience” methods when seeking to
forecapt peak flows from rainfall (cf. flood routing discussion of experience
gethods, Section 4.2.2). Some gutharities — for example. Anglian VA Lincolnshire
giver Divigion - maintain a register of tistoric floods for congultation during a
flood event. Such information can be developed by a combination of regression
analve1s and reasoned conjacture into co-axial cotrrelation methods of flood 6
forecasting, perhaps the best known example of wnich are the "1insley curves' -
Whereas correlation methods clearly have a useful role in flood wouting (see
gections 4.2.3 and 4), the rainfall/ runoff equivalents have generally fallen into
Jisuge. Perhaps an explanation for this 1ies in the realization that rainfall
data have more influence in flood forecastipng than can be expressed by depth and

duration alone.

¥l UNIT_HYDROGRAPH METHODS

1.1 Introduoction

Unit hydrograph techniques have been considered for flcod forecasting
by many Water authorities. Anglian WA Essex River ngaion have unit hydrograph
pethods that &re used operationally for £1o0d warning®”. The Lfncolnshire River
pivigion have a similar scheme although it 18 noi yet implemented on a dedica;eg o
pinicomputer. The flood weraing scheme operated by Wessex WA Somerset Divisicn
{8 another fully operational, minicomputer—based system but differs ir verny
trang 2t function models rather than unit hydrograph models. As we riialL discuss
in S¢ction M3.5, these two classes of rainfall/runoff model bave c2veral
pimilarizies but also some important differencesg. ,

‘The unit hydrograph approach is unrfagshionable aﬁbﬂgst hydrological
regearcherg., Fhysical medellers argue that advancis in hydrological forecastiog
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will only come thrg;)gh agopting models that take explicit account of the phyeles ™
of flood formation”’. Advocates of statisticel methods criticize the unit
hydrograph approgch for being inefficlently parameterized and il11-puited to real
time forecasting®. Jowever valid these crliicisms, scientific endeavour is no
substitute for eagineering pragmatism; it 18 clear that the unit hydrograph
technique still has something to offer the forecaster who seeks a simple but .
effective repregentation of catchment flood response.

M1.2 Structure

The unit hydrograph approach to modelling the 1ink between rainfall and
runoff has two striking features. The first point to note is that the
transformation 18 broken down into steps: rainfall is reduced to nec
rainfall by the abstraction of "losses”, then net rainfall 1is transformed
{nto rapid response runoff by the unit hydrograph itself, and finally an
a11ewanes 48 made for slow response runoff. (See Fig Ml.1). The second
notable feature is that a linear relationship 1s assumed between nec
rainfall and rapid response runoff - the relationship being uniquely

defined by the unit hydrograph.

assurned linear, time-invariant
3

NET RAINFALL [ quick response |QUICK RESPONSE
subsystem RUNOFF

runoff RUNOFF

infall
w"‘" ;:gxatlon constitution |———™™
L OSSES slow response BASEFLOW .

- subsystem

E'VAPORATION

FIGURE ¥1.1 A system representation of the unit hydrograph-approach

This assumption of linearity - which, incidentally, does not mean that
the overall model structure is necessarily linear - has the great merit of
allowing powverful techniques of linear systems analysis to be used to
wulibrate the core of the model. Whereas many other rainfall/runoff models
tave %o rely on indirect nethods of fitting (fe. "trial and error” or
numerical optimization), the uait hydrograph model can be calibrated by a
divert analysis of recorded rainfall/runoff events. This 18 undoubtedly a

redeesing quality.
ML.3 Jalt | hydrograph derivation

here are weay oethods of unit hydrograph derivation. bSose of the
differences 1n formuliation are radical enough to make :ior a digvinet end—product.
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For ranp»le, aadoption of a perticulac functional form (agﬁh a8 Nash's choice of a
Camng di =% tribext1on for the instantaneous unit hydrograph™ ) will restrict the
derived xamit hydggg%ph quite severely. But if a general method of linear systems
aelysis 1s used the outcome 18 unlikely to be greatly influenced by the

~ chojce 0 rechmnique.

My~ analwysis techniques have been proposed for unit hydrograph derivation,
of yhich smome aAre more successful than others in combatting instabilities that can

arige iIn the amnalysis of individual flood events“s 71 72. However, 1f, as 1is
usual, e rely a@an aversge unit hydrograph 1s being sought from consideration of a
nuber 0F evermz 2, adoption of sore gimgle standard method of unit hydrograph
derfvatiomn 18 generally adequate 73 7% The most widely used technique in

British P xract £ ce appears to be the lemgt—squares ordinate method (aliss "matrix
invergfor =) wi £h or without smoothing ~>. For those seeking to minimize

computatL onal e ffort, the technique of auperposi% evente prior to derivation

offery 8 wiro T o -=Sul to o0 average unll hiydrograph

M. BLiwnfFalX separstion

jore erue-<€al than the method of unit hydrograph derivation is the choice of a
rafnfall msepax-ation technique. Prior to gublication of the Flood Studies Report,
the post ETrequently considered techniques were loss rate methods: eg. the fixed
logg rate  (d=~% mdex) method and Horton's method.(See Fig M1.2). The variable loss
rate coic =pt < & Ddased on the theory cf 2 1amited capacity for a given soll type to
absor) va wer By 1infiltration, the capacity decreasing as the soll moisture content
ges, AR thowugh such threshold effects are clearly important on small homogeneous
aregs, thee 1o s rate approach is less relevant at catchment scale. Vegetation,
sol] inhommogenye ity and topographic slope all influence the extent to which
tainfell s “Lost" gs far as the generation of rapld response runoff is
concerned ~ T~ particular, the loss rate aporoach makes wio allowance for the fact
that mch of e runoff may be arising from only part of a catchment. This
concept O “comrributing areas” can be represented in proportional loss methods of

rainfall ssepaxacvion. (See Fig l.3).
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FIGURE M1.3 Rainfall separation - proportional loss methoeds

The unit_hydrograph method of flood estimation developed in the Flood Studies
Report (FSR) > assumes a fixed proportional loss method of rainfall separatiom.
The percentage runoff (PR) appiicalle to a storm of depth P, coinciding with an
antecedent catchment wetness index of CWI, is given by:

PR = SPR + 0.22(CWI-125) + 0.1(P-12) (M1.1)

where SPR is a standard percentage runoff determined by soil type, topographic
slope and land use. However, it was suggested in the FSR that application of the

unit hydrograph model to flood forecasting should allow a variable proportional
loss, the percentage runoff varying from interval to interval according to:

where k 18 a parameter to be determined.

This method of rainfall separation has been applied by Biggez66 (Wessex WA,
Somerset Division) in the context of s« transfer function model (see Section M3).

The FSR definition of catchment wetness index:

CWI = 125 = SMD + API

was followed but with soll moisture deffcit (SMD) calculated from a simple
budgeting model based on mean daily potential evaporation, and without a 5-day
iimit on the antecedent precipitation iIndex (API). Biggs calibrated the rainfall
separation parameter, k, by trial and error while using & recursive least-squares
algorithm to determine the remaining parameters of the rainfall/runoff model (see

Section M3).

: In research for Severn-Trent WA, S:lmpson75 appiied Equation M1,2 in a unit
hydrograph model. Having determined values of k for a number of individual
events, he related the variation in k to the initial CWI for each event: higher

values of initial CWI tending to yleld higher values of k. The net result was a
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rather more complicated rainfall separation model {(than Equation M1.2) that
accentuated the varlation of percentage runoff with catchment wetness. The
research report prepared by Simpson provides a detailed description of how to
apply a uait hydrograph model to real time forecasting, giving a step by step

guide to model calibration.

Wide-ranging research by MacGregor included congideration of a "time-
variant" proportional loss model. One version represented the distribution of
losses through the course of a storm event by an exponentially decaying PR. The
regearch was very azbitious: attempting to resolve methods of rainfall separation,
unit hydrograph derivation, real time updating, and a;;glication to ungauged
catchments. Perhaps not surprisingly, the r:elmart:s;?'6 were rather inconclusive.
South West WA have since opted to implement transfer function methods to mee:

thelir operational requirements catchment by catchment.
Other exponents of the unit hydrograph approach to flood forecasting have
generally adopted a fixed percentage runoff, with the percentage runoff value
being elther constant for a1l cvents or related to antecedent condition. This
type of model can be achieved by simply working out percentage runoff values for
past events and studying theilr variation with any readily available index of
catchment wetness, Such an index could be & fairly direct measure (such as soil
molgture deficit estimates or neutron probe counts), a less explicit
representation of catchment wetness (such as an antecedent precipitation index),
or a surrogate variable (such as time of year or antecedent flow). For example,

the FSR definition of catchment wetness index:
(M1.3)

CWI = 125=-5MD + APIS

can be generalized and a percentage runoff reiation sought in the [ova:

PR = a.SMD + b.APIS + ¢ M1.4)

where SMD is the pre-event soil moisture deficit and APIS is the 5-day antecedent
precipitation index. This approach, which caters for the possibility that the FSR
equations (Equations Ml.1 and M1.3;amay be inapprop%ate for a given catchment,
has been followed by Cameron (WRC)'~ and Wormleaton’’ (for AWA Essex River
Division) with mixed success. The need to determine three parameters (a, b and c
in Equation M1.4) is an obvious drawvback. TFor example, hoth researchers found
catchments for which the value of "b" (derived by regression) was negative;
intuition suggests, of course, that percentage runoff ought to increase (not
decrease) with antecedent rainfall. Bearing in mind that Equation Ml.4 does nnt
simulate a varying percentage runoff during an event, tha allocation of three
parameters to the rainfall separation part of the model seems rather extravagant..

Logs rate methods of rainfall separation are now used only rarely - in the UK
at least - witnapublication of the FSR marking the trend towards proportional loss
has shown that a uniform loes rate ie workable as a real time

methods. Reed
method of rainfall separation - althcugh rather clumsy. In a study of the Rhondda
catchment he deternined a predictive relationship for the ¢—index value, <.~ I

PHI = 0.667 AVERO+844 poMIN=0:225 (M1.5)

where AVER is a measure of average rainfall intensity (evaluated to cime "now")
and ROMIN is the runoff rate (le. flow) at the beginning of the event, all
variables being taken in mm/hr. Kent River and Vater PMvision of SWA have
considered a variable ioss rate me:hod of r, infall separation in exploratory flood
forecasting studies in connection with rea. time control of the Medway flood

retention storage. (See Section #.1.2).
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On a philosophical note, it is rather worrying that such radically different
approaches as loss rate and proportional loss separations can both produc2 tenable
representations of rainfall losses within a rainfall/runoff model. Wi=2n
calibrating the methods, the net rainfall depth 1s known a_prisri from the volum2
of rapid response runoff. Thus, in calibration, the two methcds yield the same
net rainfall depth but different profiles. But when applied to estimate losses
without reference to the volume of rapid response runoff (as, of course, 1s the
case in real time forecasting) the separation rules may give radically different

profiles and depths.

As part of continuing research into improved methods of flood estimation, the
Institute of Hydrology is examining methods of rainfall separation most
appropriate in a unit hydrograph arproach to modelling. The latter qualification
is important; the three components = rainfall separation, unit hydrograph end

svnttoctc — muct hany ineethar 4f the most 18 to be made of the unit

T LY .
UabDCL AW L yliklieoas e

hydrograph approach.

M1.5 Baseflow synthesis

The third, and frequently least 1mportant, component of a vnit hydrograph
model 1s the method of baseflow synthesis. Real time forecasting applications
often assume a uniform basgglow contribution, taken equal to the runoff rate at
the beginning of the event™ . Alternatives are to project baseflow by extending
the preceding hydrograph recession or to synthesize it as a stralght line of

predetermined gradient.

Perhaps, one of the golden rules of modelling for forecasting purposes is
that the method adopted for real time use should be consistent with that assumed
in calibration. If this tenet 1s accepted, is it sensible to use a couplicated
method of baseflow separation in analysis and vet adcpt a simple representation iwn
application? On a slightly different subject, 1is it sensible t» derive unit
hydrographs of widely varying tim. tases (eg. Fig. M1.4) 1f only one unit
hydrograph is to be embedded in the final model? These apparently unconnected
conjectures have a common link when it is realized that the time bhase of a derived

Z FIGURE M1.4
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unit hydrograph fs Xlargely determined by the method of baseflow separation chosen
{n enalysis. These considerations led Reed '° to assvme a time base for the unit
hydrograph a priorf , and to use this to determine a simple baseflow separation
consistent with reguirements (see Fig. M1.5).

Tar FIGURE M1.5

7
1 ? NET RAINFALL Jllustration of link between
» 7 time bases of net rainfall
E o : and rapid response runoif
3 ! : implied in a unit hydrograph
Wl ! L - modal
T -
i i Tro® Tres Tun-T
5 : _ -
. 4
£ 2 :
5 '(‘)i .
i :
l UMIT HYDROGRAPH
I =
| z
i -5
| : <t
i £ 24
| 5 -1
: ol
H
; a
H i
4 N ! RapiD
I .
i RESPONSE
i
Zl 24 ! FUNOFF
N
14
'
ol

M1.6 Application

inglian WA Eszex and Lincolnshire River Mvisions make considerable use of
unit hydrograph modeis for flood forecasting. Although differing in detail, these
applications are simdlar in their use of a fixed value of PR for an event, the
vaiue being determined by ar antecedent catchment wetness index. Both divisions
do, howpver, adjust the PR value in real time if telemetered flow data show the
initiel estimation T o be inappropriate. Nptions to adjust timing aspects of the
mdel, or of the model output, are also employed. (See Section 4,4 for a
d?scupgion of real e=41me correction wethods).

Oae feature <of The Eosex application65 1g the generalization of the model to
ungeuged catchments -  Wescex WA Somerset Division are currently reorganizing and

simplifylog theix £lecod forecasting system and have opted to re-introduce unit
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hydrograph methods. One factor behind this decision 1is that consideration is now
being given to application on ungauged catchmenta& the intention is to take
advantage of the FSR unit hydrograph/losses model " to synthesize flood
forecasts. This represents the unit hydrograph by a simple triangle. In the
Essex application, a 3-parameter form has been preferred and generalization
obtained by regressing model parameters on catchment characteristics. It remains
to be seen how well these models perform (how do you assess performance if there
{s no streamflow gauge?). "A crude model is better than none” is true in most
circumstances; but a word of warning is gounded in Section 4.1.4 that flood

warning applications may be an exception.

Unit hydrograph modelling carried out by North West WA has made use of two
simplifications. Firstly, on some catchments they forwent rainfall separation and
linked response runoff to total rainfall. This approach ylelds "unit hydrographs™”
that do not have unit volume, since the volume of response runoff is equivaleant to
perhaps only 4#0Z% of the total BLOIMW depche The vifeci of Lasing & madel sz 2an
average oi such unit hydrographs is to assume a fixed proportional loss
gepavation, with percentage runoff constant for all events. The approach provides
an interesting short-cut but will only be as good as the implied method of

rainSall separation.

The second simplification relates to wonversion of a calibrated unit
hydrograph model to graphical form. This can be done in varicus ways. A
technique used by North West wal? is to subject ihe model to & number of synthetlc
gtorms and to construct graphs relating simulated peak flow to rainfall intensity
and duration. (See Fig. Ml.6). The technique can, of coursa, be applied with any
rainfall/runoff model and is particularly useful in conjunction with rainfall

forecasts.
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M,?7 Suitability Forx ral time ume

The unit hydrog xraph approactr 1 not ideally suited to real time application.
In perticular, base £ Lov synthesis 1s inconvenient and often appears an irrelevant
detail. Because 1€ K¢ an event model rather than a continuous model (see
glossary) there are -~warious initfalization problems. It is necessary to be able
to determine when ara event begins and also when it ends; otherwise, if a second
storm occurs soon a ¥ ter the first , the "initial catchment condition” may be
amdiguous « Usually Xt is als0 necessary to know the pre-event flow.

In contrast to =onlinear storage models (Section M2) and transfer functlon
models (Section M3) , a unit hydrograph model 18 not readily "started up” part way
through a £lood everrT. Thid l1kIrg for a complete database is perhaps the most
liniting dravback o £ unit hydrograph nethods for real time use.

M NONLANEAK 51OKEAAGE HVELS

2.1 Introduction

A numb2r of &= = Trorities use,
The best kmown techxx € que 18 the IS O-function approach developed by Lambert
this is a deceptive X 3 simple "lag and route” model that has found application in
lov flow, &s well a2= flood flow, <K orecasting. Another fairly simple
rafnfall/runofi wmode= X - the Iagla.‘:ed Event Mode! {ICM) - has been adapted by the
Porth River Purificea tion Board O o provide flood warnings on the (Scottish
Tyne. Although orf g X nally concef ved as a general purpose simulation model® 8",
It shares several £ eatures with the IS0~function approach and it is both
convenient and inst rwactive to consider the two together under the general heading

of "nonlinear storagme nodels”.

or have investigated, nonlinear storage rgnglzs.
’

N2,2 Structure

130-MODELS

The key assumpt X on in the ISO-~—function approach 1is that at any time the
outflov from the cat chment, q, 18 wuniquely related to the quantity of water stored
within the catchment , S« This quamntity is taken to include all natural forms of
storage in the catchment (eg. surface vater, soll moisture, and groundwater).

Thus:

g = q(s) (M2.1)

The gecond Amportant concept 18 that the wvater balance equation for the catchment
1s satisfied at all & dmes, fe.:

vhere p denotes the X mflww to storage, q the outflow, and t is time. Equations
M2.1 and 2, coupled = ogether, form an Inflow-Storage—Outflow or ISO-model, the
type of nodel being <leternined by the functional form chosen for the

storage/out £low relat fon (Equatiom MZ.1).

In flood forecas ting applicat L ons, p is taken as the average rainfall
intensity ower the catchrent and q as the runoff rate from the catchment; other
"outflows” such as « waporation are assumed negligible. The omission of an
"1 2s at first appears.
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Some indirect compensation is possible during model calibration; and it is usual,
in application, to update the modelled runoff by reference to observed flow

values. More will be said of this method of "state-updating” both here and in
Section 4.4.

On many catchments there is a greater delay between rainfall and subsequent
runoff than can reasonably be modelled by storage routing alone. Lambert
introduced translation effects by constructing Equation M2.l to relate outflow
"now” to catchment storage L hours previously, where L is a pure time delay or
translation lag. Though slightly different, it is simpler to introduce the time
delay by lagging the rainfall prior to storage routing. Thus Equaticn M2.2 18

replaced by:

ds
— - -], = (M203)
3c Pt-L ~ 4t ,

where the suffix t-L denotes that the rainfall has been delayed in the model by B
hours. This is the approach now generally taken in application of the ISO-model”,
and it 18 also normal practice to adopt common units for the inflow and outflow.
In what follows, p and q are taken in ma/hr, S in mm, and t in hours.

Before considering particular types of nonlinear storage wodel it is
instructive to expand the differential in Equation M2.3 to make use of the kaown

dependence of q on S (Fquatfon M2.1). Writing:

d . 45 da
dt dq dt

a d
2 = (e ma) 2 M2.4)

al ao

vieldse

This form of the water balance equation shows that it is the differential dq/dS,
rather than the function q{S) itself, that determines wodel behaviour. The
general structure of IS0-models is summarized in Fig. M2.1 which illustrates the
way in which a telemetered flow value, qNOW, can be used to re~initialize solution
of Equation M2.4, thereby updating the forecast hydrograph. Another feature,
highlighted in Fig. M2.1, is that flow forecasts up to L hours hence are
independent of rainfall beyond time "now".

ISOLATED EVENT MODEL .

Turning to the Isolated Event Model (IEH)aa, the most important difference 1is
that rainfall leosses are represented explicitly by applying a runoff coefficient
to the rainfall, prior to storage routing*. Net rainfall, n, is defined by:

n_ = ROP.p_ M2.5)

t
The runoff proportion, ROP, is determined from the initial (ie. pre—event) soil
moisture deficit (SMD) according to: .

PERC.e ~PERI.SMD (M2.6)

ROP =
(A non-zero value of SMD leads to a runoff proportion lower than :t:“he saturated
value, PERC). The PERC and PERI parameters determine the volume of runoff. Two

further parameters - AC and DEL - relate to the timing of the response. DEL is a
pure time delay and is synonymous with the ISO-model's L; . for clarity the
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TIME Combining Equation M2.7 with the continuity equation:
) RAINFALL NOw l l ds ds dgq
t dt  dg 4t t=L — Tt
I l yields the differential equatioa:
dq 2¥q
. — = (np-1, - Yo e— (M2.8)
~Delsy , ' . at eL =90 % ‘
|
LAGGED The structure of IEM is summarized in Fig. M2.Z.
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FIGURE M2.1 ISO-model structure and real time ugse, sfhowing state-updating -
—_— .. by reference to telemetered flows - 4
T 4 notetion L 18 used here. AC 1s a rontiag coefficient definiag the storage/outflow l l RUNOFF
-_— relationghip: , ' ' -
S = AC.Vq | | o (M2.7) l l %
- ' *An alternative idea, ghe augnented hydrograph approach, 18 to apply a loss factor l
after storage routing ~. : o ' S SN FIGURE M2.2 Nonlinear storage model structure, with (inset) ROP and routing
o i . ! : functions corresponding to the Isolated Event Model '
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- Lincolnshire Lymn catchment
- conaidered in Section M2.5.

'GEMERALIZED NONLINEAR STORAGE M. DEL

Comparing the ISO-model with the Isolated Event Model it 1s seen that the
former offers a more general storage/outflow relatiggship but no explicit rainfall
separation. A more general nonlinear storage model ', ccibining features of botk
methods, 18 given by the equations:

ng = ROP.pg
ROP = ROP(cwi)

(42.9)

dq dq
at (AL = 9e)
dq - da(@)

ds ds

where ROP 18 a function of some antecedent catchment wetness index (cwi) and the
routing function, dq/dS, 1s a luncilon of the outflow (q).

The ».rticular type of ronlinear storage model is determined ty the functions
chogen for ROP and dq/dS. For example:

ROP = ]

type I ISC=-function: (M2.10)
d9 g
a$s k-
POP w ]

type II ISO-function: M2.11)
dq _ 1
ds K
ROP = PERC.e—PERI.SMD

standard IEM: (M2.12) .
dg _ 2/q
ds  AC

The parameters of the mode' are the coefficients appearing in e-‘-- e functions
togetherr with the pure time delay, L.

éogﬂified version of IEM has been devaloped by the Forth River Purification

Board « This uses the pre-event runoff rste, q,, as the index of antecedent
catchment wetness and takes the form
ROP = a+bin(q,)
modified IEM: : (M2.13)
da . 2/
- ds AC

‘Although less physically related to rainfall loss wechanisms than SMD, pre-svent

flow has the advantage that it is readily avaiiable in real time. This modified
ILM has also compared fevouS%bly with the standard IEM in a recent aﬁ'udy of the

. application for HWelsh WA Taff r,m sty

Some other forms of nonlinear storage mndel are
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SOLUTION METHOL

The first order differential equation representing the s.orage routing
component of the nonlinear storage model (eg. Fig. M2.2) 1s solved progressively
to determine quqay from q¢ and ne_p. Although analytical solutions are possible

for the particular routing functions considered above, a numerical solution 1s
entirely satiefactorzaand is more generally applicable if other functional forms
are chosen for dq/dS The Newton—Raphson Iterative method is then an

appropriate way of solving for qi4pa¢-

M2.3 Calibration

In most applications, nonlinear storage models are calibrated by trial snd
error - YfSSn using numerical optimizaticn procedures (see Appendix 2).
Lambert gives a technique for both choosing and calibrating an appropriate

ctoragn ’nnp--f-"‘ oy -r-n'!n##nnak"n !Vﬂ"ﬁ"‘!f\'ﬂ .o, 1\ F{_\t;p'\ygr' horanes the motknd 1o

-

based on recession curve analyaia :I’t is more suitable in low flow forecasting than
for flood forecasting. McKe'cher calibrated type I ISO-funct’nn models by
minimizing the residval sum of squares beiween observed and simulated flows.
Analysing several v. :he of half-hourly data at & time, he derived seasonal values
of the parametcers k and L. Subsequently, Green  indicated that optimization on
isolated events ie preferabl. because it gives greater emphasie to good
performance on the rising 1imb of flood hkydrographs.

M2.4 Application

Nonlinear storage models are particularly suited to real time forecasting.
One feature already alluded to is that flow forecasts up to lead time L can be
made without recourse to forecast rainfalls. (See Fig. M2.1). Another
characteristic of the formulation 1s the opportunity to incorporate telemotered
flow data directly into the model, as 1llusirated by the broken line in Fig.
M2.1. Solution of the differential equation (Equation M2.4 for ISO-medels.
Equation M2.8 for I1IEM) requires an initial condition, 1e. knowledge of the
outflow, q,, at some initfial time, to. In "simulation mode" this ls ivkw:
the nre-event flow. However, in updating wode" the latest telemelored .ti.cw is
ugsed to re-initialize solution of the differential equat:lc“, chus amgertng
continuity of observed and modelled flows at time "now" Thin rechniqre of
state~updating a model is discussed further in Section ln.l where mthez forms of

real time correction are also considered.

Nonlinear storage models have been epplieu 1-« £1; md foresasting. by Welah WA,
Northumbrian WA, Forth RPB and the Greater _London lgoum.il,, the simplifies :
rainfall/runoff models developed by North Wesdi WA®™ for use with radar darived
rainfall data are also rather similar in cffivis Iso—fumsg:lon wmodels remain ar
integral part of the (Welsh) Dee flcod foracsating qzym:em
undating mode on a dedicuted real time minieompurec

Beth Welsgh WA Dee and Clwyd Mvision m& Nas thumbr:lan VA rake "‘imitﬂd usi of o

graphical versions of the Ho-model. Fige M2 .3, taken from. work’ cax‘ried out nt
the Institute of Hydrology 111lustrates how a ’nonlhear storage model cen be’

recast as a co—axial diagram'
flow at time "now” and an approprist.’ rainﬂﬂ‘ forecast.” In ha p&rhhuler
TNy Z=part nonlinear storage mofel wag. used

(type II at low f£lowe; t:‘me 7 at high-: tlc:m) .together wifi .a. .runoff. prcpnr:rion
(ROP = 0.74) but & rero.pure time delay (Lwl)%..

‘..n\,

BRE L "-'J{ . ) r1 ) : P ] ;‘ .

S
LS LA

and .ru impiemented in

flow fovecasti ace resd off f£rom. krowledge of the ..

A8 Fige MZ.3 demoneirates; even -a -
" fairly cOInpl:leatt.. nanlinerv storage wodel ran be condem:ed»-?ft:o a ‘sirple graphlcal: *
form. . ST

Sruy

Ty
p';f .
e

. E

L
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. cotehment awalts conmissioninf of the London weathar radare

¥i.5 More advanced i-onlinear \Vf.‘.i:l‘llﬂé wodis

'_._'w—‘.-.;ﬂ““w ' e
a0 e |

hAg a mesn Mg time cf L+ not L.
RO : vy Tt . -

oo FIGUWT M2 .3

e, G LS - 4

Graphical sppiicstion cf @
nonlipsar storrge modnld
(sce text for detalls ol
exanple srown)

NOTES!
i Circled numbers denctie
clock hours

41 Flow entered on +va axis
{s telertired flow in mm/hr

11l Peinfail antred ¥ in
forecast dapth - -

houe comnencing & © R
iv  Projected Linz yi-4 '
and 3 hour ahezd L..re. ¢4

flow in mm/lr

The wnonlinesr storage mou.* &pplied In the Forth R¥B‘'s flg.-i warning syetem"(q
is the nodified IEM (Equations 22,13} This uv.2s tho chatwviuw proevert flow to
determine the runoff proportion applicable to the current event. However, thn
implemencation does not otherwise update forecaets Yy veference o teloemeiared
flowsc The reluctance to incorporate real tiwz cuxz-ztion nethuds 1w explained in
part by a measuyre of confidence in the baslc "siaulation gode” medel and 10 pavi
by the fact that the telemetered flcws vefer to a gite considerably upaﬁrnum.;yf

[

the risk area - and may therefore not alwrys be repreaentative.

The Greater london Council_ has ayplied the stanc{ard leolated Event 1zdel
{Equations M2.12) to an 18.4 km“ syzurban catchaent **. (Ses alse 3ectiaxn
4¢1,2). Effective use of the modesl for £looc warningz on this quick responding

The represeitation of twanslation exfecta by & pore time Jelar {8 simplistic
avd an alvuernative g ¢ Incorporate a rime/ales Glagram Mhav} for cxample, 84 )

wilgon™’Y . Mandev'.11e considrved seversl scizmes in his orikinal work om YEM7'.
"green adopted & trravgular discribution of travel times and ancted the rmpootilng

effect on outflov in devilopmient work ou the Dee subcotchment 159 model 5.

aT— o a1 -
i . I T

*When - 1?1\\;;;-';§'2'?etiag nO'&‘.\‘\_iiﬂfﬂ&";‘ stox'aﬁe"}gop‘.ela' it 1% 15 -tant not to mistale the
pure time: Zelay paxancsier £or the catclaesi lage  For “example, a type I ISO-model

1|

N . }
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B ——
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Althcugh conceptually preferatie c¢c a pure tiue delay, the introduction of a
time/area disgram enlarges the parameter set f+hus possibly adding to calibration
problems) and makes the depardence of flow foremasts on rainfail f.recasts less

clgdr-cut.

A time/area diagram 1s one feature of a semi-dis Eibuteai catehment model
developed by Weseex WA for the Bristol Avon catcltment™ = - (Section 4.5 discusses -
variors gpproaches to comprebensive modeliing of river systems). The rainfall/
r-noff segment of the model incorporates a ¢riangular time/area dlagran and
subseguest routing of net rainfall thrsugh a 2—paraneter nonlinear storage.
However, »tudies 1indicated that the expounent value in the storage/discharge
aquation was not in itgelf very important and that s 1inear regervoir wnuld
suifice {fe. a type Il rouring function).

An extended version of IFM was developed &3 part of the lst Internatiocnsl
Workshop on Real Timglﬂydrological ¥orecesting ond Conitrol, held at the Irsititute

of Hydrol:gy in 1977°°. A Z-parcmeter stor. s 2/ sutflow relationship was epaumed

~ogether witih & «iacu cunoll piussitlicn, lczdinz {Un the watarion nf Saction M2.2
P Fd ) NE I Y

;0 the fcrm:lation:

. p = ¢
ex*cnded TEM! (M2.14)
dq .
——— [ 53 a_‘lf‘.?

a7
e

where a, b and c are’model parnmeters. As an altemative co using & puae Llue
delay, a mowving average filter wae applied t» provide 1n =ffect a tive/aras
diagram -~ in 123 stmplest case sdding two parameter: to the set, making f£lve in
all. Although the model did ‘not, perform drapatically better theyi the J—parvameter
I50-nodel againet wkich it waz asse¢ssed, the recsarch demongtratyd how a aoilinear
Aaterministic rafafall/runoff model can Le recg;qt,gn stochastic fmm and
calibravesd oy use of Jn extended Fziiau filtex = W cwuoh pothidolagr peraiels
*%e develaymwent: of rronsfer functfion representatlons of unif hydiagraph meizls,

M3 TRANSFER FUNCTION METH0DS

M3.1 Introdustion "

The tranfer function approach recacets unit hydeogrvaph methods in &
statistical framework wherehy tie siodel 1s efficiently parimetecized and naturally
gsuited to real time neé. guuowing rueoretiral develepm-'-g'gm and pilot ptudies at
the Institute of Hydroley,’, the Ualversity of Birnfughua”’ anil e¢lsewhere,
experience iz ¢ being galved 1n the practical applicatiow of ‘transfer function
models to fiuc . warning protlems. The approsch has besn uved by Weasex WA
Somerset Division in an ctensive computerizes £iood warnlng system” - |

Teansfer function models ar: mot, 28 yet, widely
warning authorities. They are phrased 1n stavisiical
for the non-specialist te covprehend. pad, 1f the pst Lz to be made of the
appeoach, 1t ise necesgary to yain & grouiding 1n tine sexies wnalysis. However,
once calibrated the medels are naztiiuisrly gimple to implement {n real time and
cffer several advanmgeétbi'er;'-‘i‘h,,g unit hydrogcsph qpproach to flood forecesting.

underatood wichin f£lood
larguage that is difficult

R ]

b
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M3.2 Structure

In its simplest form, a traasfer function model assumes a linear relationship
between flows, ¢, and rainfalls, pe, so that the flow one time step ahead can
e estimated from an equation such as:

Get1 = 010t +WoPesl + UIPe + WPE-1 (43.1)

Here 63, wp, w) and ¥y are podel parameters and the notation c‘f deno:vs that the

flows are as estimated rather than observed. In this example, at—l—l i8 calculated

from one previouw flov value - there being a single autoregressive (AR) parameter
61 and three moving (HA) parameters Wo, W1 and wy. FEquation M3.1 represents a

gsimple transfer function model with a (1,3) ARMA structure. The model structure
1g 11lustrated in Figure WM3.1 and an example of 1ts application 1s given in Table

M3.1.

TIME —» FIGURE M3.1

lllustraiion of the dependence of
qt+l 2a qt and three rainfall
values in a transfer function
model with (1,3)ARMA structure

Pra| Pt [Pras RAINFALL

t RUNOFF

TIME —

Application of & transfer function model to a flnod event I8 generaily
initfalized by knovledge of the pre-event flow, g,. Fquationa such asa N3.1 can

ther. be applied repeated1ly - at successive time steps — to evalusate q1, 52, 63, oo

from knowledge of the rainfall inouts, pe. However, a particulsr feature of

of transfer'function mdels 18 the ability to re—-initialize at any tiwe during a
flood event. In the case of the model defined by Equation ¥2.1, all that is
tequired to carry out the re-initiaglizacion is the latest telemetered flow valve,
qr, and the taree rafnfal observationo: pg+1, Pt and pp-1+» This

festuras means that transFey function methods can recover rapidiy following periods
of informstiou loss brought about by computer, telemetry or lmstrument failure.
Re=instializetion can in £act be carried out at each time step, the efiect belas

 to updats the mode) forecagt with respect to the latest telemetered flow. Tals
- fort. of roal time correctlon, wiich we refer to as state-updating, 1is diacussed
 briefly in Se:tion Hl.) mnd, more geverally, in Section 4.4,

b

. A . .
. : . . : 1
st Y ) . . L . i

e 4.
1 - -

. v
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TABLE M3.1

Example application of a transfer func -mm-ion mode=1 witn (1,3) ARMA structure
NB. A1l flows and rainfalls in units of mm/br

TIME FLOW RAINFAILL MODELLF ™ RFSPONSF EST'D FLOW AT

0BS'D EST'D (three values) (61#0.9, o=~ O.1,uwu0,4,1)*0.2)  NFXT TTMF STFP

t 9e % Pet1 Py Pe-n b WoP en P P dem1

0 1.00 1,00 - - = 6,90 - . = 0.70

1 0.90 3 - - () I = P R 1.11

2 1.11 2 3 - .00 O.2 1,2 e 2.40

3 2,40 4 2 3 M6 O.b 0RO 3.96

‘l 3|96 = l. 2 3056 - 1|6 0!“ Su 56

> 3056 - - 5,00 - a4 0B 5.R0

6 5,80 - - - 5,22 - e n 5.22

7 5,22 - - - 470 = a a 4.70

B 4,70 - = - 523 - . n 4.23

9 4.2) - - — 3-“1 - » = 1.R1

10 3.81 - - - 243 - o« om 3.43

11 3.43 - - - 1,09 - " 3.09

12 .09 - - - 278 - o« n 2.78

On many catchments there is a suff —fclent naatural delay before the output
(flow) responds to a change in fnput (x—=minfall) that a pure tine delay can be
incorporated in the model structure. T ihis stra¥eyy helps to economize on the
nrohieme. Moore

number of pargmeters needed in ik nod<s I, thue  Zaslng calibration |
and O'Connell® define a general TF/ .s, —1%)model by an equation equivalent to:

at- 61&:"1-‘- o + 6rqt"'r + “’Opt-l"‘_ wlpt-l-—l"' Ty + ws-lpt-xus.{-l (H302)

where the transfer function (TF) model "M r au Toregresaive paremeters, s moving
average parameters, and a pure time del mayparameter ) measyre’ it time

{ntervals*. Inclusion of a pure time & ame=lsy megxas that flow firecdets - to A time
steps ahead can be made without recours wme (0 raixafall forecasts. {Cuntaiust with
Fig. M3.1 where flow one time step ahea ==l {8 dependent on tainfell 1+ tha Interim.)

Although it is possible to develoup transfex function models that relate flow
to total rainfall, it is usual to followms the phX losophy of unit hydrograph methods
and distinguish net rainfall. The choX «<axe of an appropriate rainfall separation
method 1is again important but, in this asmgpect, %The greater sophistication of
transfer function methodology can offex n0 bet &= guidance = just a wultitude of
pnssibilities. The Hessex WA Somerset )vieion irplementation uses the varieble
proportional loss method, the variabll X =™y being controlled by the catctment
vetness index, CWI.. (See Section Ml. & for a d¥Xacussion of rainfall separation

methods).

Hoore3 discusses in depth several =mmltérnat=¥ves to conventiconsl methods of
rai=%ail separati/r. One technique is == monitor catchment wetrens and to gwitch

*In the notation of Section M2, the pes—xe time «lelay L 18 MT where AT fs the ime
interval. ' ‘

. - .
R "‘"‘R‘_
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from a glov response, low volune TF model to a fast response, high volume one when
a predeterrined catchment wetness iug2x 18 exceeded.{3ee Fig M3.2). Another

treetoent 18 to se arate rainfall invo two components (according to the preveliling

catchoent ~:.negs8), to €irect or: component to a slow reuponse TF wodel and the
other to y tast xesponse model, before combining the two outputs to estimate the
total flows (See Fig. M3.3). These approaches allow nonlinear effects to be
{ncorporated and clrcumven* the need for baseflow separatinn, However, the added
gophiztication £8 ay the expense of increasing the number of parameters to be

estima:d in nodel celibdration.
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M3.3 Calibration

The calibration of transfer function models calls for specialized computer
programs and an vnderstanding of time series analysis. The computer package moet
tailored to hydrological forecasting applications is CAPTAIN - a computeg aided
procedure for time series analysis and identification of noisy processes .
However, some 5<s.eral purpose statistical packages, particularly GENSTAT95 96,
also provide comprehensive facilities for calibrating transfer function models.

The twoe main stsges in calibration are to determine an appropriate model
steucture gand then to estimate the model parameters themselves.

Determining the model structure amounts to deciding suitable vaiues forr, 8
and L in Equation M3.2, In other worde choosing the "order” of the trausfe=
function mcdel. The order of the model may be tnferred from the impulse TrTespunse
fun~ticn of the dats, which 1s usually calculated by first "prewhitening™ the
Swmovtr (rainfali) seviess thie ameunts to tcensforaing the series so that 1t
~onsists of approximately uncorvrelated values. Derermining Lhe appropriace
transform i8 equivalent to fitting p ARMA model to the input series and caa in
2¢self be a complicat2d prrcedure Applying the same transform to the output
(£low) serles, ti:z impulse response function is given by the cross~correlation
function of the two transformed series. A o ee of julgemernt 1s required to
inferv appropilate values of r, 8 and X from t:. impulse response function; at this

. ¢iage, the graphical and interactive factlities of the CAPTAIN package are

nartiralarly helpful.

Various algorithms can Le used to estimate the model psrameters in stage two
of the calibration procedure. The recursive least-squares method ig probably the
cZwnlest und 12 rometimes adeqgrate. However, this algorithm is known to give
statistically {i.onsisteat estiwates 17 the residual error (or "noise™) series is
autacarrelated, . 3 18 often the cage. ¥or this reason alternative techtnfques such
a8 Lhe Icstrume:~21 Variable (IV) s.«gc. .thm are of interest. This nigihlzr
pophisticatad L.chnique provides 27 ’stent parameter estimates bu+ =7 th other
iterative procedures, poor convarge: e can sometimes be a prob? .

A5 ‘he name Impifes, time serles analysie methods & - A
study continuous time seriesz of data. In the coutext of ... o Taz L
zenerally desirable te calibrate a rainfall/runoff modes . .wo TLi o< Do
events so that exphast: -z given t. good performance at L o T e
technique 18 therefore w«aded to concoct a time serles out
events. Moore and 0'Cowrpeil tackle this important problem .~ © - S F
dummy ohservations between events that anomalous autocor~ ' .~ - -
crosc-soreelations are suppressed im the concatenated s¢ .- - e
end flow opservations are giver values ¢quai to the mean . 8 VR
series.

CALIBRMATION BY NUMERICAL OPTIMIZATION

The above description may be rather frightening to the non-spe2ialist; suraly
a simpler method of calibrating transfer function models is possinle? OUme
elternative is as fallows.

A particular model structure (eg. T¥(2,2,1})) 18 assumed a priori and the
parameters determined by numerical optimization, ie. krial-acd-error adjustment of
the model parameters until a best fit to the obgerved flow data is obtained.
Alternacive melel structures (egs TF(1,2,R)) can be conafiered subsequently, again

s a trlal-and-error basisg.
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"his approach to calibrating transfer funct: £ on models {8 anathema te the
purist ~ unneceesery trial and error is, after all, unscientific. Fowever,
despite 1t inherens veaknesses (sce Appendix 2) , mnumerical optimization is an
gccepted means of caiibrating many other hydrological modeie and the extension to

trans3fer functiun models 18 not unthinkable.

M3.4 Applicerion

Hepsex WA Somerset DiwvZ slon have gained several years experiencu in the
npplication of transfer function zethods to real time flood faorecasting. The
approach 2dupted by Biggs 15 a pond {1lustration of the close relavl onghip
bacween unit hydrograph and transfer function me ¢ inods. Net rainfall Zz determined

by tha variable proportional loss method (see Section Ml.4) and a TF model used to
rorecast guick respunse Civwe frow act ralufallz znd previewe nvirl roapanse

flows. Finally, a baseflow allowance - taken egual to the pre~event flow - is
added. A vecursive least—squares algorithe was wused to cal'brate the TF model.
The flow forecasting modcl 13 embedded in & real time compui«r program thst,
amonge: ~ther fuatures, calculates subcatchment rainfalls {rom & netwauwi of

recording raingauges and allows fleod forxcasts to h: <xtanded by the 1inclusion of
forecast rainfalis. Th: m=thod of racl cine corred:’ = envisased in the Somerszct
scheme was to statr-apdate the model by replacinz es;;%:gﬁa.ted flow values by

observed flow valves ac ...om as they become aval I =ble” . However, as reported in

Section #4.4.4, the =verall s=chene has recex:ly been re-appraisced.

Aa referce:! to in Section Ml.4, South West Ww.. are moving towarde the use of
cranfer function models. To assist routine calibrations for many catchments, they
have developed a simplified package of time series analysis programs, called
Fae N Tiba CAPTATIN, the FWSIGN package 1s usec=—Ffriendly: but, uniile CAPTAIN,
it has relativelv few options and wakes no use of interactive graphics. Medels
have been implemented on a trial basis for four s1ites requiring flood warnirgs.

Regearch at the Institute of Hydrology has considered the application of
transfer function siodela — gome wvith an assoclated "noise" model - to several
3ritish catchments’. Possibdilities of on-line calibration of linear system models
have been studied at the Uni-wversity of Birmingham9 + The "ultimate™ in this
apprecach to flood forecasting is the concept of I mstalling a model that develops
avd rofines itvelf automatically. There is nothing technologically impossible
Serc; vather the doubt is whether such sophisticativn will produce better models
en’lfoz faracexts, given the wuncertainty inherent 4in modelling a catchment system
ard in eatzm-cing inpute to the system by a few point measurements.

W4.5 Consrast wich the unfi€ hydrograph approach

Some of the rescarch papers produced on time series methods of glood
focecasting begin and end wi &h & condennation of =raditionzl methods”. This iIs
regirettable. While the newex methods have much to offer they are not absolutely
good nar are the older methr.ds irrevocably bad. ITf progress 1s to be made it is
important to distinguish the psriicular advantages and weaknesses of each

approacitie

The discussion that follows centres on comparison of the unit hydrograph and
transfer function appriaches , since this i1s the area in which the rivalry between
dererministic and stochastic methodologies is mos  apparent. However, the
question of whether (and to what extent) to trans late other deterministic models
into stochuastic aquivaients Teaches beyond the scope of this report.

-“
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ADVANTAGES OF THE TRANSFER FUNCTION APPROACH

The transfer function approach provides a more efficient parameterization of
a 1inear system without serious loss of generality. The large number of
parameters fnvolved in the derivation of a unit hydrograph by the usual “matrix
{nversion” or "lesst aquares ordinate” method can lead to problems of
instabd lity. 1% fu frequently necessary to employ some form of smoothing in
order to arrive ut an acceptable unit hydrograph and this smoothing can lead to a
loss of objectivity. While derivation of unit hydrographs from individual events
invarizbly poses puch problems, research has shown that the derivation of an
average unit hyovograph from analysis of a group of events is inherently more

ptabie .

Fs» 24451y the most important advantage over unit hydrograph methods is that
sransies ‘unction models are ideally structured for real time use. Once
ralibrated they are simple to use, eiltier manualily, giepuically or by computer
As outlined in Section M3.2, they are extremely easy to initialize or
re-initialize. In contrast, uni: hyircgraph methods are ofter cumbersome to

implement in real time and are such jess tolerant of data loss. (See Section
M1.7). )

Another merit of the transfer function approach 1s that, given the
atatistical formulation, estimates of forecast uncertainty can be derived fairly

readily.
DISADVANTAGES OF THE TRANSFER FUNCTION APPROACH

The one serious drawback of transfer function models 18 the complexity of
calibration. While computer packages, such as CAPTAIN, provide clear,

user-friendiy accese Lo ithe necessaiy time corics enzlyeie alporithms, the
calibration of transfer funcrion models still requires a good deal of skil:.
Perhaps the potential danger is that, in grappling with "prewhitening” and
"lag-one cross—-correlations”, the new user may lose sight of other aspects of the

flood Fforecasting problem, for example the importance of rainfall separation.

The neglect of baseflow separation, gometimes advocated in the transfer
function approach, is a mixed blessins. While it avoids the very real problems of

synthesizing a baseflow component in real time, the concept of relating net
rainfall to total flow seems to be a step backwards and is clearly suspect on

those catchments — aimittedly few - where baseflow can constitute a major
component of flood flows.

REAL TIME CORRECTION

A clear difference between the approaches 1s that ctransfer function models
can be readily state-updated whereas unit hydrograph models cannot. This would
appear to weigh heavily in favour of the transfer function approach. However, it
is ac yet unclear whether state-updating is the wost effective means of improving
forecasts by reference to telemetered flows. As we shall see in Section 4.4,
other methods of real time correction - applicable to both approaches = may well

be preferable.

SUMMARY

while the transfer function approach has certain advantages over

ach in real time use, it 18 not clear that the added
A weakness remaining in both

In summary,

the unit hydrograph appro
gsophistication is justified in every application.
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approaches 1s the difficulty in determining an appropriate rainfall separation
method.

M4 CONCEPTUAX. MODELS

M4.1l Introdm<c tion

What are generally referred to as conceptual models have £9und scai .
application to {lood forecasting in Britain. Tucci and Clarke”" Bsuggest two
reasons for T ix4s. Firstly, there are the well known problems associated with
calibrating mammy-parametered models. It is usually necessary to resort to
optimization methods and these can fall to converge, converge to only a local 98
optimum, or ¥i eid optimum parameter values that are outside a meaningful range
(aee Anpendds 2), The second factor highlighted by Tucci and Clarke is that there
is rar::aly an o bvious way of using telemetered flow data to improve the short—term

forecasts of &  conceptuval model.

n. Zdering catahment models in broader terme, it is usual to

Vaeh comus =X
e.B8tinguish comceptual ‘and empirical types. One definition of a conceptual model

ig a model tha T maintains an explicit soil moisture or "water balaice”
calculation, hence the alternative terminology "explicit soil moisture accounting”
or ESMA mgdel P, A detailed review of conceptual catchment models i3 civen by
Fleming*'’; & typical model structure s illustrated in Fig. M4.1l. While

FIGURE M4.1
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explicit acccunting is prerequisite to a comprehensive simulation wmcdel, it is
possible that this property i1s merely an encumbrance in flood forecasting,
particularly 1f telemetered flow data are available to allow real time correa2ion

of forecasts.

Although other authorities - notably, Thames WA Conservancy Division!?l~ have

developed conceptually based catchment models, only Severn-Trent WA have them in
the front line of flood forecasting. Thus the remarks that follow relate largely
to the subcatchment model adopted by Severn-Trent, here referred to &z the ST

model.

M4.2 The ST model

The ST model is described briefly by Bailev and Dobaon”, from which Fig.
M4.2 is taken. Although used operationally for flood forecasting for many sites
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48 conceptual models go it 1s of medium complexity. It 1ig rather less
Jetailfﬁzthan HYSIM - the general purpose catchment simulation model developed by
Hanley - but g good deal more sophisticated than the Isolated Event Model (se'e
Seeriun M2.2), to wWwhich parts of the ST model bear some resemblance.

The 37 mcdel conmprises a rainfall/runoff model and an optional snowmelt
podel. The rainfall/runoff part has about a dozen parameters. The likeness to
the Igolated Event Model (IEM) is seen in the "lag and routing™ applied to the
ruoff, and in the key role played by an empirical relationship between runoff
proportion (ROP) and soll moisture deficit (SMD). The latter differs in several
regpect®. Firsely, the ROP function is rather more complicated than that used in
IEM and allows soll moisture excesses (ie. negative SMD's). And secondly, as
would be expectad of an ESMA model, the SI1 model maintains an explicit budget of
80i] molerture, whereas IEM relies on a supplied value for the pre-event SMD.

rc cubzmedel Lz the reprecentztion of potentds?

A feajpuic o the s0il wolsturc culbzmeodel Lo th presen
evaporation by long~term mean values for the time ¢f yiir. Thia accords wich
regearch by Calder et al 03 hich has s%town that thp v.¢ e &an appropriate «oil
moigture regulacing function I8 move crucial to obtasaing good simulations of soil
m0igtur® than 1a a sophisticated potential evaporation calculation scheme , It e
interesting to note that a gimiiar simplified represertation of potential
svaporotion was u3ed ‘n_the calcuiation of SMD for Wessex WA's Somersel Division
flocd forcasting schene - gee Section M1.4). This means that there is no
veliance on real ©lme climate data. More positively, the res<arch points to the
impoiiant role tha&c a dense network of telemetering raingauges car play in
saintaining & gocd representation of spatixrl varlatiing in catchment wetness.

The complexity of formulation of the ST model makes a computer implementation
desirable. Severn—Trent WA have twin flood forecasting systems at Malvern and
otringhen. Freh Hog o dedicated telemetry scanner coupled Con demand) to an YBM
Series | minicomputer on which the flow forecasting models are run”3, Noimally
‘e models are run at least once per day and values of the stats variables (eg.
the enntents of the goil moisture and groundwater stores) retained for initiali-
zatjon Of ¢he next vun. The principal form of veal time eorrection applied is an
error prediction method; this reconciles simylated fiows with telemetered flows,
to produce a corrected forecast. (See Section 4.4.3).

is indicated #n Fig. M:.2, the ST model includes a snowmelt subroutine. This
18 ynder dovelopment but some brief detuils are given in Section 4.7,

A conceptual model of this cowplexity inevitably attracts critics. Those
w_ith a feel for conceptual modeliing may debate the particular formulatien chosen;
thoge of an empirical persuasicn will argue that the calibratlon of a model
posgessing so many paraveters leaves tco much to numerical cptimization
(Appendix 2) or gubjective judgements. Against this it must be said that the
model has been developed and implementad in a very professional manner snd is by
nt wean® as hard to use as it 18 to ce™”’brate.

Before selecting the ST model for flood forecasting, Severn-Trent WA carried
out or cormissioned studi,gs 3{‘ liﬁgeral candidate umdele:1 %ﬂcluding HYSIM, IEM and
8 upit hydrograph method 1 "« The argument given 05 for preferring a
congeptual wolel to an empirical methed rests largely on the assgertioa that an
ESHA model is better equipped to simulate flows over a wide range of conditions.
This seems a reasomnable hypothesis and is particularly relevant where the benefit
of flood forecasting accrues only in extreme events, as is the case for many of
the gites for which Severn-Trent WA provide flood warnings.
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M4.3 More sophisticated catchment models

In recent yeagg,ls%aearch has been directed at the development of a 1uw breed
of catchment model . These differ from traditional conceptual models in two

important respects.

Firstly, an attempt is made to derive and solve physical equations for the
component processes (eg. snowmelt, subsurface flow). Because thesc are "true”
equationg 1t #3 noewihle t¢ determine appropriate parameter vaiues from gcientific
study (cg. n7 8-i) -auping) rather than by optimization.

"E:obe;e":t;" cm& mos . croublesone aegect of catchment modelling is that of
spacial varkinhiillhy, ik of inputs (climate variableg) and the system itself
(soii Talvsppouely 1...:e The second important feature of phyerles based models,

PELIN ?:? ' ; - tvlvb '
St end XK , 18 that they are spatially distributed, representing
% (uZvork of subareas or nodes. This feature leads to large and

e
&, uidhaons requiring sopnigcticaced numerical suvluticis cu powerfiul

ol A

[
o

]

.

glaan Lo DTN

ARV I . o - )

Ry e ;% petarg’ b_lieve that this &, . of modelling holds the key to an
R R 1 ..iretanding or iunoff formetion tnrough experimental application to
11 tepsav iy monitored catchments. But will such models be a practical propositioz
fir opesr. cional Iluod forecarting? A pessimistic view is tha% any complex
hyvdrological model ~ n~ matter how physically resilstic = will be dependent on
exteusive survey vork r< select appropriatce parameter valves for the particular
soils. lLand use, stream channels etz, nd that in many applications this data.
requirement will be prohibitively m.sinsive to meet. Perhape the more 1likely
course is that advances made with tue phyaical approach wil: filcer through into
better design of traditional models. 4& ragards the treatment of snatial
variability, the "semi-distributed” spproach digcussed in Section 4.5.1 seems well

e td e

establiished in British [lood {orecascing groctice:

%eh Real time correction

4.4.1 'The problem

How best to use telemeterad {low duts ¢ ¢yvrect a forecast is a central
theme in flood forecasting. Figure 4.4.. #1iifiates the basic problem. Our
model is ylelding a flow forecust that t-'-‘i‘..emaf--‘e_?;‘ifd observations show to be
{iaaccurate. Should we trus*: the Sorecagi ' zed by the modz. -~ should we

scachow try to correct the forecast im th ‘gt of recent modes performance?

= I

FIGURE 4.4.1
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The quastion can arise in “cth ficod routing andé rafafall/rovetf modelling
pethods of flood forecastirg. ‘or clarity we coneider only ‘he latter axd, in the
first instance, only one rainfall/runcfi model: the Isolated Event Mcd2d (IEM).

As described in Section M:. 2, IkM 18 a fairly simple reinfyl)/ronoff model
having four parameters. Iwo o the pavareters control the ratniel! zeparatrion and
the other two determine how the w.t rainfall is distributed in timn as rumoff.
Application of the model to sinulate flow from rainfall measyrerents is
i1lustrated in Fig. M2.2. As In ciher “evenr” wodels, the observed pre-event
flow, q,, is needed to initiallz.: the mcdelling of wuroff. This presents little
dif ficulty in flood forecasting applications becnune, for reascas discussed in
gection 4.1.4, flows at the site fov which forecasts are required ure usvally

available in real time.

Figure M2.2 1llustrates appli).;fpt:‘.pn of IEM in "simulatlon mude". Ne age is |

Al N2 sl mmmanTwa at Ehe
gaure 2t e

made of telemetered Ilows Bubseyneal iv ithe fRlilal llgliln proccd
beginning cof the event. As $1iusteatsd in Fig. &.4.2, the forecsst hydrogreph

vells up with each new raiafall cbee:yation received. Azgumlng that the
telemetered flows differ significantly from the modelled flows, ws are left with
the classic problem depicted in Fig, «.#.1. Shoald we correct the forecast? I

g0, how?

4.2 Approaches

* rhere cre at least three distinct wuys of correcting a "simulation wode”
forecast by reference to telemetered flows: error predivtion, state-updating and
parameter~updating. (See Table 4.4.1): BAli three technigues arve appiicatlie to
~our example rainfall/ru..off model, IEM. A

Teble 4.4.1 Methods of real time correction

ERROR FREDICTION -~ 1in which recent discmpanci;## bét,ft.é’eé."eri}' sinulated and
: telemetered flows are studs.: and a corrected forecesat

Y

constructed by adding error predictions ro. tha 31"‘."1“19"‘ -f_f,

mode forecast.

SYATE~IPDATING =  1in which the catchment outflow (or some othex
: observable quantity) acts as a state variable so0
T . that & telemetered observation can be used to
' update the state of the model (and hence its
forecasts) directly.

'PARZ METER~UPDATING = in which one or more of the model parameters are
| adapted in the light of recent model performance.

WL X
¥ jLROK “FRERICTION | )
. y

“. ohe most-cbvious approach to the problem posed by Fig. “+4.1 1o to accept
that a discrepancy exists between the model forecasts and th. flow observations
end to try to anticipate how this is likely to develop in the ‘ar future (le.

vithin the forecast lead time). The aim of the approach is ¢. reconcile what the

W T et hat the telemetered fle. observations say ig |
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FIGURE 4.4.2 Sc.pshots of the eimulezion provided by IEM for an event on the
- — Lymn at Partney Mi:l (Lincs.)
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t:upening. The r2conc ‘ st «18ily dore o aphlerlly, es Fig. 4,53

i1luetrates. Flooa £« . - he USA rvafer to this techaique as
“blending”, Lle. blendi . acap of informstion tagarker. A less wlegant
ut more precige term .. axﬂr't:[ou'“""", rince the vwsence of che technique
is to predict the model ~r: sture tize steps from ibwe wdlel error noted in
the racent past. (This 1w, Jarse, error forecesting but use of the unrd

,rediction helps to avoid ph ses like “model forecast ercer forecastinrg
.modcl !). We shall gee in Section 4.4.3 that a natural 7y Lo formaifze error

vredicrion {8 found in time series ana]yuis.
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STATE-UPIATING

A quice different. &pproach to r-:ml time correction of IEM - at least it
principle - is to uee ‘the lacerr telemetered £inw tc update the "state”
{1e. comtent) of thc nedel’s nenlinzar reservolr. . Becauae of the uvnique
relatiouahip agiuited betwe-n .ie resarvols conteni:, g, nnd outflow, 4q:

§ =~ AC.Yq B | o 2.7)

m*dai:x D a,he atate of the reaex':volr correaponds tc \qodating :he modelled outflow.
-.C"ms the effect i8 te Trewly ;.tuah'.:z‘ or *'e-c'ntte the model rorecast 80 that tt

alites mu.h the observ‘-u flow ar t::lme uow (See Flg, &L, 4)

Ty desonstrate the wider rom.ep,‘ of sratn-updatin " i 1s he‘p 31
- <ongider o second erample, for whi:h the 3T 5. Jel (Seetic: M2} £in v .. m~ e-lienf
“irhagne. The ST model has three sistinet ntoTeges: a goll moistury. s cnie;
. gwoe adwater store, and (when &pplicab r) a snowpack store. {See F\g. Ha.l}
”c.ual use of the nudel te simulal ‘.00 cequires thai thcse storeg are '
avitizlized, in goma way, pr::lor - e ovent. Once icitfaliwed, tho xodel e
Caprwsat bythe relewant fepat csefs9len (yricorily, <atefall obzerverions). The
puoreg cre augmented or depln! ! : 'ordin;, to ths "cules” of the iwodel (la whinh
the mrdel para:netexs play th>’ ) wnd t*e £1ow Cherebs simlatod. - vhe -
contents of’ the various .3te . Cplravar st ool itheimodel which in turn :-:.,
 repres.-nts‘the state of the CIf s amy. clde 1" is posasiile L gais an
-'_jflndependent vatimste of one . .- .Btate vauisiles -~ Y3 example, i€ reil
“wa be-desvced from neutrep P - 2an SLTERINLE & a re.wem-amtive site, - thea, ..,te
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' As ve ghall see in £ tien 4.4.4, 1v rual time flood forecasxing épplicatiu;'ny,‘

we are primarilv concernes with msdel siructures that caz be wtate«upda"ed by

refurence to telemeterzd flows. UIhe broe? philceaphy behind the state—upd-* "2

app:mch ie
thar 1t 48 always starting from the right place This io acuievemi bj frequent o
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(1i1) use of a simple expon«=ntial decay to blend t* - r~orrected forecast back
tc the gimulation forecast beyond this lead t.::

(lv) estination of the erri>r prediction model by a recursive least-squares
algorithm, with exponemtial weighting to give emphasis to recent model
erxrrors.

This regearcy ves carried out on error series produced by various forerunners of
the 37 modeX i Section M4.2). Penxding final resolution of the sgubcatchment and
floed rout! i = models, Severn-Tremt WA have implemented a variable bdlending
tectnignr s real time correctfom. This follows the scheme of Tig. 4.4.2 with
the subile Tefinement that the pe xiod over which the blending takes place is
reduced {¥ Tecent errors have been varighle, but erxtended if they have been

steady,

bohet | jite—updaring

- ihe state-vpdating technique is uged by a number of flood warning

autheitiess primapily in connectfLon with the ISO model (Section M2). Unlike most
other rpinfa 2 1/runc-£f wodels, tho I1S0-function method was devisged specificaily

with flow foxrecasting in mind82. It {s readily state-updated in the manner

_‘J.’IL;':i:ﬁr;\ted in Fig. M2.1 and descxibed (for IEM) in Section 4.4.2. ISO-models are
nw i, Heldka WA in a variety of <£orns and by Northumbrian WA 1in a convenient
Cgradies) vexgion.  Where. telemecered flow data are avallable, ihese are generally

wstii b yraC @-update the IS0 model forecasts. The simplified rainfall/runoff
nidel deveiopad by North Wegg WA Tas strong cimilarities and 18 likewise designed
vAth staterupdating in mind*®., Vieved as a "simulation mode” model, ie without
state-updatizag, the ISO model is -~wery crude ~ since no explicit account is taken
of rainfagll losses. Thus state—updating the ISO model can be considered more an

essential thaon ¢ refinomont.  Thio ralese the fntercsting questinn of vhether a

gecond layer of real time correctXon is appropriate!

The formulation of transfer <Function models (Section M3) makes them very easy
ro apply in = tate-updating form. Telemetered flows are inperted in place of
previously forecast values as soomr as they become available. This is the aggroach
eoployed in Wessex WA Somerset Di wision's computerized flood warning scheme™".

Thelr experi @nce has revealed no wmajor weakness but they have recently opted to
use mch simpler unit hydrograph methods in a replacement gcheme*. Research by
Yoore® indica tes that a noise model (see Section 4.4.3) is in general a more
reliable ey to correct a transfex function model forecast.

Subsequent to inter-model commparisons by Simpson75, Severn—~Trent WA extfm:lned
further ppssL bilities including axr updating version of Manley's HYSIM model 05,
This is a sophisticated general puarpose catchment model of conceptual type. (Sce
Section M4). The method of real e 1ime correction tried with HYSIM was to scale the
rainfall input to the model in such a way as to meke modelled and telemetered
flovs agree At time "now”. This <can be viewed as a version of state-updating
gince the ad Jusctment of the input alters the contents of the vgxious stores in
HYSIM byt doe s not alter the model parameters. Manley et allo express
reservation @about this form of updating, quoting a cruclal example where it

~ downgraded 8 generally good "simuZX ation mode” forecast to a poor "corrected”

forecast, This fear of inadvertemtly waking matters worse 18 to be faced {n all
methods of real time correction Tzxt state-updating techniques ure, perhaps,
particularly prone to producing poor corrections !_from time to time.

* The gvitch to unit hydrograph wmethods 18 being undertaken a&s part of a general
overhaul annd siuwplification of Somerset Division's flood forecasting systew.

The strategy includes the syntheeis of unit hydrograph models for ungauged
catchments o -
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4.4.5 Farsmeter-updating

Parapeter-updating methods ! real time flow forecasting are, ir Bricwin, us
yet largel» confined to research nuse. However, the potentlal of a simple
parzmeter-updating method for opevatfonal use has been part{ally investizated by

Severn~irent WA,

Simpson75, in a research study for Severn-Trent WA, considered rpuating the
percentspe runoff (PR) parareter of a unit hydrograph model. (See Saction Ml.4).
The method used was as folliws. First, an initial estimate of the PR value
g£pplicable to ¢he current eyent is wade from the autecedent cstchment welness.
Theceaiter PR 1s ad justed sutomaticaily as each newly telemetered flow beconmes
available. The basis of the adiustment is to match the observed and mode}%ﬁd
volunws of r-noff over a ehort perio’ pri-r to time "now". Simpson et al note
that ihis eriterfon 18 rather more stable than mewvsly adjusting PR to match fhe
jatest telemetered flow value. (See Fig. 4.4.6). S5impaon expressed confidence in
t»is development but swbgequently anothgr rainfall/runiff model has %eca favoured
for operatisnal use ja Severn Treut WA3 » {See Section M4.Z). Howev~:. Angliar

Wi Egsex Rver Divici~r have gained operational experience of adjustiny PR in real

time in & brosdly equivalent .anner (se~ Sectirn 4.4.3).

-
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There 2re, of courge, many ways in which a rainfall/runoff model might ove
Jursuecer-updated, for real time use. Some very sophisticated techniques - such as
¥ 'gan filtering”® — allow the simultaneous updating of both model states and
nosal parameters, according to the certainty with which each are known. However,
1t geems thut the information required to quantify model and measurement errors a
priori makes guch methods of little practical value in everyday hydrolegical —
forecasting. Possibly the greatest stumbling block «8 that ir catchment modelling
applications we have & very uncertain estimate of the true input to the system.
The potentisl for :a*-r,?:ist!.ﬁied updating methods is thus perhaps rather greater in
flood routing app'i..tions’ , where the input is sometimes relatively well

defined.

4.4.6 Timirg errors

A poasible dii‘iculty in moving from human (subjective) to automatic
tobjective) correcticn concerns the distinction of "timing” and “veluu” errors.
Interpreted visually, an assessment can be wade of whether :: ~cdel error canm be
substantially explained by a simple timing adjustment. Aowever, 1f the error
gequence 18 defined solely in terms of flow discrepancies as set time intervals -
as 18 currently the general practice - an automatic method of correction will be

oblivious to the special nature of a timi.. «rwor.

It 18 somerimes said that tgtpin%!errora are unlikely to be a serious
problem in real time forecasting”” * ' The implication would appear to be that
guct errors arise only from favltily timed data. If, as i3 intended here, a
timing error refers to any consistent timing discrepancy between forecast and
telemetered flows, it would seem presumptive to say that such errors could not
arise in other ways. One alternative cause might be 1f point rainfall data for
the current ewvent were atypical (in terms of timing) of rainfall over the
catchment as a whole. Another possibility might be that & tlmiag ecrur arizces
gimply through mode’ imperfection.

Whatever their cause, it is desiz;able that timing errors should not confound
the method of real time correction adopted. Further development appears warranted
1f avtomatic systams are to replace or augument visual reconciliation of model

forecasts and telemetered flows.

4.4,7 Recommendations

There is insufficient operational experience of real =ime correction wethods
to make definitive recommendations for British flood forecasting practice.
However, the following observations are given for guidance.

1. If time and facilities permit the flood duty officer to intervene, visual
comparison of model forecasts and telemetered flows is the simplest and
probably most reliable means of real time correction.

2. Automatic methods of correcting forecasts - whether they be of the
state-updating, parameter-updating nr errox prediction type - may confuse a
duty officer. Un mes b can understand the way ia which tlie model forerast
1s changing, he =+ + pe left with only two options: to reject the forecuwx»i 7

to rely on it ... . ¥on mach reliance on automatic methods may engs . v %

falge senee o ' : ..iy. In most cases it is therefore desirable tiis( the
uncorrected (i¢ .- .c1'ation mode) forecast should be availsble for -

comparison.

3. If there is lasufficlent time or facilities for the duty officer to
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intervene (eg. in flood warning systems of the "burglar alarm” type), an
automatic method of real time correction may be required.

4. In choosing an appropriate method of real time correction, it may help to
consider the likely cause of errors in the model forccast. If a particular
part of the model is known to be important but error—prone, then a
parameter-updating technique may be appropriate. In contrast, a
state-updating techrique may be indicated if the input data or the
initialization of the model is considered suspect. If little is known of the
particular veakness of the forecasting model, an erxor prediction method is

probably the safest cholce.

5. Error prediction methods based on time series analysis can be used to model
the residual error of any model forecast; they provide a natural way to

formalize visual correction methods.

6. A potential weakness of automatic methods is that the corcection may be led
astray by e timing discrepancy between forecast and telemeteved flows.
Further research is warranted into error criteria that iake acconnt of

posslible timing anomalies.

7. The IS0-model 1is peculiar in that state-updating 1s virtually 2a8sential to
ite use. Should the ISO-model be found uneatisfactory for a particular
application it is probably advisable to conclder a rore reneral nonlinear
storage model than to apply an additional "layer" of real time correction.

8. If good yuality telemetered flows are available from a site near to the risk
area, then "simple model plus gophisticated correction” would seem preferable

to "sophisticated model plus simple correction”.

9. If few historical data are available to calibrate a modcl, then
sarameter-upcated models, that can learn as they go along, may be amn
attractive possibility for autormatic flood warning systems. However, the
uacassary methodology is rather apecialized and the value of such models has

yat o be proved in British flood warning practice.

4.% Modelling of large river systems

4.5.1 The semi-distributed aggroach

ar syatems in Britain merit & fairiy comprehensivg

Some of the larger ri®
approach to glood forecanting. A well documented example 1o the (Welsh) De

This 1815 km* river basin is represented in the Dee flow forecasting aysl:emsg by a
combination of subcatchmer; rainfall/runoff models and main river flood routing.
(See Fig. 4.5.1). This geai-distributed approach to catchment wodelling has
gseveral adviautages: 1t allows flow forecasts to be generated for sevaral sites,
extends the izad time attainable by flood routing alone, and permits direct
account t3 b2 taken of spatial variations in rainfall. The approach 13 generally
recommended’ 2 for fleod estimation on catchmen59 greater than 500 km“ and has
been followed - most notably by Severn-Trent WA/ = in the development of flow
forecasting mudels for large river systems. Figure 4.5.2 provides a further
exanmgle of the gemi—distributed approach to model building; +he cagc 1llustrated ’
18 but a small subset of the overall flood forecasting model for the Severn basin.
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'“ | A more radfcal approach ig to adopt a fully distributed catchment model;
. +htes 18 a rodel that has a large number of discrete elements interconnected to
" mimE c the epatially distributed nature of a river & ‘stem. It is arguable whether
&: the ney brced of physics based catchment models (see Sectiom M4.3) will find
. M dire=ct application to flood warning in Britain. As noted at several points in
| o the = report, model gsophistication may be subordinate to "update—~ability” when
SR comsidering real time forecasting applications. But, with high—quality spatiel _ x
ﬁ, dexE i nition of rainfall fields possible by radar (see Section 6.8), it is ..
LA ine-writsble that aitention will turn to some kind of distributed model structure N
© tlhua € can take advantage of spatially variable data. - op
H_ A simple empiti_cai distributed model — the runoff routing model“a 1y g
1ia and has been considered for

. widely used for design flood estimation in Ayqtra
. Eleo=d forecasting by Thames WA Lea Division™" "» The model repcesentg the
t by a tree-like structure of nonlinear storages {see¢ Fig. b4e5.3.) S

P dat et | |
;‘_glthoug_h falrly cumbersome to apply, the runoff routing model is efficiently
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parameterized; basic versions have three to five parameters. As in the
gsemi~distributed approach, spatial variation 1in rainfall can be taken into account

and flow forecasts produced for several sites. Perhaps the principal weakness of
using the runoff routing model for flood forecasting 1s the lack of an obvious way
of incorporating telemetered flow data from tributary gauging stations to improve

model forecasts.

4.5.3 Simple combinations of rainfall/runoff and £logd rzouting pethods

1If a flood routing method is found to provide i-riadequal:e wa-rnings, the
general approach to extending forecast lead times i¢ by the addition of a
rainfall/runoff wmodel. We consider two ways in whici a simple (ie. 2-station)

£1ocd routing method can be enhanced.

In the first example (Fig. 4.5.4a) the cbvious approach is to £1t a

reinfoil/iuncll madcl Lo tho upper enhratenmant. The model can be used tu
forecast flows at the upstresm gauging station from telemetored rainfalls; these
flows are then routed to provide an extended forecast lead time for th=2 downstream

site.

FIGURE 4.5.4

ey z

Simple combinat‘ocn of rainfall/
runoff and flood routing methods

(a) An example were a raiufall/
runoff model of the upper
subcatcament may be
appropriate
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A ¢lightly different anproach may be appropriate in cases like ¥Fig. /ie544b,

d routing method ig likely to stem from the '

ently representative of flows. to be

_ . s -alnfrll/rinoff model can bz fitted t
gent with the ain of fuproving the estimatior of Jsteral Uafloe

Altkough tk2 calibration of

guch @ subcatchment model i. (ather complicated (since fae contribution from the

1ower catchment has to be irerred from the upstream and doimatream hydrographs}

tha approach would seem to meet a fairly common requiremont. | -

upatrean gauging station being 2nsulf )
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ReferringZ .~ the components shown in the figure, itgnsiderable operational
experience has already been gained of weather radars’ (and their associated
data procesging and digplay taskaa“and of the integration in real time of data
received fron several .ragar gites<’, There is much current activity in developing
the FRONTIERS & ywsten 72 by which the meteorological forecaster can interact
effectively wLth the computerized components of the total system. A particular
agyet ¥i11 be the lmproved quality control of real time radar data. As Tegards
cainfsll forecasting, geveral flood varning authorities — notably North West WA,
ThameV A and the Greater London Council - plan %o be able to receive QFF by

inter-computer transfers.

In thoge parts of Britain well served by weather radar, this would seem to te
the ideal gpproach to integrating rainfail forecasts Into fiood forecasting.
Howevel, given that parts of England and Wales and mgch of Scotland are unlikely
to recelve quanntitative coverage 1in the near future! , and that not all flord
warning problems will justify the overheads of such integration, ad noc wecnous ol

rainf8)l forecasting are also of 1interest.

4,6,3 Simple = lporithma

Civen g few telemetering raingauges it 1s unlikely tbhat attempts to forecast
spatisl trends 1in reinfall will be particularly successful. Many rainfall/runoff
models Ave, however, content with point values of rainfall and the basic
tequirement 8 therefore a proje=tion of values to be expected at individuai

Taingavge sites .

The natural persistence of weteorological phenomenona suggests that the
agguption of Zero reinfall beyond time “row" 18 in genexal a poor forecast 1f the
Teo+ fe¥ rainfall observations indicate continuing rainfall. In interactive flocd
forsvévtlng sy S temk, the Problem *5 Overcods by the duty offlter's Judgomoat -~
. But in automatic flood
i forecast (than zero rainfall) ie clearly

Tine geri @s uodelg provide, - natural medium for short-term rainfall
For example, Reed - found a simple autoregressive wmodel useful iIn
rainfnll/runoff methods on the rapidly

extending the warning time provided by
The model adopted to forecast

reaponding phor:dda catchment {see Section 4.1.2).
tuinfall vae: : |

Rfypgy = 0. RPpaTEST ~ O-2 RFPREVIOUS (4.6.1)

where RF depotes point rainfall and the meaning of the suffices is obvious.
Bquatior 4.6.1 was applied recursively t. forecast rainfall up to 3 hours ahead,
with the one comstisint that any negative valuee be set to zero. This crude
vaipfoll forecasting algorithm partiaily corrected the tandency of the
raipfell/runof £ models tested to produce shert-term flow forecasts that

congistently “Lagged behind reality”. (See Fig. 4,6,2).
y

4,6,4 Aprobabdilistic approach

_A'Bﬂméﬁhat different apprggch to short-term rainfall forecasting has
attracted regeaxch in the USA . Past gtormg in the region are analysed and a

probsbilistic model constructed in termg of the Jepth, duration and profile of
ind4vidual rafimrFall bursts, and the inter—-arrival time of distinct bursts. Thern,
given knowledge of the temporal characteristics of the storp up to time "now”,

Bayesien techalques are used to sarple the range of possible continuations of the
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event. Depending on the resources .vailable, flood forecasts are developed for
some or all of the scenarios. Although rather sophisticated and demanding, the
approach offers perhaps the ultimate type of output = a statement of the
1ikelihood, given present conditions, that a critical flow or level will be
exceeded. A much simpler Y‘fﬂsi"“ of the probabilistic approach bhas been

considered in West Germany

4.6.5 Possible interaction with rainfall/runoff wodel calibration

This subsection considers the possible pitfalls of an approach that is as yet
largely restricted to research use. The material prese.ted is rather tentative
and is perhaps a little beyond the legitimate scope of a review of British flood
forecasting practice. Tt is 1included to gstimuiate thrupht about what may be an
important area in future: the overlap between rainfall forecasting and

rainfall/runoff modelling.

An increasingly common approach — at least amongst researchers - 1s to
calibrate a rainfall/runoff model with a specific lJead time in mind. For example,
Moore derives n-step ahead "predictors” based on a transfer function model® and
Creen improved the quality of practical flood forecasts by a l-step ahecad

optimization otf ISO model parametera‘j .

Both the method and effect of the approach can be rather di€ficult to
2+ {5 sugpested that the quneetion of optimizing

decipher. In what follows 1t
~del forecasts at a specific lead time is intrinsically linked to rainfall

¢t _cecagting. The convection is obscured by real time correation (Section 4.4) and
in rainfall/runoff models that include a pure time delay parameter. It is
therefore convenient to 11lustrate the link by reference to a model structure =
such as the unit hydrograph — that simulates an immediate response to net

—edmfall
modntall:

Figure 4.6.2 ntiws T Do ghead forecenusn produced by e unit hydrograph model
under various assumpticne sbewt future rairfell. In the absence of a rainfall
forecast, the forecast ri.wa on the rising limb of the hydrograph are consistently
late when compared tu¢ the flows subsesuently ohserved. This arlees in part from
the failure to anticipate continuing rainfall in the Z hour forecast period. Some
form of rainfall forecast 18 required and, as we have seen in Section 4.6.3, a
gimple forecasting algorithm corrects part of the discrepancy. (In this example,
perfect foreknowledge of rainfall further improves the 2 hour ahead flow forecasts
but cannot, of course, correct deficiencies in the basic rainfali/runoff model.)

Instead of invoking rainfall forecasts, the tendeuncy for 2 hour ahesd flow
forecagts to lag behind reality might be cured by re-calibrating ~he @ °
‘hydrograph model at a 2 hour lead time. This might be done in v-—iou:
the effect would probably be to “sharpen up” the unit hydrograph (to xgive a
glightly faster and more intense response) and/or increase the percentage v noff
parameter slightly. Provided that the objective function used to re-—calibrate the
model was the minimization of 2 hour ahead forecast errors, 1t ic 1tkely that the
end-product would be & model that - in the absence of a rainfell forecast -

performed rather better than that shown in Fig. 4.6.2.

ys8 buf

In the ex_amplé considered above it 1s wanifest tha. the "calibration =t 2

specific lead time” approach 1s fiiling in for a short-term ratnfell forecast.

The question arises as to whether matters are any different when considering
A feature of

rainfall/runoff models that have a pure time delay parameter, L.
such models (Scctions M2 and M3) 1s that flow forecasts up to L hours ahead are

independent of future rainfall and can therefore be made without recourse to
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rainfall ferecasting. The answer probably lies in whether the pure time delay

represents a physical property of the catchment or is merely c modelling

convenience. Should the lat cer be the case then even a standard approach to model

calibration (le. at zevo lead time) may infer some ghort-term rainfall forecast.

The “"calibration st a specific lead time” approach is undoubtedly a
convenient way of improving short-texm flood forecasts = because it circumvents
» need to consider reinfall forecasting = but the price to be paid is that the
resultant rainfall/runcif model may not be quite what it appears to be.

A potential danger is that a model with a built=-in rainfall forecast might
subsequently be uged with explicit rainfall forecasts. The rainfall/runoff model
favoured by North West WA has a pure time de}%y parameter and this ranges from
zerO on some catchments to 5 hours on others The model is currently used to
good effect with telenetered river levels and radar derived vainfall values. But,
once QPF becomes available under the FRONTIERS systen (see Section 4.6.2) the
temptation to combine explicit rainfall forecasts with the existing rainfall/
runoff models 18 obviouss The effect of such usage might be a "double accounting”
for forecast relnfall, f the existing medels already moke some allmwance for

continuing rainfall.

Perhaps the general point to be made from the sbove discusalon is that
rainfall forecasting is an intrinsic part of flood forecasting if a
rein€all/runoff nodel is being used. Although ft is convenient to assigyn the
rainfall forecasting to the meteorologiat, and tne wninfarl/romoff modelling to
the hydrologist, the flood forecasting protlem may uol always respect the

demarcation!

F A @ B O B &=

4.7 Snowmelt forecastiog

Measuring and modelling enowpack behaviour presents a difficult problem for
flood forecasters in Britain. Snowmelt forecasting is relatively well met in
aubaggtic conditions by empirical m.=tchods such as the "degree~day” method (eg.
Gray-’)s But 1in much of Britain, st gnificant snow accumulations are relatively

infraquent, may be spatially quite wvaried and short-lived, end may (or may not) be
accompanied by a frozen subsoil. These factors conspire to make snowmulit

foracasting a difficult problem.

Not surprisingly, most flood warning authorities rely on subje:tive cr
"experience"” methods of forecasting snowmelt runoff. Flcods arisiy.,
predomineantly from snowrelt are rather more frequent in Scotland and North East
Tnalind #han aleavhere in Britain.  But. as Table 7.4 of the Flood Studles
Repo::'t“'9 indicates, a significant proportion of the worst floods on record
throughout Britain have a snowmelt contribution - catchment size being more

influential than region.

Several authorities take snowmelt forecasting fairly sisicm%ly. Archer has
carried out research into snowmelt rates at catchment scale s and both
Northumbrian WA and Severn-Trent WA %ave networks of snow observers equipped to
take depth And density measurements. (In British conditions, knowing the extent
and characteristics of the snowpack is as much of a problem as the snowmelt
modelling 1tself). Alr temperature information is obtained from the local Met.
Office forecaster although Severn—Trent WA make some use of a small network of

interrogable climate stations.

2 a.rnd 'y Section M4, ? (F4p. ML.2), the subeatchment model adopted by

As Andlont
Severn~-Trent WA inclui2s a si2w compouent. T'ﬁﬁ is based on the simplified method
of snowmelt estimation referred to by Jackson . The potential melt rate, VN
(un/day), is given by an empirical equation such as:

where T 18 air temperature (°C), A 1s the dewpoint depression (°C), and V 18 a
mean windspeed (knots). Equation 4.7.1 can be viewed as a refinement of the
degree-day mcthod. The dependence on V recognizes the importance of the turbulent
energy exchange between the air and the snow surface. The term "~ 0.236VA"
accounts for the reduced potentizl for melt when the air 1 uneaturated; snowmelt
and evaporatiocn are then competing to use the available energy.

Whether complicated physics based models of saowpack !’nﬁ!luswi.our122 offer

significant benefits to the flood forecaster over empirical methods ig as yet
unclear. In snowmelt forecasting, the oppertunity undoubtedly exi:ts to exploit
sophisticated scientific techniques = such as remote sensing and physics baced
models — te help resolve an acknowledged problem. Perhaps the real questicm to be
answered 18 whether the likely benafits Justify the resources needed to implement

the science. '

Becaunge grovmelr 1s primarily a large catchment problem ~ at least as regards
flood forecasting, avme of the sting can be taken out by the use of flood routing
methods (see Section 4.2). Correct modelling of snowmelt coutributions may then
be more 2 refinemeat than an essential, since short=term flood forecasts can be

based largely omn upstream river level information.
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4.8 A note on wodel intercowmparisons

It might be thought that this review should compare modelling techniques
numerically and, perhaps, reach definite conclusions about preferred methods. 1In

fact, thig 4s not very practical.

Comprehensive intercomparisons of hydrological models are likely to be very
lengthy and mey lead to only vague conclusions. The "Intercomparison of
conceptual models used in operational hydrological forecasting”, initiated by the
World Meteorolopical Organization in 1968 and completed i1n 1974, 18 an excellent
example of a thoughtfully planned comparjgaon study failing to produce explicit
recommendatfons on the choice of method’”. Despite 1ts title, the WMO Project
considered the performance of models in “"slmulation mode"” only, arguing that
updating would not appreciably affect the accuracy of models relative to each
sthorl?23. e cusluston coeme vory donhrfrd.

Wb b

A thorough assessment of rainfall/runoff methods of flood forecasting might
need to consider:

(a) act least four discinct approaches (unit hydrograph, nonliinear storage,

rxransfer function and conceptual models).
(v) perhaps four different model structures in each approach (eg. several
mcthods of rainfall geparation in the wnit hydrograph approach). _

(¢) several methods of real time correction (eg. error prediction,
s tate-updating or parameter-updating for a tranafer function model)
(d) perhaps several alternative types of rainfall forecast (eg. none,

qualitative, quantitative, perfect)
(e) wvarious objective functions both for model calibration and performance

-« SERRmMEnt
(f) application to a range of flood forecating problems (perhaps six

catchnents?)

It i3 read11y seen that a comprehensive comparison of £lood forecasting methods
would be long-winded and costly.

As an alternative to the above, the author believes that there is much to be
gained by detailed case studies of particular models epplied to particular
catchments, each study seeking to make progress in only ome or two aspects at a
time. This 18, in fact, the appr%ct}sgsgerally being follcwed in research in
sritish flood forecasting methods .

ndardization of methods !~ not as great
a virtue in flood forecasting as it 1s in design flood estimation. wor ome thing,
there is much less emphasis on application to ungauged catchments. Whereas it is
very difficult to ve 'fy that a synthesized design flood really does represent a
50-year event (say). flood forecasting it is possible to assess model
performance afier @aun ovent for which it serves operat?fonally.

It i8 rerhaps worth remarking that sta

5. FLOOD WANNING PROCEDURES

5.1 hitrodwsztion

Many awvthorities take particular pride in tigkt flood warning procedures and
good public relations. It should be gaid at the ciutset that, whereas flond

2 GE My == =)

" common practice to distinguieh subareas to which & flood alecrt applies.
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forzcasting is a desirable component of mary flood warning systems, effective
operational procedures are absolutely eswen:iai; the benefits of flood warning
arise from the actions taken as a result of the warning (Section 2.2) rather than

sinply from a forecast proving to be correct.

Werning procedures differ from authority to¢ aurhority and, iometimes from
river to river. Although other practices are discussed, several references are
made in Sections 5.2 to 4 -~ bzqway of an example - to Welsh WA's flood warning

procedures for the river D-el

5.2 Meaning of flood warnings

Many authorities attach fairly precise meanings to various levels of flood
warnings or fluod alerts. Conventions differ widely; the interpretation of river

Noe nlorta 1o an ¥al1lpwal
ist alert - flooding of agricultural land is possible

2ud alert - further flooding of agricultural land 15 possible, which may
affect property and persons.

3rd alert - very serious flvooding outside normal experience 1s possible.

A feature to note is the cautiour wordings "is possible” and "may affect”.
These recognize the impracticality of “.eing specific within the framework ol a
general flood warning, and the desirability of erring on the safe side. (Given
the latter it is perhaps surprising that, in theoretical stuvdlies, so much emphasis
is given to deriving statistically "best” flood forecasts rather than conditional
ones, szy of the form out?¥ned in Seection 4.6.4). Several authnrities prefer

colour-coded to numbered alerts, presumably for the greater lmpac’ that a -ed
warning” message carries. -

The types of warning issued by Northumﬁ%an WA broadly resemble the
clagsifications ured in storm tide warnings :

preliminary warning — generally qualitative waruing of possible flocding
probleuws. :

flooding imminent - flooding higaly probable; identifles specific areas at
risk; giver time that maximum inundatfon 1is expected.

~ inundation to a significant level will occur; gives

danger confirmed
expected peak level aud time.

flood cancelled - danger over

A sfﬁl different approach 1g the risk level system used by AWA Essex River
Division Up to as many as seven risk levels are distinguished, each
corresponding approximately to a particular return period evert. Risk level 1
corresponds to a flood that can be expected relatively frequently with higher risk

levels denoting increasingly rare events.

5.3 Designating areas at risk

Given that a river can ncae different thresuts in differrsnt reachss v, 18
‘there are

perhaps tw: distinct considerations.



First, there ip the pose H1hility that the flood is concentrated in only part
of the river system; this may be due to the nature of the gtorm event or merely
because flooding of lower reaches of the river commences much later than upstrear
- making seps&xate warnings apypropriates In the case of the river Dee, the
gtrategy 18 to distinguish two pain areas: the upper Dee and the lower Dee -

A gecond concern is: givena particular forecast flow, which areas are likely
to be inundated? This quest® on ig gometimes answered by reference to flood zomne
maps maintalmned by the author A4ty. If thege mapr are copied to the police (and
other relevant organizations) , flood warnings can be issued for specific river 6
zones - ag, fFor example; in The flooqz‘garning gsystems operated by North West wal
and Anglian WA, Esgex River Division ¢ .« Perhaps the one disadvantage of the
approach is the possible con€usion created by a plethora of warning messages
todirarine A% Fferent levels o f alert in various parts of a single river system.

An alterxrmative is ion £2.0o0d maps fggued to the police to be contoured only in
terns of gemeral alert ivvels for the river (i.e. without detailed zoning) -
Appropriatc S Lscrimination, of vhich §ndividuals or zones need warning first etc.,
can instead be embcdied in s anding orders agreed with the police. (See Section

5.7)s

5,4 Cricteciaes £fox alerts

lost authorities set pre=cilse criteria for the 1gau: of f£lood warningss; these
are designed to nininize posssible gubjectivity {ntroduced by individual duty
officers. Most often the crX terla relate to exceedance = of forecast excewadance ™~

of 8 apecific flow or river " Revel at the gauging gtation most relevant to the risk
a0, More =% ane criterl namay P ayecified; for example, 2nd alerts omn the

dives
lower Des awe triggered by % ver level at Corwen Or riow (or forecast £lowm) ot
Manlsy Hall, whichever condf ==1on 1g exceeded first. Where there may be a meed to

move livestock froam riparian -areas, the criteria may also reflect the desirability
that this be done in daylight.,

5.5 ‘Format of warnings

to the police by telephone or telex.

Wesslngs are generally <«omtunicated
gtrict content and

Most procedwuzres requirc that varnings should conform to a
wording, G be formally logged.

Although many authoriti eg include forecast peak river levels and timea in
gsrning messages, others do mot. 0ne argument againat thelir inclusion 1e that the
..mbers can lead to subjecti-~ve judgements being made by the police and orherg via
whon the waxrming 1s passed. jor example, 1f standing orders agreed with the
police indlczte some drastic action is to be {nstigated if the river level exceeds
3.5 metres then, if the forecast 1level 1s only slightly higher, one officer might
decide to defer action. Wheaeds, of another occaslon, a colleague might -
precipitate action or veceip t of , say, a forecast jevel of 3.4 metres. St.ch
gubjective 1L nterventions are pore readily condoned 1£ the police officer ‘g privy

‘to the fact that flood forecasts are gsometimes inaccurate.

An argument in favour of including river level and tining informaticn in
warning messages is that it encourgges feedback during the £flcod evento -
reason may be that the flooa warning authority does not, of course, wish t¢o be
aecused of withholding more detailed information that could concelvably be of
value. Where pegk levels oF fnundation are forecast, it is falirly common to
tranemit these in relative T erms -~ ege the .evel s expected to rise 4 fuxther
0.5 metres in the next 3 hours? apsolute zimings are then inferved from Che cloex

L1

|

.' ‘
id

A further

time attached to the i{gsue of the warning. However, other authorities insist that
all warnings be given in absolute terms.

In prolonged mz‘or floods it is {nevitable that the broadcasting suthorities
will be drawn ino the dissemination of flood warnings. Local radio and regional
televigion servicec provide a powerful means of mass communication but are
unselective. Thi=z v ns that particular attention has to be pald to the wording
of statements to avold unnecessary public alarm. Because of the lack of control
on the timing and cmphasis given to warning messages by the broadcasiing
authority, "live" interviews may be preferable in some instances.

5.6 Staffing arrangements

Staffing practices differ widely according to the gcale of the flood warning
svetéem and to authority preferences. The early stages of a possible flood event
are handled by a flood warning duty orticer, often irvw huiwe. Crelisinary
warnings or first alerts are gometimes raised by the duty offlcer where the speed
of response to rainfall precludes a more formal procedure. As conditions worsen,
additional staff are alerted and a control room opened. Responsibility for flood
warnings then passes to a flood controllei or co-ordinator, usually a fairly
gsenior operations officer or rivers engineer. The duty officer usually continues
the task of flood monitoring and forecasting, aided by technical assistants as
appropriate. Another separate role — often filled by an administrator - ia that
of communicetions officer, logging messages in and oui of the control room and,
perhaps, dealing with public relations matters. It is general poltcy to avoid
oxcess manning in the early stages of a flocd and to arrange shift working.
Obviously there can be conflicts 1f, for example, hydrometric staff called out to
take flood gauginge deplete the pool of technical assistants available to man the

control Toom.

In a major event, additional staff may be pressed into service to fulfil many
detailed roles: for example, to liaise with particular ocutside bodies or to
organize equipment and labour for remedial action. Whoaxr: necessary the flood
controller mway consult authority senior mancgement before lesuing hagh lovel
alerts or when faced with cive:umstances beyond the scope of exiating procedures.

5.7 igreed actior

Gener- 1 practice fn Britain is for flood warnings to be ’3sued principally to
the polic ..~ This accords with the dvties and responsitilities of the police, of
vhiak pe:.ps the most relevant are to protect 1life and pripe !ty and to
co-oxdinate functions of the emergency services. :

The wide-ranging nature of police work 1s such tha* it 1s unlikely that the
volice officer receiving a flood wzining will heve intiuate knowledge of its
implicsations. It is therefore common practice f&r the flood warning authority to
/raw up and agree formal procedyras for rhe police to follow. These are rormatted
18 simply and logically &s pocaible and every attemp. wadne to remove amblgnrty and
subjeccivity. Some of the more obvlous actions taken by the police are natrolling
areas of risk, closing flooded roadis, providing ~soymunications i1inks sud otherwise
co-ordinating the action taken by emergency serv.cec. However, in neny cases, the
police also undertake the alerting of residcuts, comjaunies, landowmars etc. known
to be st risk. ‘These specific actions are -usualiy guided by flood izone maps
and/or iisty of j4opls. property, streets, atc. at risk, the material generally
being prepared by tue flood varning au hority. The police may also warn local
councils and ublic wiilities bu’ more often the flood warainrz autherity notified:
those kiudved hodies divec~ly, revhaps providing more detailed informu - of

likely f£looding.
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Rather dif Ferent circumstances prevail in London. (See Fig. 5.1), TFor a
nunber of reasoms - of which, local authority structure and the difficult nature
of flood warning on small, highly urbanized catchmentsg, are two -~ the Greater
London Councii directs flood warnings principally at borough councils. The GLC
has in recent years made use of a radio-paging system whereby appropriate borough

council emergency officers are "bleeped” and receive the flood warning message by -

telephoning an answering service agency. This frees the flood warning duty
officer from issuing duplicate messages while ensuring as far as possible thet the

relevant borough councils are properly alerted.
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Many authorities take great care to ensulée that procedures agreed are not
allowed to wane. Some hold annual meetings at which procedures are reviewed and
renewed with the police and other recipients of flood warnings. Some zuthorities
go further and stage occasional major incidents to test out part or &1l of the
flood warning chain. It is pethaps worch noting that most authorities have to
deal with several police forces, in the case of North West WA no fewer than seven.

The dissemination of flood warnings has been considered as a subject in its
own rig t in a recent study by the Middlesex Polytechnic flood hazard research

centre .

5.8 Interpretation of forecasts

A convenient dividing line between flood forecasting (the province of the
hydrologist?) and flood warning (that of the operations manager or rivers
enoinear) {a the conversion of forecast fiows to levels.

In the absence of a detailed ¥, draulic model, the interpretation of forecast
levels at a reference site, in terms of risk of inundation elsewhere, requires
intimate knowledge of the river gained from past experience of flooding*.
Northumbrian WA have a compact method of recording (and looking up) the
implications of particular flood flows. At each gauging station for which flow
forecasts are calculated, a stage-discharge graph ie annotated to.indicate the
crea and extent of floodine probleme experienced at various flows. (See Fig.
5.2). The presentation in graphical form conveniently encapsulates any
uncertainty in the rating curve extrapolation used to couvert forecast flows to
levels. Such a figure can alseo be uged to register that there may not be a
ono~tu-one relationship between exceedance of a given level at the gauging station
g 2 a particular inundation effest downstream. A feature of the approach is that
¢V iinpmam cen be amended easily as further experience of flood behaviour is
zalned. An aliacnative way cf achleving a broadly similar effect is the (wo slage
method of linking forecast flown tv a sliding scale of risk levels, whicih are ..en
interpreted in terms of flood effect with the aid of flood zone maps. This
approach fits in well where warnings 1ssued to the police are highly ﬁ;nﬁematized,
as for erxample in AWA Essex River Division's flood warning procedures 6,

It is per‘aps worth repeating that most flood forecasting models aaxd
caiibrated to yleld a "best” estimate of flow at a specific le:* t!~o (poesibly
ascuming someching about rainfall in the intervening period - sew I. 037 Ai6).
Little attestion eppears to have been pald to structuring forecasiiug wodeis to
provide an estimate of the likelihood of a particular flow beiug exceaded given
present curditions. This probabllity, 1f known, would go a long way to helping
tha {interpretation of forecasts in terms of risk of inundation end, hence, to
rationsilzing the criteria by which flood warnings are issued.

A rather subjective factor that can enter into the interpretatior of forecast
flowe 1s the publin judip~ment of forecasting errors. For example, 1f ths system
has been criticized for a recent "ailure to warn, interpretaticns of forecasts may
err on the cautious side, le. deciding to issue a warning when irnundation seems
possible rather than probable. FRven such a pragmatic application as this would
benefit from a more scientific approach to risk assessment.

A

“One senlor mangger made the incisive remark that greater sophisticetion in
catchueat menitoring and modelling wae needed to compensate for the relatively
short appreniicastips that nodern flood warning duty officers serve.
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5.9 Reoutine monitering

Most flood warning procedures incorporate rules for routina monitoring. For

i1t may be the practice on a change of roster for the incoming duty
officer to take formal note of river levels; catchment wetness conditioas, the
prevailing synoptic situation etc.. The procedures may also specify that steps be
taken to verify that relevant equipment - especially communication links - are in
normal order. Other factors to be checked may include reservoir states, the

setting of flood gates and pumping gtations, and tide tables.

example,

Some authorities, notably those in the drier east and gsouth of Britain,
update indices of catchment wetness at regular intervals. Typically this involves
noting recent daily rainfall totals (to update an antecedent precipitation index)
and acquiring or calculating s new estimate of soil moisture deficit (for example,

using the Met. Office's MORECS service).

5.10 Initial alerts and intensification

ficers to a new

The setting up of equipment and procedures to alert duty of
Unlike

threat of flooding is a particularly important aspect of flood warning.

warnings that are to be issued externally, a conslderable measure of
overcautiousnees is acceptable in initial alerts. The emphasis is to ensure that
the flood warning duty officer is always alerted early enough to appraise the
situation before the need to issue formal warnings arises, even 1f this policy
means a very high ratio of initial alerts to actual flood warnings.
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The two forms of initial alert most used are Met. Office he=-y rainfall
warnings (HRW's) and outstation alarms. HRW's are highly valued by many
authorities. Typically the local Met. Office is contracted to supply verbal
warnings - to a 24 hour wanned authority control centre - if more than 25 mm of
rainfall is expected; sometimes two thresholds are s2t: eg. a high intensity
warning if more than 15 mm is expectoed within 6 hours and a low intensity warning
i1f more than 25 mm 18 expected with 24 hours. These HRW's are warnings rather
than forecasts and, in line with the initial alert role that they play, a high
ratio of false warnings (compared to failures to warn) is hoth expected and
accepted. Different arrangements apply in some authorities; for example, Sevetn-
Trent WA receive regular rainfall forecasts as a matter of routine (see Section

4.6. 1).

The simplest type of outstation alarm is thac based on exceedance of a
pre-set river level. There is, however, the classic dilemma of setting the alarm
level sufficiently low (to provide adequate warnings in the event of a major
flood) but sufficiently high (to avoid ludicrously frequent alarms). Some

roflucment would appcor to o pecoitle by Minking ‘the alarm to hath viver lavel
ftgelf and the rate of river level rise. Although this might call for a fairly
intelligent outstation, the technical requirement is really not very different
from that of a raingauge alarm based on exceedance of a pre-set depth/duration
(eg. 15 mm in 6 hours). The latter type of alarm is well estublished in many

authorities; perhaps surprisingly, the former is not.

Increasingly, alarms are being provided by telemetry contrel and flood
forccasting computers which monitor river levels, rainfall accum:lations, ete. on
a near continuous basis; in a few instances, alarmws are also raised on the basis
of model forecasts. 1In the North West WA system, the control computer raises an
alarm should any appropriate wvariable ex %ed a pre-set threshold; typically, this
corresponds to a 5 times/year occurrence . Radar derived rainfall data provide
another means of triggering initial alerts. Section $.8 discusses the appllcation
of weather radar to flood forecasting in some Jetzil.

Perhaps one of the most prominent benefits of computer controlled telemetry
and modelling systems is the opportunity to increase luitial alert thresholds safe
in the knowledge that the situation can be assessed rapidly when an alarm occurs.
Although poasibly an unheralded eim, higher initial alert levels recuce staff
call-out costs; moreover the concomitant reduction in false alerts helps to

galvanize duty officer response when a new alert is raised.

Procedures for the intensification of monitoring and forecasting activities,
as a flood situation builde up, vary fairly widely. A psrticularly flexible
approach is possible in computerized systems which allow the "menu" of stations
being interrogated to be varied according to need in a particular event.

5.11 Summary

There are many facets of operational flood warning that lie well beyond the
scope of this report. Authorities are generally reluctant to publigh details of
their flood warning procedures or to dlscuss falllngs openly. This is quite
understandable, not least because the flood forecasting element of flood warning
is intrinsically so uncertain. However, there are undoubtedly lessons to be
learned from the performance of flood warning systems in major events: lessons for
the flood warning authority, leseons for others with similar problems or systems,
and perhaps lessons for applied hydrologicel research. It is hoped that
penetrating investigations - such as that catiy?ed out by MAFF into flood warning
arrangements prevailing in NW London in 1977 ~ are given sufficient circulation

to fulfil this wider aim.



b- DISCUSSION

6.1 The role of flood warning

Flood warning can sometimes be viewed as an alternative to flood alleviation
ss a means of reducing risk to life and property, albeit & less effective omne.
Even if the floou forecast is correct, the dissemination of the warning swift and
thorough, and the public response prompt and effective, there remains the fact
that the warning does not eliminate flooding but merely allows some reduction in
damage. In practice there ara large uncertainties attached to each component,

making the assessment of achievable flood warning benefits highly problematic.

Flood alleviation works, on the other hand, reduce flood damage in a fairly
Jo£2nztlc woy Y omating tmimdntion leas freonent, BRenefits can usually be
es timated by integrating an appropriate section of the nre-works damage/frequency
relationship. However, if construction of embankments, or retencion storage,
frees previously flood-prene land for development there i1s the possible
consequence thai damages fncurred in an cxtreme flood could be much increased.
Thus the need for a flood warning scheme may persist post-—works with the emphasis
shifting to warning against an extreme event. Indeed, it can be argued that the
very act of carrying out flood alleviation works increases the onus on an
authority to provide some gort of flood warning ascheme, becauvsge of the

denaturalization of the river regime and the false sense of gsecurity that works
pay engender.

Although flood warning is a permissive power rather than a duty, most

authorities seem to take the view that the public expect to recelve reasonable
wondation of property. The {mnracticality of puaranteeing this makes

varalinegs <f
understandably cautious in publicizing flooc warning provisions.

authorities

6.2 Incentivesn to flood waruning.

Shortcomings exposed in a recent flood incident provide an obvious incentive
to improved flood warning. It is generally possible to instigate new warning
procedures fairly quickly, perhaps as an interim measure until river improvement
vorks are carried out or while improved flood forecasting metheds are developed.

Another strong influence is the enhanced scope for £lood wvarning presented by
technological developments. A particularly striking example 1s weather radar.
such developments ralse expectations and ipso facto creat:- pressure for improved

flood warning.

6e3 Real time computers

Increasingly, computers are being used to control real time data
gequisition and, in some cages, %o carry out flow forecasting
calculations. Ideally, the computer, databace software, ftelemetry system,
etc. should be tailored to the flood warning problem and the method of
forecasting adopted. In practice, though, it 1s likely that the choice of
computer system will be influenced by wider factors : for example, a need
to fulfil monitoring and perhaps control functions ¢f water supply
installations, or to gather data for routine archive as opposed to real
time use. It 1is inevitable that compromises have to be made; one danger
ig that because flood warning is seen to be an ephemeral concern it may be
accorded low priority in the specification of real time computer systems.

Most authorities favour divisional or regional telemetry schemes where
practical. Attention is generally focussed on the recording and display ol
data - and on the reliability of data acquisition - with the iwmplementation
of flood forecasting programs following as cifrcumstances allow. An
alternative approach 1s to concentrate resources on a particular flood
warning problem. Although rare as yet, this approach is likely to gain
ground in the general trend towards more personalized, distributed and
dedicated computers. Direct cennection of sensors and telemetry to
microcomputers with high level programming capability may make '
de-centralization a more fashionable approach tec flood forecasting.

There are of course arguments for and against small-scale forecasting
systems. Perhaps paradoxically, an advantage may be the preater
opportunity for standardization - with only model parameters differing
between one system and another. It appears thac the real time monitoring
and modelling systems installed in the past have been too "one~off” to
allow much sharing of development costs. With the balance of hardware and
goftware costs shifting, it is likely that greater attention will be
focussed on curtailing development costs, by avoiding unnecessary
duplication of software - especially that concerned in the interrogation,
storage and di=splay of data.

6.4 Flood warning by wmonitoring

With an efficient dsta collection and display system it may be suificient to
base flood warnings on present conditions rather than adopt forecasting
techniques. This may be attractive where river level is monitored some distance
upstream of the risk site. Of course the success of such an approach relies on a
relationship existing between river conditions at the two sites but, by setting
alarm levels from experience, it is possible to use the relationship without

actually formulating a model of 1t.*

Good presentation of rainfall and flow data can similarly allow reasoned
flood warnings to be issued without recourse to formal methods of flood
forecasting. In essence, the duty officer supplies the model by visually relating
cause (heavy rainfall) to effect (rising river levels). Scone for successful
application of subjective methods has been greatly enhanced by computer graphics
developments. Whereas formerly, deductions had to be made from simplified
information, or time lost in drawing up graphs, it is now feasible in computerized
systems to display updated hydrographs and hyetographs only moments after

interrogation.

6.5 Flood routing

Routing methods of flood forecasting are generally to be preferred where
practical. Fairiy siwple graphical methods based on correlation of upstream and

downstream flows or river levels continue to be found useful. However, 1f
hydrograph shape and timings are important, or tributaries confound the problem, a

£lood. routing model proper is called for.

Flood routing models range from the simple ‘to the highly complex; most
require computer impiementation. The variable parameter Muskingum=-Cunge (VPMC)
method seems to offer an appropriate compromise between simplexr but less realistic

*One extension of the approach is for farmers to have access to an interrogable
river level gauge and for them to set "action levels" according to personal

circumstances.
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methods and more complicated hydraulic methods with large data and computiag
requirenents «  Some further development of VPMC for real time use would be
valusblee Fuller solutions of the St. Venant rquations are appropriate for
reaches stbject to tidal or backwater influence.

6.6 painfal I /runoff wodeiling

A wide range of rajnfall/runof £ models can be considered for flood
forecasting £ British conditions. Unit hydrograph methods have a structure and
fan{liarity that appeal to many engineering hydrologists. The approach is,
however, lese suited to real time Torecasting than 1t 1s to cesign flood

estimation.

rransfer function models are broadly equivalent to unit hydrograph methods
but {ntrinsi cally better suited to real time use. They are simple to implement
and caolly r=—4ntstalisod but their calibration calls for not 'nconsiderable
gtatigtical expertise. A common Weakness of transfer function and unit hyarograpn
wethods 16 thre lack of convincirg guidance on rainfall separation techniques.

Nonllnea = storage modele ave vrell guited to real time use. The approach
requires some conviction in the particular mode] structure chosen for calibration;
a proportional loss method of rainfall separation is generally adopted, linked to
an {ndex of catchment wetness, ISO models form a special class of nonlinear
storage mode .  {n that they make no explicit allowance for rainfall losses; their
successful application generally r&lies on real time correction using telemetered

flows.

Conceptuaal models yre2 generally rather cumbersome for real time use. AN
appropriste cholce of model structure calls for a relatively deep insight into
thoge fuctor— moet relavant to runoff generation. Conceptual models are usually
calibrated by numerical optimjzation of continuous segueaces of [1ow and climote
data. Propomrents argue that it 18 mnecessary to have a physically sound model if
the model 18 to perform reliably in extreme events. Sceptics reply that parameter
valyes derived by "blind" optimization may be spurious and those fixed a priori
may be subjec tive. The compromise between phgisical realism and parametric
efficlency was well put by Nash and Sutcliffel?® in 1970, when discuesing
principles of river £lood forecasting, but appears to have gone largely unheeded.
There cen be 1ittle doubt that spatially distributed, physics based models offer
the only long—term prospect of significant improvement in rainfall/runoff
modelling} imn the meantime, the choice between empirical and conceptual methods

remgins contentious.

6.7 Resl timse correction

pesl time correction of forecasts using telemetered flow data is a dominant
theme and sex 8 flood forecasting applications apart from more traditional uses of
hydrological models — for example, design flood estimation and studies of land use
change. Thevw= 1g tneufficient operational experience of real time correction
methods to malke definitive recommendations for British practice. However, a
nunber of de gailed observations are given for guidance in Section 4.4.7. Perhaps

8 ugeful rlder is provided by Simpson et al™"":

‘It consldering the development of systems for real time forecasting
of ighh flows it may be important to use a model which is not so
complexx as to exclude the forecaster from any interactive role”,

Hl Ut E G O G B 8 2 & M e
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6.8 Veather radar

The role of weather radar in British flood forecasting practice is &
particix%gr}gosi:%?ulating area for discussion. There have been many reports and
papers published over the last decade extolling the virtues of radar
for flood forecasting. However, in general these appear to have made light of the
rainfall /runoff modelling and procedural aspects of flood warning.

RADAR DERIVED RAINFALL PICTURES

West WA and others - since commissioning of the

first fully operaticnal uynmanned weather radar at Hameldon Hill in North West
England — has removed any iingering doubts about the value of radar derived
rainfall pictures. Such pictures provide a quality of gpatial coverage and

dynamic tracking of storm systems that is impossible from a network of

telemetering raingauges alone. Qualitative use of weather radar pictures is now

firmly establivied fu a wajoclty ¢f flood warning suthorirfes in England. The

gspread of radar pictures to other authorities 1s inhibited only by cost.

. Experience gained by North

The "JASMIN" units used to store pictures have a capacity of only nine

thue many users have ready access only to plctures of rainfall
variation over the last two hours. Prototypes of a second version of the JASMIN
unit are currently under construction and these are expected to provide greater

flexibility for short-term storage (and replay) of pictures.

images;

FLAGCING EXTREME RAINFALLS ACCORDING TO RIVER CATCHMENTS

Comput:e.r evaluation and analysis of radar derived rainfall data is a powerful
extension to visual display. Of perticular interest in flood forecasting is the

ability to focus attention on individual rlver catchments. While this might be
sing moro cophisticnted displav svstems than currently available - for

&c}li’—:."‘:d ub&slb [T
example, by overlaying catchment boundaries, river systems and flood risk sites om

gelected parts of a weather radar picture ~ the present approach is for
gubcatchment rainfsll information to be supplied in digital form.

nls, the Hameldon Hill radar computer

94 digcrete areas and passes these values
1 computer at l5-minute intervals. One use
falls on individual subcatchments

In the North West WA implementatio
calculates average rainfall values for
to the suthority's multipurpose contro
of these data would be to "flag" extreme rain
according to pre-set depth/duration criteria.

‘ Busslslell132 discugses the potential of weather radar for providing short-
period warnings of extreme flash floods such as the June 1979 event at Skipton.
He concludes that 1f this potential is to be fulfilled:

"there is an increasing need for ~ver closer co-operation between the
meteorologist, the hydrologist and the emergency services on a reael time

baaiso“
velopment of flood warning procedures for a

it 1g difficult to see how contingency
re little or no flood

While it is possible to envisage the de
number of recognized flood risk zones,
plans can be made sufficiently general to cater for sites whe

risk 18 perceived.
QUANTITATIVE USE OF RADAR DERIVED RAINFALL DATA

A third level of sophistication is the use of radar derived rainfall data to
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fall/runi o £ < modelling and this is the approach
being taken by North West A, Subcatchment rainfall data are fed into formulae
representing = X ample rainfall/runoff model s of the areas, and appropriate alaxms

raised on the basis of forecast flowse. T the inttial dewelopment, such
»radar~-driven™ xmodels have been installed for sbout 20 subcatchments.

produce flood < orecasts by raln

Whereas v A sual display and the flag =-1Lng of extreme conditions can proceed
with semi-quar: = L tative rainfall estfimatc 't 1s perhaps mecessary to demand
relatively accrarxate rainfall estimates where hydrological models are to be used to
generate explf < At forecasts of flow. Is wzeather radar sufficiently accurate? The
much quoted 75 m radius within which ra<tar derived rainfall inforration is
"quantitative™  rather than "qualitative =5 1is, of course, only a broad guide -
Factors such as hill-screening and grourxad clutter degrade information in
particulgr quad xants ond zoness Experlenice gaired in the North West Radar
Project'’ has < onfirned that it i8 esserxtial to calibrate the rainfall/radaxr—
reflectivity e 1gtionship in real time, Ty reference to telemetering raingauges.
The calibratioxx techniques now available aAappear to be MOod ergiely . uttesBiua. e
Research has shown that, for most of the North West WA region, th~ calibrated
radar data pro-wAde a nore accurate representation of hourrly rainfall than can be
obtained from = slightly denser network o £ telemetering raingauges alone (not such
a surprising conclusion!). However, wi iz calibration fuc tors ranging from = 0.1
to x 5.0 - the ~rariation belng ascribed piﬁmarily to rainfall type and the
sregence/absenc e of "bright band” effec s - there 18 reason to question the
abllity of cur x-ent weather radar systems €o deliver rainfall estimates that arvre
gufficiently ac curate for hydrological £ oracastings. A pessinistic view is chat
rainfall/runo€ € modelling has enough pitFalls in itgelf wi thout having to contend
with potent{aX 1y inaccurate rainfall data < An optimistic view is that the effect
on flood foreca sts of a mderate under— o x over-estimate of areal rainfall can be
corrected by r e Ference to telemetered F£X ows. Perhaps the onus 15 on the
hydrological modeller to specify a requl xred accuracy of areal estimation of

rainfall.
A concise =ummary of the British experience is provided by Bailey]‘”:‘

"weather X=dar ..... has been found o give accurate 4nforuation on the
tining and location of rainfall but mot always on amounts or rates of fall”.

Cettainly, any £urther improvement in ca ™ ¥ Dration technfgques (vhether by
telemetering ra X ngauges, combination of X maformation from **overlapping” radars,
etc.) would be -wrelcome and should signi £ X cantly extend the scope of flood
forecasts baged on rainfall/runoff model s -

QUANTITATIVE PRIECIPITATION FORECASTS

neference I s made in Section 4.6.2 T o Met. 0Office plans to provide
quantitative precipitation forecaste (QP¥ ) through the FRONTIERS system« Whexeas
most fleod warrxX ng authorities recognize the uvsefulness of qualitative radar
pictures, and maeany believe that rainfall mmeasurenent by xa&dsr can be sufficlently
accurate to mee & the demands of rainfal X , xunoff model based nmethods of flood
forecasting, tire=re is some scepticiem comacerning OPF. W12 11 the forecasts be
moderately accuax—ate? Will they be prepa red and distributed quickly enough?
will QPF's begi xa to be supplied on an op<xational basis?

When

A national  nmetwork of weather radars would undoubtedly enhance the Met.
0fflce's weathe x= forecasting capebility =amd provide flood forecasting authoxrities
with additlonal  wvaluable information. ITF such a network £ s to be sought, it 1s
right that the develowent ghould be steerxred to meet both Met, 0ffice and water
industry requirements . Such 8 partnexship calls for di £ ferent but equally
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significant commitments : that of the water industry to new funding and that of
the Met. Office to ensuring that the investment matures. Given that the benefits
in terms of improved flood warning are difficult to quantify, and that much hinges
on the degree to which the FRONTIERS system gucceeds in producing quantitative
precipitation forecasts, the partnership must inevitably proceed on trust.

7. RECOMMENDATIONS

How to read this report!

The review has been written for the hydrologist and the erzineer who have o
strong interest in flood forecasting practice. The report has an enormous centre
(Chapter 4) which the non-specialist may find hard to digest; however, read
without Chapter 4, the material may inevitably appear guperiiciuai. Chapier O
provides something of a summary which the busy manager might resort to. Buc the
serious student or forecasting aficionado is directed to the detailed "contents™
1iat at the beginning of the report; this should serve as a gulde both to the
structure of the review and in the selecti.n of particular itews of interest.

Specific recommendations

The review has sought more to communicate than to judge; there are few
general answers to be found to flood forecasting problems. However, a number of
specific points which have emerged from the review are listed helow.

7.1 Flood warning problems differ widely in character and there may be good
reason to design telemetry systems and flood forecasting methods on a

PR el et e ﬂii‘!‘v‘ﬁ'ﬂﬁ'?!? }'\ﬁ'g“ﬂ’
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“one~ofi~ basis. fowever, given the breadth of emperlence currentl
gained, there may soon be scope for a greater interchange of methodologies.
The sharing of computer software may be particularly appropriate if a trend
towards locaiized microcomputer based systems materializes.

7.2 It is desirable that the choice of computer for telemetry control should
recognize the needs of flood forecasting modellers, either by the support of
a high level programming language or through compatibility with a further

computer on which modelling can be carried out.

7.3 There 1e need of publication of operational experience gained in the use of
automatic data validation and "in-£f1illing" techniques.

7.4 Flood warnings based on monitoring river levels should not be undervalued.
There 18 scope to refine monitoring methods by linking the 1issue of an alarm
to both river level and rate of river level rise.

7.5 Simple flood routing methods based on regression continue to be found useful
‘4n some flood warning schemes. It is recommended that, where practicable,
correlations are sought between flows rather than levels.

7.6 The variable parameter Muskingum—Cunge method of flow routing has much to
commend it. There 18, however, need of clearer guidance as to how the method

is best implemented in real time.

7.7 There 18 need of a great'er awareness of the special character of real time
forecasting applications of hydrological models. Models designed to simulate
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past events may require substantial modification for real time use. It is
recomsended that, where practicable, models are calibrated in the real time
s tructure in which they are destined for use.

7.8 Bagic attributes sought in a flood forecasting model are accuracy,
rellebility and timeliness.
model forecasts are interpreted or corrected by reference to telemetered flow

Qata.

7.9  Although other forms of real time correction may be appropriate with
particular models, the "error prediction” method is to be generally

—~oacommended.

7.10 Ome poal of further research should be the development of an objecti '~
£ unction that is capable of balancing "value"” errors and "timing” erro.s.

12 T transfer funcltlon method Mo latrlicocicolls culted to veal tfme
fForecasting. However, its proponentz could do much to make the approach more
c omprehensible by offering simple unidirectional guildance in the cholce and

calibration of transfer function models.

-4

7.12 Scope exists to make greater use of physics based models and remote sensing
t echniques in snowmelt forecasting.

7.13 X is suggested that the application'of gencralized rainfall/runoff models to
Forecast flows on ungauvged rivers 1s unlikely to yield forecasts that are
sufficlently good to be the sole basis of flnod warnings. An exception to
this may be the application of simple rainfall/runoff models (based on
c atchnent characteristics) and radar derived rainfall data to "flag” extreme
conditions in localities for which no regular flood warning scheme 1is
Z-sgtified.

7.14 Weather radar has qualities that make it exceptionally useful in flood
forecasting. However, techniques using quantitative rainfall data in models
are still being developed and much work remains to be done on the calibration
and quality control of radar rainfall data. Perhaps a theoretical study, of
the tolerance of flood forecasting models to errors in rainfall estimation,
would complement operational assessments.

7.15 Calibration of rainfall/runoff wodels to yield optimum forecasts at a
s pecific lead time may make en implicit allowance for continuing ralnfall.

This vay create difficulties 1f the model is subsequently used with explicit
£ orecasts of rainfall. .

7.16 EFffective flood warning on rapidly responding catchments may be heavily
dependent on rainfall forecasts. This calls for close co-ordination of
meteorological and hydrological services. In certaln cases there may be a

role for simple algorithmic methods of rainfall forecasting.

7.17 Consideration should be given to carrying out research into methods whereby
the issue of a flood warning is linked to the probability of a specified flow
being exceeded given present conditions and probabilistic scenarios of future

r=1{nfall.

It is especially desirable that, where poseible, .
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APPENDIX 1 Calibration of Muskingum—Cunge and VPMC river routing wodels.

Muskingum-Cunge methnd

The diffusion parameter, {, is calculated in terms of an attenuation
parameter, &, from:

b=« Qp/L (Al.1)

Here L is reach length and 5 a reference peak discharge. 6p is sensibly
chosen as the average peak dgscharge of flood events against which the model is

being calibrated.

—ator e enlenlatad from channel and flood plain geometry

by:
M P M P2
L=l dE o3y A (A1.2)
2 L jul 54173 =1 14151z

where Py is the plan area (at the reference discharge), Ly the length, and
S{ the bottom slopc of the 1th subreach. (A number of subreaches are chosen =
aot necessarily of equal length - in order to ensure that the adopted value of «

adequately reflects wvariations in channel geometry alone the reach). For an
{nbank flood the simpler formula:
M L M L
S TS SR SE R B (A1.3)

55 L 1=1 s}/3  1=1 54~

can be used, where B is the average channel breadth at the reference peak
discharge.

The wavespeed parameter, W, can be estimated crudely from the observed travel
time, Ty, of flood peaks along the reach, le:

w = (Al.4)

L
Tp
However, it is preferable to correct this estimate for the attenuation effect by
using instead: ’

2a (41.3)

where Q* is the observed attenuation of flood peaks, 1ie.:

upstream ownstream

Qx = Qp - oY

In practice, a number of flocd events are studied and an average value of w
derived. The estimate can be refined on the basia ~f trial routinga should auy

systematic mistimings be noted.

‘-.I

98 EE 5 O T W @ .

N e S

97

VPMC method

In the variable parameter case, values of a are generally calculated for an
inbank flood and for an extreme flood. The latter calculation is best made using
both flood surveys and topographic surveys to arrive at estimates of the inundated
areas, Py. Given these two points of reference, an attenuation parameter curve
is constructed along the lines of Fig Al.l. In the varizble parameter case
Equation Al.l is ceplaced by:

«Q/L

to calculate the diffusion parameter, R(Q).

y o (A1.6)

Instead of deriving an average v:lue of w, values calcaulated for individual

events are plotted against peak discharge and a curve constructed with the broed
£ vt £.2,10 1o mind.  Thia wavesneed parameter curve can be adjusted

. IR -
properiacsé ox 4

subsequently as a result of trial rouiings with the model.

If channel geometry varies drastically along the reach 1t may be
advisable to estimate subreach value. of w. Price™ presents 2 formula for this,
together with many more details of how to get the most out of the VPMC method.

o
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FIGURE Al1.1 Typical pattern of attenuation parsmeter variation

with flow
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APPERDIX 2 Model calibratien by mumevcical eptimirzation-

Numerical optimization is an accepted means of calibrating many hydrological
models. The technique amounts to trial-and-error adjustment of model parameters
until a best fit is obtained between modelled and observed flows; but the trials
are arranged systematically so that progress to an optimum set of parameters is

hopefully rapid. Although the basic principle 1s very simple, when it comes to
f4tting many-parametered models (ie wodels which have many parameters), numerical

optimization is a curious mixture of art, science and computational pcwer — and a
subject in its own right.

The two key dacisions are: what criterien of fit and which optimum-seeking
nunerical method?

Choice of objective function

It is usual to arrange Lie vpriwicaiivi as LLc slanlmfcootion of on ohdertive

function. The most cowmonly used criterion is least-squares, ie minimization of
the sum of the squares of the differences between obgserved and modelled flows.
Thege flows are generally taken at equal time interval and may refer to & single
£1oud event, a much longer period of record including a wide range of flows, or
several flood events treated collectively. In tne latter case, the optimization
might seek to minimize the overall "aerror sum of squares” or, pethaps, an
objective function that is explicitly weighted towards good simulatton of peak
£lows. The choice of objective funciion ought to reflcct =he particular aspect nf
performance sought. Thus, for example, it is not clear that a least—8Bquares
criterion 18 necessarily appropriate in flood forecasting applications, where good

representation of the rising limb of hydrographs may be at a premium.

Choice of optimization method

1f the calibration problem posed is reasonably simple then any of a range of
optimization methods should suffice. Some methods will be computationally more
efficlent than others but, with computer power becoming ever cheaper than brain

power, mathematical nicety may not be too important.

Direct search methods were among the first computerized optimization
techni?ues to be exploited by hydrologists, and they continue to be found useful.
Clarke 34 gives & det '111e¢1 &éccount of Rosenbrock's method and the simplex
method of Nelder and feed 36 However, a wide range of optimlization methods is
now avalisble 1n compater subroutine lidraries such as NAG In some
applicaifons it 1is possible to use "gradient methods”, which exploeit information
bjective function changes with respect to changes 1in

the mnd=. prramelers.

1f -he calibration problem posed is complex then optimizatioTslgethods may >t
fnto dif ficulties, some methods more readily than ovL.2r8. (Acton provides an
eminently readable account of the dos and don'ts of function minimization.)
Mary-paragmetered models inevitably cause difficulty if their calibration 1z left
entirely to 2n objective function and an optimum-seeking routine. The
optimization may fall to converge, converge only to g local optimum, or yield
parsmeter values that are outside a meaningful range” . Tha underlying difficulty
is parsmeter intersensitivity, two or more parameters competing to explain a
eingle observed feature of catchment response. It 1s difficult to specify
guidelines as to what constitutes an achievable optimization task; for example, a
6-parameter model may “"optimize™ on one data set without diffficulty whereas a
4—parameter model may struggle to "optimize” on another. However, in general, the
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greater the number of paremeters, the less likely that numerfcal optimization will
provide a satisfactory calilsition unaided.

Some optimization procedures allow constraints to be put on parameter
values. %his facility is attractive for some applications: for example, when a
parameter of a conceptual model is known (by physical ressoning cr separate
studies) to fall within a given range. However, constrained optimization 1s not a
remedy for ill-defined calibration problems. In such cases the optimization may
“bump up against” one of the constraints and "run along it”. The constraiut is
then said to be "binding” on the solution. Rather than tolerating one cr more of
the parameters being optimized to an extreme value (ie equal to the lower or upper
limit specified in the constraint), it seers preferable to fix the of“ending
parameter at an average value or, better still, to simplify that part of the rodel

structure.

Because of the problems caused by parameter intersensitivity, it ig falrly
sommon practice LU use a siaged appivoechi cptinlzlag caly o cuboct f porarcterve
in any given "run”, the remaining parametess being held constant. Some
practitioners favour the use of a second method of ogtimization to help confirm
that a truly optimal parameter set has been reached”®. (As witYy any model fitting

exercise, the ultimate test is how the calibrated model performs on an independent
set of data.)

Used by someone with a "feel” for the particular modei, and an awareness of
the picfalls of placing too much rellance on the trial-and-error aspect of the
technique, numerical optimization can be a very effective means of calibration.

Application to flood forecasting models

The rainfall/runoff and flood routing models used by Severn-Trent WA are
nalibhrated by the Rosenhrock method and a lesst-cgunarcs criterien of £f3v.
Typically, the optimization is carried out collectively for about ten fiovod
events. Although the ST subcatchment model (Section M4.2) has very many
paraneters in its most general version, parts of the model are dc¢termlived Ly
separate analyses and a staged optimization approach used to calibrate the six or
seven remaining parameters. This is nevertheless an ambitious applicatioa and its
successful resolution rests on a judicious combination of concepiual in~ight and

numerical optimization.

Nonlinear storage models (Section M2) aré usually calibraced by numerical
optimization. A detailed description of how to calibrate the isolated Event M del
18 given in the Flood Studies Report”  and this has been followed, with minor
variations, %101 shle GLC's calibration of IEM for flood forecasting . Other
applications have relied cr intelligent trial-and-error rather than fermal

numerical optimization.
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GLOSSARY
Calibration

Continuous model

Error prediction

Event model
Forecasting
Lag time

Lead tine
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The process by which a model 1is fitted to observed data.

A rainfall/runoff mcdel capable of operating continuously in
time (as opposed to an event model).

A method of real time correction in which recent
discrepancies between simulated and telemetered flows are
studied and a corrected forecast constructed by adding error
predictions to the simulation mode forecast.

A rainfall/runoff model intended for use during (and
{mmediately following) periods of significant rainfall.

Employment of a model to predict future conditions, thereby
nzintng a tima sAvantace (aee "lead time").

A characteristic time by which the response to rainfall 1s
deferred. (Precise definitions vary).

The time by which the forecast of an incident precedes its

. occurrence (Or non-occurrence) .

riounltoring

Ob jective Tunction

Parameter~updating

Rainfall/runocif
model

Real time

Real tipe correction

- River routing model

Simuiarion mode

Regrlar ecanning of hydrometric data (especially river
levels) with a view to intens1fying such activity, initiating
forecasting, or 1issuing warnings 1f pre-set levels exceeded.

A criterion or set of criteria by which model parameters are

determined (during calibration). Sometimes the same
critericn 2 uzod *o agaese the mndel (durine verification).

A method of real time correction in which one or more of the
model parameters are adapted in the 1light of recent model

performance.

A formulétion that provides a means of estimating flows,
principally from measuremente of rainfall.

A qualifier implying that the calculation or operation
referred to is carried out within the life-span of the event
being analysed (with the aim of controlling or forecasting

its outcome).

The process by which flow data available in real time are
used to adjust model forecasts eilther directly or indirectly.

A formulation that provides a means of estimating flows,
principally from measurements of flow at upstream sites.

The normal mode in which a rainfall/runoff model is used to
estimate flow (ie. without reference to concurrent flow

dats).

A



102

State-updatirz &

Time "now"

Verification

A method of real time correcticn in which the catchment
outflow (or some other observable quantity) acts as a state
varigble so that a telemetered observation can be used to
update the state of the model (and hence its forecasts)

directly.

The time of forecast. (Usually this is taken to be the time
of the last observation used).

The process by which a calibrated model 1s tested by
refersmce to slditional data fe. additional to those used in

calibration).

3.

7.

8.

10.

11.

13.
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