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Preface to the third binding

The period 1981 to 1993 has seen many developments in flood hydrology.
Although the basic philosophy of flood estimation using FSR techniques
remains unchanged, there have been notable enhancements which are
directly relevant to the use of this report.

A further nine Flood Studies Supplementary Reports (FSSR Nos. 10 to
18) have been issued to subscribers. The recommendations in these reports
supersede some given in the original report. Supplementary Report No. 5
extended application of the report more fully to urbanized catchments, but
has itself been partly superseded by FSSR 16. These and other revisions
made it necessary to withdraw Institute of Hydrology Report No. 49,
Methods of flood estimation: a guide to the Flood Studies Report. Help
with the intricate revisions presented to users has been provided by the
recent publication of Institute of Hydrology Report No. 114, Reservoir
flood estimation: another look, and, most importantly, version 2 of the
Micro-FSR computer package.

The opportunity has been taken to bind the Flood Studies Supplementary
Report series into the main Flood Studies Report, and the option of
purchasing FSR maps in flat (rather than folded) form has been withdrawn.
Subscribers have been informed that the FSSR series is now closed. The
notification has been accompanied by a reprint of the 1983 list “Some
papers of interest to Flood Studies Report users” and a new bibliography
“Additional papers relating to the Flood Studies Report, 1983 to 1992”. In
this third binding, these lists appear at the end of the second volume, after
the FSSRs.

The Ministry of Agriculture, Fisheries and Food (MAFF) support
substantial research programmes related to river and coastal flood defence.
A review of their flood estimation research strategy is expected to
recommend targeting some of this research towards producing successor
publications to the FSR. Those publications dealing with statistical flood
frequency analysis are expected to present substantially new material,
while those dealing with the rainfall-runoff method and the incorporation
of local information are expected to consolidate the presentation of existing
guidance.

Pending these new publications, specific recommendations arising
from current research (notably on small catchment response times) will be
published in the Institute of Hydrology’s main report series.

A separate objective is the development of advanced methods of flood
estimation based on continuous simulation of catchment response. Such
methods will use models that more fully reflect physical processes and
which are better able to exploit the detailed topographical and physiographic
data that are becoming available. These will take time to succeed and
meanwhile it is gratifying that methods from the Flood Studies Report
stable continue in widespread use some 20 years after the original study.

Institute of Hydrology

March 1993



Preface to the second binding

In binding further copies of the Flood Studies Report, the opportunity
has been taken to include the corrigenda as separate lists in the front of
each volume. The corrigenda are those which were notified to original
buyers in December 1977 plus the more significant corrections which have
been noted recently. The correct version of Figure 3.6 in Volume II is now
bound into place. Also, an error on Map I1.3.5 (S) in Volume V has been
corrected on the map itself.

The errors which remain in the text of the report and which are
significant in application of the methods are those on p. 344 and p. 473 of
Vol. I and p. 16 of Vol II. Otherwise, the corrigenda listings are of errors
or misprints which relate to the mathematical development of the
methods or the values of catchment characteristics.

Since original publication in 1975, a number of brief supplementary
reports have been produced and made available in a separate ring file.
With this second binding, the ring file is being included with the five main
volumes of the Report and all purchasers will receive further
supplementary reports as and when they are produced.

Supplementary Report No. 7 was originally accompanied by a revised
‘SOIL’ map (Fig. 1.4.18) but this is now included in Vol. V in place of the
original map.

Also included with the five volumes and the ring file is a copy of the
slim guide to the use of the Report’s methods. Further copies of this guide
may be obtained free of charge from the Institute of Hydrology.

The Report has been the subject of two conferences organised by the
Institution of Civil Engineers and a seminar at the University of
Birmingham. The London conference in May 1975 was designed to
publicise the existence of the Report and most of the papers were written
by Report authors giving further details of the procedures or illustrating
different aspects of its potential areas of application. The Birmingham
seminar of March 1977 was an opportunity for users and critics of the
Report to discuss problems in application; a summary of the main points
is given in Supplementary Report No. 3. The Manchester Conference of
July 1980, entitled ‘Flood Studies Report—Five Years on’, included a
number of papers giving examples of engineers’ experience in applying the
methods as well as some by researchers with details of recent advances.

The proceedings of the two ICE Conferences can be obtained from the
Institution’s publishing company, Thomas Teiford Ltd. (PO Box 101,
Telford House, 26-34 Old Street, London ECI1P 1JH, UK).

Institute of Hydrology
Wallingford, Oxon, UK

January 1981



Preface

The investigations of methods of flood estimation for engineering design
purposes, which are described in this report, were carried out at the
Institute of Hydrology, the Meteorological Office and the Hydraulics
Research Station, with the co-operation of the Irish Office of Public Works
and Meteorological Service, the Soil Surveys and other organisations.

The Flood Studies Report consists of five volumes. Volume | contains
the hydrological studies, Volume II the meteorological studies, Volume 111
the flood routing studies, Volume 1V the hydrological data, and Volume V
the maps.

Cross-references to sections, equations and figures are by chapter
numbers, preceded by a volume number if necessary. Thus, Section
1.3.5.2 is in Chapter 3 of Volume 1. Equations are numbered consecutively
within chapters, except in Chapters | and 2 of Volume 1 where it was
necessary to number them within subsections. Figures are numbered
consecutively within chapters; certain figures illustrating Volumes I and
II are contained in Volume V.

The chapter titles illustrate the scope of the report.

Volume I—Hydrological studies

Introduction

Statistics for flood hydrology

Statistical flood frequency analysis

Methods of extension of short records

Estimation of flood peaks from catchment characteristics

Estimation of flood volumes over different durations

Synthesis of the design flood hydrograph

Supplementary studies: snowmelt runoff, conceptual catchment model
and flood routing

8 Future research and investigation needs

NV B LN — D

Volume I1—Meteorological studies

A guide to procedures and contents of Volume 11

Regional analysis of point rainfall extremes

Estimation and mapping of M5 (5 year) values for different durations
Estimated maximum falls of rain

Areal rainfall

Storm profiles

Snow cover and snowmelt

Examples of rainfall estimates for the Tyne and Wansbeck catchments
Some historic heavy rainfall events

O 00~ O\ BN —

Volume 111—Flood routing studies

Choice of a flood routing method
Theory of flood routing

Comparison of flood routing methods
Strategy for flood routing

Appendices

W oh W -

Yolume 1V—Hydrological data

1 Collection of records

2 Data used in statistical analysis

3 Data used in unit hydrograph analysis
4 Historical flood records '



S Master list of gauging stations, catchment characteristics and flood
statistics :
6 -Basic flood records

Volume V—Maps

The following maps illustrating Volumes I and Il are contained in Volume
V. (S indicates the southern part of Great Britain, N the northern part,
and I indicates Ireland.)

(S, N and I) Winter rain acceptance potential

1.4.18
1.4.19
1.4.20
1.4.21
1.4.22
1.4.23

11.3.1
11.3.2
11.3.3
11.3.4
11.3.5
11.4.1
11.4.2

Estimated mean soil moisture deficit

River gauging stations used in analysis
Mean annual flood (BEsmAF) divided by area
Coeflicient of variation of annual flood
Residuals from BESMAF prediction equations

(S, N, I and NI) Average annual rainfall

(S, Nand I)
(S, Nand I)

(S, N and I

2 day MS5 rainfall

2 day M5 rainfall as 9 of AAR

25 day MS rainfall

[ hour MS expressed as %, of 2 day M5
Estimated maximum 2 hour rainfall
Estimated maximum 24 hour rainfall

This volume, which forms Volume IV of the Flood Studies Report,
describes the collection, appraisal and processing of the hydrological data
used in the investigation, and presents the basic data. The units used are
metric, except where otherwise stated; flows are given in cumecs (cubic
metres per second).



Corrigenda to Volume IV

This volume contains a mass of data which was used in the report

including a very large number of catchment characteristics. A
number of errors have been found or pointed out, and no doubt
detailed investigation would result in many amendments.

This is particulary true of the variable STMFRQ which relies on
the manual counting of stream junctions on 1:25,000 scale maps.
Users are advised always to extract their own value of this
variable rather than to rely on the values from nearby
catchments given in the Master List (Chapter 5). Since 1975,
when this Report was first published, the computerised Master
List has been subject to continual revision and users may wish to
check on the latest values for gauged catchments (by telephone
(0491 38800) or letter to Flood Studies Enquiries, Institute of
Hydrology, Wallingford, Oxon, UK, OX10 8BB).

p.96 and 215 Grid Ref for 21032 should be NT
919310
p.97 Grid Refs for 22005 and 22007 have

been interchanged. 22005 should be
NZ 181857,22007 should be

NZ 175858.

For 26801, AREA should be 15.8
p. 110 For 54022, AREA should be 8.70
p.121 For 22007, MSL, S1085 and TAYSLO

should be 32.40, 7.18 and 5.67

p.122 For 26801, SOIL 1 = 0.00, SOIL 2 =
0.16, SOIL 4 = 0.84, SOIL = 0.426

p-123

p. 123

p-12§
p.125

p.130

p.131

p.426

For 28804, STMFRQ should be
about 0.68, not 1.49 (compare 28009)

For 32002, SOIL 1 should be 0.63,
SOIL 4 should be 0.37, SOIL 2,
SOIL 3, SOIL 5 should be 0.0.
SOIL 1s 0.261 not 0.441

For 37013, DVF is 0.07, not 0.700

For 38807, URBAN is 0.90, not
0.046

S$1085 for catchment 67010 should be
10.07, not 17.99

For 69007, URBAN should be about
0.270, not 0.447 (compare 69001)

The discharges quoted for 71802,
Ribble at Halton West, are incorrect.
(They were not used in the study)
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1 Collection of records

1.1 Introduction

The basic data collected and used during the current investigation are
presented or summarised in this volume. These comprise lists of gauging
stations and their gradings and catchment characteristics, flood statistics,
the basic peak flow records for 530 stations, with historical records where
these were found, and summaries of 1500 events used in catchment
response studies. Some account of the work is presented as a guide to
the available data, to enable the user to judge its reliability, and as a
background to the analysis presented in Volume I. It is hoped that the
account may also be useful to future investigators.

A large proportion of the work of the team was involved with the
collection, appraisal, extraction and processing of records, which neces-
sarily preceded the analysis though not the development of analytical
methods and programs. This was necessary not only because records were
not available in the form in which they were required for analysis, but also
because the appraisal of the reliability of records was as essential a part
of this as of any other hydrological investigation. Many unpublished
records were found during the course of the study.

The Report of the Committee on Floods in the United Kingdom, 1967,
stressed that it was essential to subject data to a detailed and critical review.
It was recommended that all river gauging stations should be visited and
studied, that records from reservoir sites should be appraised, that histori-
cal flood records should be examined, that land use changes should be
recorded, and that basic data should be published with assessments of their
accuracy.

This programme has been followed as far as possible. The gauging
stations whose records have been published were visited and graded, but
in addition a large number of other stations were examined. Because
reservoir levels are seldom recorded continuously but only measured
daily, very few records of peak flow could be derived from these sites;
continuous level measurements are recommended in future. Historical
flood records were collected and examined, but only at sites where they
could be related to an established gauging station. There is insufficient
evidence to provide detailed records of changes in land use; however,
present fractions of urban development have been measured and proved
to be useful as a predictive variable, while areas of forest were tested in a
pilot study with negative results.

The results of this programme have been largely published in this
volume, but are supported by other material which is held at the Institute
of Hydrology. The information accumulated during the study forms a
unique collection of flood records, which if updated at regular intervals
would continue as a national archive. The Master List of 1294 gauging
stations in this volume includes systematically measured catchment
characteristics and flood statistics for those of a reasonable quality and
length of record. The supporting station files in the Institute contain details
of history, description, rating, and catchment; they include a brief report
and a rating summary as well as a grading assessing the reliability of the
station’s flood record.

River level or flow charts from over 900 stations, with 9500 station
years of record or half a million charts, are stored by station number
on 35 mm microfilm, together with some ledger copies of daily levels. An
identical collection of these films, accumulated to September 1969 for
England and Wales and 1970 for Scotland, was held by the Water Resources



Collection of records

Board and a copy was provided to the gauging authorities who lent the
original charts. Copies of recording raingauge charts for stations near
catchments used in the unit hydrograph study have been made on 16 mm
microfilm.

The flood records forming the greater part of this volume, the date,
level and discharge of the peaks over a threshold and the annual maxima,
together with the monthly maxima not published in this volume, are also
held as punched cards and on magnetic tape.

Summaries of 1500 events on 140 catchments used in the unit hydro-
graph study are given in this volume. Details of hourly areal rainfall,
the resultant runoff, 28 days of antecedent daily rainfall, and the esti-
mated soil moisture deficit on the day of the storm are assembled on
magnetic tape and indexed for rapid access.

1.2 Station appraisal
1.2.1 Index of stations

The appraisal of gauging stations was a necessary preliminary to the collec-
tion and analysis of flood records. It resulted in a comprehensive list of
gauging stations with a quality grading. Initial lists of gauging stations
were obtained from the Water Resources Board: the Surface Water Year
Book 1964—65 and Supplement 1965 with 415 stations listed was augmented
by duplicated lists dated January 1969 with 819 stations and August 1970
with 962 stations. Besides these stations, some now abandoned, whose
quality was acceptable for publication, it was hoped to identify additional
stations whose data were not published. Members of the team made
enquiries for these stations during their field visits and appeals were also
made through the technical press (Financial Times, | February 1971;
ICE Late News, April 1971 ; Journal of the Institution of Water Engineers,
May 1971). A list of all stations reported by the team is included in the
Master List (Chapter 5) and the locations of those used are shown in
Figure 1.4.20 in Volume V.

1.2.2  Liaison with gauging authorities

Initial correspondence with gauging authorities outlined the investigation,
stressed the need for rainfall and runoff records, and requested that a
liaison officer be nominated. Plans were discussed in a series of visits to
river authorities in England and Wales and at a combined meeting in
Scotland including River Purification Boards, the Department of Agricul-
ture and Fisheries and the Scottish Development Department.

After a co-operative investigation with the Republic of lIreland had
been proposed, a series of technical meetings led to common methods of
data collection and appraisal.

1.2.3 Gauging station numbering system

Because the investigation was based on individual gauging stations, a
brief account is given of the numbering system which follows those of the
Water Resources Board and the Irish Office of Public Works; the first
digit indicates location:

2



Station appraisal 1.2

0 Great Britain except Kintyre and Islands;

I Kintyre and Islands off the coast of Great Britain;
2 Northern Ireland;

3 Republic of Ireland.

The second and third digits indicate the hydrometric areas defined by
the Water Resources Board and the Office of Public Works (Figure 1.4.20).
A numbering system had been adopted for six stations in Northern Ireland
before the Water Data Unit of the Ministry of Development had defined
hydrometric areas.

Stations in Great Britain from which the Water Resources Board ac-
cept data for publication have O for the fourth digit; this 0 is replaced by 9
for discontinued stations and by 8 for stations included in this report which
were not listed by the Water Resources Board. Some of the 800 series may
in future be absorbed into the published lists with different numbers.
In the Republic of Ireland this series indicates stations operated by the
Electricity Supply Board. The final two digits refer to the individual
gauging stations. The numbers may also be presented in the form 4/1
or 67/14.

1.2.4 Station visits

A comprehensive list of gauging stations was produced during the field
work including those stations which might be useful in a future study.
Although much information on stations was obtained from reports and
discussions, a visit to the site was considered essential for an assessment;
virtually all the 1150 stations in the United Kingdom were visited. These
visits were arranged through the gauging authorities and included, if
possible, someone with experience of the operation of the station during
flood conditions.

Besides details of each station on a proforma (see Table 1.1) notes on
the history and special features of the station and catchment, together with
photographs and sketches, were compiled to provide a background for
detailed discussion on rating, possible bypassing of flood plain flow, and
the reliability of the recorder, particularly at flood levels. The flood range
behaviour of gauging structures, designed or adapted, is more easily
appreciated on site. Historical flood records at or near the site were
examined in the light of possible changes in the channel.

Considerable attention was given to the sequence of ratings used
during the history of each station in order to optimise the conversion of
flood levels to discharge. To provide a timely annual flow record, gauging
authorities derive ratings from measurements taken up to the end of each
year. For this study it was possible to use measurements taken throughout
the period of existence of the station. Where a number of flood rating
curves existed, they were compared by superimposition including all the
highest measurements. In this way identical curves could be unified, major
changes in the station control identified and unauthentic curves rejected,
resulting in a condensed sequence of ratings.

A convenient plot of the ratings on standard A4 logarithmic paper (see
Figure 1.1) was kept in the station file. Each separate curve was annotated
with its dates of currency, and each straight line segment with its equation
and limits of range or with paired co-ordinates of stage and discharge. As
a guide to the assessment of these curves, the type of station was given and
the highest current meter measurements or structure rating limit marked.

3
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Fig 1.1 Example of rating curve.

MAF(992)

Estimates of higher discharges derived from indirect techniques or
modelling were indicated in the extrapolated range. Significant levels,
such as bankfull stage or structure limit, and the highest recorded flood
were included; at a later date the value of the mean annual flood was
added.

It had been hoped to revise ratings by such techniques as velocity/area
curve extrapolation and Manning formula computations, but insufficient
survey data above bankfull level were available and logarithmic extension
was usually necessary. Ratings based on indirect measurements or model-
ling were used where possible.

1.2.5 Station files

Following visits to authorities and stations, a great deal of relevant in-
formation was assembled in station files in the Institute of Hydrology. This
included information provided by the Water Resources Board and cross-
sections of rated stations and technical drawings of structures. Additional
information from reports and papers which often covered an authority
area rather than an individual station was filed as part of the flood library.

Station grading

An assessment of the quality of a flood record was needed before the
analysis proceeded. Appraisal of a number of stations led to a method

5
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which could be applied directly to the condensed rating curve plots. Rating
quality was divided into four grades A~D which are compatible between
river sections and structures. A implies high quality rating, either by
current meter in river sections or by a theoretical equation, modelling or
measurement for gauging structures; further subdivision between Al and
A2 separates the excellent and the adequate.

B, C and D grades are progressive departures from the standard A
grade. For river sections, the B grade implies a valid extrapolation limited
within that part of the cross-section where the channel geometry, rough-
ness and energy slope should be continuous with the upper part of the
measured rating. In practice, A and B grades are usually associated with
main channel flow and C and D grades include flood plain flow, but A and
B grades would apply if there are sufficient measurements on the flood
plain. The conditions which would similarly lower the grade of a structure
include nonmodular flow and drowning without double gauging, deteriora-
tion of the structure and channel accretion. The C and D grades imply
undue extrapolation with an unpredictable range of error. The C grade
includes flood plain flow up to the width of the main channel; any increase
in width beyond this would require the grade D.

Two further grading classes imply rejection of the station from analysis;
in general E grade implies rejection on rating standards and Z for other
reasons. Reasons for rejection include ratings covering only low flows,
totally unsatisfactory ratings, and variable relationships subject to tidal
or backwater influence. Some stations only register water level ; others were
rejected for mechanical defects such as excessive truncation, persistent
silting and instrument failings producing an illegible or unreliable trace.
The criteria for the various grades at different types of station are shown in
Table 1.2.

Grade . River section

Gauging structure Other structures

Al Rating well defined by current meter

A2 Rating less well defined

B Valid extrapolation of a sufficient A
grade rating to level where cross-
section geometry and flow conditions

change

C Further extrapolation of B grade rating
beyond channel conditions character-
istic of base rating. Limited to an in-

Rating in modular range and within
design limits and specifications

Weir in good condition and rated
by current meter or careful
modelling

Weir in good condition rated by
credible formula

Rating in nonmodular range using two
recorders

Nonmodular range with one recorder.
Extrapolation as for river section

Weir in poor condition. Excessive
silting in channel. Weir sub-
merged. Extrapolation as for
river section

Extrapolation of structure rating be-
yond structure capacity. Limit and
upgrading as for river section

As for river section

crease in width equal to main channel
width. Upgrade to B if indirect meas-
urements in this range have been

made

D As for C, but width of flood plain greater

As for river section As for river section

than width of main channel. Upgrade
to C if indirect measurements have

been made in this range

E Rejection grade—Low flow rating only; rating relationship not unique owing to tidal influence or persistent backwater

V4 Rejection based on factors other than rating—Levels only, excessive truncation, persistent malfunction of installation, very
short record, reservoir discharge, spring flow

The station grade listed in this report is the grade corresponding to the mean annual flood.

Table 1.2 Criteria for gauging station
grades for different types of station.



Table 1.3 Example of station report.

Station appraisal 1.2

An index for each station was obtained from this overall grading
system by recording the grade at the level of the mean annual flood; this
was the index used in selecting stations for analysis. These grades are listed
for each station in the Master List (Chapter 5) and in the individual station
files.

It was important to adopt a uniform standard of grading as Great
Britain was divided between the three sections of the team for the inspec-
tion and assessment of stations. The grading system was tested during a
joint inspection of selected stations. Subsequent comparison of gradings
confirmed that common standards had been used. The system was also
extended for use with stations in the Irish Republic to provide a common
standard for joint data analysis. Members of the Irish team observed the
grading system during visits to the Institute of Hydrology; during a
reciprocal visit to Ireland two members of the Institute team visited and
graded 45 stations as a basis of comparison.

For each station a short report was written containing information on
the station, the rating and the catchment (see Table 1.3). Copies of these
reports and the condensed rating curves were sent to gauging authorities
for comment before the extracted records were analysed.

15/6 River Tay at Ballathie
Area: 4590 km?
Record: 3.10.52-2.10.70
Type: River section
Category: Al
MAF: 997 cumecs

The station has good hydrometric characteristics—straight reach, fairly uniform
channel section, floods well contained in banks. Channel control throughout. Measure-
ments define the rating curve almost to peak level.

It is sited on a low level, mature reach of the river below the main catchment area in the
Grampian Mountains. There are two large natural storages, Lochs Rannoch and Tay.
Flows are controlled by the Tummel Valley Hydro-Power Scheme; of the total catch-
ment 1900 km? (43.1%) are developed. (With a mean daily flow of 155.6 cumecs this
station has a greater recorded flow than any other in Great Britain)

Munro, vertical drum, weekly chart recorder
Scale 0-24 ft from 3.10.52. 0-18 ft from 22.10.62
Horizontal drum from 16.5.65 with scale 0-12 ft
Threshold 10 ft. Time to peak 12 hours

A number of stations were rejected when the microfilms were examined
in detail during the extraction of data.

1.3 Collection and microfilming of records
1.3.1 Centralised collection

Although the extraction of flood records from the original charts at each
gauging authority had been considered, the initial visits demonstrated the
magnitude and variety of chart collections and it was decided to collect
and microfilm all charts. An effective checking system with reference back
to difficult interpretations and the need for hydrograph analysis of detailed
records of selected floods pointed to central data extraction. This decision
meant that all charts would have to be collected and microfilmed for
storage in the Floods Team office. This implied the total use of analogue
charts which have considerable advantages in the detailed examination of
flood records. The alternative digital recorders were introduced on many,
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but not all, stations during the early 1960s, but were always accompanied
by a chart recorder.

The conditions for the collection and microfilming of records were as
follows: .
a Discontinued stations should have at least 5 years of record.
b The final date of record collection was 30 September 1969 (30 Septem-
ber 1970 in Scotland) and short records were collected in anticipation of
future filming.
¢ Gauging stations at reservoirs were required to have continuous re-
corders of storage as well as outflow, together with a measure of any
catchwater inflow (nearly all these sites were eliminated).
d Flow records from springs were not required.
e Continuous recorder charts were considered essential but daily readings
were also collected for certain long term stations on large catchments.
f A valid rating was required to accompany the records. In a very few
instances, like the Thames at Teddington, where the rating was extremely
complex, only the computed discharges were collected.

1.3.2 Microfilming

Some earlier microfilming had been carried out by Nash between 1956 and
1959 for his unit hydrograph study at the Hydraulics Research Station
and also by a few river authorities including the Northumbrian, Trent and
Mersey & Weaver River Authorities; these were absorbed into the overall
collection.

The Duplicating Division of HMSO at Basildon were approached with
the support of the Water Resources Board, and agreed to accept batches of
charts and provide 35 mm film and two extra copies. River authorities
and other organisations were asked to prepare charts in correct time
sequence and in flattened packages subdivided yearly and in batches of
1 years for a single film; notes were interpolated where gaps occurred or
when explanations were required. Where two recorders were required for
a pair of sites, or to provide downstream or pressure tapping levels for
drowned conditions, paired charts were photographed one above the
other for ease of extraction. Collection and delivery of charts was arranged
to allow a final check on the continuity of the charts.

Few gauging stations of the standard required for analysis were found
outside the generally recognised organisations comprising the River
Authorities and River Purification Boards, the water undertakings and
the specialised Hydroelectric and Inland Waterways Boards. A number of
universities and research organisations (Institute of Hydrology, Nature
Conservancy, Transport and Road Research Laboratory) provided
records. Valuable contributions were offered by Professor P. O. Wolf of
the City University, the custodian of Captain W. N. McClean’s collection
of early hydrometric records (River Flow Records), and by commercial
organisations like the British Aluminium Company who have operated a
station near Ben Nevis since 1938 and Glenfield and Kennedy Ltd who have
used one of their own instruments to record the flow of the Irvine from
1912.

In certain cases with long records, ledger pages of daily river levels
were microfilmed; a few of these stations were later converted to recorder
stations so that the continuous record was usefully extended in time.

Between April 1970 and September 1971 charts from 916 stations



Table 1.4 Distribution of microfilmed
records by river authority areas.
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covering 9522 station years of record (half a million weekly charts) were
assembled, microfilmed and returned to 40 river authorities and many
water undertakings. The distribution of these raw data by river authority
areas is given in Table 1.4 and the lengths of record are illustrated in
Figure 1.2.

Area Stations Station years

North of Scotland 30 314
Banff, Moray and Nairn 2i 339
Dee and Don 6 165
Tay 17 3t
Forth 6 73
Lothians 19 146
Tweed 22 239
Solway 15 157
Ayrshire S 103
Clyde 31 308
Northumbrian 40 446
Yorkshire 45 603
Trent 51 574
Lincolnshire 11 62
Welland and Nene 24 403
Great Quse 41 301
East Suffolk and Norfolk 23 160
Essex 43 337
Lee 19 266
Thames 42 308
Kent 29 189
Sussex 23 155
Hampshire 7 89
Avon and Dorset 13 59
Devon 36 306
Cornwall 19 191
Somerset 18 115
Bristol Avon 12 146
Severn 37 450
Wye 26 454
Usk 6 44
Glamorgan 13 65
South West Wales 16 94
Gwynedd 10 43
Dee and Clwyd 23 233
Mersey and Weaver 27 474
Lancashire 43 307
Cumberland 16 98
Isle of Wight 2 21
Greater London Council 25 330
Northern Ireland 4 44

Totals 916 9522

1.3.3 Water Resources Board tapes

To supplement the chart collection, a set of records of mean daily dis-
charges was obtained from the Water Resources Board. Their availability
is noted in the Master List (Chapter 5) by the water years of these records.
These records provided a graphical summary for selection of flood events
for detailed analysis. They also provided the source material for studying
flood volumes of one or more days’ duration.

To provide a graphical display, a program was developed to process
the punched paper tape and to produce for each station year the annual
hydrograph on microfilm and hard copy and also a table of mean daily
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Fig. 1.2 Lengths of flow records.
430 stations graded A-D with 5 or
more years of record.

48 56 64 72 80 88 96
Number of years of records

flows with a note of the annual maximum. Copies of this microfilm were
sent to gauging authorities; 4700 station years of record from 508 stations
are available in the Institute of Hydrology. The recorded flows as edited
from the original tapes are stored on magnetic tape and in individual
station punched paper tape records.

Since these mean daily flows were derived from contemporary ratings,
while the instantaneous flood peaks were derived from adjusted ratings,
the two sets of records are not always directly comparable.

1.3.4 Historical data

A small but telling proportion of the flow data obtained from gauging
stations was a collection of events which occurred before the establishment
of the station. The need to relate this information to a later continuous
record in analysis inhibited the collection of a more extensive set of
historical records at isolated points. In spite of this limitation, some in-
formation was obtained at 55 stations; although only one or two floods
have been listed at most of these stations, the information usefully extends
the probability range of the flood frequency curves of stations and regions
(Volume I, Chapter 2). '
An annotated list of this historical information arranged by hydro-
metric area and station is included in this volume (Chapter 4). Most
records were obtained through river authorities but research by consulting
engineers to help solve a local problem has provided valuable additions.
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Fig 1.3 Lengths of records of
autographic raingauges.

Collection and microfilming of records 1.3

The quality cannot be expected to equal that from gauging stations, be-
cause in most cases the levels have been converted to discharge by modern
ratings which may not reflect contemporary conditions. Some lengthy
sets of records, which cannot be converted to discharge or whose ratings
are tenuous, have been included because important widespread floods may
be identified by ranking the data. Short records from neighbouring gauging
stations may then be related qualitatively.

In a specific design case there would often be time and opportunity for
detailed collection and analysis of historical information which was not
possible in a countrywide study of this nature. Although the information
published here may be incomplete, it has been incorporated into the
regional and countrywide flood frequency curves and is important in the
range of large floods.

1.3.5 Recording raingauge records

Before this study, autographic rainfall records were not collected centrally
on a national basis. Copies of charts for intense storms are sent on a .
routine basis to the Meteorological Office (Met. 0.8) to be added to the
‘unusual rainfall’ files, but apart from a selection of the Meteorological
Office’s own (mainly airfield) stations, whose hourly rainfall is tabulated,
there were no continuous records available in a central archive. In
collaboration with the Meteorological Office a list of gauges was prepared
and a questionnaire survey of the operators revealed the extent and
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availability of records. In many cases operators were glad of interest being
shown in data collected over the years; some had adopted the habit of
destroying all charts over a month or a year old. The Institute of Hydrology
undertook collection and microfilming of all records for those stations on
or near catchments chosen for unit hydrograph analysis, together with
stations with over 20 years of record for use in the Meteorological Office
flood study. Filming by flow camera onto 16 mm film produced two
negatives, each of which was further copied to give four films in all. One
copy was retained by the Institute of Hydrology, one by the Meteorological
Office Floods Study Team, one by Meteorological Office archives and one
was available for the operator of the gauge. During the present study micro-
filming of rainfall charts was suspended because the Meteorological Office
was considering a higher quality filming schedule so that the resulting film
could be scanned automatically. The number of years of record at recording
raingauges is illustrated in Figure 1.3.
The extraction of data from these charts for unit hydrograph and loss

studies is described in Section 3.2.
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2 Data used in statistical analysis

2.1 Extraction of data from charts
2.1.1 Organisation

The microfilm archive of half a million charts required a small team to
extract the data needed in statistical analyses. Six assistants were employed
for seven months to read off the necessary data from the microfilm, enter
them on coding sheets and try to eliminate gaps and interpret trace
anomalies. A computer printout was then checked against the film by
hydrologists. Experience led to a set of rules to ensure uniform reliability
of the final data.

2.1.2 Types of data

The types of instantaneous flood data extracted were the annual maxima
(aM), peaks over a threshold (poT) and monthly maxima (mMMm). The first
two were extracted together from stations with 5 or more years of record
and grades of A, B, C, and D. Monthly maxima were taken from stations
with lower grades, including certain stations with mean daily discharges
(MDD) or levels only.

Data were entered directly onto coding sheets for processing from a
deck of punched cards. Additional information included station identifi-
cation, chart units, comments on the data and the rating relationship. The
water year from | October to 30 September was adopted throughout, as
was the conventional day from 9 am to 9 am (thrown back).

It was found convenient to extract the monthly maxima before the
peaks over a threshold as their listing helped in selecting the threshold
for the second pass through the microfilm. The date and value of each
month’s maximum level or discharge was noted for each month of record.
Where a gap made it impossible to identify the maximum, a code replaced
the missing value. The monthly maximum was not necessarily an in-
stantaneous flood peak but could occur on a falling or rising limb at the
beginning or end of the month.

The second type of data, peaks over a threshold, comprised a series of
independent instantaneous flood peaks such that over the period of record
an average of about five a year was listed. In order to include the annual
maximum series, whenever in any one year no flood peak exceeded the
nominated threshold the single maximum peak was inserted in the record
with a note. The threshold was determined on a trial and error basis; it
was found convenient to start with a well defined chart level slightly lower
than the final threshold, and eliminate unwanted lower values from the
coding sheet.

2.1.3  Independence

In order to approach an independent series of peaks over a threshold,
arbitrary yet consistent rules for independence were used to ensure that
adjacent flood events should be sufficiently separated in time and dis-
charge in terms of the typical response at the station. The rules had to be
straightforward and direct and therefore derived from the shape of the
flood trace on the chart.

When two or more peaks occurred close together in time, the highest
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was considered independent while the others were considered independent
of the highest and of each other only if the two following rules were both
satisfied:

a The minimum discharge in the trough between two peaks must be less
than two thirds of the earlier peak value;

b the two peaks must be separated by at least three times the average
time to rise to a peak. This average time was defined as the mean of the
times from five clean typical flood hydrographs in the record.

These rules implied reference to a rating table or curve but were normally
simple to apply.

These independence rules were more difficult to apply to certain
‘unresponsive’ catchments, such as chalk or lake-fed catchments, whose
flows rise and fall extremely slowly and in some cases seasonally. In such
instances, annual maximum peaks were recorded rather than peaks over a
threshold.

2.1.4 Problems in interpretation of hydrographs

Some initial difficulty was caused by the variety of types of chart units
and systems of annotation to be found in this large collection. Charts were
rectangular, round or in continuous strips; some recorders have a reversal
device; the time base was normally one week but many charts had several
weeks superimposed, sometimes with different colours of ink. Traces were
drawn in by pen and pencil or by stylus on waxed and metallised charts;
most were legible but some were affected by undamped stilling wells. The
stage units encountered included feet and inches, feet and decimals, inches,
and metres, either as AOD or as a gauge height. Discharges were measured
in a wide variety of units.

A problem frequently encountered was that of truncation. Limitations
imposed either by the chart capacity or by the installation design prevented
the trace following the peak water levels so that a horizontal tine appeared
connecting the rising and falling limbs of the flood hydrograph at the level
of this restriction. This fault was characteristic of many direct flow meas-
uring structures and the use of several stations had to be abandoned on
this account. Where the number and durations of truncations were limited,
and the peaks below the truncation had a common shape, estimates were
made of the truncated peaks. In rare instances operators had recorded the
levels of certain higher peaks from debris marks. In some cases corrections
between the true water level and the trace were noted meticulously; in
other cases the gauge readings at the beginning and end of the chart record
were entered regularly, haphazardly or not at all. Other corrections were
occasionally recorded; for instance for the incorrect placing of the chart
on the drum, for the attenuation by a silted intake, for a variable chart
datum and for the drawdown in the stilling well due to high velocities
across the intake pipe opening.

A large number of minor problems of interpretation were referred to
experienced hydrological staff at least in the early stages. In many cases
help came from annotations by operators on the charts when abnormal
traces occurred, for example when a float wire slipped out of its pulley
groove on several occasions. In addition, station files with reports of
unusual features and artificial controls within the catchment were useful in
interpreting anomalies. Blips and regular sharp peaks were recognised as
the resuit of the operation of pumps or the opening and closing of gates.
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Tidal peaks were easily recognised; backwater peaks from downstream
tributaries were more difficult to identify.

2.1.5 Correction codes

Certain faults and corrections occurred frequently and codes were used to
annotate the modified peak extracted from the chart. These are given
below:

Code Fault or correction
1 Significant difference between chart level and true gauge height
as indicated at beginning and end of chart
Correction on chart by gauging authority for unspecified
reason
Siltation of float well intake resulting in damped hydrograph
Chart limit exceeded by water level resulting in truncated peak
Faulty trace corrected from quoted level of flood debris
Level fluctuations caused by artificial controls ignored
False chart reading due to freezing conditions resulting in ice
pile-up or float seizure
8 Missing or illegible record replaced by estimate from gauge
board or other recorder
9 Faulty recorder operation. The two most common faults are
a stopped clock which may give the correct level but not the
time, and a jammed pen arm which does not give the true level
but indicates the time
Other corrections were followed by a written comment.

N
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2.1.6 Gaps

Inevitably gaps of varying length occurred in the sequence as charts were
lost or the recorder failed to operate. In each case an attempt was made
to eliminate the break either by obtaining flow figures from other sources
or, failing this, by establishing that a flood could not have occurred. If
direct evidence could not be obtained from the Surface Water Year Book,
from punched tape records or from flood lists compiled by gauging
authorities, then relative estimates might be derived from adjacent river
gauges or rainfall stations. It was possible to ignore some of the shorter
gaps when it was reasonably certain that no flood could have occurred, as
when the gap was part of a continuous recession curve or when the gap
was too short for a typical flood to reach the threshold.

When a flood could have occurred in a gap, the dates were noted in the
records lists in this volume and in the analysis. If it were also possible that
the annual maximum had occurred in such a gap, this was noted in the
records and the water year was withdrawn from the analysis of annual
maxima.

2.1.7 Rating

The records on the coding sheets included station number, name and grid
reference; dates of record and of gaps; type of record (POT, AM or MM) and
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the threshold for the pPOT series; the code for chart units and the dates and
chart readings.

Processing and analysis of flood records required the addition of rating
information. Charts might be calibrated in flows or rating information
could be inserted by equations or by pairs of points. Where discharges were
entered as data their units were given followed by the conversion factor to
cumecs. In a few cases a form of rating equation was used to convert chart
flow readings to a revised calibration.

Ratings were frequently available as equations in the form
O = A(H-B)€ or specifically Q = 12.921 (H+1.50)2-1°*'8 from H = 0.10
to 0.29. A series of equations could be entered in metric form using the
three coefficients and the limits of the individual equations. An alternative
form of rating used comprised the series of co-ordinates, level and dis-
charge. of the common points of intersecting straight lines formed by
plotting the rating curves on logarithmic paper. This rating is defined by
the value of the chart datum followed by the paired co-ordinates. Changes
of rating could be made at appropriate dates.

2.1.8 Reservoir stations

The flood records for small upland catchments given in the 1933 and
1960 ICE Reports on Floods in Relation to Reservoir Practice include many
discharges from reservoirs; this report includes a vestigial three. In order
to maintain an accuracy comparable with a river gauging station, it was
thought necessary to have

a a continuous record of outflow including compensation water, flood
spill and discharges and drawoff quantities;

b a continuous record of storage level with an adequate stage/area
relationship to determine the rate of inflow;

¢ records of any catchwaters.

The number of stations is much reduced because it was found that at
most locations reservoir levels were only recorded daily or the recorder
began to operate only when the level reached the spillway; in either case,
a peak inflow could not be determined reliably.

The three reservoir stations which have provided data for analysis are:
54/3 Vyrnwy at Vyrnwy Reservoir 1927-67. Annual maximum discharges
provided by Liverpool Corporation Water Department
27/852 Little Don at Langsett Reservoir 1911-32. Annual maxima
provided by Sheffield Corporation Waterworks
24/801 Burnhope Burn at Burnhope Reservoir 1950-70. Durham
County Water Board. Peaks over a threshold series derived and computed
by Floods Team.

The grading of these stations is low compared with river gauging
stations. It is difficult to eliminate inaccuracies where separate components
have to be measured and synchronised and where errors in determining
the change of storage may be large.

The method of flood extraction for Burnhope Reservoir, for example,
was as follows. The records comprised daily and weekly tables of com-
pensation weir flow, supply offtakes and daily reservoir levels (also
available in annual graphs), weekly charts giving reservoir levels and over-
flow weir levels, downstream compensation weir levels and flows of two
catchwaters flowing into the reservoir from neighbouring catchments,
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together with a rating table for the compensation weir and a reservoir
level/capacity table.

Dates of possible floods were noted from the summary tables giving
either high outflows or large changes in reservoir level. In the first case
simultaneous records of compensation outflow and catchwater inflow
were extracted and corrected for changes in storage and water supply
offtake to give an inflow hydrograph for the natural catchment, and in the
second case inflows deduced from the extracted reservoir levels were
corrected from the flow records. The extraction and computation were
lengthy, and resulted in a reasonably complete partial duration series whose
reliability must be limited by the accuracy of measured reservoir level
changes and by timing problems. If a reasonable number of flood inflow
records are to be obtained in future, it is essential that continuous records
of reservoir levels as well as outflows should be collected, preferably in
punched tape form for ease of calculation.

2.1.9 Irish data

Included in the flood data in this volume are a number of peaks over a
threshold series from the Irish Republic. These data have been assembled
by members of the Irish Floods Team of the Office of Public Works in
Dublin from stations in their own network and from nine stations oper-
ated by the Electricity Supply Board. The criteria and grading system and
methods of extraction were identical to those already described; joint
meetings and reciprocal field visits were undertaken to ensure uniformity.
Because the Irish records were of reasonable length, the extraction of
monthly maxima for the extension of short records was not required.
112 stations are listed having 1690 station years of records.

2.2 Checking procedures
2.2.1 Sequence of checks

Between the completion of the coding sheet and the input of flow data to
the analytical programs was interposed a lengthy and complex set of
procedures to convert, check and process the basic data. Once the basic
data had been converted to punched cards. visual and programmed checks
were carried out to ensure the validity and internal consistency of the data.
After the punched cards had passed an error checking program for internal
consistency, a printout was checked visually against the microfilm and after
amendment the cards were again run through the checking program. When
the printout was accepted at each etage, a colour stripe was added to the
card deck to ensure identification.

2.2.2 Card checking program

It was necessary to check the internal consistency of the data, for example
whether information was entered into the correct column of the cards.
whether the cards were in the correct order and whether the dates and
levels were consistent. Such errors would have caused the flow processing
program which followed to halt in execution. The checking program was
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long and slow because it was important that every error should be antici-
pated and noted. Amendments could then be made to the cards and the
deck rerun. A full list of the errors checked would be lengthy, but virtually
every item was tested to ensure that the data contained was of the correct
type or tallied with preceding or following data. Although the program
could not check the validity of the microfilm extraction, it provided in-
formation which sometimes pointed to such errors; for instance, com-
parison of the minimum peak recorded and the threshold discharge often
indicated errors in the rating interpretation.

2.2.3 Microfilm check

When the amendments resulting from the warning and error messages of
the card checking program had been made, the clean output listing was
checked against the original microfilm. This was a vital stage in the pro-
vision of reliable data because the initial coding sheets were compiled by
assistants who were trained and supervised by hydrologists but were with-
out hydrological experience. It was essential that these data should be
scrutinised not only for accuracy but more importantly for correct inter-
pretation of the chart trace where some direct experience in hydrometry is
desirable. Other aspects of the extraction were checked, such as the form
of the rating and changes during the record, corrections for datum
changes or adjustment of the pen setting and the application of the in-
dependence rules. By delaying their intervention until the routine data
extraction and the programmed error check presented a coherent presen-
tation of the record, economic use of specialist staff was achieved.

2.3 Flow processing
2.3.1 Conversion to discharge

After the pOT data had been checked, the flow processing program con-
verted the data into discharge and provided outputs appropriate to each
analytical program and to ultimate publication. The monthly maximum
data, extracted and coded in a similar manner to the poT series, followed
the same card checking and flow processing programs; since they were
required only for extension and not for publication, only two output
streams were required.

The five output streams for the poT data comprised a temporary in-
ternal file (PTLP); a river authority output (PTRA) to provide gauging
authorities with lists of dates, original and metric levels and discharges
of independent floods for checking; an annual maximum series (ANNMX),
a list for analysis only giving the year and annual maximum discharge
together with information on partial and missing years; a partial duration
series (PARD), a list for analysis with the dates and discharges of the poT
series including the threshold discharge and the dates of record and of any
gaps; an archive type file (PTARC), a comprehensive list of all data for
future analysis and subsequent application which closely followed the
original coding sheet including comments and ratings and also provided
metric levels and discharges for both dependent and independent peaks.
This last file is the source from which the data in this volume (Chapter 6)
are derived.
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The monthly maxima were provided in two output streams: a tempor-
ary internal file (MMLP) which contained station details, rating and com-
ments and listed the dates, levels and flows of each monthly maximum; a
monthly maximum series which included station number, name and grid
reference, the first and last month and year of record, and the consecutive
monthly maximum discharges with — I inserted for missing data. This file
was retained within the computer system for use in data extension (Volume
I, Chapter 3).

2.3.2 Discharge checks

Because the checks preceding the processing program related to the
rating and river levels separately, further checks were carried out on the
computed flows. A sample test of the poT flow data was based on com-
parison with the Surface Water Year Book 1965-66. Small variations were
expected but certain discrepancies were found to result from errors in
rating or chart datum, for example. When the necessary amendments had
been made and the data reprocessed, copies of the PTRA stream for all
stations were sent to the appropriate gauging authority with the request
that *. . . as these flows form the basis of our flood magnitude-frequency
studies and subsequent comparison of floods with catchment characteris-
tics, we are anxious to use as accurate a record as possible. We should be
most grateful if you would please let us know if there are any major
discrepancies between these figures and your estimates of these floods . . .".
The response indicated that the scrutiny was carried out conscientiously
and where errors were agreed adjustments were made. At the same time
the authorities were able to eliminate many of the listed gaps from their
detailed knowledge.

The monthly maximum data running in parallel with the poT data had
a less detailed check. The direct check against the original microfilm and
the check by the gauging authorities were omitted but were used in-
directly by comparing the maximum in each month from the finally
accepted POT listing against the corresponding figure in the monthly
maximum listing. Ticks and crosses showed agreements and disagreements
which were resolved if necessary by reference to the microfilm. Any re-
maining unticked monthly maxima above the poT threshold were also
investigated as these values should have appeared in the pOT listing unless
they occurred on a rising or falling limb at the end or the beginning of a
month. As nearly all the highest monthly maxima were checked in this
process, the results were accepted for data extension.

2.3.3 Final filing

During the various production phases, both series of data underwent
continual updating and thus were listed and filed in almost random order.
With the data in its final form, filing was reorganised into 10 regional files
plus one file for stations in Ireland.

2.3.4 Continued appraisal

Although in general the acceptance of a gauging station for analysis was
based on the grading during the early appraisal stage, a number were
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rejected during or after extraction of records. Detailed scrutiny of some
records from the microfilm revealed that excessive gaps, frequent trunca-
tions or poor traces made it impossible to list the floods with the required
continuity and accuracy. With other stations it was realised that the
rating was inadequate, perhaps due to backwater or submergence, or
simply that a superior record was available at an adjacent station. In all,
about 30 stations were rejected, some were downgraded and some pro-
vided satisfactory records only of annual maxima.
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3 Data used in unit hydrograph analysis -

3.1 Flow data assembly for unit hydrograph and loss studies

For unit hydrograph and loss analyses it was decided to select about 150
catchments, and from these an average of about 10 high flow events. The
flow hydrograph would be determined, daily and autographic records of
rainfall extracted, and soil moisture deficits obtained. Of the 1150 gauging
stations in the United Kingdom which had been visited and assessed by
members of the team, those which were-selected for the study of particular
events had to satisfy four main criteria:

I There should be one or more autographic raingauges on or reasondbly
close to the catchment. In practice, catchments bracketed by two or more
recorders off the catchment have been accepted.

2 The flow station should be category A (exceptionally B) in the Floods
Team classification (Chapter 1).

3 The catchment area should usually be less than 500 km? (193 miles?).
The assumptions made in unit hydrograph derivation, particularly spatial
uniformity of rainfall, impose some limit on the size of catchment which
can be considered. In some situations 500 km? is too large and, in others,
much larger catchments could safely be studied.

4 There should be evidence of a typical short term response to heavy
rainfall. In practice this means that catchments underlain almost entirely
by highly permeable rock such as chalk or oolitic limestone without a drift
cover have not been studied. They can produce severe flooding in
unusual circumstances—snowmelt when the ground is temporarily im-
permeable, in March 1947 for example—but there are insufficient data
available for this to be investigated quantitatively.

Nearly 200 stations satisfied these criteria but, as several had very short
lengths of record or were densely clustered, the final selection comprised
the stations shown in Figure 3.1. A further few stations were discarded
during analysis if flow or rainfall