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L INTRODUCTION

This document presents an outline proposal for a project to develop systems for the
local calibration of weather radar and for flood forccasting for use by Anglian Water. The
outline proposal has been prepared along the lines of a project brief prepared by Anglian
Water and included as Annex I of this report. This bricf proposes that the project be
comprised of a “"Preliminary Design Study” lasting for 3 months followed by a "Main
Project” which would be completed over a three year perniod. Consequently, the proposal for
the Main Project as presented in this document serves only as a preliminary outline of what
might be done. - It would be the aim of the Preliminary Design Study to firm up these ideas
through extensive discussions with Anglian Water and Logica personnel, and to modify them |

where necessary.

The outline proposal for the sccond. stage is presented in the next section. This is
followed by a section on technology transfcr which outlines. how expertise and software will
be disseminated to Anglian personnel through selected case srudles and an extensive training
programme. A section on computing outlines the computer hardware and software that IH
has at its disposal to assist in carrying out the project, and highlights the experience gained
using DEC equipment for real-time data acquisition and modelling applications. The project
team to be involved in carrying out the work is presented next, and curriculum vitae of the
individuals concerned are induded as Annex I Finally a provisional indication of the time
schedule and costing of the proposal is -presented.

2. OUTLINE PROPOSAL
21 General
The overall project would be addressed on three broad. fronts:

a) calibration of weather radar using local telemetering raingauges,
b) development of techniques for flood warning, both model-based and monitor-
triggered,

and c¢) development of a decision silppdrt system for flood warning.

Development of the decision support system would serve to bring together the products
developed and evaluated under (a) and (b) to form a facility to assist decision-making during
flood events. - The system would be capable of providing a range of information derived

from:




a) raingauge or weather radar data in grid square or basin average form;
b) rainfall-runoff models and channel flow routing models appropriate to the
hydrological conditions, and incorporating’ updatiﬁg techniques;
and - €) monitor-triggered warning procedures based on raingauge andlor weather radar data.

The decision support system would be menu-and-form driven and make extensive use
~of colour graphics displays to communicate information in a readily comprehended manner.

22 Calibration of weather radar

Existing weather radar systems within the UK employ a small number of telemetry
raingauges {usually five) for the purposbs of calibration. However, Anglian Water in common
wi_tl}mothcr water authoritics have a much grwta number of telemetry raingauges available
which could be ‘cmpldyed to improve ﬁpon this basic calibration. 'I‘he level ‘of improvement
wouwld be expected to be"partimla.rly good for the Chenies weather radar, currently employed
by Anglian, which uses only calibrating raingauges outside the Anglian region.. Basic research
is required using space-time correlation techniques to analyse raingauge and radar measured
rainfall fields for a range of synoptic conditions to develop appropriate local calibration
procedures. This is an area of current research under IH's research programme on
"Real-time forecasting of river flows" comnﬁssioncd by MAFF. The Anglian prpjcct
‘would draw upon the results of this work,' thereby avoiding tﬁe need. for the authoﬁty to
fund basic research directly.

Even with the impleméntation of the Anglian radar to complement the existing Chenies
radar within the project time span, much of the Anglian region will lie outside the 75 km
. range generally considered to provide quantitatively uscful data (Figure 1). Special
consideration would thércforc be given to the problem of calibration at long range.
Orographic gffccts on the calibration would appear on a priori grounds to be less important

for Anglian than other ;égions of the UK and may requiré less attention.

Spcéial attention will also neeq to be given to the possible use of the 12 telemetering
raingauges located on the roofs of flow mczisun‘ng huts in the Colchester Division area. The
less accurate data obtained on account of their non-standard exposure may have to be borne
in mind if they are to be used for radar calibration. Assessing the merit of a particular
calibration procedure in terms of the’ resulting improvement in flood forecasting performance
will ensure that a useful calibration is obtained. |
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The project would also extend to consider the inclusion of new radar products,
notably FRONTIERS, into the system for flood warning. Dependence of flood forecasts on
reliable rainfall forecasts for lead times beyond the natural response time of a catchment
make rainfall forecasting particularly important. Current research th IH on space-time
correlations of rainfall using weather radar and local raingauges may lead to local rainfall
forecasting procedures being available to complement the lower resolution FRONTIERS

product.
23 Flood warning procedures

Twao types of flood warning procedure will be considered ﬁtMn the project. The first
will be based on a modelling approach aimed at forecasting flows using rainfall-runoff and/or
channel flow routing models. This procedure will include the facility to incorporate current
measurements of flow through an updating procedure to improve the forecast's precision.
The second flood warning procedure will be based on the development of a simple trigger
alarm system that employs monitored data derived Erpm raingauge and/or weather radar.
Instantaneous and/or cumulative rainfall totals will be related to the risk of flooding at flood
.prone sites. Selection of either type of procedure, or both, will depend on local

circumstances and experience gained in their application within the project period.

A modelling system would be developed as part'of the project having a modular
structure which would accommodate a range of rainfall-runoff and: channel flow routing

. models. These \';'Ollld be comprised- of models already existing within the Divisions of Anglian

Water as well as those provided by [H. Simple transfer function modcls.‘ non-linear storage

models and conceptual models exist in the form of éomputer programs at IH and would be

made available to the project. Also available are programs for flow routing which include

(i) Muskingum-Cunge fnodcl, (ii) variable parameter diffusion model, (iii) Nash/Kalynin-

Miluyokov model, (iv) simple kinematic wave model with discharge dependent wave speed

(Jdncs and Moore, 1980}, a.nd (v) PAB (parabolic and backwater), a new unconditionally

stable flood routing scheme particularly suited for real-time forecasting, developed by Todini

and B_osi.

An important feature of the modelling system would be the use of a general river
network structure which would allow its application to a range of river system‘ configurations.
A prototype structure algorithm has already been developed for design applications and this
.would be used as the starting point for developing a river network system for real-time
application.  Its modular structure would permit a flexible choice of rainfall-runoff and
channel flow model along the river network. A system of this kind would secem to be the
best way of meeting the project briefs requirement specified in Section 4.1, Annex I, aimed at




meeting the forecasting needs of all Divisions of Anglian Water. The design of the system
would have to bear in mind the dual requirement for an off-line calibration system as well as
a real-time operational system and this may demand implementation on main frame and micro

computers respectively.

It is envisaged as part -of the preliminary design study that a restricted number of
modelling modules would be decided upon through discussion with Anglian staff, and after
an assessment has been made of current forecasting procedures in use by Anglian Water. .
This will ensure that a realistic target is set” bearing in mind time and financial constraints on

the project.
" 24 Decision support system for flood warning

The set of procedures developed for flood warning would be made available to the
user in the form of a decision support system which would allow the user to access various
forms of information to assist in the initiation and dissemination of a flood warning.
Information on forecast flows at key points along the river system would be displayed as
colour displays, as would infonnatioh on cumulative rainfall totals as part of a
monitor-triggered warning procedure. The system would be able to interrogate the real-time
data base in a variety of ways and display them as tables and/or graphs. The microcomputer
based system would be menu-and-form driven. IH has recently implemented a decision
support system of this kind for Thames Water on a DEC PDP11/73, but for real-time
drought management rather than for flood warning (Moore et al, ‘1986'(a).(b).‘ 1987).

3. TECHNOLOGY TRANSFER

Following a review of data availability as paft ‘of the Preliminary Dcsié,n Study a small
number of river basins representative of the range of hydrological conditions encountered
within the Anglian would be selected. These would be used as case studies for modél
evaluation and system development. Implementation of flood waming. systems “for each
division would be the responsibility of Anglian Water. Thorough training in the application
of fqrccast procedures and the related software products would be given to enable divisional

hydrologists to implement their own divisional flood warning systems.
4. COMPUTING
41 Computing hardware

The following provide a summary of the computing hardware that is at IH's disposal -




for carrying out the project.

(i) PDP-11/23 Minicomputer
TH has a new uPDP-11 running gRSX-11, ~ The configuration of this system is:

1 #PDP-11/23 with 1.5Mb of memory, 31Mb of direct access storage provided on 1
11Mb fixed disk (RDS1 winchester) and 2 10Mb RLO2 removable pack drives, 1 800/1600 bpi
tape drive and a small LAS0 dot matrix printer.

A number of terminals are attached to this machine:

1 V1220

1 VT241 colour graphics terminal

1 VT125 monochrome graphics terminal
1 VT100

1 DECwriter IV (printing terminal)

"An HP pen plotter can also be attached. File transfer facilities between the PDP-11's
and the IBM 4381 are available,

{ii) IBM 4381 Mainframe
The cdnﬁguration of the new NERC mainframe at Wallingford is:

1 4381 dual proccssbr with 16Mb of memory, 15Gb of direct access storage provided on 4
25Gb and 1 5Gb disk drives, 4 1600/6250 bpi apd 1 800/1600 bpi tape drives,1 2000 Ipm

upper case only printer and 1 1600 Ipm upperflower case printer.

There are two directly connected IBM 3179 colourl' graphics terminals available to IH
staff, one of which has a colour inkjet plotter for screen dumps. A number of HP7475 pen

plotters are available as well as a Benson 3 pen drum plotter.

A Slgmex colour graphics workstation is also available having special purpose hardware
for variocus graphics functions, 1Mb display file store, 1448 by 1024 pixet display, interactive
data tablet and ink jet printer. ~ (This supports a slight ‘variation of the GKS standard with
all primitives, segment functions and transformations implemented locally with bundled or

individual attribute handling and full input support.)




(iii) 128 graphics workstation

"A new IS graphics workstation driven by a Microvax is to be installed at IH in
August. Whilst primarily mtendcd to support remote sensing applications it will be avallablc

for use by thc project team.
(iv)  VAX cluster

: IH has access via 't'he JANET network to a large VAX cluster at NERC’s British
Geological Survey site at Keyworth.

42 Computer software

Computer software exists on the PDP11/23 microcomputer and IBM- 4381 main frame
computer to read at-site weather radar tapes, to decalibrate the data, and to write the data
in either calibrated or decalibrated form to scqucntially formatted disk files fi:ady for .

. subsequent analysis.

Software also exists to display weather radar images in grid square form as colour
coded rainfall intensity bands. The use of digital mapping techniques also allows the radar
picture to be superimposed with a river network, a coastal boundary and river basin
‘boundarics. Data can be displayed at a resolution of 2 km and/or 5 kﬁl.‘ and as 5 minute
interval "snapshots"ror at aggi'cga(cd time intervals chosen by the user. An example of the
weather radar pictures that can be obtained from this software is shown in Figure 2.

- 43 _ Experience with DEC computers

Institute staff are familiar with both the RT-11 and RSX-11 operating systems. Thé
.lns(irute has been resbonsible for imp]cmentfng a real-time water quality monitoring sysicm
under RT-11 zind for interfacing a PDP-11 to a real-time data collection system under -
RSX-11. The RSX-I1 system is being used for data translation involving real-time response
(using interrupts) to several devices. Experience also ha§ been géined on a PDP-11/7_3 system
purchased by Thames Water to IH specification for both water quality and drought
management modellmg ‘A link bctween this machine and Thames Water’s Ferranti Argus
telemetry computcr has been succcssfully established for transfer of rcal time data to the

models.
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(a) 2 km data out to a range of 75 km
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The storm concerned is Hurricane Charlie which traversed the UK on

25 August 1986.
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Figure 2  Weather radar displays for the Anglian region using Chenies weather radar data

The storm concerned is Hurricane Charlie which traversed the UK on

25 August 1986.




44 Software implementation

In the event that the configuration of minicomputer adopted for Divisional application
is incompatible with the range of systems available to IH then IH could be given initial use
of one of the Divisional microcomputers Since it will be some years before the new Logica
telemetry systems are fully operational in Colchester, Oundle and Lincoln divisions it might be
sensible for [H to have initial use of a microcomputer allocated to one of these divisions.
Such a strategy has worked well in the past when installing a water quality modelling and
monitoring system for the Cémbridge Division of Anglian Water on a PDP-11723. |

5. PROJECT TEAM

The IH project team that would be involved in the project are as follows:

Robert J. Moore | Project Manager

Kevin B. Black . Systems Analyst/Programmer
Bryony Watson . . ' Meteorologist/Modeller
Jane Ridler General support/programmer
David A. Jones : Mathematician/Statistician
John C. Packman Urban applications

Duncan W. Reed ' Flood Forecasting . applications

The first three named members of the team would be primarily responsible for the
execution of the project. The cxperience of the other members of the IH team, however,

would be utilised where appropriate.

The project manager is currently responsible for the MAFF commissioned project on
"Real-Time Forccasting of River Flows” and 50% of his time is currently assigned to this.
This project is seen in the context of the proposal as providing the strategic research on
weather radar calibration and flood modelling that would underpin the Angfian Water
application. The relevance of thé MAFF project to the current proposal can be seen by
reference to the project summary included as Annex II. In undertaking the Anglian project
it is expected that the project manager's commitment to flood forecasting research and

application will increase to 70%.

Curriculum vitae for the project team are included as Appendix HI of this outline

proposal. . These provide relevant details of the experience of TH staff in flood forecasting,




weather radar, real-time data acquisition and software development. In addition three
published papers which relate to work of particular relevance to this proposal are included as
Agppendix IV.

6. TIME SCHEDULE, COSTING, AND FUNDING

Work on the Preliminary Design Study could be started by IH as soon as a contract
is agreed. A report on this study would be completed within three months of the start date
of the contract. A provisional costing for this work is £5K.

At this stage it is difficult to provide a precise estimate of the cost for the Main
Project. However, previous experience in developing a dqcision support system for drought
managcmént suggests that it would be unwise to undertake the development of a system of
the flexibility required by the project brief for less than £85K. This lower estimate is based
on the knowledge that basic research required to implement the project will be undertaken as
part of the MAFF coinmission project on real-time forecasting of river flows. Emphasis will
be put on better utilisation of existing flood forecasting procedures rather than development
and refinement of new ones. The estimate also assumes that Logica would be responsible
for the design of data structures for weather radar and telemetry data and entry and
extraction of these data would be via Logica’s MC16 Management Information Interface.

Annex 'V presents a summary of the general conditions required by NERC to be

included in a formal letter of agreement with Anglian Water.

Finally, it would be prudent to consider sources of additional funds to support Anglian
Water’s proposed investment in weather radar and flood warning pfoducts. Within the last
year a LINK rescarch initiative has been announced aimed at providiﬁg financial support from
government funds to promote coliaborative programmes between the scientific community and
industry. LINK provides up to 50% funding, but expects at least 50% of the funds to
derive from the private sector. Whilst collaboration between a NERC institute and a water
" authority lies in a grey area of elighility for funding because of a WA’s public utility '
designation, the role of 'Logica witﬁin the overall project specification suggests that this
tripartite project would qualify for LINK funding. The resulting software products emerging
from this collaborative programme may be marketable outside the UK and would thereby be
in kecping with the Iong-te;m objectives of LINK. Preliminary enquiries with the Department

of Trade and Industry were received with considerable interest. As yet no programme arca




exists for Hydrological Applications but one could be created to accommodate an appropriate
project. If advantage is to be taken of LINK then Anglian Water, Logica and the Institute
of Hydrology would ncéd to consolidate a programme of work suitable for submission to the
Department of Trade and Industry. This nﬁght be considered within the Preliminary Design
Study.




Figwe 1 Location and range of cxisting and proposed weather radar in the UK

Figure 2 Weather radar displays for the Anglian region using Chenies weather radar data
The storm concerned is Hurricane Charlie which traversed the UK on -
. 25 August 1986 '
(a) Zkindataouttoarangcof'lsm
(b) S5 km data out to a range of 200 km




ANNEX 1
ANGLIAN WATER PROJECT BRIEF




LOCAL CALIBRATION OF RAIN RADAR AND THE DEVELOPMENT OF

FLOOD FORECASTING MODELS

1. Introduction

1.1 This project will be funded by the Anglian Water Research & Development
budget., It has been promoted in the name of Colchester Division but
will also be of direct bemefit to Oundle, Cambridge and Lincoln -.
Divisions who plan to integrate rain radar and telemetry data. Noxwich
Division do not receive radar data but will benefit from the
development of flood forecasting models.

1.2 A budget allocation has been made to cover the 3 years commencing
1987/88.

1.3 The project will be co-ordinated by two Divisional Hydrologists om
behalf of the other Divisions, at all times maintaining close liaison
" with all parties involved.

2, Objectives

2.1 To develop techniques for the integration of rain radar data with
Divisional telemetry systems (in conjunction with the Authority’s
telemetry suppliers -~ Logica UK Ltd).

2.2 To develop techmiques to produce locally calibrated rain radar data
suitable for a wide range of multifunctional uses.

2.3 To use the calibrated data in flow forecasting wodels which fully
utilise the advantages of rain radar.

3. Background

3.1 The current situation is that Type II Chenies data (i.e. high
resolution non-degraded) is received by Colchester, Oundle and
Cambridge Divisions. Data is displayed and archived on Software
Sciences RAU systems based on dedicated Philips P.C. microcomputers.

3.2 Oundle Division 2lso receives degraded Retwork data, displayed on a
dedicated Logica Vitesse microcomputer.

3.3 A limited amount of historical data has been saved by each Division for
events of particular interest. All Divisions have recording raingauge
data for comparison.

3.5 Lincoln and Oundle Divisions will receive dats from the proposed new
Lincoln radar which is expected to come on line early in 1988,

3.6 All Divisions are to have Logica telemetry systems based on DEC
computers, but the configuration, communications and processing
facilities will vary.

3.7 Cambridge and Norwich Divisions are well advanced, with Phase I
comnigsioned and operational since 1986,




3.8

3.9

It will be some years before the new Logica systems are fully
operational inm Colchester, Oundle and Lincoln Divisiouns.

All Divisions have existing flood forecasting procedures of varying
degrees of sophistication, ranging from station to station correlation
to real-time unit hydrograph models.

4. Approach

4.1

4,2

4.3

Techniques and procedures to be developed as part of this project will
necessarily have to be very flexible. It is the intention that A.W.
staff will maintain a high level of involvement throughout.

The results of the project must be demonstrated on computers which are
entirely compatible with those to be used in the Divisional telemetry
systeme. The procedures will be implemented as an integral part of the
Divisional real time telemetry systeme using the Logica MCl6 operating
system. Actual implementation will be the responsibility of eacn
Division although the techniques should be demonstrated on a number of
examples representing the range of situations throughout the

Authority. Thorough training of Divisional staff is to be provided so
that they can then apply the techniques to their particular
requirements.

Planning of the project will depend on detailed consultation with
Logica and our own Systems Engineers. Por this reason it is intended
to carry out the project in two staeges; PFirstly a preliminary design
study over a three month period followed by the main project over three
years.

5. Preliminary Design Study To include:

5.1

5.2

5.3

Consultation with A.W, Regional and Divisional Systems Engineers and
Hydrologists and Logica U.K. Ltd, to discuss for example

{a) The type of computing facilities which will be available in each
Division.

(b) How rain radar and telemetry data are to be integrated.

(c) How radar/rainfall data and flow data/forecasts are to be
disseminated to remote users.

(d) The time scales of telemetry installation and the implementation
of flood forecasting facilities.

(e) Current flood forecasting and warring systems.

A review of data availability (radar, recording raingauges, river flow
etc.) both for the development of techniques now and for their
implementation in the future. Given the three year timescale involved
consideration must be given to likely developments in radar products
(e.g. FRONTIERS, non-degraded network data?).

Consideration of problems in local radar calibration particular to
Eastern England, e.g. the distance of many areas from a radar site, the
lov relief and particular climatic characteristics such as the
frequency of coavective rainfall.




6.

5.4 What sort of display for calibrated data is feasible given the
computing facilities and timescale, e.g. colour pictures of corrected
radar data or simply subcatchment totals. :

5.5 What sort of flood forecasting models would be most appropriate. (The
sort of catchments to be considered will range from very small flashy
catchments to large lowland rivers). They should rum
semi-automatically and require a minimum of interactioun.

5.6 Would it be possible to automatically identify areas of heavy rain
anyvhere vithin a predefined area (e.g. A Division) and to relate these
to predefined sensitive locations.

Main Project

6.1 The main project would consist of developing techniques to achieve
realistic targets which would be mutually agreed following the
preliminary design study. Our preferred approach described in 4.1 and
4.2 should be emphasisged.

6.2 Close liaison between the research body and Anglian Water should be
maintained and detailed interim reports will be requxred annually. In
addition brief notes om progress will be included in Anglian Water”s
internsal quarterly reports.

6.3 It is envxsaged at this stage that the main project will be carried out
as a fized price contract, that price to be finalized after the
completion of the design study.




ANNEX II
MAFF COMMISSIONED PROJECT ON
REAL-TIME FORECASTING OF RIVER FLOWS:
PROJECT SUMMARY
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ANNEX I
CURRICULUM VITAE OF IH PROJECT TEAM




1975 to date

1984, 1985
1981, 1983
1974 - 1975
1973 - 1975
1968

1971

1972

Curriculum Vitae

Name of firm: Institute of Hydrology
Name of person: Robert James MOORE
Nationality: British

Date of birth: 20 March 1949
Profession: Hydrologist

Position in firm: Head of Hydrological Modelling Section
Specialisation in Hydrologist

firm:
Years with firms: 12 - permanent full-time staff member

Key Qualifications

Head of Hydrological Modelling Section specialising in the
development of mathematical modelling techniques for hydrological
and water resource applications. Specific research interests
include:

* Real-time flood forecasting: Recursive state/parameter
estimation algorithms for real-time flood forecasting.
Identification of non-linear transfer function noise models
using isolated flood event data. Raingauge network require-
ments for real-time flood forecasting. Real-time channel flow
routing models. Member of River Dee Flood Forecasting System. .
Project Team.

* Stochastic modelling of hydrological systems: CAPTAIN package
for recursive time series modelling. Hydrological models
based on the probability-distributed principle. Variance
reduction techniques for stochastic water resource system risk
assessment., Kalman filters applied to water quality and
guantity modelling. Decision support system for drought
management. Mathematical modelling of basin sediment yield.
Statistical flood frequency estimation.

UNESCO consultant to the National Water Plan for Portugal Project
(hydrometric network evaluation;  national rainfall and runoff
maps; stochastic streamflow models; reservoir yield assessment).

WMO consultant to the Yamuna Flood Forecasting Project, India;
training seminar on flood forecasting, Bangkok, Thailand.

Water Research Centre. Modelling work for the River Dee Flood
Forecasting Project and development of the CAPTAIN recursive time
series analysis package.

Water Resources Board. Hydrologist in Water Data Unit concerned
with maintaining a national archive of hydrological data;
latterly, member of Operations Research Group engaged on water
resource system simulation studies. '

Education

GCE 'A' levels: Geography {(A), Pure Mathematics (B), Physics (B)
B.Sc II(i) Geography (subsidiary subjects: Geology (2 years},
Physics (1 year)), University College of Wales, Aberystwyth.
M.Sc Water Resource Technology (Engineering Hydrology option),
Department of Civil Engineering, University of Birmingham.
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Experience

Current Head of the Hydrological Modelling Secticn of the Institute of
Hydrology specialising in the development of mathematical
modelling techniques for hydrological and water resource
applications.

1986 Decision support system for real-time drought management in the
. Thames basin (Thames Water).

1984 to date Responsible for Thames Water Operational River Management Project
te formulate a strategy to forecast drought and flood flows for a
range of time intervals from hours to months.

1978 to date Project Leader of MAFF Flcod Protection Commission project on
real-time flood forecasting.

1984 to date Application of a rainfall-runoff-sediment model to four basins in
Malawi to investigate the effect of land management practice on
water and sediment yield.

1980 to date Development of hydrological models based on the probability-
distributed principle (the spatial variability of hydrological
variables over a basin is described through distribution
functions which are subsequently used to construct probability-
distributed models of the basin response of runoff, scil moisture
and sediment to rainfall).

1984 to date Modelling of bedload movement in upland rivers.

1983 - 1985 Development of flood forecasting procedures for manual
: implementation in the Mahanadi River Basin, India (Overseas
Development Administration).

1984 - 1985 Consultant to UNESCO on the National Water Plan for Portugal
Project. To advise and assist a project team concerned with
hydrometric network evaluation, synthetic streamflow models,
reservoir yield assessment, and preparation of national maps of
mean and percentile rainfall and runoff.

1983 Consultant to WMO to provide training on flood forecasting
techniques at a WMO/UNDP Regional Training Seminar on Flood
Forecasting, Bangkok, Thailand.

1982 Calibration of rainfall-runcoff models using rainfall and runoff
data supplemented by neutron probe derived estimates of soil
moisture.

1982 Development of a supply- and transport-limited dynamic model of

basin sediment yield.

1981 Development of an algorithm to calculate the derivatives of the
incomplete Gamma integral, for use in gradient-based parameter
estimation of models which invelve convolution of the gamma
density function.

1981, 1983 Consultant to WMO on the Yamuna Flood Forecasting Project, India,
providing training on constrained linear system modelling,
installation of programs, and application to hydrological data.
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1980 - 1981

1980

1979

-1978 -,1980

1977

1977

1976 - 1979

1976

1976 to date

1975 - 1976
1974 - 1975
1974

1973 - 1974

C.V. SHEET 3

Model development work for microcomputer-based flood warning
systems for Haddington, Scotland, and Market Harborough, England.

Development of models of nitrification in an activated sludge
plant for forecasting and control of the nitrogen content of the
final effluent.

Development of a simple channel flow routing model for real-time
use, in which travel time varies with discharge, and forecasts
are improved in real-time using a simple error predictor
procedure. ‘

Water Research Centre contract to develop and assess transfer
function noise models for real-time flood forecasting
application,

Investigation of the raingauge network requirement for a real-
time flood forecasting system using multiple input time series
models.

Development of a time series model relating rainfall to levels of
the Dead Sea as part of a study to assess the effect of
abstractions and hydropower development on Dead Sea levels (Sir
Alexander Gibb and Partners).

Development and application of Kalman filter theory for recursive
state/parameter estimation for use in forecasting hydroclogical
vatiables. Specific developments include (i) recursive
estimation of a non-linear conceptual rainfall-runoff model using
an extended Kalman filter, (ii) coupled Bayesian-Kalman filter
scheme for state and parameter estimation, and its application to
a channel flow routing and a dynamic water quality model of
dissolved oxygen and biochemical oxygen demand, (iii) state/
parameter estimation of a rainfall-runoff model using statistical

" linearisation.

Development and application of variance reduction techniques for
obtaining reduced variance estimates of hydrological extremes
derived by Monte Carlco simulation.

Statistical supervision of IH CAPTAIN recursive time series
analysis package, and development of a multi-input extension.

Member of IH project team concerned with developing and
implementing the River Dee Flood Forecasting System with special
responsibility for the Lower Dee model and routing of tributary
flows.

Water Research Centre. Responsible for the development of the
CAPTAIN package for recursive time series analysis and
forecasting of hydrological variables. Hydrological modelling
work for the River Dee real-time flow forecasting system.

Operations Research Group of the Water Resources Board. Use of
synthetic flow generation models and water resource simulation
models for water resource planning., Time series analysis for
hydrological forecasting.

Hydrologist in Water Data Unit of the Water Resources Board with
a responsibility for maintaining a national archive of
hydrological data. Specific responsibility for developing
stage-discharge relationships and estimates of their precision.
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Publications

COLE, J.A., MOORE, R.J. (1974), 'Hydrological forecasting methods
for river requlation systems'. Proc IEE Symp, 25 November, pp 4.

MOORE, R.J. (1975), 'Dee investigation simulation program for
regulating integrated networks: a program documentation'.
Internal Report, Water Research Centre, pp 36.

COLE, J.A., McKERCHAR, A.I., MOORE, R.J. (1975), 'An on-line flow
forecasting system, incorporating radar measurements of rainfall,
as used to assist the short-term regulation of the River Dee in
North Wales; Application of Mathematical Mcdels in Hydrology and
Water Resources Systems'. Proc Bratislava Symp, IAHS Publ
No.1l15, 57-66.

MOORE, R.J., WHITEHEAD, P.G. (1975), 'The CAPTAIN package: a
program manual'. Internal Report, Water Research Centre, pp 54.

MOORE, R.J., WEISS, G. (1976), 'Real-time parameter estimation of
a non-linear catchment model using Extended Kalman filters', in
E.F. Wood and A. Szollosi-Nagy (eds), Real-time Forecasting/
Control of water-Resource Systems, B83-92, Pergamon Press.

MOORE, R.J., O'CONNELL, P.E., MACGREGOR, W. (1977), 'The use of
the Kalman filter in real-time forecasting of flood events: an
exploratory investigation'. Institute of Hydrology, October
1977, pp 21.

MOORE, R.J. (1977), ‘Raingauge network requirements for real-time
flow forecasting', in 0'Connell, P.E. et al, Methods for
evaluating the UK raingauge network'. IH Report No.40, May 1977,
168-182.

MOORE, R.J. (1977), ‘'Dynamic aspects of water quality modelling'.
PTRC course on ‘Modelling of Water Resource Systems', 14-18
November 1977, pp 26.

Anon (1977), 'Final feasibility report, Arab Potash Project’'.
Volume IX, Appendix N, Hydrology, contract report to Sir
Alexander Gibb & Partners, December 1977.

JONES, D.A., MOORE, R.J. (1980}, 'A simple channel flow-routing
model for real-time use'. Hydrological forecasting, Proc. Oxford
Symposium, April 1980, IAHR-AISH Publ. No.129, 397-408,

MOORE, R.J., O'CONNELL, P.E. (1980), 'Real-time forecasting of

flood events using transfer function noise models: Part 1'. A
report on work carried out under contract to the Water Research
Centre, Medmenham, UK, pp 118, Institute of Hydrology.

MCORE, R.J. (1980), 'Real-time forecasting of flood events using
transfer function noise models: Part 2'. A report on work
carried out under contract to the Water Research Centre,
Medmenham, UK, pp 115, Institute of Hydrology.
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MOORE, R.J., WEISS, G. (1980), 'Recursive parameter estimation of
a non-linear flow forecasting model using the extended Kalman
filter', in O'Connell, P.E. (ed), Real-time hydrological
forecasting and control, Proc. 1lst Int. Workshop, July 1977,

pp 264, Institute of Hydrology.

MOORE, R.J., JONES, D.A. {(1980), 'A simple adaptive finite
difference flow routing model', in 0'Connell, P.E. (ed), Real-
time hydrological forecasting and control, Proc. lst Int.
Workshop, July 1977, pp 264, Institute of Hydrology.

O'CONNELL, P.E., MOORE, R.J. (1980), 'Short-term hydrological
forecasting techniques'. Proc. NATO Advanced Study Institute on
Systems Analysis and Reservoir Management, pp 62,

MCOORE, R.J., CLARKE, R.T. (1981), 'A distribution function
"approach to rainfall-runoff modelling', Water Resources Research,
17(5), 1367-1382,

MOORE, R.J. (1982), 'Transfer functions, noise predictors and the
forecasting of flood events in real-time', in Singh, V.P. (ed),
Statistical Analysis of Rainfall and Runoff, 229-250, Water
Resources Publications. .

MOORE, R.J., CLARKE, R.T. (1982), 'A distribution function
approach to modelling basin soil moisture deficit and streamflow',
in Singh, V.P. (ed), Statistical Analysis of Rainfall and Runoff,
173-190, Water Resocurces Publications.

MOORE, R.J. (1982), 'Derivatives of the incomplete gamma
integral'. Applied Statistics, Journal of the Royal Statistical
Society, Series C, 31(3), 330-335.

MOORE, R.J. (1982), 'Linear system models for flood forecasting
in the Yamuna Basin'., Consultancy report to the World
Meteorological Organisation, pp 71.

O'CONNELL, P.E., MOORE, R.J. (1982), 'Time series modelling and
forecasting in hydrology', XVIIIth Conference in Hydraulics and
Hydraulic Construction, University of Bologna, Sept 21-23, 25 pp.

MOORE, R.J., CLARKE, R.T. {(1983), 'A distribution function
approach to modelling basin sediment yield'. Journal of
Hydrology, 65, 239-257.

MOORE, R.J. (1983), 'Preliminary flood forecasting procedures for
the Mahanadi river basin, India'. Contract report to the
Overseas Development Administration, 44 pp.

MOORE, R.J. (1983), 'The probability distributed approach to
spatial conceptual rainfall-runoff modelling'. Report to MAFF
Flood Protection Commission, 23 pp.

MOORE, R.J, (1983), 'Constrained linear system model for
hydrological forecasting: A theoretical introduction'. Paper
12, WMO/UNDP Training Seminar on Flood Forecasting, Bangkok,
Thailand, 21-25 February 1983, pp 13.

MOORE, R.J. (1983), 'Constrained linear system model for
hydrological forecasting: A program documentation'. Paper 13,
WMO/UNDP Training Seminar on Flood Forecasting, Bangkok,
Thailand, 21-25 February 1983, pp 6.
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MOORE, R.J. (1983), 'Transfer function noise models for real-time
flow forecasting'. Paper 14, WMO/UNDP Regional Training Seminar
on Flood Forecasting, Bangkok, Thailand, 21-25 February 1983, pp 16.

MCORE, R.J. {1983), 'Transfer function noise models for real-time
flow forecasting: A program documentation'. Paper 15, WMO/UNDP
Regional Training Seminar on Flood Forecasting, Bangkok,
Thailand, 21-25 February 1983, pp 16.

MOORE, R.J. (1983), 'Flood forecasting techniques - I'. Paper 18,
WMO/UNDP Regional Training Seminar on Flood Forecasting, Bangkok,
Thailand, 37 pp.

MOORE, R.J. (1984), 'A dynamic model of basin sediment yield'.
Water Resources Research, 20(1), 85-103,

MOORE, R.J. (1984), 'Statistical procedures for water resource
planning in Portugal: A preliminary report'. Consultancy report
to UNESCO, "National Water Plan for Portugal" UNESCQO/UNDP
assisted project, 25 pp, February 1984.

MOORE, R.J. (1984), ‘'Statistical procedures for water resource
planning in Portugal: Second Report'. Consultancy report to
UNESCO, "National Water Plan for Portugal' UNESCO/UNDP assisted
project, 37 pp. June 1984.

MOORE, R.J. (1985), 'Flood forecasting procedures for manual
implementation on the Mahanadi River Basin, India' Report to
the Overseas Development Administration, 47 pp, January 1985.

Anon {1985), *‘Flood forecasting for operational control:
1. Modelling subcatchments’. Contract report to Thames Water,
Operational River Basin Management research programme, 106 pp.

MOORE, R.J. (1985), 'The probability-distributed principle and
runoff production at point and basin scales'. Hydrological
Sciences Journal, 30(2), 273-297.

MOORE, R.J. {1985), 'Rapid assessment of reservoir yield for
water resource planning in Portugal'. Consultancy report to
UNESCO, "National Water Plan for Portugal" UNESCO/UNDP assisted
project, 29 pp, February 1985.

JONES, D.A., MOORE, R.J. (1985}, 'Strategies for flow
forecasting'. Institute of Hydrology, 32 pp.

MOORE, R.J., NEWSON, M.D. (1986), 'Production, storage and output
of coarse upland sediments: natural and artificial influences as
revealed by research catchment studies'. J.Geol.Soc. London,
143, 921-926.

MOORE, R.J. (1986), 'Advances in real-time flood forecasting
practice'. Symposium on Flood Warning Systems, Winter meeting of
the River Engineering Section, Inst, Water Engineers and
Scientists, 23 pp.

MOORE, R.J., JONES, D.A., BLACK, K.B., PARKS, Y, (1986), 'Real-
time drought management system for the Thames Basin'. Contract
report to Thames Water, Institute of Hydrology, 56 pp.

MOORE, R.J., BLACK, K.B., JONES, D.A., BONVOISIN, N. (1986),
'User guide to the real-time drought management system for the
Thames Basin'. Contract report to Thames Water, Institute of
Hydrology. 71 ppP.
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MOORE, R.J. (1987), 'Towards more effective use of radar data for
flood forecasting'. 1In: Collinge, V.K. and Kirby, C. (eds},
Weather Radar and Flood Forecasting, 223-238.

MOORE, R.J. (1987}, 'Combined regional flood frequency analysis
and regression on catchment characteristics by maximum likelihood
estimation'. 1In: Singh, V.P. (ed), Flood Frequency and Risk
Analysis, D. Reidel Publishing Co., 13 pp.

MOORE, R.J., JONES, D.A., BLACK, K.B. (1987), 'Risk assessment
and drought management in the Thames basin'. 1Int. seminar on
Recent Developments and Perspectives in Systems Analysis in Water
Resources Management, WARREDOC Spring Meeting, Perugia, Italy, 1-
3 April 1987, 16 pp. ‘

Language Capability

Speaking Reading Writing
English Excellent Excellent Excellent
Signature Date




1978

1979
1980

Curriculum Vitae

Name of firm: Institute of Hydrology

Name of person: Kevin B BLACK

Nationality: British

Date of birth: 23 January 1962

Profession: Computer programmer/systems analyst

Position in firm: HSO/Computer programmer/Systems analyst

Specialisation in Computer software, hardware and consultancy
firm:

Years with firm: 6

Key Qualifications

Systems analysis :
* Responsible for design of computer based systems for Institute
projects.

Software

* Ahijility to program fluently in FORTRAN, BASIC and various
assembly languages.... \ . .

* BAlso experience of PASCAL and FORTH.

* Ability to design data structures and software systems,

* B2Able to use a number of different operating systems and under-
stand new ones.

* Experience with DEC PDP-11, Honeywell DPS300, IBM 4381, GEC
4020, ICL and various microcomputers.

Hardware
* Ability to understand, design and construct computer interface
hardware.

Education

GCE 'Q' levels: Maths(C), Chemistry{(B), Physics(B), Art(C),
English Language(C).

CSE: Geography(4)

GCE 'AD' level: Computer Science(RA).

GCE 'A' levels: Computer Science(B), Maths, Chemistry, Physics.
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1380

1981

1982

1983

1984

C.V. SHEET 2

Experience

One year's work for NERC Computing Services based at the
Institute of Hydrology providing advice on the use of mainframe
computers and microcomputers for dedicated preoject work.
Preliminary development of a minicomputer based Water Quality
Monitoring system for Anglian Water, including data management
and graphical display programs.

Became a full time member of the Institute's staff (graded ASC)
giving general advice to users and management on the use of
computers. Further development of the Water Quality Monitoring
system for Anglian Water. Interfacing of Microdata cassette
translation units and solid state stores (developed by the
Institute of Hydreology) to microcomputers. Development of soft-
ware for the Institute of Hydrology's site in Wales (Plynlimon)
to translate cassettes and stores and list the data in raw and
real units, using a Commodore PET microcomputer.

Development of software and hardware to interface Solid State
Stores to the RML 380Z microcomputers. Development of software to
control an experimental intelligent water quality monitor for
Anglian Water. Development of a serial RS232 interface and
terminal emulation software to allow Commodore PET microcomputers
to communicate with computers on the NERC wide area network.
Mounting a Water Quality model for the River Ouce and developnient.
of the 'uner interfece' snd software for the graphical presenta-
ticn of results on a PDP-11 for Anglian Water. Development of
software to monitor a sensor array for an IH project in Thetford.

Development of software to list Automatic Weather Station data
(from Solid State Stores) on the RML 3802 and Commodore PET
microcomputers and to produce Penman-Montieth evaporation
estimates. Development of data handling software for an
Institute project in Syria. Development of terminal emulation
software for PDP-11 minicomputers.

Development of software to convert data from discs written on the
BGS Plasma laboratory facility (non standard structure) to RT-11
format so that the data can be placed on the NERC networked
mainframe and mini-computers. Design and construction of a
battery backed real-time clock/calendar and driving software for
Anglian Water's PDP-11 minicomputer. Design and construction of
Plotter interface hardware and driving software for Anglian
Water's PDP-11 minicomputer. Development of software to monitor a
sensor array on Commodore PET microcomputer for an Institute
project in Amazonia.

Promoted to SO. Development of software for a crop disease
monitoring system for the Food and Agriculture Organization (FAO)
for tobacco crops in Cuba and Nicaragua based on Apple look-a-
like microcomputers. Mounting a Water Quality model for the
River Wissey in Cambridgeshire and development of the ‘user
interface' and software for the graphical presentation of results
on a PDP-11 for Anglian Water.
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1985

1986

1987

C.V. SHEET 3

Development of software to to handle Solid State Store data from
microcomputers on NERC's Honeywell mainframe and the Institute of
Hydrology's GEC 4090 minicomputer. Maintenance of Anglian
Water's water quality experimental water guality monitor.
Conversion of RT-11 menu and form filling driving software to
RSX-11. Setting up of PDP-11 minicomputers at the Institute of
Hydrology and the Institute's site in Wales (Plynlimon). Initial
development of software on the PDP-11 to replace the Institute's
PDP-8s., Conversion of river Thames flow and quality model from
PDP-11 RT-11 operating system to RSX-11.

Promoted to HSO. Implementaticn of Drought Management system on
PDP-11 minicomputer for Thames Water, including the developement
of a form and menu driven front end for user interaction and
graphical presentation of results. Software to link the PDP-11
to Thames' real time monitoring computer so that live data can be
obtained for the Drought Management system.

Extensive development of software for the replacement of the
Institute of Hydrology's PDP-8 data translation computers with a
PDP-11 minicomputer running the RSX-11l operating system. Menu
and form filling driven programs for cassette translation, data
and site management, data formatting, data editing quality
control and magtape handling. Instruction of operators and users
of the system. Conversion of Solid State Store software from
NERC's Honeywell mainframe to the new IBM ‘4381 mainframe.

Development of software to produce hardcopy plots on a pen
plotter for the PDP-11 based water quality model program suite.

Conversion of IH's Water Flow and Quality model for the river
Tamar for the South West Water Authority.

Development of a program for the graphical display of weather
data for use within the Institute of Hydrology.

Publications

BLACK, K.B. inter alia (1983), "Operational Management of Water
Quality in River Systems"., First report to the Commission of the
European Communities on Contract No ENV-400-80 UK(b) under the
Environmental Research Programme.

BLACK, K.B. inter alia (1983), "Operational Management of Water
Quality in River Systems". Final report to the Commission of the
European Communities on Contract No ENV-400-80 UK(b) under the
Environmental Research Programme.

BLACK, K.B. (1983), "Hardware Documentation for special devices
on the Anglian Water Quality Monitoring system”.

BLACK, K.B. inter alia (1984), "Models for Operational Control :
2 Flow and Quality Model for the River Thames".
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BLACK, K.B. (1984), "User guide to the Intelligent Outstation
Control Program". User guide to software written to control an
experimental intelligent water quality monitor for Anglian Water
from their Water Quality monitoring system.

BLACK, K.B. inter alia (1985), "Real Time Drought Management
Project Proposal to Thames Water".

BLACK, K.B. inter alia (1986), "Real Time Drought Management
System for the Thames Basin". Project report to Thames Water.

BLACK, K.B. inter alia (1986), "User Guide to the Real Time
Drought Management System for the Thames Basin".

BLACK, K.B, inter alia (1987), "Roadford Environmental
Investigation : Tamar River Quality Model : Phase 1 report to
WRC/SWWA" .

BLACK, K.B. inter alia (1987), "Risk Assessment and Drought
Management in the Thames Basin". International Seminar on Recent
Developments and Perspectives in Systems Analysis in Water
Resources Management, WARREDOC Spring Meeting, Perugia, Italy,
April 1987.

Language Capability

Speaking Reading Writing
English Excellent Excellent Excellent
Signature Date
4




1973

1977

Curriculum Vitae

Name of firm:

Name of person:

Nationality:

Date of birth:

Profession:

Position in firm:

Specialisation in
firm:

Years with firm:

Institute of Hydrology
David Alan JONES

. British

16 October 1951
Statistician

Senior Scientific Officer
Stochastic hydrology

9 - permanent full-time staff member

Key Qualifications

Trained in mathematics and mathematical statistics.

Experience of application of stochastic hydrology and
mathematical modelling to a range of problems.

Education

Bachelor of Science {Mathematics) Honours, London.

Doctor of Philosophy (Statistics), Imperial College London.

Fellow of the Royal Statistical Society.

Member of the British Hydrological Society.
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Experience
1976 to date With Institute of Hydrology:
1985 General consideration of forecasting strategies and trial of a

- method for long-term flow forecasting for Thames Water.

1983 - 1985 Development and application of stochastic models for fluctuations
in level of Lake Victoria.

1984 - 1985 Comparison of a range of models for forecasting flows in
subcatchments of the River Thames and development of a new model.

1983 - 1984 Study of rainfall records in N.E. Thailand in terms of the
accuracy of estimation of areal rainfalls and the implications of
this for rainfall-runoff modelling.

1983 Development of simple procedure for multi-step forecasting of
seasonal input-output processes.

1982 -~ 1983 Development of statistical techniques for analysing non-
statistical models, the parameters of which are chosen
empirically to match available data.

1982 Application of a mixed stochastic dynamic programming/simulation
technique for studying control rules for the Aswan High Dam
formulated to meet multiple criteria.

1980 - 1981 Development of statistical techniques for selecting
representative groundwater monitoring wells.

1980 Statistical analysis for rationalisation of the raingauge network
in the North West Water Authority area.

1980 Development of a mixed random- and fixed-effects method for
application to the relation of annual maximum floods to catchment
characteristics, making direct use of separate yearly values.

1978 - 1979 Analysis of flows into the Aswan High Dam. Development of
methods for assessing the £it of, and making comparisons between,
already established stochastic models for the flows.

1979 Development of a simple non-linear flow-routing algorithm for
real-time forecasting.

1976 - 1978 Development of methods for rationalising existing raingauge
networks by calculating how well peoint and areal rainfalls are
estimated from a given set of gauges. Application to the network
in the Wessex Water Authority area.

1977 - 1978 Study of Kalman filter techniques for real-time forecasting, with
applications to rainfall-runoff models and flow-routing.
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1976 - 1977

C.V., SHEET 3

Development of a simple non-linear stochastic model for
simulating daily streamflow records.

Publications

JONES, D.A., (1976). ‘'Non-linear autoregressive processes', Ph.D
thesis, University of London.

MOORE, R.J., JONES, D.A. (1977). 'An adaptive finite-difference
approach to real-time channel flow routing', In "Modelling,
Identification and Control in Environmental Systems", ed.
Vansteenkiste, G.C., North-Heolland, pp.153-170,

O'CONNELL, P.E., BERAN, M.A., GURNEY, R.J., JONES, D.A., MOORE,
R.J. (1977). 'Methods for evaluating the UK Raingauge Network',
Institute of Hydrology Report No.40, pp.262.

JONES, D.A. (1978). 'Non-linear autoregressive processes'.
Proc.R.Soc.Lond.A 360, 71-95,

MOORE, R.J., JONES, D.A. (1978). ‘Coupled Bayesian-Kalman filter
estimation of parameters and states of a dynamic water quality
model'. In "Applications of Kalman Filter to Hydrology,
Hydraulics and Water Resources”, ed. Chiu, ¢-L. Stochastic
Hydraulics Program, University of Pittsburgh, USA, pp.599-635.

O'CQNNELL, P.E., GURNEY, R.J., JONES, D.A., MILLER, J.B.,
NICHOLASS, C.A., SENIOR, M.R. (1978). 'Rationalisation of the
Wessex Water Authority Raingauge Network', Institute of
Hydrology Report No.51, pp.179.

JONES, D.A., GURNEY, R.J., O'CONNELL, P.E, (1979). 'Network
design using optimal estimation procedures', Water Resources
Research, 15(6}, 1801-1812.

O'CONNELL, P.E., GURNEY, R.J., JONES, D.A., MILLER, J.B.,
NICHOLASS, C.A., SENIOR, M.R. (1979). 'A case study of
rationalization of a raingauge network in south-west England',
Water Resources Research, 15(6), 1813-1822,
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ADVANCES IN REAL-TIME FLOOD PORECASTING PRACTICE

R.J. Moore

Institute of Rydrology
ABSTRACT

Advances in flood forecasting practice have been traditionally
achieved through developing improved model structures represeﬁting
rainfall-runoff and channel flow routing processes, Only over the
last decade has the avallability of low cost real-time data
acquisition systems promoted new research on the development of
updating techniques which employ current measurements of flow to
improve model-derived flow forecasts. Several different updating
techniques have been developed for use in practical flood forecasting
systems: the relative merits of a selection of these are discussed.
Particular emphasis is given to adjustment of the water content of a
conceptual model storage to compensate for the cumulative effect of

unrepresentative or error—corrupted rainfall data.

Developments of improved model structures are reviewed with
particular regard to recent attempts to take account of spatial
variability through a probability-distributed model structure, and
through the use of distributed rainfall data, as measured by weather
radar., Problems of model calibration, forecast uncertainty, and
provision of rainfall forecasts are also touched upon as requiring

attention in the future,




INTRODUCTION

Flow forecasts are required to provide warning of impending
flooding in order to prevent loss of life and to minimise damage to
property, livestock etc. Advances in real-time data acquisition
systems over the last ten years, and a reduction in their cost in real
terms, has promoted the implementation of real-time systems for flood
forecasting in several areas of the UK (Reed, 1984)., Implementation
of such systems has required research on the development of flood
forecasting techniques which can be implemented in real-time on a
micro-computer, and which attempt to make use of current information
on the river basin's state as provided through telemetered
measurements of rainfall and river flow. The aim of this paper 1is to
review some of the techniques which have been developed as part of
this research effort, and to discuss their relative shortcomings and

advantages. Some areas where further research 1s required are also
identified.

FLOOD FORECASTING TECHNIQUES

Flood forecasting practice may be advanced through research on

(1) ifimproved model structures,

(11) improved updating techniques,

(i11) improved specification of input data, and

(iv) improved specification of measures of forecast uncertainty.
Improvement in model structure has been the traditional approach to
enhance forecast performance, and indeed the design of rainfall-runoff
and channel flow routing models suitable for real-time implementation
remains of central importance. However, the real-time aspect of flood
forecasting, with the ability to correct previous forecasts in the
light of up-to-date flow data, received via telemetry, has meant that

the development of updating techniques has formed the major thrust of

research over the last decade. For this reason a selective review of




updating techniques will be presented first, giving emphasis to those

techniques which have merit for practical flood forecasting
application, rather than on account of their intrinsic statistical

elegahce.
UPDATING TECHNIQUES
Updating of model forecasts may be accomplished by

(1) error prediction, where the tendency for errors to persist

is exploited in order to predict future errors,
(11) parameter adjustment, and

(111) state adjustment, where corrections are made to
the water content of Iinternal storages to achieve closer

correspondence between measured and predicted flow.

Techniques used for parameter and state adjustment are often based on
some form of Kalman filter (Gelb, 1974; Jazwinski, 1970; Moore and
Weiss, 1980). Parameter adjustment presents a less attractive option
for real-time application since variation in a model parameter usually
reflects inadequacy in the model structure, which should preferably be
improved by off-line studies. Adjustment of parameters to compensate
for model inadequacies merely serves to track the variations rather
than to anticipate them, and may lessen the robustness of the
resulting forecast., Attention here will therefore concentrate on

state adjustment,

State adjustment

One justification for making state adjustments is that the effect
of errors in the rainfall model fnput will accumulate as errors in the
water content of the stores of a conceptual rainfall-runoff model,
which 1n turn will affect the partitioning of rainfall into surface
and groundwater runoff components. If the contents of the stores can
be adjusted sensibly in the light of discordance between modelled and
observed runoff, then improved forecasts should result. Convention-
ally, state updating has been achieved through the Kalman filter.

However, whereas this theory provides an exact solution for linear




models even when the random variations may be non—Gaussian, it only
provides approximate solutions for nonlinear conceptual rainfall-runoff
models. There is therefore considerable scope for developing
empirically-based state adjustment procedures which sensibly exploit the
hydrologist’'s insight into the physical mechanisms, and are not restricted
in applicability to specific simplified dynamic-stochastic descriptions of

the rainfall-runoff process.

One simple example of a state updating scheme may be illustrated with
reference to a nonlinear storage model, where runcff, q, is related to
basin water storage, S, through a relationship q = k S® or q = exp(y+aS).
In such cases flow at time t, qt, is related to flow at time t-1, by a

nonlinear function £(.)}, such that q¢4) = f(q¢,ue-p3k,m), where ue_y is

rainfall delayed by b time units., A simple state updated forecast is then
obtained by evaluating the function £(.) using the observed value of

discharge, Qt, so that qt+]1|t = £(Q¢,ut-p;k,m). Here the notation t+l|t

forecast made for time t+l based on measurements available at time t, the
forecast time origin. Note that this adjustment iwmplies that the storage
(the state variable) is adjusted to the value (Qt/k)llm in order to
satisfy the relation q = kSm,

Adjustment schemes are not so readily devised for conceptual
rainfall-runoff models made up of several storages, however. Recourse may
be made to adjustments having a form similar to those arising from the

Kalman filter. For example, consider a model comprised of two storages

with contents Sé and S% at time t, and with outputs q% and qg so that the

1

2
+ q°. =Q -
e Yo Then the model error, n, Qt q,, way be

total model flow is qt = q

partitioned between the two storages to give the state adjustment scheme

s%* = sé + ki @, -aq,) i=1,2, (1)

where K1 15 a parameter, essentially equivalent to the Kalman gain, which
would be estimated empirically by an off-line optimisation based on
observed flow data. One possible extension i8 to allow the two gain

parameters to vary according to the relative contribution of surface

runoff, qt, and baseflow, qi. to the total flow Q.5 for example K1 in (1)

could be replaced by Kz, given by




K% = (—)K i=1,2, (2)

Clearly a wide range of state adjustment procedures may be devised,
including subjective schemes based on visual interpretation of the
discrepancy between components of model flow and the total observed runoff.
State adjustment may also be used to good effect to initialise a model
using a minimum of past data, possibly in the event of a breakdown of the

data acquisition system.

Error prediction

The most commonly used form of updating technique, and one which can
now be regarded as part of established forecasting practice, is error
prediction (Moore, 1982; Jones and Moore, 1980). Both rainfall-runoff and
channel flow routing models exhibit a tendency for their errors to persist
so that sequences of positive errors (underestimation) or negative errors
{(overestimation) are common. This dependence structure in the errors may
be exploited by developing error predictors which incorporate this
structure and allow future errors to be predicted. The essentials of the

technique may be described as follows.
Consider that q¢4p 18 the forecast of the observed flow, Qp4g, at some

time t+l, made using a conceptual rainfall-runoff model. Since qe4p will

have essentially been cobtained by transformation of rainfall into flow
through some model conceptualisation of the catchment, it will not have
used previous observed values of flow, except perhaps for the purposes of
model initialisation. For this reason qt+g will be referred to as a
simulation-mode forecast to distinguish it from a real~time, updated
forecast which incorporates information from observed flows.

The error, fp4y, associated with this simulation-mode forecast is

defined through the relation

Qe = qeag + Np4n » (3)

If the simulation-mode error ng4gy can be predicted using an error
predictor which exploits the dependence structure of these errors, then an
improved forecast will be obtained.

Let ng+g ¢t denote a prediction of the simulation-mode error, ne+g,

made ! steps ahead from a forecast origin at time t using an error

predictor. Then a real-time forecast, qt+|t» made & time units ahead

from a forecast origin at time t would be calculated as follows:

qt+L |t = qQt+2 * N+l o 4)



The real-time forecast error is

Ee+fit = Q4+l — A+t (5)

which, depending on the performance of the error predictor, should be

smaller than the simulation-mode forecast error
Ne+2 = Qe4d — Qe+t - (6)

Turning now to an appropriate form of error predictor it is clear that
a structure which incorporates dependence on past simulation-mode errors is

required. Thus the autoregressive (AR) model

Mg = 7@y M) ~ 9 Mg eee "0, *a N

is an obvious candidate, where a; 1s the residual error (uncorrelated),
and {4{} are parameters. However, a more parsimonious form of model is

of the autoregressive-moving average (ARMA) form

- - - = eees — +
Nt ®) Me-1 T %2 ez ¢Mep + 88 9, a

+ <o + 0 a + a (8)

which incorporates dependence on past residual errors, ap-y, -2, ves

In general, the number of parameters p+q assoclated with the ARMA model
will be less than the number z assoclated with the AR model, in order to
achleve as good a level of approximation to the true simtlation-mode error
structure. The ARMA model may be used to give the followiag error

predictor

Me+1e = — 61 Nep2-11t 92 Ne+L-2|t~ .o+ — $p Ne4t-p|t * 61 at+2-1|¢c

+ 62 8t+£_2|t + . + eq at+2—q|t, 1=l,2,... (9)

where
0 2-1>0
at+i-1|t = (10)

ag+8-1 otherwise




and ag4g-y 15 the one-step ahead prediction error

Ar+f-4 T Qr+R-1t+8-4-1 ™ MNe+2-1 ~ Ne+f-1|c+t-1-1
= Queg-1 ~ Qe+i-1 | t+2-1-1>» (11)
and
Ne+t-1]t = Ne+f-1 = Qrag-f — Qe+i-1 for 2-1<0. (12)

The prediction equation (9) is used recursively to produce the error predi-
tions Ne+l|ts MNt42|ts s+se> Ne+ljts, from the available values of ap, ap-],
seae andnt, nt-—-l, cssee o

Using this error predictor methodology, the conceptual model

simulation-mode forecasts, q¢+§, may be updated using the error prediction,
Nt+Ljt, obtained from (9) (and the related equations (10)-(12)), to
calculate the required real-time forecast, qt+%|t, according to equation

(4). Note that this real-time forecast incorporates information from most
recent observations of flow through the error predictor, and specifically

through calculation of the one-step shead forecast errors, ap+f-i,

according to equation (l1). Alternative error predictor schemes may be
deviséd by working with other definitions of the basic errors : for example

by using proportional errors.

"Whilst error prediction provides a general. technique which is easy to
apply, its performance in providing improved forecasts will depend on the
degree of persistence in the model errors. Unfortunately in the vicinity
of the rising 1imb and pesk of the flood hydrograph this persistence is
least and errors show a tendency to oscillate rapidly and most widely;
dependence 13 at its strongest for errors on the falling limb, where
improved forecast performance matters least. In addition, timing errors in
the model forecast may lead to erroneous error prediction corrections being
made (Figure 1), a problem which is also shared by the technique of state
adjustment., For these reasons it i{s {mportant that the deterministic model

structure is well specified first and foremost,

MODEL STRUCTURES

Black box modelling and the systems approach to hydrological

forecasting became fashionable in the 1970's, motivated in particular by
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the text by Box and Jenkins (1970) entitled Time Series Analysis,

Forecasting and Control. Conceptual models grew out of favour, research
hydrologists recognising that the more conceptually developed they

became the more parameters they required and the greater were the
difficulties of calibrating the model parameters. The number of conceptual
models avalilable proliferated, most being variations on similar themes.
However in the 1980's hydrologists are now recognising the shortcomings of
black box models to adequately represent the nonlinear response of
hydrological systems, and conceptual models are now reasserting themselves as
useful forecasting tools in certain fnstances. Indeed the two approaches may
be used in a complementary manner. The transfer function of black-box
modelling may be used to represent a storage routing element in a conceptual
model and an ARMA model may be used as the basis of the error prediction
methodology previocusly discussed for enhancing conceptual model forecasts.
Indeed, the equivalence of specific transfer functions to a number of well
known routing functions, including that of the Muskingum method, has been
established (0'Connor, 1982)., Hydrologists have also recognised the
equivalence of the transfer function model to the unit hydrograph of
classical hydrology (Moore, 1982). This equivalence will be used here to
introduce the transfer function model, and the trelatively new idea of a

continuity constrained transfer function model.

Transfer function models

The transfer function model expresses an output, such as model flow q¢,
in terms of a weighted combination of past outputs qp-], qt=2, . , and
past inputs (eg rainfall or upstream flow), ug-p, Ug—p-}, s-« Where b

is a time delay. An example is the traunsfer function model
qt+l = - 61qr t wo ur + w) ug-) *+ w2 ue-2 (13)

where 6] and {wy} are parameters and the time delay b equals unity.

Dependence on past flow means that the transfer function model may be
readily state updated by substituting the wodel flow, qp, with the
observed flow, Qp, on the right hand side of this equation to give the

updated forecast

Qe+l = =-08) Q¢ +wo ug + w] upg—] + w2 vg-2 .
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Alternatively, error prediction may be accomplished in the normal way

via

Qe+l|t = Qe+l ¥ MNe+ljee

If uy represents rainfall in the interval (0,1) and is taken to
be unity, and subsequently no rainfall occurs, then for an initially

zero flow we have

90 2 Vo =0

q] = V] = wo

2 = vz mw -6V

Q3 = vy =w2 - bjv2

q4 = v4 = - 51v3

q5 = v5 = - &jvy (14)
etc,.

Consequently we see that the transfer function model may be expressed as

Qt = Vo up * V] up_] + V2 U2 + ... (15)

where flow 1s expregsed as a weighted combination of past inputs only;

this is illustrated in Figure 2. The weights {vi} are the impulse
o

response function weights and 1if v, = 1 then (15) represents a unit

1fo Yy
hydrograph with ordinates {vy}, where the inputs {ur} are effective
rainfall and {q¢} are baseflow separated flows. If the transfer
function 18 subject to a steady unit input so ug = ug4] = ... = 1, then

qt g, as t o, where g is the steady state gain, and from (13)

q«i-—61Qm+wo+wl+w2

giving
+ +
g=q =20 JL702 (16)
© I1+6)

An alternative expression arises from the impulse response function

equation (15):

Z v . (a7

g=q =
@ i=o 1




Figure 2
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For continuity to be preserved we require g = 1, which also ensures
exact equivalance between the unit hydrograph and traansfer function
model equations for an effective rainfall input. Imposing coatinuity on

the transfer function model means that

Wy =1+ 6, - wp - Wy . (18)

Consequently a continuity constrained transfer function model may be

obtained by estimating 6], w), and w2 and using the above relation to
obtain wg. The continuity constrained transfer function is particularly

useful for channel flow routing where upstream flow may be transformed
to downstream flow using the transfer function, whilst ensuring that
volumes are preserved, Lateral inflow would be incorporated using a
further transfer function between rainfall over the lateral inflow area
and the component of the downstream flow not attributed to the upstream
flow: 1in this case the gain would not be constrained to unity but would

be allowed to vary as a function of soll moisture conditions,

The gain of a transfer function model when applied to total
rainfall and total runoff is equivalent to the runoff coefficlient which
is known to vary as a function of soil moisture. The problem of
defining the effective rainfall, or the nature of the variation in the
gain, as a function of soil moisture (and rainfall intensity), is
essentially equivalent to choosing an appropriate loss model in unit
hydrograph theory. As a consequence the importance of loss accounting
to storm runoff production is shared by transfer function and unit
hydrograph approaches. Most loss accounting methods are rather ad hoc
and inadequate. Primarily on account of these shortcomings, attention
has turned back to conceptual models which maintain a water balance over
time of soil moisture and groundwater storage. Particularly
inappropriate for flood forecasting 1s the use of loss models which
require so0il moisture deficit estimates as part of a unit hydrograph
procedure. These deficit estimates require continuous soll moisture
accounting using rainfall and evaporation data but largely ignore runoff
production. More satisfactory for forecasting purposes 1s the
integrated approach to soll moisture, groundwater and runoff production

that the conceptual rainfall-runoff provides.
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Conceptual models

Conceptual models may simply characterise runoff production using
a single soll moisture storage, represented mathematically by the

nonlinear storage model
44 - a(u-axb, (19)

which derives from the storage equations q = k $® when bp¢i, and

q = exp(y+aS) when b = 1 (Moore, 1983). Here, the parameter

a = m kl/® and b = (m~1)/m. The input, u, may be total rainfall,
effective rainfall obtained from a loss accounting procedure, or flow
at an upstream location. However, more generazlly conceptual models are
made up of a number of model elements representing different water
storages and translation processes operating within a river basin.
Recent research has accepted the conceptual model's inherent advantage
over transfer function models in better representing nonlinear
hydrological systems, and has turned to improve upon some of thelr
shortcomings.. A principal problem i& the difficulty of model
calibration because ofthe large number of parameters that are often
involved. Further problems arise from the threshol& type response
functions which are often employed: these lead to discontinuities in
the derivatives of the objective function surface being searched. Such
problems have been reviewed by Johnston and Plilgrim (1976}, Moore and
Clarke (1981), and Gupta and Sarooshian (1985).

~ Another area of research has been to consider how the lumped nature
of conceptual models may be relaxed in order to incorporate spatial
variation in runoff production over a basin. Moore and Clarke (1981)
showed how spatial variability in point storage capacity over a basin
could be represented probabilistically within a rainfall-runoff wmodel,
and in so doing transform a threshold model function, and an associated
non-differentiable model objective function surface, into a probability-
distributed model function having a continuously differentiable model
objective function surface. The essential aspects of this probability-
distributed approach to modelling runoff production are as follows.
Assume that runoff production at a point is controlled by a threshold
excess mechanism, such that rainfall exceeding a given threshold will
generate runoff. This threshold may correspond to the soil's capacity
to store water (the storage capacity), or to the maximum rate that water

can enter the soil surface (the infiltration capacity). The threshold
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excess mechanism may be represented by

p-¢ pP?c
qQ = (20)
0 psc

where ¢ is the threshold capacity, p the rainfall, and q the runoff.
Spatial variation of threshold capacity over a basin may be described by
a probability density function, f(c), such that £f(c)dc denotes the
probability of threshold capacity at any point in the basin being in the
range (c, ctdc). The function F(e) will be used to dencte the

corresponding cumulative distribution function.

If rainfall falls at a rate p then according to the infiltration
excess mechanism, only points with capacities less than p will generate
direct runoff, so the instantaneous rate of runoff production per unit

area is

p
q = Io {p-c) f(cHe = fz F(c)de . (21)

Assuming for purposes of illustration that the threshold capacity is
exponentially distributed over the basin, so that f(c) = ©-! exp(- c/T),
where € 1s the mean threshold capacity, then

q = p-¢ (1 - exp(- p/T)). (22)

In contrast, for the storage capacity excess mechanism the entire
basin will absorb all rainfall fnitfally until the soil moisture
deficits are.replenished at some points. Consequently, assuming an
initielly dry basin, the rate of runoff production initially will be
zero. At the end of a unit interval during which rainfall occurs at a
uniform rate p, all points i{n the basin with storage capacities less
than p will be saturated and will generate runoff at a rate p, whilst
the remainder of the basin will absorb all rainfall. Thus the

proportion of the basin generating runoff will be

P
prob{c < p) = F(p) = jo £(c)dc, (23)
and the area contributing to tunoff will be

A, = F(p)A, (24)
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where A is the area of the basin. The instantaneous rate of runoff

production per unit area from the entire basin will be
qQ = F(p)p. (25)

Specifically for an assumed exponential distribution of storage capacity

over the basin

q = p(l - exp(- p/E)) , (26)

where € denotes the mean storage capacity. Extensions of these basic
ideas to include evaporation and drainage to groundwater as part of a
continuous basin water balance calculation are presented in Moore
{1985a). Application of the probability-distributed principle to runoff
production by a threshold excess mechanism essentially provides a novel
loss accounting model determining the volume of storm runoff for given
rainfall and soil moisture conditions. It also provides a model
function which, being continuously differentiable, is particularly
suitable for use with automatic parameter estimation techniques (Moore
and Clarke, 1981). The runoff produced must then be routed to the basin
outlet in the normal way using storage routing or convolution methods to
obtain a model prediction of the observed basin runoff. Figure 3 shows
how the probability-distributed model of storage capacity may be used as
one model element of a conceptual rainfall-runoff model. An example of
forecasts of flow and soll moisture deficit obtained using this model
are displayed in Figure 4. Table 1 provides a summary of error

statistics obtained when the model {8 augmented by an error predictor.

The probability-distributed principle may also be invoked to take
account of epatial variability in ratnfall over a river basin. The
distribution of rainfall over a basin may be represented by a

probability density function, fp{p), such that fp(p)dp denotes the

probability of rainfall at any point within the basin being in the range
(p, p+dp). Runoff production per unit area from the entire basin will
then be given by '

& L]

a = [, [, (p=¢) fp(p) f(c) dp dc (27)

where, as before, f(c) is the probability density function of threshold
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Table 1. Error statistics for the probability-distributed conceptual
model of Figure 3, when updated using the error predictor,
Ne+lfe = 1.553 Ne+f-11t ~ .616 Ne+g-21t + 427 Beegts
hourly flow data for the Mole at Kinnersley Manor, 1 January
to 31 March 1977

lead time Root mean Mean absolute X X error for
(hours) square error R2 error in peak largest peak
forecasts
1 .0048 .998 1.4 2
3 .0152 .978 4.0 1
6 .0264 933 18.7 23
Stmulation-mode .0318  .905 18.5 16
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infiltration capacity. Assuming that both densities are exponential
this yields the following simple nonlinear relation between rainfall and
runoff (Moore, 1985b)

q = , (28)

where p and © are the mean rainfall and threshold capacity

respectively (Figure 5). This extension to accommodate gpatially
distributed rainfall is as yet not fully developed, and its utility for
flood forecasting requires evaluation. However, it does appear to
provide a novel way of making better use of distributed rainfall data
obtained from weather radar., Grid square values of rainfall over a
basin could be used to identify the form and parameters of the density

fp{p) for successive time frames as the storm develops.

ABREAS FOR FUTURE RESEARCH

This selective fevieé has presented a consolidation of findings
galned from recent research, giving emphasis to techniques which have
proved useful in practice, and others which show promise, but have still
to be evaluated fully. A retrospective look at research on real-time
flood forecasting since 1970 shows that, for a time, research displayed
a preoccupation with theoretical aspects of state-parameter estimation,
and an emphasis on statistical model structures, at the expense of those
of a more realistic, hydrological kind. In the 1980's, interest in
problems of parameter estimation have shifted from an emphasis on
recurgive estimation schemes of the Kalman filter type, to problems
associated with more traditional off-line objective function
minimi sation when applied to conceptual rainfall-runoff models. This
most recent research is concerned with analysing the errors of a
conceptual rainfall-runoff model in a statistical framework (eg.
Troutman, 1985). A detailed statistical analysis of the errors not only

has the potential to give more reliable parameter estimates, but also
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allows uncertalaty of these estimates to be specified, and more
importantly, also allows the uncertainty of the forecast itself to be
specified. The ability to properly quantify the uncertalnty associated
with a forecast 1s clearly of great importance since it allows the
decision-maker to better ascertsain the risk of issulng a false warning
or of not providing a warning at all in the event that a flood does
actually occur. Whilst techniques based on Kalman filters and transfer
function noise models apparently provide a measure of forecast
uncertainty, the dynamic-stochastic system assumed is often not a good

reflection of the hydrologic system, neither in its dynamic nor in its

stochastic part. As a consequence, the forecast uncertainty it provides

is incorrect and is often poor in practice, especially in the vicinity
of the rising limb and peak of the hydrograph. Cooper (1983) has begun
to address the problem of assessing the uncertainty associated with
flood forecasts by considering floods as quasi-replicates. A simple,
and practical approach to derive estimates of forecast uncertainty,
though as yet undeveloped, is through an empirical analysis of the
errors resulting from the application of the forecasting technique to
historical data (Jones and Moore, 1985). The root mean square of these
errors could be calculated over a range of different forecasted flood
magnitudes, for example, and these uged as the basis of uncertainty
bounds in real-time. Other extensions are possible, such as exploring
how the size of root mean square error varies as a function of both

flood magnitude and hydrograph rate of rise.

No matter what improvements are made to the structure of
rainfall-runof f models and to techniques for forecast updating, their
accuracy at higher lead times will continue to depend very much on the
avallability of good rainfall forecasts. Current practice is to utilise
either meteorological synoptic forecasts, or to construct simple
statistical models based on an autoregressive-moving average structure,
Regsearch results on the use of weather radar and Meteosat cloud imagery
to replace existing synoptic forecasts over the short-term appears
promising (Browning and Carpenter, 1984). Particularly valuable is
radar's ability to portray the pattern of rainfall over space and to
allow the movement and development of the pattern to be monitored over
time. Radar is now seen as a useful qualitative visual tool by a
majority of flood warning authorities in England (Reed, 1984), However
it will probably not be before the end of the current decade that we
will be in a position to establish the true value of weather radar as a

quantitative tool for flood forecasting.
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CONCLUDING REMARKS

This selective review has presented and discussed a number of
techniques which either have proved useful, or appear potentially
useful, to improving flood forecasting practice. The technlques are
presented as "tools of the trade” rather than as "standards of practice”

in the belief .that the design of flood forecasting systems should

‘involve exploratory data analysis leading to custom-made solutions.

These solutions, as a matter of principle, should be &8s simple as
possible, whilst providing an acceptable answer to the specific
forecasting problem of concern. A relatively complex conceptual model may
be demanded on account of hydrological complexity, or to satisfy a need to
represent flows over the whole spectrum of flows and at & range of lead
times. In other situations simple transfer functions or nonlinear storage
models may suffice (Lambert, 1972; Brunsdon and Sargent, 1982).

Flood forecasts at several points within a river basin are often required
and then a semi-distributed model with flow linkages between forecast
sites may also be required (Central Water Planning Unit, 1977; Bailey and
Dobson, 1981). Model structures and updating techniques presented here
present options which should prove helpful in the broader task of

developing useful flood forecasting systems.
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TOWARDS MORE EFFPECTIVE USE OF RADAR DATA FOR FLOOD FORECASTING

R.J. Moore
Institute of Hydrology

Wallingford, Oxon, 0X10 8BB

SUMMARY

The question of how radar data may be more effectively used for flood
forecasting is addressed through first understanding the shortcomings of
rainfall-runoff models, and how these shortcomings relate to the form of
rainfall input they employ. Errors attributed to the rainfall iaput are
vot only due to inaccurate estimation of basian average rainfall; but also
to a failure to prOperly account for ralnfall‘s 1nherent spatial
variability.’ . ‘ e
It is argued that more effective use of radar data for flood forecasting
must largely depend on the development of distributed models, capable of
real-time implementation. . An outline of a simple geometrically-
distributed model is presented, together with a novel raiuﬁall—runoff
model, which treats rainfall as a probabillty-distributed variable.over
the basin. Both models are désigned to make better use of ueather radar
data. Updating techniques capable of employing flow information up to the
present to compensate for the effect of past rainfall errors on rainfall-
runoff model performance are considered: a scheme based” on empirical

ad justment of the water content of a conceptual model's store is presented
as an attractive alternative to more formal schemes based on the Kalman
filter.

The importance of rainfall forecasts in order to use a rainfall—runoff
model to provide adequate warning of impending flooding 1is emphasised. It
is in the area of rainfall forecasting that the flood forecaster's uneeds,
and expectations of radar's usefulness, are greatest. Finally, a more
rigorous evaluatiou than heretofore, of the benefits of weather radar
data to flood forecasting, carried out acrosa a range of hydrological
environments, is séen as a crucial requirement for the future.”

Paper presented to the Conference of River Engineers 1986, Cranfield 15-17
July (this 18 a revised version of a paper originally presented to the
Symposium on Weather Radar and Flood Forecasting, University of Lancaster,
16-18 September 1986).




INTRODUCTION

In order to speculate on how weather radar may be put to more effective use for
flood forecasting in the future, and on the degree of benefit likely to accrue,
it {s important to understand the major shortcomings of existing flood
forecasting procedures. Cowmparison of flood forecasting models with different
structural forms often leads to a result which i{s not clearcut, with no one
model consistently outperforming all others. A threshold of model performance
appears to be reached by a range of rainfall-runoff models. The main key to
surpassing this threshold of model performance is seen to be an Improved
estimation of areal rainfall; thus on a priori grounds the likely benefits of
weather radar appear very promising indeed.

Scope for improvement using weather radar data appears to exist not ounly
through better definition of the catchment average rainfall used as a lumped
input to many rainfall-runoff models, but also in the better use of the
spatially distributed rainfall measurements that weather radar provides.However,
the use of spatially distributed measurements for flood forecasting first
requires the development of rainfall-runoff models which are structured to make
greater use of the information on spatial variation in rainfall contained in
these data. The development of such models forms a central theme of this
chapter. An outline of a simple geometrically-distributed model is presented,
together with a novel rainfall-runcff model, which treats rainfall as &
probability-distributed variable over the basin. Both models are designed to
make better use of weather radar data. Updating techniques capable of employing
flow information up to the present to compensate for the effect of past rainfall
errors on rainfall-runoff model performance are considered: & scheme based on
empirical adjustment of the water content of a conceptual model's stores is
presented as an attractive alternative to more formal schemes based on the
Kalman filter.

In the concluding sections the case is argued for a more rigorous
evaluation than heretofore of the benefits of weather radar data to flood
forecasting, carried out across a range of hydrological environments: such an
evaluation 1s seen as a crucial requirement for the future.

INFLUERCE OF RAINFALL ERRCRS ON RAIRFALL-RUNOFF MODEL FORECASTS

Congideration needs to be given first to the effect on rainfall-runoff
model performance of error-corrupted rainfall measurements, either in the form
of at-a-point measurement errors or through the fallure of a model to take
account of the distributed nature of rainfall. This serves to clarify both the
potential value of radar-derived measuremeunts of rainfall to flood forecasting,
and the implications of their error-corrupted nature to rainfall-runoff model
design. It is 1mportant to understand the influence of these errors on
rainfall-runoff model performance {f an appreciation of the potential value of
distributed radar rainfall data is to be gained. The following examines the
relation of model structure to rainfall fnput errors, and the error introduced
by using a lumped, areal average, rainfall ioput.

Effect of the structural form of the model

The effect of errors on rainfall measurements used as input to a rainfall-runoff
model will depend on the model's structural form. Singh and Woolhiser {1976)
demonstrate how a nonlinear rainfall-runoff model tends to amplify the errors so
that a linear model calibrated on data simulated from a nonlinear model and
using exact rainfall may perform better than the true nonlinear model when the
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rainfall {nput 1s error-corrupted. Singh (1977) demonstrates that even 1f
rainfall is exactly known, the errors introduced in conversion to rainfall
excess may mean that a linear routing model outperforms a nonlinear one. The
simulation results of Singh and Woolhiser provide a persuasive reason for using
linear models; however, experience using actual data suggests that in many
circumstances nonlinear models provide improved performance, presumably because
amplification of errors by nonlinear models is less deleterious than the use of
a linear model to represent the nonlinear rainfall-runoff process in these
situations. Weather radar’'s shortcoming in not always providing reliable
quantitative measurements of rainfall (Collier et al, 1983), and the need for
robust flood forecasts, may mean that linear models might be preferable in some
cases.

Ef fect of using lumped, areal average, rainfall

Basin aversge rainfall estimated by a single raingauge measurement or &as an
average of measurements from a small number of raingauges will have a greater
variance than rainfall averaged over an infinite number of points within the
basin. This error assoclated with raingauge network derived estimates of basin
average rainfall may be termed a space-sampling error and 1s a major cause of
bias in runoff prediction (Troutman, 1982, 1983). 1Its effect is to tend to make
the rainfall-runoff model overpredict large events and underpredict small
events. In practice this bilas is compensated for by calibrating the
rainfall-runoff model by least squares using the raingauge network derived areal
estimates of rainfall. However, if a model is calibrated in this way, and then
used operationally for flood forecasting using radar-derived areal average
rainfalls, there will be a tendency to underpredict -large events and overpredict
small evente, on account of the lesser variability of the radar—derived
estimate. This serves to emphasise the importance of calibrating
rainfall-runoff models using the data source which is to be used in real-time.
In the event of a weather radar malfunctioning, it would be desirable to switch
to the use of telemetering raingauges and a rainfall-runoff model specifically
calibrated using data from these gauges. Ideally a flood warning system should
accommodate a range of model calibrations appropriate to each possible
configuration of raingauge and radar measurements of rainfall, thereby catering
for all possible ascenarios of data availability.

THE POTENTIAL VALUE OF WEATHER RADAR DATA

Moore (1977) investigated the effect of using several raingauges located in and
around a basin as inputs to a multiple-input transfer function model; data from
up to six raingauges in the vicinity of the small (33.9 km? ) Hirnant basin in
North Wales, were employed. The inclusion of more than two gauges, either as
separate inputs or as a single average value, falled to improve forecasts of
hourly flows. It -was argued that a gauge, or set of gauges, should not be
chosen for use in flood forecasting in terms of how well it estimates the basin
average rainfall, but rather on the strength of its association with observed
river flows. Siting of a single gauge in the vicinity of the contributing area
of storm runoff (for example, located near the basin outlet) could be superior
for flood peak forecasting than a dense network designed to obtain a good
estimate of the basin average rainfall. This argument can be forwarded to
suggest that only radar grid square estimates of rainfall located in the area
contributing to the flood hydrograph rising limb and peak be used for flood
forecasting. Observed flows may be used in a forecast updating algorithm to
compeneate for forecast errors on the falling limb, where flows originate from
rain falling on more distant parts of the basin. Research leading to a
prescription for rainfall measurement requirements for real-time flood
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forecasting systems, which takes into account the complementary role of
radar-derived and gauge estimates of rainfall, {s seen as a need for the future.

Storm aovement

Weather radar data may be of most value when storm movement across a basin
exerts a strong influence on the form of the resulting flood hydrograph. Hamlin
(1983) presents the results of Bramley's work on simulating a storm hydrograph
by moving a fictitious storm cell across a basin. The effect of sampling
rainfall from the storm cell by a varying number of point raingauges is
investigated and shown to result in large errors in the timing and volume of the
hydrograph peak. In such situations, the rainfall pattern obtained from weather
radar could be very useful in ameliorating the errors incurred by inadequate
sampling of the rainfall field by a sparse raingauge network. However, this
would depend on the availability of a distributed rainfall-runoff model to fully
utilise the weather radar data, and on the accuracy of the weather radar data.
Ngirane-Katashaya and Wheater (1985) also demonstrate the importance of storm
movement on flood peak generation through simulation experiments on a synthetic
urban catchment. Niemczynowicz (1984), in a comprehensive investigation of the
areal and dynamic properties of rainfall and its influence on runoff production,
illustrates the importance of catchment shape and orientation relative to the
direction of storm movement: greater peak discharges result from long, narrow
basins orientated in the prevailing storm direction. Weather radar data may
therefore be expected to be of greatest value on such basins, 1f used as Input
to 8 model which is distributed in form; the development of such models will be
discussed later.

DISTRIBUTED MODELS FOR REAL-TIME FLOOD FORECASTING USIRG GRID SQUARE WEATHER
RADAR DATA

With the increasing availability of radar-derived rainfall data for use in
operational flood forecasting, the hydrologist has an obligation to make the
best use of such data through the development of distributed models capable of
real-time implementation. Such models would have the potential to overcome the
poor performance of lumped rainfall-runoff models in situations where spatial
non-uniformity of rainfall and storm movement are lmportant, as previously
discussed. Whilst physics-based models (Abbott et al, 1978; Morris, 1980) are
distributed in three dimensicns, with changes in water content with depth being
modelled through solution of the equations of Richards and Boussinesq, there is
scope for development of simple distributed models which lump the depth
dimension, for example into soil- and ground-water components; these models
should be capable of implementation in real-time on a continuous basls whilst
making better use of the distributed radar-derived rainfall data. The most
common approach is to sub—-dfvide a basin intc sub-catchments and channel
segments, and use lumped rainfall-runcff models to forecast sub—~catchment
flows. This approach was used as part of the Dee Weather Radar Project (Central
Water Planning Unit, 1977). Figure 1 shows how the subcatchments were
approximated by the 2 km radar grid in order to derive subcatchment average
rainfslls from the radar grid square values. Considerable loss of information
on gpatial variability may be incurred depending on the relative magnitudes of
subcatchments and radar grid squares, and the degree of rainfall variabilicy
experienced over the subcatchment. A simple, alternative scheme, would be to
represent each radar grid square by some form of transfer function or nonlinear
storage model, and obtain the basin flow response by combining their individual
responses, after being shifted in time in relation to their distance from the
basin outlet (possibly also including slope information to better approximate
time of travel). A similar scheme could be used to forecast latergl inflow to a
channel flow routing model. An example of where a grid square model has been
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used with radar data Is presented by Anderl et al (1976): an effective rainfall
separation and time shift at each grid square 1is followed by routing of the
combined flows through two unequal reservoirs. This model 18 shown to provide
more accurate forecasts with radar data as input than the use of spatially
interpolated estimates, derived using data from a regular raingauge network.

The value of adopting a more distributed model would, of course, depend on the
number of radar grid squares encompasgsed by the basin, and might be expected to
be of greatest value in parts of the world where flood forecasts are required
for larger basins than those found in the Unfited Kingdom.

A probability-distributed model of rainfall and runoff production for use with
weather radar data

Instead of developing a geometrically-distributed model of basin runoff, an
attractive compromise would be to utilise the information on spatial variability
of rainfall provided by weather radar to define a spatial distribution function
of rainfall, and to incorporate this into a rainfall-runoff model. Thus the
mean rainfall used in a lumped model, is replaced by a spatial distribution of
rainfall, characterised not only by its mean but by the form of varifability
about this mean. Whilst the geometric pattern of rainfall over space is
discarded in this compromise approach, information on the frequency of
occurrence of rainfall of given magnitudes over the catchment is retained. We
will now discuss how this spatial frequency information may be incorporated into
a rainfall-runoff model.

Consider that runoff production at a point is controlled by a simple excess
mechanism, so that rainfall above a given value becomes runoff. This excess
mechanism may be due to the soil not allowing water to enter the soll above some
maximum rate {the infiltration capacity), or due to the soil having a limited

capacity to store water (the storage capacity). Mathematically this may be
represented by

p-C p>c
q = (1)
0 pec

where ¢ 1s the threshold capacity, p the rainfall, and q the runoff. The
spatial variation of rainfall and threshold capacity over the basin may be
considered as a bivariate probability density function, f(p,c}, such that
f(p,c)dpdc denotes the probability of rainfall and capacity at any point in the
basin being in the range (p,ptdc) and (c,ctdc). It 1s reasonable to assume that
P and c are independent random variables with density functions f, (p) and

fc(c), so that f(p,c) = fp(p)fc(c); p and ¢ will be used to denote the

mean rainfall (the expected value of p) and the mean capacity respectively.
According to the point description of runoff production specified by Eq. (1) it
follows that runoff production from the entire basin will be given by

Q= Jo Jo (p-c)Ep(p)Ec(c)dpde . (2)

Some algebra leads to the result

Q=p - fo (1-Fp(p))(1-F¢(p))dp , (3)
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where Fp(p) 1is the distributfon function of rainfall, indicating the
proportion of the basin where rainfall is less than p, and Fe(p) is the
distribution function of capacity, indicating the proportion of the basin where
the capacity of the soil to take up water is less than p. For ease of
{llustration, we will assume the density functions to be exponential, so that

Fp(p) = 1 - exp(-p/p) (4a)

Fc(p) = 1 - exp(-p/c) . (4b)
Then

Q=7 - Jg exel-pc + e | (5)

which leads to the simple relation

.

Q=§—+€

. 6)
This result shows how basin runoff changes with mean rainfall for given mean
so0ll absorption capacities under the assumption that the variation of rainfall
and capacity over the basin 13 exponential. Figure 2 shows the form of this
relation, and in particular how basin runoff is increased when rainfall and
capacity is no longer assumed constant over the basin (when Q = p-c) but vary
exponentially (when Q = p2/(p+c))- The approach may be developed further to
give a new type of rainfall-runoff model, either based on & storage capacity
excess mechanism generating saturation overland flow or on an infiltration
capacity excess mechanism producing Hortonian overland flow, and incorporating
groundwater and channel translation components. The inclusion of rainfall
variability into the above model development represents a new advance on the
probability-distributed rainfall-runoff models recently reviewed and extended by
the author (Moore, 1985).

This new approach would utilise grid values of radar-derived rainfall to
identify a suitable parametric form for the density function, fp(p), and at

each time frame would use the grid data to estimate the function's

parameter(s). For example, the average of the grid square values would be used
to estimate the mean basin rainfall, P, specifying the exponential density,
fp(p) = P~ exp(-p/P); a new estimate of P would be obtained at each time

frame in order to calculate basin runoff. Histograms of hourly rainfall
amounts, derived from radar measurements presented on a 12 x 10 radar grid (5 km
square grid; located north-west of Birmingham airport and extending over an area
of 3,000 km“, are presented in Figure 3. These suggest that a simple
exponential density function may indeed be adequate. A theoretical
Justification for rain falling on equally divided small cell regions having an
exponential distribution {s given by Matsubayashi et al (1984), and empirical
confirmatory evidence is provided using a dense network of raingauges in the
vicinity of Nagoya City, Japan. As the size of the cell increases, the
distribution i1s shown to change to gamma and then Gaussian form.
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The probability-distributed model of rainfall and soll water capaclity is seen as

presenting a novel way of making greater use of spatially distributed weather
radar data without resorting to the complexity of a geometrically distributed
rainfall-runoff model. However, its practical utility remains to be assessed.

VALUE OF RADAR BRAINFALL DATA IN CHANNEL FLOOD ROUTING MODELS

In circumstances where flood warning is to be provided at a point downstream of
two or more streamflow gauging stations, then the flood forecasting model will
usually consist of both channel routing and rainfall-runoff components. In
Consider the problem of constructing a flow forecasting strategy for the simple
river basin depicted in Figure 15.4(a). The straightforward agproach wuld be
to construct a model relating the downstream flow at time ¢, q¢, to the sum of

two componentg, one attributed to the influence of the upstream flow, q%, and

the other due to lateral inflow from the intermediate catchment area; Figure
15.4(b) presents a schematic of the model structure where rainfall, p., over
the lateral inflow area is assumed to be derived from a sparse raingauge
network. The component of the flow forecast deriving from the fnfluence of the
lateral inflow will be expected to account for most of the errors in the total
forecast because of errors in the gauge-derived areal rainfall estimate, and the
greater difficulty of modelling the rainfall-runoff process compared to
modelling the channmel flow routing process. Indeed, an improved forecast may
result from omission of the rainfall information altogether, using instead the
upstream flow, q%, as input to a channel flow routing model which does not

preserve continuity, but amplifies the upstream flow volume to that of the
downstream flow to be forecast. This would be done in the belief that upstreanm
flow is more representative of flow from the ungauged area contributing lateral
inflow than forecasts from a rainfall-runoff model using error-corrupted
rainfallmeasurements over the ungauged area as input.

Even if the forecast from a model which includes the raingauge data is superior
in an average sense, it may not be preferred on account of its lack of
"robustness”. Here we mean that a model lacks robustness 1f {t can give rise
occasionally to very spurious forecasts on account of errors, in this case due
to the use of point gauge measurements to estimate areal rainfall. 1In such
circumstances, radar data may be expected to provide more robust forecasts from
rainfall-runoff models than would be obtained from a sparse raingauge network,
especially in areas experiencing high spatial variability in rainfall. An
argument based on lack of robustness has been used to exclude raingauge
measurements from a procedure developed to forecast inflow to a reservoir
located in the tropics,where rainfall is spatially highly variable and
raingauges are few; forecasts were required to be robust since they were to
asgist in the control of a reservoir in order to mitigate flooding downstreanm.
In such circumstances radar-derived rainfall data may be expected to provide
more robust information on lateral inflow variation than can be provided by
at-a-point raingauge measurements.

THE ROLE OF UPDATING METHODS TH COMPENRSATING FOR RAINFALL ERRORS

The degradation of rainfall-runoff model performance by error-corrupted rainfall
ioput data may be compensated for in real-time through updating techniques which
incorporate current measurements of flow at the forecast location. Updating may
be accomplished by (1) error prediction, where the temporal persistence of model
errors 18 used to predict future errors, (1{) parameter adjustment, and (i1ii)
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state adjustment, where corrections are made to the water content of i{nternal
storages to achieve accordance with observed flows. Reviews of these techniques
are presented in Reed (1984) and Moore (1983). Error prediction may now be
regarded as an established technique which is easy to jimplement (Moore, 1982;
Jones and Moore, 1980); however, 1its benefit is often least Iin the vicinity of
the hydrograph peak where model errors display least temporal persistence.
Parameter adjustment, accomplished usually by techniques based on the Kalman
filter {Jazwinski, 1970), appears to be a less attractive option for real-time
application since parameter varfation usually reflects an inadequate model
structure, which can be improcved by off-line studies. State adjustment 1is seen
as a promising area for further research, and is of the most relevance to the
problem of error-corrupted rainfall measurements. The effect of errors in
rainfall accumulate as errors in the water contents of stores making up a
conceptual rainfall-runcff model, and in turn contribute to the errors incurred
in forecasting the flood hydrograph through incorrect partitioning of rainfall
exact solution for linear systems even when the random variations may be
non—-Gaussian, only approximate solutions may be obtained for nonlinear
conceptual rainfall-runoff models. There is considerable sgcope for developing
empirical state updating schemes, which exploit the hydrologist’'s understanding
of the physical mechanisms operating. These schemes use the model error, &, to
adjust the set of model store contents {the state variables): for example, the
soll water store coatent, S}, and the groundwater store content, S2. The

ad justment chosen might be of the famillar Kalman filter form

S} =S, +K e 1=1,2, 7)

but the gains K; and Ky would be derived empirically through optimisation.
Dependence of K; and K2 on measured discharge or on the model flow

components could also be iancorporated in physically sensible ways into this
empirical state updating scheme. Whilst not removing the need for accurate
rainfall measurements up to the present and forecasts of rainfall in the future,
state adjustment provides a mechanism for compensating for the effect of past
error-corrupted rainfalls on the internal states of the model which affect the
important separation of rainfall into its storm and baseflow runoff components.

THE HYDROLOGICAL USE OF RADAR-DERIVED FORECASTS OF RAINFALL

Perhaps the most serious shortcoming of rainfall-runoff models for flood
forecasting is thelr dependence on the availablility of rainfall forecasts in
order to forecast flows at lead times beyond the natural time lag of the
catchment. Radar's ability to portray the pattern of rainfall over space and to
allow the movement and the development of the pattern to be monltored over time
give rise to high expectations of radar's value for rainfall forecasting.
Methods which have been developed for rainfall forecasting using weather radar
are largely based on displacement of the radar-derived grid square estimates so
as to maximise some measure of assoclation with values obtained at subsequeat
time frames; examples are provided by Austin and Bellon (1974) in the USA, by
Hill et al (1977) in the UK, and Yoshino (1985) in Japan. The hydrologist still
awaits refinements to these techniques, studles evaluating their worth for flood
warning, and their provisfon in real-time for use in operational flood warning
and reservolr control schemes.

EVALUATING RADAR-DERIVED RAINRFALL FOR FLOOD FORECASTING
Having discussed some ways Iin which weather radar might be more effectively used

for flood forecasting, a re-evaluation of the benefit of radar relative to
conveatfonal rafngauge networks is called for which Incorporate these ideas. An
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evaluation framework for assessing the value of radar-derived rainfall data for
flood forecasting may take two forms. The indirect approach is to assess the
weather radar's abllity to estimate areal average rainfall, a quantity often
stated as a requirement for data input to lumped rainfall-runoff models. An
assessment of this type is problematic due to the lack of "truth data”. The
expensive solution of cowmparing radar estimates of areal rainfall with estimates
derived from a special dense network of recording raingauges has been used in
the past, for example as part of the Dee Weather Radar Project (Central Water
Planning Unit, 1977; Harrold et al, 1974). A more satisfactory evalustion in
terms of radar's value specifically for flood forecasting would be based on a
direct assessment of the forecasting performance it provides relative to that
obtained from the use of data from recording raingauge networks of differing
density and configuration. Given the earlier discussion of the effect of
rainfall input errors on rainfall-runoff model performance, it would clearly be
necegsary to calibrate models using both sources of data in order to achieve a
falr comparison. Special consideration would also need to be given to the
rainfall-runoff model structures to be used since these would influence the
final outcome: in particular, models which fully exploit the spatial nature of
radar-derived rainfall data should be included. To achieve a fair comparison
with data derived from a raingauge network, techniques of spatial interpolation
using raingauge data would need to be employed in order to provide data lonput to
grid square distributed models used in the evaluation {Anderl et al, 1976;
Bastin et al, 1984). For the results of the evaluation to have any credibility,
a reasonably large number of flood events would be needed for calibration,
together with a further set of events for use in an independent model
evaluation. The evaluation should also be carried out for a range of catchments
of differing hydrological character, im order to construct guidelines for
weather radar's utility across a range of hydrological situations. In
particular, the intense and localised nature of rainfall in semi-arid regions of
the world provides a strong a priori argument in favour of weather radar, as
opposed to gauge-based, rainfall measuring networks for use in flood
forecasting, but this has yet to be demonstrated in practice. At present no
rigorous direct evaluation across a range of hydrological environments has been
made, and indeed the data base to support such a comparison is still not
avallable. Such an evaluation is clearly a crucial requirement for the future.

CONCLUSION

Collier (1984) provides a cogent summary of the present state-of-the-art in the
use of radar rainfall data for flood forecasting. He states that "..it is still
not clear whether the accuracy quoted in the literatute can be reproduced
consistently in a fully operational system, or indeed whether that accuracy is
acceptable for real-time flood forecasting. There have been few, 1if any,
reports describing radar systems which make quantitative measurements
continuously (24 hours per day) over a long perfod during which data have been
supplied direct to hydrological and meteorological users.” This points to a
future requirement for a more extensive evaluation of flood forecasting
performance based on radar rainfall data and the need for continuous intrg-storm
data sets on which to base such an appraisal. However there is also a
requirement for the hydrologist to develop real-time flood forecasting
techniques which make full use of the spatially distributed picture of rainfall
that radar provides, and which compensate for its variable precision. The
present paper has made some suggestions as to how this development might
proceed.



~14-
ACKNOWLEDGEMENTS

This contribution was prepared using funding from the Ministry of Agriculture,
Fisheries and Food under their Flood Protection Commission programme.

REFERENCES

Abbott, M.B., Clarke, R.T. and Preissman, 1978, Logistics and benefits of the
European Hydrologic System, Proc. Int. Symp. on Logistics and Benefits of

using Mathematical Models of Hydrologic and Water Resource Systems, Pisa,
Italy.

Anderl, B., Attmannspacher, W., and Schultz, G.A. 1976. Accuracy of reservoir
inflow forecasts based on radar rainfall measurements, Water Resources
Research, 12(2), 217-223.

Austin, G.L. and Bellon, A., 1974. The use of digital weather radar records for
short-term precipitation forecasting, Quart. J. R. Met. Soc., 100, 658-664.

Bastin, G., Lorent, B., Duqué, C., and Gevers, M., 1984. Optimal estimation of
the average areal rainfall and optimal selection of raingauge locations,
Water Resources Research, 20(4), 463-470.

Central Water Planning Unit, 1977. Dee Weather radar and real-time hydrological
forecasting project, Report by the Steering Comm., 172pp.

Collier, C.G., 1984. The operational performance in estimating surface rainfall
of a raingauge - calibrated radar system, 22nd Couf. on Radar Meteorology,
Zurich, Switzerland, Am. Met. Soc., Boston, Mass. USA, 257-262.

Collier, C.G., Rouke, P.R. and May, B.R., 1983, A weather radar correction
procedure for real-time estimation of surface rainfall, Quart. J. R. Met.
Soc., 109, 589-608.

Hamlin, M.J., 1983. The significance of rainfall in the study of hydrological
processes at basin scale, J. Hydrology., 65(1/3), 73-94.

Harrold, T.W., English, E.J. and Nicholass, C.A., 1974. The accuracy of
radar-derived rainfall measurements in hilly terrain, Quart. J. R. Met.
Soc., 100, 331-350.

Hill, F.F., Whyte, K.W. and Browning, X.A., 1977. The contribution of a weather
radar network to forecasting frontal precipitation: a case study, The
Meteorological Magarzine, 106(1256), 69-89.

Jazwinski, A.H., 1970. Stochastic processes and filtering theory, Academic
Press, 376pp.

Jones, D.A. and Moore, R.J., 1980. A simple chamnel flow routing wodel for real
time use, Hydrological Forecasting, Proc. Oxford Symp., LAHS—AISH Publ. no.
129, 397-408.

Matsubayashi, U., Takagi, F., and Tonomura, A., 1984. The probability density
fuaction of areal average rainfall, J. Bydrosclience and Bydraulic
Engiveering, 2(1), 63-71.




_15_

Moore, R.J., 1977. Raingauge network requirements for real-time flow
forecasting, in 0O'Connell, P.E., Beran, M.A., Gurney, R.J., Jones, D.A., and
Moore, R.J., Methods for evaluating the U.K. raingauge network, Iastitute of
Hydrology Report No. 40, 168-182, 190-205.

Moore, R.J., 1982. Transfer functions, noise predictors and the forecasting of
flood events in real-time, in Singh, V.P. (ed), Statistical Analysis of
Rainfall and Runoff, 229-250.

Moore, R.J., 1983. Flood Forecasting Techniques, WMO/URDP Regional Seminar on
Flood Porecasting, Bangkok, Thailand, 37pp.

Moore, R.J., 1985. The probability-distributed principle and runoff production
at point aond basin scales, Hydrological Sciences Journal, 30(2), 273-297.

Morris, E.M., 1980. Porecasting flood flows in grassy and forested basins
using a deterministic distributed mathematical model, Hydrological
Forecasting, Proc. Oxford Symp., IAHS-AISH Publ. no. 129, 247-25S5.

Ngirane-Katashaya, G.G., and Wheater, H.S., 1985. Hydrograph sensitivity to
storm kinematics, Water Besources Research, 21(3), 337-345.

Niemczynowlicz, J., 1984. An investigation of the areal and dynamic properties
of rainfall and its influence on runoff generating processes, Report No.
1005, Dept. of Water Resources Engineering, Lunds Institute of
Technology/University of Lund, 215pp.

Reed, D.W., 1984. A review of British flood forecasting practice, Institute of
Hydrology Report No. 90, 113pp.

Singh, V.P., 1977. Sensitivity of some runoff models to errors in rainfall
excess, J. Bydrology, 33, 301-318.

Singh, V.P. and Woolhiser, D.A., 1976. Sensitivity of linear and nonlinear
surface runoff models to input erros, J. Hydrolegy, 29, 243-249.

Troutman, B.M., 1982. An analysis of input errors in precipitation-runoff
models using regression with errors in the independent variables, Water
Resources Besearch, 18(4), 947-904.

Troutman, B.M., 1983. Runoff prediction errors and bias in parameter estimation
Induced by spatial variability of precipitation, Water Resources Regearch,
19(3), 791-810.

Yoshine, F., 1985. Study on short-term forecasting of rainfall using radar
ralo-gauge, Public Works Research Institute, Ministry of Construction, Japan,
20pp.




RISK ASSESSMENT AND DROUGHT MANAGEMENT IN THE THAMES BASIN

R.J. Moore, DA. Jones and K.B. Black
Institute of Hydrology, Wallingford,
Oxon, OX10 8BB, England

ABSTRACT

A risk assessment procedure is described for use in managing a system of
pumped-storage reservoirs in the Thames basin during a drought. Historical daily rainfall
sequences are used as equi-probable scenarios of future rainfall. These are transformed to
flow, reservoir level, and demand restriction sequences through the use of rainfall-runoff and
water resource system models.  The risk assessment information required is then obtained
through a statistical analysis of thesc sequences. A novel technique is presented for
incorporating monthly rainfall forecasts, presented- as probabilities of rainfall being above
average, average, or below average, into the risk assessment scheme. Information on cumrent
hydrological conditions is-incorporated in the procedure through the use of recently observed
natural flows to adjust the internal state variables of a conceptual rainfall-runoff model to
achieve agreement between observed and model flow. The overall procedure is accommodated
within a decision support system for drought management which is implemented on a
microcomputer and makes extensive use of interactive menus, forms and colour graphic
displays. A key feature of the system is the maintenance of an up-to-date archive of
hydrometric data: this is achieved through a real-time communication link with a second
computer dedicated o rcal-tichdata acquisition via telemetry. Monitoring the reliability of
the water resource system during droughts is made a quick and easy task, and the cffect of
a change in the operating policy on system reliability can be readily assessed. The
information obtained provides valuable support for tactical decision-making within the overall
long-term operating strategy.

INTRODUCTION

About 58% of water supply needs in the Thames basin derive from pumped-storage
rescrvoirs which are replenished entirely by river abstraction, apart from rainfall inputs, net of
evaporation, over the reservoired areas The ability of these reservoirs to meet supply needs
depends primarily on variable river flow, given fixed system constraints in the form of
abstraction licences, reservoir and pump capacities, etc. This paper outlines a procedure for
continuously monitoring the reliability of the system during periods of drought. The
procedure takes the form of a decision support system designed so that the water resource

manager can explore the effect of alternative decisions on resource reliability over the

Prcscn.tcd. at the International Seminar on Recent Developments and Perspectives in Systems
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forthcoming days, weeks and months.

WATER RESOURCE SYSTEM MODELS

The location of the pumped-storage reservoirs in the Thames basin is indicated in
Figure 1. For water resource modelling purposes the reservoirs are viewed as two separate
systems, namely the London reservoir system and Farmoor reservoir. The latter is located in
the upper part of the basin near Oxford, and has an operating capacity of 13,800 Ml
supplying an average daily demand of 90 Ml. More important is the London system of
reservoirs located in two main groups along the lower Thames and Lee valleys: these have a
combined operating capacity of 206,400 Ml supplying an average daily demand of 1,800 Ml
Simplified system diagrams for the two reservoir systems are shown in Figure 2 The London
system, although made up of about 18 reservoirs fed via about 12 river intakes, is modelled
as an aggregated system of two reservoirs replenished via two notional abstraction points on
the Thames and Lee.

A complex set of constraints and operating rules define the behaviour of the reservoirs
and these have been incorporated in the water resource system models for the two systems.
Account is taken of scasonal demand profiles, demand restriction rules imposed during
reservoir drawdown, constraints in the form of abstraction licences, residual flow requirements,

pump and reservoir capacities, and rules to apportion water between the two London reservoir
groups.

RISK ASSESSMENT AND RELIABILITY STANDARDS

A key feature of the operating policy is a set of demand restricion curves which are
applied during drought periods as reservoir storage becomes progressively more depleted
(Figure 3). The restriction curves have been derived on the basis of achieving a target level
of service specified in terms of the frequency with which restrictions of differing severity can
be tolerated over the long-term. This target level of service is summarised in Table 1. It is
clear that, in the course of tactical decision-making on a day-to-day basis, it will be often the
case that the apparent risk of having to introduce a demand restriction will exceed the target
level of service. When this apparent risk becomes high enough it would be appropriate for
the responsible water resource manager to take special executive action. The association
between this critical level of risk and the target level of service is not straightforward:
experience in operating the risk assessment procedure during drought periods is required. It
might be appropriate, for example, to take action if the assessed risk of having to introduce
Restriction Level 4 within two months exceeds, say 50%. As an alternative, the apparent risk
of having to introduce demand restrictions may influence the choice at a tactical level,
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Table 1 Demand restriction levels and reliability standards

Restriction Action Maximum permissible risk of
Level occurrence in any one year
%
1 Hosepipe ban 17

Initial publicity campaign

2 Voluntary restrictions on b
inessential use

Reduction of pressure in the
distribution system

3 Implementation of Drought Act 2
1976 restrictions banning
inessential use

Some further pressure reductions

4 Major cuts in supply on a rota 1
basis, or use of standpipes

between cost-saving and water conservation measures, either formally or informally.

RISK ASSESSMENT PROCEDURE

A summary of the risk assessment procedure developed for tactical management of the
Thames basin surface water resources is shown in Figure 4. The essential ingredient of the
scheme is the use of historical daily rainfall sequences to represent equi-probable scenarios of
future rainfall: these are transformed to daily flows using a rainfall-runoff model and in tum
to reservoir levels through a water resource system simulation medel. A statistical analysis of
reservoir levels and associated demand restrictions imposed then provides the risk assessment
information required.  If this shows a high risk of imposing demand restrictions then the
water resource manager can respond by departing from the long-term operating strategy in
some way, for example in reducing demands by secking alternative sources or in secking legal
sanction to relax statutory controls on abstraction The way in which the level of service
provided is affected by different decision options can be evaluated by incorporating them in
the water resource system model and repeating the risk assessment. Thus, the procedure
provides support for a particular decision when a number of management options are
available.
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USE OF HISTORICAL RAINFALL SEQUENCES

Risk assessments based on the direct use of historical flow sequences in the simulation
model of the water resource system would be unsatisfactory for two reasons: first the shorter
records available for flow as opposed to rainfall, and second the substantial change in
hydrological response due to the impact of man in the highly urbanised Thames basin. Of
course, the use of flows in critical drought years forms a valuable complement to a
probability-based risk assessment, and is incorporated as an option within the decision support
system. The option to use stochastic models of catchment rainfall was not adopted since
there exist long historical records of rainfall available for the Thames basin; further, it would
be difficult to meet the potential requirement for daily areal average rainfall models for three
sub-basins of the Thames rather than for a simpler single point model. Historical records of
rainfall from 1890 to the present are used in the procedure to give up to 98 equi-probable
sequences of future rainfall for the forecast period starting from the current day: for example
a2 3 month forecast made on 1 April 1987 would use the 97 rainfall sequences available

for the months April, May and June.
INCORPORATION OF MONTHLY RAINFALL FORECASTS

The basic principle underlying the risk assessment procedure is that cach rainfall
scenario extracted from the historical record may be used to represent an equi-probable
sequence of future rainfall. Flow and reservoir level sequences derived from such sequences
through transformations in the form of rainfall-runoff and water resource system models may
in turn be regarded as equi-probable. However, if additional information is available which
indicates that a rainfall sequence for a particular past year is more likely to resemble rainfall
over the forecast period, then such information could be incorporated by giving the sequence
greater weight when estimating risk probabilities  Such information is available in the form of
monthly rainfall forecasts provided by the UK Meteorological Office.  These forecasts are
expressed in terms of probabilities that rainfall will be "Below Average”, "Average” or “Above
Average" for the forthcoming month. Each category represents one-third of all possible
rainfall sequences. The basis of these categorical probability rainfall forecasts is described in
detail by Maryon and Storey (1985) and Folland and Woodcock (1986); essentially, the
forecast procedure involves the application of multivariate analysis techniques to mean surface

pressure anomalies and sea surface temperatures over the Europe and North Atlantic area.
A simple use of these probabilities in the risk assessment procedure is as follows:-

(1) use the historical record to determine the rainfall amount defining the two
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category boundaries for the month concerned;

(2) identify for each year of the historical record the category to which the
monthly rainfall belongs;

(3) to cach of the n years assign a weight, w;, calculated as the forecast probability
of rainfall falling in the category divided by the sum of these probabilities for
every year of record;

(4) rank the n reservoir levels on a particular day of the forecast period derived
from each rainfall sequence, keeping the weights attached;

{5) sequentially sum the weights to obtain the probability of exceedence of the r'th

r

ranked storage, S, as p, = ¥ Wi, so that {pi}. i=1,2,.., n defines an empirical
i=1

distribution function of storage for the day concerned;

(6) calculate the storage levels having spéciﬁcd risks of not being reached on that
day by interpolation of the empirical distribution function.

Steps (4), (5) and (6) are repeated for ecach day of the forecast period to produce the final

risk assessment information shown in Figure 5.

In practice a refinement of this procedure is used to overcome the possibility of
applying very different weights to historical rainfall sequences which, although they have similar
monthly totals for the month of the rainfall forecast, fall either side of a category boundary.
A piecewise linear smoothing function has been developed and Figure 6 illustrates its
application to a range of catééorical probability forecasts.  Details of the mathematical
definition of the function are presented by Moore et al. ‘(1986a), but its main feature is that
it preserves the forecast probability of rainfall falling within each of the three categories. A
plotting position formula applied to the ranked historical rainfalls for the month concerned is

used to eanter the function and return weights to be attached to each year.
RISK ESTIMATES

Figures 5 (a) and (b) illustrate risk estimates made for the London total reservoir
storage during the drought of 1976 according to the procedure described above, first assuming
scenarios are equi-probable and second using a rainfall forecast that there is a probability of
January 1976 rainfall being 60% below average, 30% average, and 10% above average.  This
example is intended for the purpose .of illustration only, and more usually the rainfall forecast
would be less 'strong’ and the forecast origin would be during the summer drawdown period
and not on 1 January, The 50% risk level ‘corrcsponds to the median forecast or expected

state of reservoir storage levels and the two extreme lines are envelope curves drawn through
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(a) Equi-probable scenarios

ML

207645, r v — v
166116, 1 ﬂiﬁkh&\kN\\\v/[ﬁ
124587. 4
83058, 1 Minimun

— HMaximun

—— 57 Risk
41529, T — 10¥ Risk

—— 25/ Risk

— 5% Risk

0.

LONDON RESERVOIRS STURAGE

«*‘ﬁ’r‘x“x »Muw""wf&

01-JAN-1378 to 31-DEC-19?6

&m. Bory, Bave or!’O. (Control®d) ? ||

(b) Monthly rainfall forecast weighted scenarios

LONDON RESERVOIRS STORAGE
\ —J

207645, ‘ T r + T r r
] \—\\\J
124587. 1
B3058. T Minimun
— Haxi1mun
41529 — 8% Risk
+«T— {07 Risk
= — 25% Risk
= —— 50 Risk
0, | 1 T 1
,F \ {
P 7’ ﬂfnmw#'ro&"ff
0
01-JAN-19876 to 3i- DEC-iS?G
Ferw, Bory, Bave or @P0: (Control+¥) 7 |
Figure § Risk assessment of the London reservoir system for the drought of 1976




0,25000 0.50000 O.25000

mmm: ' s

11

0. 10000 0.30000 0.60000

= T t |
ws ;
| |
a t
=7 s
I ™
-
o
z »nz
1‘ o Below sverage, average lgbovo'ivorago N
¢ ho T ol " 1-0

S

Figure 6

w
2
=z
° /
24
/" -
"] /
A
o
,—
o —_———————————
0-35 1-0

. 0.05000 Q.75000 0.20000

A |
o v —
o's 1’0
0. 40000 0.08O00 O, 46000
“]
ud IR\
1
4
o
o]
od
[ T 05 10

Piecewise linear smoothing function applied to a range of categorical
probability rainfall forecasts

+N days

Risk of
lasting

[
la
<

100.0

e 3
T

40.01

20.0¢

RISK OF DEMAND RESTRICTIONS

—— Level 1
~=--level 2
== Level 3 )
- Level 4

Number of days, N

Figure 7

I

Denu, Bopy, Bave or BP0: (Control+l) 78

Risk of demand restrictions at different levels of severity lasting for more than

a given number of days during the drought of 1976




12

the minimum and maximum storage levels obtained from the scenarios for each day of the

forecast period.

Risk estimates are also made for the demand restrictions introduced as the total
reservoir storage is depleted. These are presented graphically in terms of the risk of demand
restrictions at different levels of severity lasting for more than a given number of days
(Figure 7), and as a table displaying the risk of restrictions being at least as severe as
indicated by each restriction level over the forecast period. (learly the duration over which
standpipes are to be used at a given level of risk is important as well as the risk that
standpipes will be required at all. It would seem sensible to regard these risk estimates of
demand restrictions as the most important source of information in tactical decision-making.
Various average and extreme statistics are also calculated relating to pumping, supply deficits
and storage levels.

CONFIDENCE LIMITS FOR RISK ESTIMATES

The specific level for which there is a given percentage risk of the reservoir storage
falling below that level on a given day is essentially a quantile estimate associated with the
probability distribution of reservoir storage for that day. The precision of this risk estimate is
clearly of interest to the decision-maker. Since the quantie estimates have been determined
through a plotting position formula, and not through fitting a parametric distribution to the
storage values, what is required is a distribution-free confidence interval for quantiles. Such a

non-parametric estimate is provided by the relation (David, 1981, pl35)

u-l oo o e
Pr( Sy € 5, ¢ S(u))nif!(i)p' aph) 3 l-«

Here, S( 1) and S(u) are the 2'th and u'th ranked storage values out of n

values obtained from the reservoir simulation model. They are the used to define the end
points of a confidence interval such that the probability that this interval contains the
population quantile, Spe is at least 100(1-a)}%. For p=035, corresponding to the population
median Sp=S0.5» this simplifies to give the confidence interval (S(!). S( n- 1 +l))- where 1 is
defined as the smallest value for which

n-4
0s" ¥ (?) ? la .
i=
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RAINFALL-RUNOFF MODELLING

In the Thames basin the effect of a dry summer on reservoir reliability is strongly
influenced by aquifer recharge over the previous winter, and this is reflected in the
component of flow attributed to groundwater. This phenomenon makes it crucial that a
rainfali-runoff model accurately represents both the longer term component deriving from
groundwater and the shorter term components deriving from recent rainfall. To this end a
conceptual catchment model (Greenfield, 1984), developed specifically to represent the complex
hydrological response of sub-basins of the Thames, was employed. The model structure
comprises a Penman type soil moisture accounting procedure, with excess water subsequently
passing downwards through linear and quadratic storages representing unsaturated and
saturated storages respectively. This model structure is replicated for different hydrological
response zones identified within a basin, different parameter values being used to obtain
responses characteristic of aquifer, clay, riparian area, paved area, and sewage effluent Zones.
The sum of the responses from each zone gives the total basin hydrograph. Models were
calibrated for the three sub-basins with outlets at the locations where statutory controls on
abstraction amounts and residual flows are imposed. These models could then be used within
the risk assessment procedure to transform rainfall scenarios into flow scenarios ready for use

in the water resource system models.
INOORPORATION OF CURRENT HYDROLOGICAL CONDITIONS

On the day when a risk assessment of future reservoir conditions is to be made
information will be available on the current hydrological condition of the basin. Information
on daily natural flows will probably indicate that the rainfall-runoff model simulation is in
error by a greater or lesser amount. This information may be used to adjust the internal
state variables of the model, in the form of water storage centents, through an empirical
state adjustment scheme. The scheme devised for use in the zonal conceptual model simply
apportions the discrepancy between observed and simulated flow to each zone’s flow in
proportion to each zone’s contribution to the total model flow. Specifically the empirical
adjustment made to flow from the i'th zone, Q(i). takes the form

Q)* = o 0%2(00 - Q)

where Q is the total model flow and QP is the observed flow. (A further refinement is
included to prevent flow from effluent or abstraction zones being adjusted.) This simple
empirical state adjustment scheme has the property that the adjusted total model flow equals

the observed natural flow on the day chosen for adjustment. Adjustments made on the
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recession limb serve to correct the model to give a potentially more accurate representation
of drainage from groundwater, so critical to reservoir reliability. More formal state
adjustment schemes based on the Kalman filter were avoided since these are only optimal for
lincar models and the approximate solutions that have been developed for nonlinear
conceptual models offer no guarantee of being better than the simple empirical scheme
presented here. An example of a state adjustment made on 1 May 1976 is indicated by an
abrupt correction to the simulated flows on this date in Figure 8. An option to manually
adjust a range of state variables within the model on a specified day provides considerable
flexibility in the choice of adjustment, and could, for example, allow neutron probe
measurcments of soil moisture to be used as the basis for adjusting the soil moisture deficits

developed in the Penman type stores.

DECISION SUPPORT SYSTEM FOR DROUGHT MANAGEMENT

The overall risk assessment procedure described above and summarised in Figure 4 is
implemented on a PDP11/73 microcomputer as an interactive menu-and-form driven decision -
support system (Moore et al., 1986b). Heavy reliance is placed on colour graphical
displays to present the results to the user in an e¢asily assunilated form. The control menu
presenting the main analyses available to the user is illustrated in Figure 9. A powerful data
handling system allows changes to be made to the operating policy through a series of menus
and forms; the modificd operating policies thus created may be given identification names and
stored for subsequent use in the water resources system model. A key feature of the system,
which allows daily rainfall-runoff simulations and state adjustments to be made right up to
0900 hr on the cumrent day, is an automatically updated archive of hydrometric data. This
archive is maintained through a real-time communication link with a second computer

dedicated to real-time data acquisiion via telemetry.

Real-time risk assessments of water supply for forecast periods starting on the current
day and extending up to one year ahead can be made with great ease. If the assessment
indicates a potential supply shortfall, it is an easy matter to modify the long-term operating
strategy, for example by relaxing statutory constraints or assuming that some of the demand is
catered for by another source, and to observe the resulting change in system reliability. Thus
the system serves as a valuable support tool for tactical decision- making during drought
management. The decision support system is now used operationally by Thames Water's
Regulation and Monitoring Division.
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NATURAL ENVIRONMENT RESEARCH GOUNCIL

THIS AGREEMENT IS MADE BETWEEN THE NATURAL ENVIRONMENT RESEARCH COUNCIL {HEREINAFTER REFERRED TO AS “THE

COUNCIL"YON THE ONE PART AND L L L o et e i e e e e e e e e e i e e v e e
[HEREINAFTER REFERRED TO AS “THE CUSTOMER"™} ON THE OTHER PART FOR THE CARRYING OUT BY THE COUNCIL OF THE
PROGRAMME OF WORK (HEREINAFTER REFERRED TO AS "THE WORK"”)}) SET QUT IN SCHEDULE 1,

IT IS HEREBY AGREED THAT THE FOLLOWING TERMS AND CONDITIONS AND THE GENERAL CONDITIONS OVERLEAF,
SHALL APPLY TO THE ABOVE AGREEMENT.

1. Programme of Work

The Work as detailed in Schedule 1 will beundertakenin. . .. .......... ... ....... bythe .. ... .. ... . . ...
(hereinafter referred to as “the ...l ) acomponent Institute of the Council.

2. Duration .

The Work shall beginon .. ................... and shall be completed by . .................... subject to extensions by

agreement between the Customer and the Council (see General Condition 18).

3. Fees and Expenses

4. Payment
Payment of the sum/sums set out in Condition 3shall be made . . . .. . . . ... . i e e,

Cheques made payable to the Natural Environment Research Council should be sent to:—
ACCOUNTS SECTIOM . . . . et et e e e e e e e e e e [

All payments apart from any due prior to commencement of the Work, will be made within 30 days of receipt of invoice. If
payments are not made by the due date then the Council may claim interest at a rate of 2 per cent per month thereon for the
period from the due date to the date on which payment is eventually made.

5. Nominated Officers
The Nominated Officers who will provide for liaison between the Customer and the Institute on ali aspects of the Work shall be: -

For e ISt L L e e e e,

ALGESS L e e e e e e e e
Telephone . . .. .. .. Telex ... . e e
For the CUStOmIEr | . e e e e
AAreSS . . e e e e
Telephone ... .. .. L TeleX e e

FOR AND ON BEHALF OF

FOR AND ON BEHALF OF THE NATURAL ENVIRONMENT RESEARCH COUNCIL, POLARIS HOUSE, NORTH STAR AVENUE, SWINDON
SN2 1EU

C1 /3__.( Revised September 1984) ¢ .
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GENERAL CONDITIONS

Obligations of the Customer

Insofar as it is within its control, the Customer shall take all steps
necessary to endble the Council to perform its obligations and exercise
itsrights under the Agreement without interruption or hindrance. The
obligations of the Customer shall include but nol be restricted to:—

{a) Preparation and provision of facilities, it applicable, answering all
enquiries by the Council and all requests for access to and
provision of relevant reports, papers, data, maps, etc in such a
way as to facilitate the services of the Council hereunder,

{b] Ensuring that without cost to the Council and its Institure
Personnel that the Council and its Institute Personnel have the
necessary powers, rights, authorities, consents, approvals, visas,
work permils and residence permits Lo enable the Council and its
Institute Personnel to commence, carry out and complete the
Work,

{¢) Ensuring that Institute Personnel engaged on the Work are at all
times permitted to enter, work in,or leave the country in which
work is to be carried out as required,

{d}) Ensuring that the equipment, materials, tools and supplies
required for the Work in the country in which the work is to
be carried oul can be expeditiously imported and exported
without payment of any dulies or taxes,

{(e) Ensuring that Institute Personne| engaged an the Work are at all
times permitted to enter and leave the area in which the Work is
to be performed in the country In which the work is to be
carried out without interruption or hindrance,

{f) Ensuring that the Council and its Institute Personnel engaged in
the Work In the country in which the work is te be carried out
shall be exemplt from all present and future taxes, and charges of
a [ike nature, ievies and duties, provided that if such exemption
is not obtained then such present and future taxes, charges,
levies and duties shall form an additlon to the costs as defined In
Condition 3 and shall be paid by the Customer accordingly.

(g) In the event of the Customer failing to meet any of its responsi-
bilities under this General Condition 1 the Council shall, without
prejudice o any other rights or remedies to which it is entitled
under the Agreement, be entitled to suspend the Work or any
part thereof for such period or periods and in such manner as the
Council may deem to be necessary, Any additional cost arising
from such suspensfon shall be borne by the Customer.

Changes in Law and Regulations in
affecting the Work

In the event of any change in the law or regulations of the country
in which the work is to be carried out or in the interpretation of such
laws or regulations or in the exercise of any administrative discretion
by any relevant governmental authority occurring after the commence-
ment of this Agreement and where such changes significantly affect the
Work, the parties will negotiate with the view to reaching agreement
on variations to thls Agreement which will compensate the Council
for the consequences of any such changes, If the parties fail to reach
agreement the Council may terminate the Agreement with immediate
effect by notice in writing.

Obligations of the Council

{a} The Council will provide suitably quallfied Personnel to carry
out the Work and wlll use all due skill and care s0 as to carry out
the Work in accordance with accepted professional standards and
ensyring the accuracy and quality of the Work,

(b) This Agreement shall not otherwise contain any condition or
warranty express or implied as to the Qquality, accuracy or
suitabijlity for any use of the Work or the results thereof and no
such condition or warranty is to be taken to have been given or
implied from anything said or written in any negotiations or
discussions between the parties or their servants or agenis.

{c} The Council shall not be liable for any loss or damage including
consequential loss or injury or death resulting fram or arising out
of any use of the Work or the results thereof or anything done or
omilted to be done in reliance on the Work or the results thereof
by the Custemer or by any third party except insofar as the
same is attribulable to the negligence or to a fack of due skill and
care on the part of the Council.

Management of the Work

{a} The management of the Work shali be the responsibility of the
Council who in particujar shall be responsible for:—

(i}  The determination of how the Work is to be carried out,
including where and by whom the Work is to be done and
whether the arrangements are to be by direct employment,
sub-contract or other arrangements:;

(ii) The management of all Institute Personnel and local employ-
ees, including the sole right to issue instructions to such
Personnel and local employees and sub<ontractors as may
be legitimate under the terms of the sub<ontract,

(i) The Council will discuss the arrangements in General
Condition 4(a) {i] with the Customer and give due considera-
1ion to proposals or representations from the Customer
cancerning them.

Replacement of Personnel

(a) The Council shall have discretion as to the attendance and
withdrawal of the services of specific Institute Personnel from
time o time which discretion shall be used in the best interests
of the completion of the Work.

(b) I the Customer requests replacement due 1o inadequate perform-
ance by Institute Personnel which is proved by the Customer to
be lower than the accepted professional standards or some
other reason attributable to the proven negligence or misconduct
of the Institute Personnel then the Customer may on giving
reasonable notice to the Councll request the replacement of the
personnel at cost of the Council,

{c} If the Customer requests the replacement other than under
General Condltion 5(b) of the services of particular Institute
Personnel then the Customer shall pay the costs thereof including
the cost of return to the Unlted Kingdom ,anadditional 3 months
salary plus associated costs in respect of the particular Institute
Personnel concerned and the cost of providing a replacement,

Reports

The Councii shall provide the Customer with progress reports [n such
form at such intervals and as agreed between the partles, Scientific/
Technical Reports of the various aspects or stages of the Work shall be
completed as soon as practicable and complete final report or reports
at the termination of the Work,

Termination

{a) Either party may (without prejudice to any other remedy
available to itin respect of the breach) terminate this Agreement
forthwith by notice to the other (f the latter fails to observe or
perform any of its obligatlons under this Agreement and has
been notlfied in writing by the party aggrieved of the nature of
the failure and omits to remedy such failure within such reasonable
period as shall be specified In such notice,

(b) Should the Agreement be terminated under General Condition 12
of for any reason by the Customer or by reason of default by the
Customer then the Councll shall be paid by the Customer
(Insofar as such amounts or items shall not already have been
covered by payments on account made to the Council) for ail
Work executed prior to the date of termination plus any costs,
expenses and allowances then outstanding and any other costs
or expenses incurred by the Council as a consequence of such
termination including but not restricted to:—

{i) The cost of any materials or goods reasonably ordered by
the Council which shall have been delivered Lo the Council
or in respect of which the Council is legally llable 1o accept
delivery provided that such materials and goods are required
by the Councll to carry out the Work,

(i} A sum being the amount of expenditure reasonably incurred
by the Council in the expectation of completing the whole
of the Work insofar as such expenditure shall not have been
covered by the payments to be made pursuant to General
Condition 7(b]}.

Indemnity Provided by the Customer

{a) The Customer shall indemnify the Council against all actlons and
liabilitics of whatever nature or description {including expenses
incurred in connection therewith) in any way arising out of:--

{i} any act or omission of the Council in the performance or
purported performance of this Agreement except insofar as
such act or omission arises out of negligence on the part of
the Council or from any failure by the Counci! 1o use due
skill and care,

(%} any use of, or anything done ar omitted to be done in
reliance upon the Work or the results thereof by any third
party except insofar as such action claim or liability arises
out of negligence on the part of the Council or from any
failure by the Council to use due skill and care,

{b) The Customer shall not make any claim or bring any action of
proceeding against the Council in respect of any expenses
incurred by or any loss of or damage to any property or injury
or death to any person or consequential losses sustained by the
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Customer as a result of any act or omission of the Council whilst
engaged in the performance or purported performance of this
Agreement excepl insufar as the same is attributable to the
negligence or to 4 lack of due skill and care on the part of
Council,

(c) The liability of the Council howsoever arising in respect of or
atltributable to any breach, non observance or non performance
of the Agreement or any error or omission shall be limlied to the
total fees due to the Council.

Exploitation of Council Expertise

Nothing in this Agreement shall prevent the Council from carrying
out any Work, or providing advice or information on any subject
including the type of Work described in the Schedule, to any other
person of organisation nor prevent the Council from exploiting ils
expertise as it sces fit provided the execulion of this Agreement |s
not affected by the carrying out of such Work.

Law (English)

The Agreement shall be considered as an Agreement made in England
and subject to English Law,

Arbitration {English Law])

All disputes, differences or questions between the parties to the
Agreement with respect to any matter or thing arising out of or
relating to the Agreement, other than a matter or thing as to which
the decision of the Council is under the Agreement to be final and
conclusive and except to the extent to which special provision for
arbitration is made clsewhere in the Agreement, shall be referced
to the arbitration of two persons, (one to be appointed by the Council
and one by the Customer or their Umpire), in accordance with the
provisions of the Arbitration Act, 1950 and the Arbitration Act
1979 or any statutory modification or reenactment thereof, Before
resorting {o arbitration both parties shall use their best endeavours to
settle any disputes, differences or questions referred to above.

Force Majeure

{a} Neither party in this Agreement shalt be liable for damage nor
have the right to terminate this Agreement except as stated
hercinafter by reason of any delay or default by either party In
performing 1ts obligations hereunder if such delay or default is
caused by Force Majeure which without prejudice to the generality
of the foregoing shall include acts of government, civil commotion
and riot, hostilities, war, whether declared or not, fire, storm,
tempest, strikes, lockouts, industrial disputes, delays by other
contractors, or any other cause beyond the conirol of the
Parties which could not have been foreseen at the date of signature
of this Agreement,

(b} n the event of any of the circumstances specified in General
Condition 12(a) resulting in any extra costs and/or any addition
to the Work the Customer shail pay the Council for such extra
costs andfor such additional duties. As soon as possible afier the
occurrence of the circumstances specified in General Conditlon
12({a}, the party claiming Force Majeure shall give notice and full
particulars in writing to the other party of such Force Majeure if
the lirst party is thereby rendered unable wholly or in part to
perform its duties under this Agreement.

-

In the event that either parly is prevented, hindered or delayed
in the carrying out of the Work or any of its contractual obliga-
tions by reason of any of the causes referred to in General
Condition 12{a) above then the parties shall Immediately consult
together to decide what course of action should be adopted. If
the parties hereto have not been able to reach an agreement
upon the course of action or upon any necessary modifications
to the terms of the Agreement then either party shall thereupon
be entitled to terminate the Work whereupon the provisions of
General Condition 7(b} shall apply.

13, Copyright, Confidcmiailty and Publication

(a) Copyright

{i) The copyright of the maps, reports and all data arising out
of the Work under this Agreement shall be vested in the
Customer,

{1} The copyright in maps, reporis and all data supplisd by the
Council for the purposes of the Agreement other than thosc
for which copyright is vesied in the Customer under (i)
above is and will remain vested in the Council,

(i) The copyright in all maps, reports and data furnished by
the Customer for the purposes of the Agreement is and
will remain vested in (and remain the property of) the
Cuslomer,

14.

15.

16.

17.

19.

(b) Confidentiality

liY The Council shali exercise proper commercial prudence in
preserving the confidentiality of information arising out
of the Work under this Agreement.

(i) Any information exchanged between the parties under
{a}ii) and {a}(iii} above will be safeguirded 2nd, unless
agreed otherwise, treated as, confidential by the recipient
and not disclosed to third partics except in conneclion
with the performance of this Agreement. This obligation
shall continue in force notwithstanding the expiry of the
term of this Agreement unless the parties agrec otherwise
or such information becomes public knowledge otherwise
than in breach of this Condition.

(c) Publication

Subject to the approval of the Customer, which shall not be
unreasonably withheld, the Council shall be allowed 10 publish
scientific papers based on the Work, and no fee shall be payable
thereon by the Council,

Council/Customer Equipment

(a) Equipment supplied by the Customer for the Work shall remain
at all times the property of the Customer and shall be returned
by the Council in accordance with procedures to be determined
by the Customer and agreed with the Council.

{b) Equipment purchased by the Customer or by the Council for the
Customer for the purposes of the Work shall be the property of
the Customer.

{¢) Equipment and tools purchased with Council funds and used for
the Work shall remain the property of the Council.

Independent Contractor

Nothing contained herein shall be construed as establishing or creating
between the Customer and the Council the relationship of master and
servant or principal and agent, it being understood that the position
of the Council in performing the Work is that of an independent
contractor,

Assignment

This Agreement is personal to 1he parties and neither party may
without consent of the other party assign their rights or obligations,

Amendment to Agreement

This Agreement contains the entire understanding of both parties and
may only be varied in writing signed by their authorised representatives,

Variations to the Work

(a} The Customer may, at any time, request the Council to make
variations to the Waork under this Agreement provided that the
Council shall not be obliged to effect such variations until
agreement in writing has been reached beiween the parties.

{b) Before any such variation can be agreed an estimate of the cost
of such variation shall be notified to the Customer in wriling,

(¢} In the event of the parties hereto agreeing any variation to the
Work in the manner agreed above then the price of the Agreement
shall be amended accordingly.

Notlces

{a} Any notice or request by either party lo the Agreement shall be
given by sending the same by prepatd post, cable, telegram or
telex to the address of the other party to the Agreement.

{b) Unless otherwise agreed in writing all communications and
documents exchanged between the parties in the performance
of any obligations under this Agrcement shall be in the English
language.
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